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Abstract		

	
Artificial	 self-assemblies	 are	 known	 to	 fold	 into	 amyloid-like	 fibrillar	 structures	 with	

properties	that	are	quite	similar	to	those	formed	 in	vivo	or	 in	Nature.	Therefore,	 these	

systems	 can	 give	 insights	 how	 to	 mimic	 Nature,	 and	 then	 develop	 it	 for	 applicable	

technologies.	Moreover,	using	short	synthetic	peptides	aids	interpretation	of	structural	

details	 compared	 to	 the	 more	 complex	 and	 large	 naturally	 occurring	 amyloidogenic	

proteins/peptides.	Two	models	of	a-amino	acids	short	peptides	have	been	used	here	to	

mimic	Nature.	The	first	is	based	on	the	design	KFFEAAAKKFE	which	has	been	previously	

characterised	and	shown	to	form	an	amyloid-like	structure	with	cross-b	architecture.	It	

is	 utilised	 here	 for	 the	 first	 time	 to	 template	 silica	 from	 the	 precursor	 tetraexthoxy	

orthosilcate.	 Results	 reveal	 that	 variant	 peptides	 are	 able	 to	 form	 silica-nanowire	

suprastructures	 where	 Arg	 and	 Lys	 play	 a	 fundamental	 role	 in	 controlling	 silica	

nucleation,	 polymerisation	 and	 shaping	 the	 final	 suprastructure	 morphology.	

Furthermore,	 the	 silica-nanowires	 retained	 the	 cross-b	 core	 even	 after	 treating	 with	

harsh	 conditions,	 which	 point	 to	 their	 exceptional	 stability	 for	 multiple	 potential	

applications.	 The	 second	 model	 based	 on	 the	 design	 Ac-IHIHIQI-CONH2	 has	 been	

previously	used	to	mimic	the	natural	carbonic	anhydrase	where	it	coordinated	a	metal	

ion	(Zn+2)	to	catalyse	a	hydrolysing	reaction	of	the	substrate	p-nitrophenyl	acetate.	This	

design	 is	 developed	 here	 and	 structurally	 characterised	 for	 the	 first	 time	 to	 reveal	

amyloid-like	fibrils	with	cross-b	hierarchy,	and	displays	an	excellent	propensity	to	mimic	

carbonic	anhydrase.	Moreover,	results	 indicated	that	this	activity	 is	governed	by	a	few	

things:	side	chains-dependency	where	alternating	His	and	Ile	at	position	i,	i+2	with	Tyr	at	

position	6	was	the	most	active	design	while	incorporating	Glu	at	position	5	indicated	the	

lower	activity;	Zn-dependency,	protecting	ends-dependency;	and	temperature	and	fibril	

age-dependency.	The	third	model	is	based	on	tri-	and	hexa-	peptides	that	have	b-amino	

acids	as	a	structural	unit.	These	are	decorated	with	 functional	groups	and	designed	to	

self-assemble	via	hydrogen-bonding	between	amide	groups	at	position	i.	i+2	into	a	helical	

secondary	structure.	They	have	been	structurally	characterised	here	 for	 the	 first	 time,	

and	 results	 revealed	 that	 the	 designed	 peptides	 form	 different	 morphologies	 and	

structural	variations	depending	on	the	position	of	the	functional	group	and	the	sequence.	

Controlling	the	balance	for	all	these	designs	may	be	adapted	for	specific	properties	to	be	

efficient	in	multiple	nanobiotechnological	applications.			
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1. Amyloid	and	amyloidosis		
 

1.1 History	and	definitions	
German	 scientist	 “Rudolf	 Virchow	 “(Fig.	 1.1)	 reported	 a	 cellulose-like	 substance	 in	

human	 tissues	 stained	 by	 a	 mixture	 of	 iodine	 and	 hydrated	 sulphuric	 acid	 in	 1854.	

Virchow	first	named	such	a	structural	body	in	human	tissues	as	“amyloid”,	from	amylum	

in	 Latin	 and	amylon	 in	 Greek,	meaning	 starch.	 Virchow	 reported	 that	 this	 starch-like	

deposits	 are	 associated	with	degenerative	diseases	 known	as	 “amyloidoses”,	 and	 that	

they	 contained	 carbohydrates	 which	 gives	 rise	 to	 their	 starch-iodine	 reaction.	

Friedreich	 and	 Kekule	 later	 observed	 amyloid-rich	 aggregations	 in	 the	 spleen	 of	 an	

amyloidosis	 patient	 and	 they	 concluded	 that	 the	main	 composition	 of	 the	 aggregates	

was	 protein	 due	 to	 its	 high	 nitrogen	 content.	 Moreover,	 when	 it	 was	 examined	 by	

transmission	 electron	 microscopy	 (TEM),	 the	 aggregates	 showed	 fibrillar	 structures	

(Cohen	 and	 Calkins	 1964,	 Friedreich	 and	 Kekule	 1859,	 Sipe	 2005).	 This	 was	 also	

confirmed	 by	 the	 Hanssen	 report	 (Hanssen	 1908)	 where	 amyloid	 was	 shown	 to	 be	

pepsin	digestible.		

	

1.2 What	is	amyloid?		
As	 Science	 and	 Technology	 have	 improved,	 the	 old	 theory	 of	 amyloid	 has	 now	

developed.	Currently,	amyloid	is	defined	as	a	fibrous	assembly	of	proteins	that	have	lost	

their	native	fold	and	function	and	become	misfolded	into	straight	and	narrow	structures	

known	 as	 cross-β	 amyloid	 fibrils.	 Cross-β	 architecture	 arises	 when	 many	 β-strands	

Fig. 1.1. “Rudolf Virchow”. 
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associate	via	hydrogen	bonds	along	the	fibre	axis	to	form	a	β-sheet,	and	then	several	β-

sheets	associate	together	to	form	a	protofilament,	are	associated	to	form	amyloid	fibre	

(Sunde	et	al.	1997),	see	Chapter	1.5.	This	amyloid	 is	 the	same	substance	that	Virchow	

and	 others	 observed;	 its	 deposition	 in	 the	 tissues	 and	 around	 organs	 stimulated	 the	

interest	in	their	pathology,	and	is	now	on	a	growing	list	of	degenerative	diseases.		

	

1.3 Amyloidosis	and	related	diseases		
Once	 the	 self-assembled	 insoluble	 fibrils	 are	 deposited	 extracellularly	 in	 organs	 and	

tissues,	they	cause	amyloidosis.	Indeed,	this	abnormal	extracellular	protein	aggregation	

is	 associated	 with	 many	 degenerative	 diseases.	 Localised	 amyloidosis	 occurs	 when	

amyloids	 are	 deposited	 around	 a	 single	 organ	 or	 part	 of	 the	 body.	 In	 systemic	

amyloidosis,	the	deposit	can	be	seen	in	viscera,	connective	tissue	and	the	walls	of	blood	

vessels,	while	intracerebral	amyloid	aggregation	is	never	found	(Pepys	2006).	Acquired	

amyloidosis	is	a	complication	of	either	a	pre-existing	disease	(such	as	Multiple	Myeloma	

or	 lymphoma)	 that	 causes	 the	production	of	 abnormal	proteins,	which	 are	 inherently	

amyloidogenic,	 or	 increasing	 the	 amount	 of	 amyloidogenic	 normal	 proteins.	

Furthermore,	a	mutation	of	 the	gene	encoding	proteins	can	destabilise	 the	native	 fold	

and	lead	to	hereditary	systemic	amyloidosis	(Pepys	2006).	Importantly,	some	amyloids	

are	 also	 the	 precursor	 of	 other	 neuro-degenerative	 diseases	 such	 as	 Alzheimer’s	 and	

Parkinson’s	 disease	 (Knowles	 et	 al.	 2014),	 see	 Fig.	 1.2,	 	 Some	 different	 types	 of	

amyloidosis	 along	with	 their	 clinical	 effects	 and	 the	 related	diseases	 are	 described	 in	

Table	1.1.		
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Table 1.1 Types of amyloidosis and some related diseases with the area of amyloid deposition (Benson et al. 1993, 
Bergstrom et al. 2004, Chiti and Dobson 2006, Gregorini et al. 2005, Makin and Serpell 2004, Marshall 2010, Pai et al. 
2009, Pepys 2006, Ratnayaka et al. 2015, Sipe 1992, Soto 2003, Stefani 2004, Yazaki et al. 2003, Zhu et al. 2003). Numbers 
between brackets refer to the number of the residues within the protein sequence as a segment or full-length peptide that 
deposits around the tissues or organs as amyloid. AL=light chain immunoglobulin, AA= Apo protein. 
 *Caused by intracellular misfolding.  
Disease		 Area	of	affection		 Clinical	features	 The	precursor		

Localised	
amyloidosis	

	

Diabetes,	Type	II		 Liver,	spleen		 Extreme	thirst,	poly	uria,	fatigue,	weight	
loss	

Amylin,	 or	 islet	 amyloid	
poly	peptide	(IAPP)	

Atrial	amyloidosis	 Atria	of	the	heart	 Heart	failure	 Atrial	natriuretic	peptide	
(ANP)	

Medullary	 carcinoma	
of	thyroid	

Thyroid	gland	 Enlargement	of	the	thyroid	gland,		
	

Calcitonin�	

Pituitary	
prolactinoma		

Pituitary	gland	 Hypopituitarism,	visual	losses	and	
headache,	pituitary	tumour	(adenoma),	
loss	of	menses	

Prolactin�	

Inclusion-body	
myositis	

Muscles	 and	 the	
related	tissues		

Weakness	of	the	muscles	of	wrists,	fingers	 Amyloid	β	(Aβ40,	42)	peptide	

Cataract�		

Dementia	of	the	eye	

Lens	of	the	eye	
	
Retina		

Cloudy	or	misty	vision,	small	spots	
	
Irreversible	blindness		
	

g-Crystallins		

Amyloid	β	(Aβ40,	42)	peptide	

	Hereditary	renal	
amyloidosis		

Kidney		 Renal	failure,	prostate	outlet	obstruction	 Fibrinogen	Aa-chain,	
Apolipoprotein	AI,	AII		

Systemic	amyloidosis	 	
AL	amyloidosis	
(primary)		

Wide	range	of	
tissues	and	organs	

Fluid	retention,	swelling,	and	shortness	of	
breath,	heart	failure	and	irregular	
heartbeat,	fatigue	and	weight	loss	

Misfolding	of	light	chains	
~90		

Fig. 1.2. Different neurodegenerative diseases caused by different protein compositions. The ultrastructure of 
all the deposits is similar, which is composed mainly of amyloid fibrils. Extracellular plaques and 
intracytoplasmic neurofibrillary tangles are present in Alzheimer’s patients, intracytoplasmic aggregates are 
located in neurons in Parkinson`s disease and amyotrophic lateral sclerosis, extracellular prion plaques are 
present in different regions of the brain in transmissible spongiform encephalopathy, intranuclear inclusions are 
present in Huntington’s disease. permitted to reproduce from (Soto 2003) using license no. 4124790739850,  Copyright © 
2003, Rights Managed by Nature Publishing Group. 
 

Parkinson`s	Lewy	
body 

Prion	amyloid		
plaques 

Amyloid	fibrils	 

Alzheimer`s	plaques	
and	tangles 

Amyotrophic	lateral	
sclerosis 

Huntington`s	intranuclear	
inclusions 
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AA	amyloidosis	
(secondary)	

kidney,	liver,	and	
spleen	

Chronic	inflammatory	bowel	disease,	
nephrotic	syndrome,	Empyema	

Inflammatory	of	serum	
amyloid	A	(76-104)		

Haemodialysis-
related	amyloidosis		

Kidney		 Chronic	kidney	failure	 β2-microglobulin	(99)	

Apo	A-I	amyloidosis		 Renal,	hepatic,	
and	cardiac	
tissues		

Renal	dysfunction:	mild	polyuria,	and	
moderate	tubular	proteinuria	

N-terminal	fragments	of	
apolipoprotein	A-I(80–93)	

Apo	A-II	amyloidosis		 Viscera,	kidneys	 Striking	glomerular	enlargement,	renal	
failure	

C-terminal	fragment	of	
apolipoprotein	A-II	(78a)	

Apo	A-IV	amyloidosis	
(TTR) amyloidosis	

Heart	
	and	kidney	

Cardiomegaly	and	eventually	heart	failure.	
Nausea	and	vomiting,	polyuria???,	gradual	
renal	failure.	

Deposit	of	ApoA-IV	(∼70)	
and	TTRb		

Neuronal	amyloidosis		 	
Alzheimer’s	disease		 Brain	

(Hypothalamus,	
cerebral	cortex)	

Loss	of	memory,	dementia,	and	death		 Amyloid	β	(Aβ40,	42)	

*Parkinson’s	disease		 Hypothalamus			 Chronic	tremor,	rigidity,	movement	
disorder		

a-Synuclein	(140)	

*Frontotemporal	
dementia	with	
Parkinsonism�	

	Chromosome	17	
(FTDP-17)	
	

Rigidity,	postural	instability,	continuous	
tremor,	and	poor	response	to	
dopaminergic	therapy	

Mutation	of	Tau	gene	(352-
441)	

*Cerebellar	ataxias	
	

Brain	
(cerebellum)	
	

Torso	disorder,	frequent	stumbling,	
impaired	language,	dizziness.		

Ataxins	(poly	Q	expansion)	
816		
	

Hereditary	cerebral	
hemorrhage	with	
amyloidosis�	

Central	 Nervous	
System	(CNS)	

Haemorrhagic	 and	 non-haemorrhagic	
strokes,	 focal	 neurological	 deficits,	
dementia		

Mutants	of	Amyloid	β	

Transmissible	
spongiform	
encephalopathies		

Various	 region	 in	
the	brain	and	CNS	

Dementia,	insomnia,	ataxia	 Prion	protein	(PrP	253)	

*Huntington’s	
disease	

Brain	(Striatum,	
cerebral	cortex)		

Dementia,	motor	and	psychiatric	problems	 Huntingtin	(Poly	Q	
expansions)	

a The pathogenic mutation caused by replacement of the stop codon by Arg at position 78. 

b Transthyretin: a transport protein for retinol and thyroxine, located in plasma and cerebrospinal fluid.  
		

1.4 Amyloid	detection	
Virchow	 introduced	 the	 first	method	 to	detect	 the	 amyloid	 structure	using	 an	 iodine-

staining	mixture.	Nearly	70	years	 later,	Bennhold	 introduced	another	staining	method	

using	Congo	Red	as	a	histological	amyloid-marker	(Bennhold	1922)	by	noticing	that	the	

dye	 had	 an	 affinity	with	 the	 amyloid	 deposits.	 In	 1927,	 Divry	 and	 Florkin	 stained	 an	

amyloid	deposit	with	the	same	dye,	but	they	also	discovered	an	enhanced	birefringence	

of	 the	 amyloid	 when	 viewed	 under	 a	 polarised	 light	 (Divry	 and	 Florkin	 1927).	 The	

standard	 Congo	 Red	 staining	 method,	 which	 is	 still	 used,	 was	 then	 introduced	 by	
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(Puchtler	et	al.	1962).	Over	time,	negative	staining	electron	microscopy	has	been	widely	

used	to	reveal	amyloid	fibrils	as	straight,	rigid,	unbranching	fibres,	usually	about	10	nm	

in	diameter	and	indeterminate	length	(Pepys	2006),	see	Fig.	1.3. Additionally,	dyes	such	

as	Thioflavin	T	 and	 S,	which	 are	 still	 in	 use	 today,	 are	 considered	 as	 specific	 tools	 to	

monitor	 the	 amyloidogenic	 propensity	 and	 assembly	 of	 the	 precursor	 proteins	 (Naiki	

and	Nakakuki	1996),	see	Fig.	1.4.	However,	each	dye	has	 its	specification	 for	studying	

amyloidosis	(Levine	1993).  

broad variety of microbes [39]. In this context, amyloids
probably play diverse roles in adhesion and biofilm scaf-
folding, which are important for biofilm formation, integ-
rity and persistence. However, amyloids may also help to
act as physical barriers, scavengers of toxins, moisture
regulators or toxins that kill other microbial species. Spe-
cific examples of these possible amyloid functions during
biofilm development are discussed below.

Pseudomonas fluorescens and Bacillus subtilis produce
identifiable functional amyloids in their biofilm matrix
[14,40,41]. FapC, originally characterized in P. fluorescens,
is a highly conserved amyloid protein found in many
Pseudomonas species. FapC has three repeat motifs and

forms an extracellular amyloid matrix that contributes to
the aggregative properties of Pseudomonas species [40].
Biofilm integrity and persistence in B. subtilis are also
influenced by the amyloid-forming protein TasA [42]. TasA
forms extracellular amyloid fibers that are anchored to the
peptidoglycan layer of the cell wall by TapA [41]. When
biofilms age or D-amino acids are elevated, TapA is shed
from the membrane, releasing TasA fibers from the cell
surface and allowing for dispersal from the biofilm [41].
Although unrelated at the primary sequence level, TasA
and FapC together with CsgA serve similar functions in
biofilm formation, demonstrating a common function for
amyloids in biofilms.
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Figure 2. Schematic representation of amyloid polymerization. (a) Typical ThT fluorescence kinetics of soluble purified CsgA monomers polymerizing into curli [15]. The
lag, growth and stationary phases are indicated. The blue arrow indicates the end of the lag phase. The insert shows a transmission electron micrograph of CsgA fibers
formed when purified CsgA is allowed to polymerize in vitro as described by Wang et al. [8]. Scale bar, 500 nm. (b) The transition from soluble monomeric proteins to
polymeric and insoluble amyloid fibers is characterized by distinguishable steps that result in loss- or gain-of-function properties for the protein. In the lag phase, soluble
protein assembles into a common intermediate or nucleus that is proposed to be toxic to membranes [29,88]. The formation of the intermediate is proposed to be the rate-
limiting step of amyloidogenesis. Once the nucleus is formed, monomers are templated into growing amyloid fibers causing an increase in ThT fluorescence. When the
monomer population is depleted, elongation stops and enters the stationary phase. The green boxes below the schematic highlight properties of some of the functional
amyloids, whereas the red boxes highlight some general properties of disease-associated amyloids.
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Figure 1. (Left) The sigmoidal growth profile of fibril mass formation. Typical parameters are shown. Here ⌧50, the time for aggregate mass
to reach 50% of its final value, is the time at which the maximum growth rate rmax occurs. The predominant growth processes occurring in a
nucleation dominated growth scheme are shown. (Top right) X-ray fibre diffraction pattern of TTR105–115. (Bottom right) Transmission
electron micrograph of TTR105–115 fibrils. Scale bar 500 nm.

(FTIR) spectroscopy, size exclusion chromatography (SEC),
nuclear magnetic resonance (NMR) imaging [60] or mass
spectrometry [61–63], while TEM [50], AFM [50] and x-ray
diffraction [24, 25] are typically used to investigate final
fibrillar species or intermediates isolated from the aggregation
process.

Methods used to measure the kinetics and thermodynam-
ics of fibril growth include light scattering [50, 64, 65], tur-
bidity [4, 50], and fluorescence and absorption spectroscopy
of intrinsic fluorophores and extrinsic dyes (Congo red and
Thioflavin T, as described above, 1-anilinonaphthalene-8-
sulfonate (ANS) and their derivatives) [59]. More recently,
techniques have been developed to enable the elongation of
individual fibrils to be directly monitored with AFM [66],
total internal reflection fluorescence microscopy (TIRFM)
[67, 68] and quartz crystal microbalance (QCM) sensors
[69, 70].

The limitations of the chosen experimental method
should be taken into consideration. In many typical assays,
kinetically relevant intermediates may be too short lived
or poorly populated to be observed [71]. Moreover,
each experimental method typically reports an individual
parameter of the aggregating system, such as monomer
concentration, mass-of-aggregate, average filament length, or
end-point filament length distribution. Analysis of a single
parameter may not be sufficient to distinguish between
alternative aggregation models [71]. The predictive power
of the experimental assay of choice should be taken into
account, and where possible many different techniques
should be compared. Mass-of-aggregate (or equivalently
monomer depletion) data in conjunction with filament length
distribution is likely to be a minimum requirement to
differentiate between different combinations of microscopic
processes with accuracy [71].

A characteristic sigmoidal growth profile for the increase
in mass-of-aggregate (see figure 1) is observed for a wide

range of protein fibrillation phenomena in vitro, including
the native filament growth of proteins like actin and
tubulin [72–74]. Typically an initial lag phase (with associated
lag time ⌧lag (s)) is observed, during which no measurable
aggregation occurs. The effective growth rate then increases
as significant numbers of aggregates are produced, until a
maximum growth rate rmax (s�1) is reached at the inflection
point. We adopt the convention of defining ⌧lag as the intercept
of the rmax tangent with the time axis, as shown in figure 1.
Finally, the monomer population is mostly depleted, the
reaction rate slows and a plateau phase characterizes the
end-point of the reaction.

The erratic nature of the protein aggregation process often
makes it challenging to obtain quantitative and reproducible
measurements of rmax and ⌧lag [75]. Wildly varying lag times,
obtained in apparently identical experiments, have previously
and incorrectly been attributed to the stochastic nature of
nucleation. Careful experimental control has been shown
to drastically reduce scatter of data and provide reliable,
reproducible results and a recent review has demonstrated that
reproducible rate constants can be obtained across a number
of techniques within experimental error [76].

3. Kinetic descriptions of fibril formation

The protein aggregation literature is extensive and numerous
recent reviews describe our current understanding of amyloid
fibril structure [24, 30, 31, 77], mechanism of toxicity
[1, 16, 33, 77] and the aggregation process [52, 78, 79].
Particularly of interest are the excellent reviews of Morris,
Watzky and Finke [56], who provide an overview of historical
contributions to kinetic and thermodynamic descriptions of
protein aggregation, and Cohen et al [80] who discuss model
analysis of macroscopic protein aggregation data.

Fibrillation is universally recognized as a nucleation–
elongation process. De novo fibril creation has historically

3
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point. We adopt the convention of defining ⌧lag as the intercept
of the rmax tangent with the time axis, as shown in figure 1.
Finally, the monomer population is mostly depleted, the
reaction rate slows and a plateau phase characterizes the
end-point of the reaction.
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makes it challenging to obtain quantitative and reproducible
measurements of rmax and ⌧lag [75]. Wildly varying lag times,
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and incorrectly been attributed to the stochastic nature of
nucleation. Careful experimental control has been shown
to drastically reduce scatter of data and provide reliable,
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reproducible rate constants can be obtained across a number
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Amyloid fibrils are characterized by a long, generally unbranched
ribbon-like morphology [16]. At the molecular level, amyloids share a
common “cross-β” architecture, consisting of laminated β-sheets
whose strands run perpendicular to the long-axis of the fibril (Fig. 2a)
[16]. This β-rich composition produces the characteristic 4.8 Å and 10-
11 Å reflections observed in X-ray diffraction experiments of amyloid
fibrils, which are attributed to the strand spacing within and between
β-sheet layers, respectively [16,17]. It has become clear that many
polypeptides have an inherent ability to self-associate into β-rich
fibril structures, explaining the broad incidence of pathogenic
amyloids [18]. Interestingly, the cross-β architecture is also shared
by “functional amyloids” that play key roles in bacterial, fungal, and
animal cells [19,20]. The studies by Naiki et al. and LeVine showed that
dye binding is linked to the presence of the cross-β structure of fibrils.
This realization was a critical turning point in the use of amyloid dyes
not merely as indicators of the presence of mature amyloids, but as a
tool for dissecting their structure and the mechanism of amyloid
formation. For example, a combination of ThT staining and total
internal reflection fluorescence (TIRF) microscopy has recently
allowed real-time visualization of fibril morphology changes and
revealed a previously uncharacterized branched morphology (Fig. 1c)
[21]. The ability of ThT and its derivatives to specifically recognize and
bind with modest affinity to amyloid has allowed it to serve as an

excellent starting scaffold for derivatization and elaboration to
generate a number of alternative amyloid stains and clinical reagents,
including for use in medical imaging of amyloid in living patients [22–
24]. A large number of these ThT derivatives have been developed and
reviewed elsewhere [22].

ThT is perhaps the most widely used amyloid dye among the
hundreds of amyloid reports published yearly. The intensive use of ThT
as an in vitro marker of amyloid formation has spawned substantial
research into the mechanism of ThT binding, with the main goal of
answering the following questions:

1. What common structure(s) does ThT recognize and how?
2. How do these interactions lead to the dramatic increase in ThT

fluorescence?

Within the past several years, a series of critical experimental
analyses of ThT have illuminated many of the detailed and atomic-level
interactionsnecessary for ThTbindingandfluorescence. Because several
recent reports have discussed the broad range of amyloid dyes
[15,25,26], here we focus on recent atomic-level studies of the fibril-
binding mechanism of ThT. Through a combination of biophysical and
biochemical analysis, protein engineering, fluorescence microscopy,
and computational simulation, a coherent mechanism for ThT–fibril
interactions has emerged.

Fig. 1. Common experimental techniques employing ThT. (a) Structure of ThT (top). The two planer segments of ThT whose mutual rotation defines its chirality are also shown
(bottom). (b) Early histology using Thioflavin-T to stain primary kidney amyloid [7]. (c) TIRF microscopy image of branched glucagon fibrils stained with ThT [21]. (d) Characteristic
increase in ThT fluorescence upon binding to amyloid fibrils. (e) Fibrillization kinetics of increasing concentrations of a fibril-forming peptide, monitored by ThT fluorescence. The
rapid onset of fibrillization induced through seeding is also shown. Images in b and c have been reproduced with permission.
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Fig. 1.4. Fluorescence of the dye ThT with and without amyloid fibrils. a) Fluorescence absorption emission 
spectra of ThT in the presence and absence of amyloid fibrils, adapted from (Biancalana and Koide 2010, 
Roychaudhuri R et al. 2009). b) The sigmoidal profile of fibril formation. The three typical phases of fibrils 
growth are shown along the red curve. The lag phase of ThT binding refers to an early stage of fibrillation when 
monomers start to aggregate and form oligomers. This stage is thermodynamically unfavorable compared the 
growth phase which is rapid and preferable when the aggregates are elongated and shows an increase in the 
intensity until it reaches a plateau level when aggregates fold into the final straight and long fibres). t lag is the 
time when the lag phase ends, t50 is the time when the aggregation mass is half way to reaching to the maximum 
growth rate (r max), adapted from (Gillam and Macphee 2013, Roychaudhuri R et al. 2009). The black line in 
the bottom represents a null reaction of ThT with a non-amyloidogenic peptide. 
 

Fig. 1.3. Negative stain electron micrographs of some native and artificial amyloid fibrils using transmission 
electron microscope (TEM). a) Aβ-fibrils of islet amyloid found related to diabetes type II, reproduced by a 
permission from (Serpell 2014), b) human a-synuclein filaments (1-87), reproduce with permission from (Serpell 
et al. 2000), c) synthetic amyloid mature fibrils of (RFFEAAARKFFE), reproduced with permission from (Al-
Garawi et al. 2015), d) synthetic amyloid of a peptide with protected ends (Ac-IHIHIYI-CONH2), my own work.  
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1.5 Structures	of	amyloids	

Peptides	that	consist	of	a-amino	acids	can	be	folded	into	a-helical,	or	b-sheet	secondary	

structures.	However,	 the	 geometry	of	 the	 folding	molecules	depends	on	 the	nature	of	

the	 side	 chains	 and	 the	 peptide	 sequence;	 these	 play	 a	 central	 role	 to	 provide	 the	

functionality	of	peptides.	In	amyloid	fibrils,	the	carbon	backbone	of	adjacent	strands	can	

interact	 through	 the	extensive	hydrogen	bonding	 (H-boding)	between	amide	moieties	

(NH-O=C)	parallel	to	the	fibre	axis	to	form	b-sheets.	Interestingly,	b-sheet	conformation	

is	 possible	 from	 either	 parallel	 or	 anti-parallel	 stands,	 see	 Fig.	 1.5a.	 Amyloid	 fibrils	

share	 a	 common	 structural	 core	 and	 similar	 properties.	 Although	 TEM	 provides	

knowledge	 of	 the	 general	 structure	 and	 shape	 and	 size	 of	 these	 fibres,	 progress	 has	

been	 observed	 since	 they	 were	 first	 described	 by	 Eanes	 and	 Glenner	 as	 a	 “cross-β”	

structure	(Eanes	and	Glenner	1968).	When	multiple	b-sheets	associate	perpendicular	to	

the	fibre	axis	via	hydrophobic	and	electrostatic	 interactions	between	side	chains,	 they	

will	 produce	 a	 cross-b	 structure	 (Makin	 and	 Serpell	 2002,	 Makin	 and	 Serpell	 2005,	

Morris	 and	Serpell	 2012,	 Serpell	 2014),	 see	Fig.	 1.5b.	The	 final	 stage	of	 self-assembly	

into	mature	fibres	for	most	amyloids	occurs	when	multiple	b-sheets	align	together.		

An	alternative	secondary	structure	is	an	a-helix,	which	forms	when	the	intramolecular	

H-bonding	between	the	C=O	(proton	acceptor)	at	position	i,	interacts	with	N-H	(proton	

donor)	of	the	amide	at	position	i+4	resulting	in	a	structure	with	a	pitch	of	~5	A°	(Crisma	

et	al.	2006),	see	Fig.	1.5c.		
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To determine the type of conformation (b-sheet,	a-helix),	 circular	 dichroism	 spectroscopy	

(CD),	or	fourier	transform	infrared	spectroscopy	(FTIR)	are	mainly	used	see	Chapter	2:	

2.1	 and	 2.3.	 To	 elucidate	 the	 cross-b	 structure	 within	 the	 amyloid	 fibres,	 X-ray	 fibre	

diffraction	(X-RFD)	is	essential,	see	Chapter	2:	2.2.	

	

1.6 The	self-assembly	process	
The	mechanism	 of	 folding	 and	 assembly	 into	 a	 fibre	 is	 intriguing.	 The	 native	 protein	

initially	 misfolds	 into	 small	 monomers,	 then	 several	 monomers	 associate	 to	 form	

oligomers	with	 spherical	 structures,	 which	 then	 form	 relatively	 short	 self-assemblies	

called	 protofibrils	 (5-10	 nm	 in	 width)	 with	 a	 b-sheet	 secondary	 structure.	 They	

consequently	 lengthen	 into	 protofilaments	 that	 have	 a	 cross-b	 conformation,	 which	

finally	grow	to	form	a	mature	amyloid	fibrous	have	a	cross-b	conformation	with	lateral	

associations	 (Marshall	2010,	Serpell	2014),	 see	Fig.	1.6.	This	process	 from	disordered	

Fig.1.5. Schematic representation of the secondary and quaternary structures of amyloids. a) An alternative 
sequence of polar and apolar amino acids will form amphiphilic strands. Anti-parallel or parallel b-strands are 
associated through hydrogen bonds parallel to the fibre axis to form either anti-parallel or parallel-b-sheets. b) 
multiple sheets of paralleled strands align together perpendicular to the fibre axis to form the ideal model of the 
cross-β structure, adapted from (Nelson et al. 2005), c) a schematic representation of a-helical structure, 
adapted from https://drgpinstitute.wordpress.com/2014/12/27/protein, accessed on 11 Nov 2016.    
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into	ordered	system	is	usually	controlled	by	local	non-covalent	interactions	(Whitesides	

et	al.	1991).	

	

1.7 	Side	chains	that	affect	the	self-assembly		

Different	 side	 chains	 have	 different	 propensities	 to	 fold	 into	 b-sheet	 or	 a-helical	

structure.	Branching	bulk	 side	 chains,	 cyclic	 aromatics	 as	well	 as	 chargeable	 residues	

provide	 stable	 b-sheet	 architectures.	 Nevertheless,	 the	 propensities	 from	 buried	 side	

chains	are	very	different	from	those	of	solvent-exposed	residues.	At	buried	sites	of	the	

b-strand,	not	surprisingly	that	all	the	chargeable	amino	acids	are	disfavoured,	whereas		

Ile,	 Leu,	 Glu,	 Lys	 and	Arg	 are	 preferable	 to	 be	 in	 the	 exposure	 site	 of	 the	b-strand	 to	

assist	 twisting	 and	 bending	 (Fujiwara	 et	 al.	 2012).	 In	 addition,	 peptides	 with	 an	
alternating	hydrophobic	and	hydrophilic	side	chains	(amphiphilic	peptides)	have	a	high	

Fig. 1.6. Schematic representation of a protein misfolding and folding mechanism to self-assemble into 
amyloid fibrils. Disorder of the native protein exists in a monomeric state as an equilibrium with many other 
conformations. The pathway reaction: self-assembly requires monomers that are partially folded and self-
associate to form a nucleus. The nuclei further associate to elongate the fibrils. The nucleation of monomers is 
kinetically unfavorable (K2

+<<K2
-), which explains why no fibrillation occurs in the lag phase. The organized 

nuclei form relatively narrow (~ 5 nm) and short (<150 nm) protofibrils (K3
+>>K3

-). The protofibrils comprise a 
finite number of nuclei, through the maturation into protofibrils and into then fibrils through poorly understood 
process, but this pathway is kinetically favorable (K4

+>>K4
-), and distinct from the nucleation of monomers, 

adapted from (Teplow 2013). 
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progress has been made by structural biologists in these
areas. Electron microscopy, fiber X-ray diffraction, X-ray
crystallography, NMR spectroscopy, and other spectro-
scopic techniques have provided detailed information on
the morphology and structure (secondary, tertiary, and
quaternary) of fibrils (see [15] and references therein).
These experiments have been complemented by in vitro
studies of the kinetics and thermodynamics of the fibril
formation process [16-18]. Most techniques in common
use by researchers are ‘population average’ in nature. This
means that data derived from the technique (for example,
by circular dichroism spectroscopy, NMR, thioflavin T, and
infrared spectroscopy) are the average of the contributions
of each of the structures probed by the technique. To re-
veal structural features, dynamics, and cellular interactions
of individual structures, single-molecule spectroscopic
methods have been used, including atomic force spec-
troscopy [19], fluorescence [20,21], and fluorescence
resonance energy transfer [22]. However, by definition,
single-molecule methods cannot show how oligomerization
and higher-order assembly occur. For this reason, in silico
(computational) studies of Aβ conformational dynamics,
oligomerization, and fibril formation have been particularly
valuable because they show the step-dependent structures
of each Aβ monomer and all of its individual atoms as a
simulation proceeds (for reviews, see [23-25]).
The most important conceptual breakthrough in studies

of Aβ assembly was the recognition that Aβ fibril formation
was not a simple nucleated polymerization reaction,
akin to actin polymerization [26], in which monomers self-
associate to form a small oligomeric nucleus from which
subsequent monomer addition results in polymer growth.
Instead, Aβ assembly has been found to be a remarkably
complex process comprising aggregation events that are
‘on-pathway’ and ‘off-pathway’ for fibril formation (Figure 1)

(for a recent review, see [27]). The implication of these
discoveries was that assemblies other than amyloid fibrils
might also play a role in AD pathogenesis. This postulation
was strengthened by the relatively poor correlation between
the amounts and regional distribution of amyloid deposits,
and the clinical status of AD patients [28]. In fact, some
have suggested that amyloid deposition is protective [29].
If fibrils are not the key neurotoxins in AD, what is?

Seminal studies by the Mucke group showed that trans-
genic animals displayed neurologic deficits prior to plaque
formation [30,31]. Subsequent studies confirmed and ex-
tended these results by demonstrating that Aβ oligomer
(Aβ*56 [32]) concentration, not fibril load, correlated better
with functional deficits in a mouse model of AD [33]. In
humans, an ‘Arctic’ form of AD, caused by an APP mu-
tation producing a Glu22→Gly amino acid substitution
in Aβ, appears to be a disease caused by protofibrils, the
immediate precursors of fibrils [34-36].
Clinical trials of potential AD drugs have been disap-

pointing. An early active immunization trial involving
aggregated Aβ42 plus an adjuvant was terminated prior
to completion due to the occurrence of life-threatening
aseptic meningoencephalitis and leukoencephalopathy
[37,38]. Some patients in the trial did show significant
decreases in amyloid load, but no significant cognitive
improvement. Two subsequent phase III immunotherapy
trials with humanized Aβ-specific antibodies both failed to
achieve their primary endpoints – a change in cognitive
and functional performance compared to a placebo [39,40].
In fact, to date, all Aβ-directed clinical trials have shown
either no efficacy or subtle effects only in sub-groups of the
clinical trial populations.
It is important to distinguish explicitly the failure of

hypothesis testing from the failure of a hypothesis. Clinical
trial results thus far do not support the amyloid cascade

Figure 1 Amyloid β-protein assembly. Amyloid β-protein appears to be an intrinsically disordered protein and thus exists in the monomer
state as an equilibrium mixture of many conformers. ‘On-pathway’ fibril assembly requires the formation of a partially folded monomer that
self-associates to form a nucleus for fibril elongation, a paranucleus, which in this case contains six monomers. Nucleation of monomer folding is
a process distinct from fibril nucleation. Fibril nucleation is unfavorable kinetically (kþ

2 << k
−
2 ), which explains the lag phase of fibrillogenesis

experiments, a period during which no fibril formation is apparent. Paranuclei self-associate readily (kþ
3 << k

−
3 ) to form protofibrils, which are

relatively narrow (approximately 5 nm), short (<150 nm), flexible structures. These protofibrils comprise a significant but finite number X of
paranuclei. Maturation of protofibrils, through a process that is poorly understood but is favorable (kþ

4 << k
−
4 ), yields classical amyloid-type fibrils

(approximately 10 nm diameter, indeterminate (but often >1 μm) length). Other assembly pathways produce a variety of oligomers, including
annular, pore-like structures; globular dodecameric (and higher-order) structures; and amylospheroids. Adapted from [27].

Teplow Alzheimer's Research & Therapy 2013, 5:39 Page 2 of 12
http://alzres.com/content/5/4/39

Partially	
folded	 
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propensity	 to	 self-assemble	 into	 amyloid-like	 β-sheet	 fibrils	 (Bowerman	 and	 Nilsson	

2012,	Hamley	2011,	Hwang	et	al.	2003).	The	resulting	assembled	fibrils	are	extremely	

water-soluble	due	to	the	putative	bilayers	of	β-sheets	arranged	in	laminas	that	bury	the	

hydrophobic	 groups	 within	 a	 core,	 while	 the	 hydrophilic	 groups	 are	 exposed	 to	 the	

surrounding	aqueous	media	(Lee	et	al.	2013). 

For	a-helices,	 amino	acids	have	different	propensities	 to	 form	a-helical	 structure;	 the	

highest	to	the	lowest	attending	are	as	follows:	

Ala>	Arg=Leu>Meth>Lys>Gln,	whereas	Pro	and	Gly	are	helix	breakers;	Pro	has	no	amide	

hydrogen	to	donate	and	its	side	chain	disrupts	the	helix	backbone.	Glycine	has	a	highly	

flexible	 confirmation	due	 to	 the	 lack	of	 a	 side	 chain	 that	 can	disrupt	helical	 structure	

(Bromley	and	Channon	2011,	Pace	and	Scholtz	1998,	Scholtz	and	Baldwin	1992).  

	

1.8 	The	intermolecular	associations	that	drive	self-assembly	
Although	 the	 interactions	 that	 drive	 the	 self-assembly	 are	 individually	 weak	 non-

covalent	bonds,	a	collective	effect	from	many	of	these	leads	to	the	formation	of	strong,	

rigid	and	stable	conformations.	The	interactions	mainly	involve:	hydrogen-bonding,	van	

der	Waals,	hydrophobic,	electrostatic	and	p-p	stacking	interactions.		

	

1.8.1 Hydrogen	bonding	(H-bonding)	

This	 interaction	 occurs	 between	 an	 ion	 acceptor	 (electron-deficient	

hydrogen),	 and	 its	 donor	 (ion-pair	 of	 electrons	 such	 as	 oxygen,	 or	

nitrogen).	H-bonds	are	short	and	very	strong	and	responsible	for	forming	

the	secondary	structure	of	proteins	with	three-dimensional	(3D)	structures.	In	addition,	

many	 intermolecular	 H-bonds	 can	 drive	 self-assembly	 into	 a	 supramolecular	

configuration	(Sijbesma	and	Meijer	1999).	Overall,	 the	strength	and	 the	nature	of	 this	

bond	depends	on	the	dipole	moment	of	the	interacting	moieties,	which	might	raise	the	

possibility	 of	 competition	 between	 the	 H-bonding	 sites.	 Therefore,	 the	 self-assembly	

process	derived	from	the	H-bonding	usually	occurs	in	a	non-polar	environment	to	avoid	

solvent	competition	(Prins	et	al.	2001).		
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1.8.2 	Electrostatic	interactions		

These	are	essential	 for	self-assembly	of	peptides	(Marshall	et	al.	2011).	

Interactions	between	heterogeneity	 and	oppositely	 charged	 side	 chains	

are	 important	 to	 form	a	dimer	with	complementary	charges	(Lam	et	al.	

2016).	For	a	stable	assembly,	it	is	better	for	charged	(Glu,	Asp,	Lys,	Arg,	His)	and	polar	

side	 chains	 (Ser,	 Thr,	 Cys,	 Asn,	 Gln,	 Tyr)	 to	 be	 solvent-exposed	 to	 interact	 effectively	

with	 the	 surrounding	 water	 (Pace	 et	 al.	 1996).	 However,	 the	 effect	 of	 electrostatic	

interactions	depends	on	the	distribution	of	the	charged	side	chains	along	the	sequence.	

For	 short	 peptides,	 oppositely	 charged	 amino	 acids	 at	 the	 end	 of	 a	 hydrophobic	 core	

could	strengthen	and	support	lateral	stacking	and	extend	the	conformation	(Li	and	Hai.	

2016,	Makin	et	al.	2005).	

	

1.8.3 	Van	der	Waals	forces	

This	 kind	 of	 interaction	 is	 known	 to	 stabilise	 the	 folded	 state;	 the	

minimal	 number	 of	 surface-exposed	 hydrophobic	 side	 chains	 means	 a	

stronger	 driving	 force	 for	 self-assembly	 events	 (Marshall	 et	 al.	 2011).	

This	type	of	interaction	occurs	between	natural	moieties,	and	it	is	not	as	

strong	 as	 H-bonding.	 However,	 it	 influences	 the	 structure	 of	 self-assemblies	 when	 it	

appears	 across	 a	 large	 surface	 area.	 Notably,	 this	 interaction	 is	 weakened	 by	 high	

temperature	 and	may	 lead	 to	misfolding	of	 the	 secondary	 structure	 (Gademann	 et	 al.	

1999,	Seebach	et	al.	2006).	
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1.8.4 	Aromatic	interactions	

When	 aromatic	 side	 chains	 rich	 in	p-electrons	 interact	with	 aromatic	

residues	poor	in	p-electrons,	aromatic-aromatic	interactions	through	p-

p	stacking	will	form.	This	interaction	depends	on	the	orientation	of	the	

aromatic	residues;	either	 face-to-face,	or	edge	to-face	stacked	orientation,	see	Fig.	1.7.	

Although	each	of	the	four	orientations	may	participate	to	form	a	well	order	3D	amyloid	

structure,	 the	 oligomeric	 species	 that	 consist	 of	 face-to-face	 p-electrons	 orientation	

interact	 more	 readily	 with	 other	 non-covalent	 interactions	 to	 accelerate	 the	 self-

assembly	and	reinforce	the	stability	of	the	structure	(Elsawy	et	al.	2016,	Gazit	2002).		

	

Fig. 1.7. The aromatic-aromatic interactions of b-helical structure. a) Face-to-face stacking, b) normal 
stacking, c) face-to-edge and edge-to-face p-stacking interactions.  
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2 	Self-assembly	of	amyloid	fibrils	for	bionanotechnology	
 

2.1 Importance	and	applications	
The	inherent	rigidity	and	the	strength	of	amyloid	fibrils	results	in	the	amyloid	assembly	

phenomenon	being	relatively	irreversible,	see	Fig.	1.6.	Thus,	amyloid	has	been	shown	to	

have	a	high	level	of	chemical	and	biological	degradation-resistance,	which	gives	rise	to	

natural	 materials	 (Fowler	 et	 al.	 2007)	 and	 promotes	 their	 use	 and	 development	 as	

structural	materials	(Knowles	and	Mezzenga	2016).	In	order	to	make	technological	use	

of	amyloids,	it	is	necessary	to	understand	the	chemical	and	physical	nature	of	amyloids	

as	well	as	their	ability	to	self-assemble.	Therefore,	different	designs	have	been	based	on	

amyloid-like	 structures	 and	 developed	 for	 useful	 biomaterial	 approaches	 in	 industry,	

see	Fig.	2.1a.	Previous	studies	showed	that	the	key	advantages	of	using	amyloidogenic	

peptides	 for	 nanotechnology	 applications	 arise	 from	 their	 high	 stability	 due	 to	

hydrophobic	 and	 electrostatic	 interactions,	 efficient	 ability	 to	 self-assemble	 into	well-

ordered	suprastructures	and	their	potential	to	be	manufactured	from	small	and	simple	

amphiphilic	units	(Decrado	and	Lear	1985).			There	is	also	a	possibility	of	incorporating	

non-natural	amino	acids	or	non-peptidic	moieties	(for	instant,Trans-2-aminocycolhexan	

carboxylic	acid	(ACHC))	within	the	sequence,	due	to	the	diverse	chemical	and	physical	

properties	 (Whitesides	 and	 Grzybowski	 2002).	 They	 are	 also	 biologically	 compatible,	

have	 low	 toxicity,	 are	 easily	 synthesised,	 and	 are	 promising	 to	 create	 functional	

supramolecules	(Aida	et	al.	2012,	Hauser	et	al.	2011).	There	are	a	number	of	examples	

of	 applications,	 ranging	 from	 cell	 culture	 scaffolds	 to	 drug	 storage	 material	 and	

biosensors	 (King	 et	 al.	 2016).	 One	 specific	 example	 of	 using	 amyloid	 fibrils	 as	 a	 bio-

sensor,	 which	 generally	 depends	 on	 their	 ability	 to	 efficiently	 bind	 enzymes,	 is	

immobilisation	 of	 the	 glucose	 oxidase	 enzyme	 (GOx)	 on	 amyloid	 fibrils	 (from	 bovine	

insulin)	 using	 glutaraldehyde	 as	 a	 cross-linker.	 The	 resulting	 conjugate	 structure	

maintained	the	biological	activity	and	the	antimicrobial	functions	of	GOx	(Pilkington	et	

al.	2010),	see	Fig.	2.1b.	
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becoming increasingly well understood and have been the focus 
of a number of reviews. [ 4,24 ]  By contrast, however, their mes-
oscale traits remain less well understood, in large part due to a 
large number of polymorphic forms found in these systems and 
which allow the basic amyloid cross-beta structure to be realised 
through a multitude of possible stacking geometries combining 
beta sheets in hierarchical structures. [ 21–23 ]  Interestingly, how-
ever, despite the remarkable variety of polymorphs observed 
for amyloid fi brils, some universal features are also starting to 
emerge at the mesoscopic level. [ 25 ]   Figure    2   summarizes the dif-
ferent length scales involved in the structure of amyloid fi brils, 
and which defi ne many of their physical properties.  

 A fi rst basic view of the physical nature of amyloid fi brils 
can be approached by comparing them with other characteristic 
types of one-dimensional organic macromolecular and colloidal 
systems. At length scales above the well-established atomistic 
fi ngerprint of amyloid fi brils, these aggregates exhibit meso-
scopic properties comparable to those of natural polyelectro-
lytes, yet with persistence lengths several orders of magnitude 
beyond the Debye length. They thus exhibit features associated 
with conventional charged polymers, with, however, a persis-
tence length remarkably independent of the environmental 
conditions to which they are exposed; [ 26 ]  this observation can 
be rationalised in the light of the fact that the origin of the 
persistence length of amyloid fi brils is primarily the hydrogen-
bonding network at their core [ 27 ]  which is less affected by solu-
tion conditions than electrostatic repulsion responsible for the 
persistence length of conventional charged polymers. Further-
more, in contrast to other polymeric systems, they exhibit a 
combined chirality and polarity along their fi brillar main axis, 
a characteristic which allows for manipulations through elec-
tric fi elds of very weak intensities, [ 28 ]  or by adsorption at inter-
faces as symmetry breaking tool. [ 29,30 ]  Thus, a distinctive feature 
of amyloids at the mesoscale is their intrinsic rigidity, which 

together with their chiral, polar and charged nature, provides 
these systems with a rich physical behavior in one, two and 
three dimensions.  

  3.     Material Properties of Amyloid Fibrils Underlie 
their Diverse Roles in Nature 
 The dense hydrogen bonding network that is characteristic of 
the core of amyloid fi brils and that leads to strong intermo-
lecular backbone-backbone interactions between polypeptide 
chains within the fi brils, results in these materials pos-
sessing a very high Young’s modulus. [ 27,31,32 ]  Indeed, amyloid 
fi brils have elastic moduli which are amongst the highest 
recorded for protein based materials and in particular can 
exceed those measured for functional intracellular fi laments 
such as actin and tubulin, and are comparable to extracel-
lular materials such as collagen, keratin and silk. Proteina-
ceous materials in this latter class which exhibit very high 
moduli are typically not required to  depolymerise rapidly as 
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 Figure 1.    Roadmap to the diversity in functions in amyloids-based 
materials.
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building block was a biotin-acceptor peptide, linked to Sup35: 
by incubating these two-components, mixed amyloid fi brils 
with both G protein and a biotin acceptor were produced. 
The authors then relied on biotin–streptavidin interactions to 
mediate coupling between the modifi ed amyloid structures and 
the fi nal functional unit, a streptavidin-modifi ed horseradish 
peroxidase. This approach led to Sup35 based amyloids with 
enzymatic activity, capable to detect via spectrophotometry the 
attachment of F1 antigen of  Yersinia pestis . 

 Sasso and colleagues [ 17 ]  also relied on biotin–streptavidin 
interactions to achieve functionalization of amyloids and dem-
onstrated how this approach can serve in the context of glu-
cose sensing. The biotinylation of amyloid fi brils based on 
whey protein was fi rst performed via succinimide-based biotin 
conjugates reacting with the free primary amine groups on 
the  surface of mature amyloid fi brils. Decoration of the modi-
fi ed amyloids with nanoparticles, quantum dots and enzymes 
was then achieved by incubating the fi brils with streptavidin- 
modifi ed colloidal objects. By using glucose oxidase (GOx) 
enzymes coupled with streptavidin, the authors could generate 
GOx-coated amyloid fi brils, which were then adsorbed on gold 
substrates and attached via free thiol groups available on the 
fi brils’ surfaces. Glucose sensing was measured by cyclic voltam-
mograms monitoring the enzymatic red-ox reaction (See Figure   8  ).  

 Yang et al. [ 82 ]  used α-synuclein fibrils modified by 
10,12- pentacosadiynoic acid (PCDA) to achieve a colorimetric 
response to UV, ethanol, pH and heat. Non-colored dispersions 
of α-synuclein-PCDA complexes turned fi rst blue, upon expo-
sure to UV light, then pink, after ethanol, pH and/or heat treat-
ment. This is primarily due to the unique chromic properties of 
the monomeric PCDA, converted to poly PCDA after UV expo-
sure, since PCDA possesses different absorption features prior 
and after polymerization. This strategy could be used to further 
develop multi-responsive sensors capable of detecting stimuli 
in a sequential manner. 

 Beside the routes briefl y discussed above, expanding the 
scope and possibilities of sensing with amyloids as functional 
components can be achieved by combining them with other 
materials. Recently, demonstrations of this general approach 
have emerged with graphene being a prominent example of 
the basis for such hybrid materials. Indeed, enzymatic sensing 
using amyloid-graphene composites has been discussed above 
(see reference [ 16 ]  and Figure  6 ) and another promising approach 
along similar lines has been proposed by Wang et al. [ 103 ]  who 
used a silver-binding peptide prone to fi brillization to decorate 
graphene fl akes. An electrochemical H 2 O 2  sensor based on this 

hybrid was then demonstrated by immobilizing the aqueous 
dispersion of the graphene-amyloid complexes onto a glassy 
carbon electrode and by performing cyclovoltammetric analysis. 

 A specifi c aspect of using of amyloid fi brils in bio-sensing 
applications is enabled through their capacity to bind and immo-
bilize enzymes in an effi cient way. In a fi rst study, Gerrard 
and colleagues [ 104 ]  showed that glucose oxidase (GOx) could be 
immobilized on amyloid fi brils of bovine insulin using glutar-
aldehyde as crosslinker and that the resulting conjugates pre-
served both the activity and the antimicrobial properties of GOx. 
In a later work, Gerrard and colleagues [ 105 ]  demonstrated that 
also organophosphate hydrolase can be immobilized covalently 
on nanoscaffolds made of insulin amyloid fi brils and that the 
resulting conjugates exhibited improved thermal stability. Paik 
and colleagues [ 83 ]  have further shown how model enzymes such 
as horseradish peroxidase (HRP) can be immobilized within 
hydrogels made of alpha-synuclein amyloid fi brils. Remarkably, 
the activity of the HRP bound to the hydrogels was increased 
four-fold compared to the free enzyme, opening new future pros-
pects for enzymatic reactions from enzyme-amyloid conjugates.  

  5.5.     Amyloids for Transfection and Controlled Drug Release 

 Recent work suggests that amyloid fi brils can also serve as 
unique carriers for viruses, and nanoparticles transfection, as 
well as controlled drug release. 

 Recently Munch et al. [ 106 ]  noted that several peptide frag-
ments from the HIV-1 glycoprotein gp120 increase HIV-1 
infection rates in cells in a signifi cant manner and without 
causing any detectable cytotoxicity. In particular, they identifi ed 
a small amphiphilic amino acid peptide of 12 residues from 
the gp120 sequence, also capable of self-assembling into fi brils, 
called enhancing factor C, EF-C, with remarkable transfection 
properties. The peptide was shown to associate strongly with 
virions, enabling separation of the virions from the suspen-
sion by simple centrifugation. Compared to other transduction 
enhancers, EF-C was found to boost infection rates in a much 
more effi cient way. This boosted retroviral gene transfer was 
interpreted in terms of an electrostatic ‘nanobridge’ between 
virions and cells. These EF-C nanofi brils show promise for clin-
ical applications, due to the simplicity of preparation and sys-
temic administration. These fi ndings are further supported by 
recent work by Dai et al. in which positively charged amyloids 
nanosheets were effi ciently used as retrovirus transfection. [ 107 ]  

 Shortly after this work, another amyloid system based on 
the non-toxic β-lactoglobulin, was shown to enhance transport 
of metal nanoparticles in living cells. [ 61 ]  The authors used two 
types of cells, a cell line and dendritic cells, to demonstrate 
that the same gold nanoparticles penetrate with a three-fold 
stronger effi ciency when conjugated to amyloid fi brils com-
pared to bare nanoparticles. These fi ndings were exploited to 
design cytotoxicity “a priori” for silver nanoparticles: by conju-
gating silver nanoparticles to amyloid fi brils, their transfection 
was increased compared to the same particles conjugated to 
native proteins, thus enhancing the cytotoxic response on both 
cell types. This work shows that the effi ciency in transfection 
mediated by non-toxic amyloid fi brils can be used to control 
cellular response to exogenous components. 

Adv. Mater. 2016, 28, 6546–6561
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 Figure 8.    Schematic of the amyloid-based glucose biosensor. Modifi ed 
glucose oxidase is connected to amyloid fi brils based on biotin–strepta-
vidin coupling. The fi brils are then adsorbed and immobilized on gold 
substrates via thiol groups and glucose sensing is achieved by voltam-
metry during the enzymatic red-ox reaction. Reproduced with permis-
sion. [ 17 ]  Copyright 2014, Royal Society of Chemistry.

a 

b 

Fig. 2.1. The Roadmap to the diversity of applications of functional amyloids in Nanobiotechnology. a) Some 
of the emerging abilities and functional roles of natural and artificial amyloids, reproduced with permission 
from (Knowles and Mezzenga 2016), b) schematic representation of using amyloids as a biosensor. Modified 
glucose oxidase (GOx) was linked to amyloid fibrils via a biotin-streptavidin coupling. The fibrils-oxidase were 
then adsorbed and immobilised on a substrate (gold) through thiol groups. During the enzymatic redox 
reaction, glucose sensing is performed using voltammetry. Permitted to reproduce from (Sasso et al. 2014) using 
the license no. 4124821446956, copyright©2013, Royal Society of Chemistry. 
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2.2 Self-assembly	amyloids	as	templates	for	biomineralisation		

2.2.1 What	is	biomineralisation?	

Natural	objects	with	complex	shapes	and	functions	always	attract	scientist’s	attention.	

During	the	past	decade,	the	exploration	and	creation	of	supra-structures	with	organised	

morphologies,	specific	size	and	structures,	and	complexity	that	can	resemble	naturally	

existing	 biominerals,	 was	 the	 most	 topical	 issue	 in	 the	 material	 chemistry	 (Yu	 and	

Cölfen	 2004).	 Biominerals	 are	 materials	 that	 are	 formed	 by	 organic	 and	 inorganic	

substances	and	have	a	well-organised	shape	and	structure;	hence,	biomineralisation	is	a	

natural	process	that	occurs	when	the	living	organisms	secrete	inorganic	substances	to	

harden	 some	of	 their	 compositions	 such	as	 skeletons,	 shells,	 teeth	or	bones	 (Xu	et	 al.	

2007).	 As	 a	 result,	 biominerals	 combine	 a	 complex	 morphology	 with	 excellent	

properties,	 easy	 and	 environmentally	 safe	 synthesis,	 and	 a	 high	 bio-compatibility.	

Material	 chemists	have	been	 interested	 in	developing	 strategies	 for	mimicking	 (if	 not	

for	 copying)	 this	 biological	 processes	 in	 nature	 and	 using	 biominerals	 as	 promising	

materials	to	prepare	novel	synthetic	materials	(Dujardin	and	Stephen	2002).		

Artificially,	 the	 biomineralisation	 reaction	 needs	 an	 inorganic	 surface	 in	 order	 to	 be	

functionalised	 by	 the	 biomolecules.	 Surfaces	 as	 diverse	 as	 silica,	 silver,	 gold,	 and	

graphite	 have	 been	 utilised	 to	 functionalise	 self-assembling	 molecules	 either	 non-

specifically	(through	adsorption)	or	specifically	(by	interfacial	covalent	or	electrostatic	

interactions)	to	produce	inorganic-surfactants	with	biomolecular	recognition	(Dujardin	

and	 Stephen	 2002).	 The	 silica-based	 reaction	 was	 particularly	 useful	 in	 this	 aspect	

(Perry	and	Keeling-Tucker	2000).	In	such	a	framework,	in	the	middle	of	1980s,	material	

chemists	 represented	 by	 Schmidt	 and	 Wilkes	 created	 organic-inorganic	 hybrid	

materials	by	applying	the	sol-gel	reaction	using	different	silica	precursors	and	solvents	

(Schmidt	1985,	Wilkes	et	al.	1985).	The	sol-gel	reaction	is	a	flexible	route	and	has	been	

widely	used	to	reproduce	well-defined	inorganic,	and	organic	networks,	such	as	glasses,	

ceramics	and	films	(Chiodini	et	al.	1999,	Marzolin	et	al.	1998).	More	recently,	it	has	been	

used	in	medical	science	(Coradin	et	al.	2006)	and	in	some	electrical	applications	(He	et	

al.	2004).	The	sol-gel	reaction	involves	a	transition	from	liquid	phase	(solution)	 into	a	

solid	phase	(gel),	which	explains	the	name	of	the	reaction	“sol-gel”	(Milea	et	al.	2011).		
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2.2.2 Factors	affecting	artificial	biomineralisation	

The	sol-gel	reaction	is	sensitive	to	some	conditions	such	as:	i)	the	type	of	the	precursor,	

ii)	the	pH	of	the	solution,	iii)	the	temperature,	iv)	the	solvent	composition,	v)	the	molar	

ratio	 of	 the	 organic	 reactant	 (R),	 vi)	 the	 age	 of	 the	 reaction,	 and	 vii)	 the	 drying	

conditions	(Estella	et	al.	2007,	Musgo	et	al.	2009).	A	successful	precursor	should	have	a	

high	 enough	 solubility	 in	 the	 solvent,	 and	 a	 good	 reactivity	 to	 facilitate	 the	 gel	

formation.	Some	common	precursors	are	salts,	oxides,	hydroxides,	alkoxides,	acrylates,	

and	amines.	Among	these	categories,	alkoxides,	specifically	metal	alkoxides	of	Ti,	Zr,	or	

Al,	 are	 most	 commonly	 used	 due	 to	 their	 high	 reactivity	 towards	 water	 (Wang	 and	

Bierwagen	 2009).	 On	 the	 other	 hand,	 alkoxysilanes	 react	 gently	 with	 water,	 and	

produce	 a	 good	 homogeneous	 gel,	 which	 makes	 tetraoxy	 silicate	 Si(OEt)4	 commonly	

investigated	in	sol-gel	literature.	Some	of	the	alkoxysilanes	precursors	that	are	used	in	

the	sol-gel	reaction	are	(Milea	et	al.	2011):	

o Tetraethyl	orthosilicate	(TEOS)	

o Tetramethyl	orthosilicate	(TMOS)	

o Methyl	triethoxisilane	(MTES),	

o Methyl	trimethoxysilane	(MTMS),	

o Vinyl	trimethoxysilane	(VTMS),	

o 3-Aminopropyl	trimethoxysilane	(APS),	

o γ-Metacryloxypropyl	trimethoxysilane	(γ-MAPTS).�	

The	sol-gel	process	using	the	precursor	Si(OEt)4	consists	of:	(1)	hydrolysis	of	the	silicon	

alkoxides,	(2)	condensation	and	polymerisation	of	the	monomers,	(3)	growth,	and	then	

(4)	aggregation	of	 the	polymer	 to	 form	of	silica	nanoparticles	as	a	gel.	The	hydrolysis	

reaction	involves	the	replacement	of	alkoxide	groups	(-OEt)	with	the	hydroxyl	group	(-

OH)	to	release	the	corresponding	alcohol	molecule	(EtOH),	as	follows:		

 

 

	

	

Hydrolysis					(1) 

			Water	condensation					(2)% 

&'()ℎ)'	(),-.,/%01),	(2)2 
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A	 complete	 hydrolysis	 occurs	 only	 when	 the	 stoichiometric	 molar	 ratio	 of	 water	 to	

Si(OEt)4	 is	 equal	 to	 4:1,	 which	 means	 that	 all	 the	 -OEt	 is	 replaced	 by	 the	 –OH.	 The	

resulting	Si(OH)4	will	then	interact	with	the	cationic	species	of	the	organic	template	(R)	

to	form	the	biominerals.			

A	 full	 quaternary	 coordination	 of	 Si-	with	 other	 Si-O	 or	with	 R	 through	H-bonding	 is	

what	called	(Q4).	Any	incomplete	hydrolysis	can	produce	one	non-bonding	oxygen	(Q3)	

or	 two	 non-bonding	 oxygen	 (Q2)	 species	 [(OR)2-Si-(OH)2,	 or	 (OR)3-Si-(OH)].	 The	

condensation	 reaction	 is	 strongly	 pH-dependent;	 acidic	 and	 alkaline	 conditions	 will	

produce	microporous	and	mesoporous	structures	respectively	(Coradin	et	al.	2006).		

	

2.2.3 Type	of	self-assembled	molecules	to	template	silica		

The	 biomineralisation	 process	 can	 be	 templated	 by	 biological	 molecules	 such	 as	

biopolymers,	 to	 act	 as	 scaffolds,	 which	 are	 called	 functional	 matrices.	 The	 role	 of	

functional	 material	 is	 to	 control	 three	 main	 actions:	 the	 size	 of	 the	 mineral	 particle	

(confinement),	 the	 concentrations	 of	 the	 mineral	 sources	 (activation)	 and	 the	

morphology	of	the	mineral	particles	(templating).	Ultimately,	all	of	these	functions	need	

biomineralising	 molecules	 that	 have	 an	 ability	 to	 self-assemble	 (Bauerlein	 2003,	

Fernandes	et	al.	2014)	which	can	either	be	natural	materials,	or	biomolecules.	Examples	

of	the	natural	self-organisers:	(1)	diatom	cells	are	beautifully	elaborate	silica	shells	that	

have	nanoscale	hooks,	holes	and	gorges	(Fernandes	et	al.	2014,	Likhoshway	et	al.	2008),	

see	Fig.	2.2	a-b	(2)	sponges	are	able	to	take	advantage	of	the	environmental	silicon	to	

produce	 spicules,	 useful	 for	 protection	 and	 food	 entrapment,	 see	 Fig.	 2.2	 c-d,	 and	 (3)	

bacteria	which	are	able	to	utilise	the	greigite	Fe3S4	or	magnetite	Fe3O4	for	navigation	to	

form	magnetotactic	bacteria,	an	obvious	purpose	to	obtain	metal-alloy	nanoparticles	to	

modify	an	enzymatic	reaction	(Bauerlein	2003,	Crookes-Goodson	et	al.	2008,	Fernandes	

et	al.	2014),	see	Fig.	2.2	e.	 

Other	 self-assembled	 structures	 to	 act	 as	 a	 silica	 template	 are	 biomolecules,	 such	 as	

3)'45.61/%01),	%,-	76)80ℎ	(3) 
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peptides	and	proteins	(Fernandes	et	al.	2014),	see	Fig.	2.2	f.	Due	to	the	internal	stability	

produced	 by	 H-bonding	 and	 to	 their	 amphiphilic	 nature,	 peptides	 are	 perfect	 active	

centre	for	silica	interaction	and	considered	to	be	as	an	attractive	class	of	molecules	for	

the	biomineralisation	process.		

Hence,	 the	 intermolecular	 interactions	 within	 the	 self-assembly	 will	 form	 stable	

supramolecular	 structures,	 which	 would	 make	 them	 as	 effective	 templates	 for	

interaction	with	the	silica	precursor	and	promote	nucleation	and	growth	of	silica,	and	to	

act	as	catalysts	as	well.	Synthetic	peptides	are	similarly	thought	to	have	silica-nucleating	

properties	 to	be	effective	 for	designing	scaffolds	 to	 induce	and	control	silica	structure	

formation	 (Gazit	 2007,	 Pouget	 et	 al.	 2007,	 Yuwono	 and	 Hartgerink	 2007).	 A	 nice	

example	is	using	a	peptide	to	suspend	a	single	wall	carbon	nanotube	in	order	to	coat	it	

with	silica	for	further	functionality	(Pender	et	al.	2006).		

Fig. 2.2. Structures of silicate-diatoms, sponge, magnetotactic bacteria and collagen. a) Structure of the cell 
wall of the centric diatom Thalassiosira pseudonana, b) radio-larian, unknown species, (c) isolated spicules 
from the sponge Tethya aurantia, d) sponge Euplectella Owens, e) a magnetotactic bacteria from Earth, a 
line of elongated magnetite crystals is shown down the bacterium's center, which helps with aligning the 
bacterium with the Earth's magnetic field, f) silicified collagen.  Panel a was reprinted in part from (Poulsen 
and Kroger 2004), panels b and d were produced by a permission from (Perry and Keeling-Tucker 2000), 
panel c permitted to produce from (Weaver and Morse 2003) by license no. 4125040592080, Copyright © 2003 Wiley-
Liss, Inc., panel e was courtesy of Dr. Dennis Bazylinski of Iowa State University, and panel f produced with 
permission from (Fernandes et al. 2014).   
 

synthesized on a scale much smaller, and in a more controlled
manner, than humans are capable of producing synthetically.
Thus, the methods by which these features arise are of great
interest to biologists and materials scientists alike.
Creation of new thecae occurs in a specialized vesicle, the

silica deposition vesicle (SDV) in which two critical types of
molecules reside: silaffins and long-chain polyamines
(LCPAs).2,3,8 Both are tightly associated with silica and diffi-
cult to extract; current methods involve either dissolving the
silica with anhydrous hydrofluoric acid or with acidified
ammonium fluoride.2 In vitro studies suggest that, in most
diatoms, silica biomineralization occurs through the concerted
activity of these molecules.
Silaffins are rich in hydroxyamino acids and lysines and are

highly post-translationally modified through phosphorylation,
sulfation, glycosylation and/or alkylation. There appears to be
little sequence homology among silaffins from different species,
but the chemical compositions are similar. Roles of individual
silaffins are only known through in vitro silica precipitation
studies. While some (e.g., natSil-1A from Cylindrotheca
fusiformis) are capable of precipitating silica alone, others
(e.g., natSil-2 from C. fusiformis and tpSil-1H, -1L, -2H, -2L
and -3 from Thalassiosira pseudonana) appear to be regulatory
and depend on the presence of other silaffins or LCPA.2,8

LCPAs also precipitate silicic acid in vitro and may be
critical components of cell wall synthesis in vivo. Most LCPAs

characterized to date are repeats of N-methylated oligo-
propyleneimine with terminal putrescine or putrescine deriva-
tives. Some, however, are composed of oligo-propyleneimines
attached to a propylamine, spermine, or spermidine basis.2

There has been some suggestion that chain length and degree
of methylation are species-specific, but the recent finding that
T. pseudonana contains at least two types of LCPA molecules
calls this hypothesis into question.2 Regardless, the contribu-
tion of these structural variations to resulting silica morpho-
logies is not currently understood.
Together, silaffins and LCPAs form supramolecular assem-

blies that are capable of precipitating silica. In vitro, the parti-
cular silaffin–LCPA mixture that is utilized determines the
morphology of the resulting silica, from spheres to sheets to
plates.2,8 Poulsen and Kröger hypothesize that silica morpho-
logy is dictated by the silaffins, as opposed to the LCPAs.
Polycondensation of silicic acid probably relies on hydrogen
bonding between the amino groups of the polyamines in both
the silaffins and LCPAs and Si–OH groups of silicic acid.8 The
hydroxyl groups present in silaffins may form hydrogen bonds
with the LCPAs, preventing the LCPAs from interacting with
silicic acid and inhibiting polymerization. Thus, the relative
abundance of hydroxyl groups in the silaffins present in the
SDV may regulate LCPA-dependent silica formation.
While Poulsen and Kröger hypothesize that silaffins deter-

mine silica morphology on the microscale, Hildebrand and

Fig. 1 Structures of diatom and sponge silica. (A) Structure of the cell wall of the pennate diatom Cylindrotheca fusiformis. (B) Structure of the

cell wall of centric diatom Thalassiosira pseudonana. (C) Higher magnification image of T. pseudonana cell wall. (D) Isolated spicules from the

sponge Tethya aurantia. (E) Higher magnification image showing axial filaments running through the center of the T. aurantia spicules (arrow).

Panels A, B and C were reprinted in part from N. Poulsen and N. Kroger, J. Biol. Chem., 2004, 279, 42993–42999. Copyright 2004, The American

Society for Biochemistry and Molecular Biology. Panels D and E were reprinted from Microscopy Res. Tech., 2003, 62(4), 356–367. Copyright r

2003, Wiley-Liss, Inc. Reprinted with permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.
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Interestingly, these tubes have a double wall structure, consisting of silica-peptide-silica layers. 
Overall it can be suggested that the gel acts as a reservoir for peptides that are released as individual 
molecules into the alkoxide solution. A co-assembly of lanreotide and silica occurs leading to the 
depletion of the supernatant solution in free peptide that drives further the gel dissolution. 

Homo and block copolypeptides bearing basic amino acids, lysine, histidine and arginine should in 
principle constitute efficient catalysts for silica precipitation. As described extensively for  
poly-L-lysine homopolymers (PLL) [36], the high density of positively-charged groups is able to 
concentrate negatively-charged silicic acids and promote silica condensation [37]. However, the ability 
of these homopolymers to self-assemble in a significant manner is quite limited. The most successful 
approach along this line is the use of long-chain PLLs that can adopt an α-helical conformation, that is 
able to template the formation of silica platelets (Figure 3a) [38]. In contrast, short PLLs could favor 
silica condensation but led to featureless silica nanospheres because of the absence of  
self-organization. Based on the silaffin structure, lysine-containing block co-polypeptides (Lys-b-AA) 
have been designed and evaluated as silica templates [39,40]. A wide variety of silica morphologies, 
including platelets, rods, columns and hollow spheres, could be achieved by varying the nature of the 
hydrophobic block (AA = Cysteine, Leucine, Glycine, Alanine). This morphological diversity results 
from the balance between the lysine-silica interactions and the polypeptide self-assembly properties 
deriving from their hydrophobic character. Introduction of an aromatic amino acid, such as 
phenylalanine, allows the induction of π-stacking interactions, leading to vesicles or micelles that can 
be used to obtain silica particles of tunable size. 

Figure 3. (a1) Chemical structure of PLL (Kpn) and Scanning Electron Microscopy (SEM) 
images of (a2) Kp56 spheres, (a3,a4) Kp264 and Kp400 hexagonal plates. Copyright 2006 
American Chemical Society. Reprinted with permission from reference [38]. (b) Unstained 
Scanning Electron Microscopy (TEM) images of silicified collagen with the cross-banding 
architecture of fibrillar collagen. Inset: selected area electron diffraction reveals the 
amorphous nature of the infiltrated minerals. Copyright 2011 Wiley. Reprinted with 
permission from reference [41]. 

 

The case of ultrashort [Lysine-(Isoleucine)3] peptides is worth being discussed here because their 
self-assembly should ultimately result in supramolecular structures similar to the (Lys-b-AA) 
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The case of ultrashort [Lysine-(Isoleucine)3] peptides is worth being discussed here because their 
self-assembly should ultimately result in supramolecular structures similar to the (Lys-b-AA) 
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2.2.4 	Effect	of	amino	acid	side	chains	on	silicification	

Peptides	 that	are	densely	packed	with	hydroxyl	 side	chains	 (Ser,	Tyr)	and/or	bearing	

Lys,	Arg	and	His,	side	chains	can	be	efficient	and	active	centres	for	templating	silica	(see	

also	 Fig.	 2.3).	 A	 high	 content	 of	 positively	 charged	 amino	 acids	 is	 most	 effective	 for	

reacting	 with	 the	 silica	 precursor	 and	 supporting	 silica	 polymerisation	 through	 H-

bonding	 interactions.	 However,	 Lys-containing	 peptides	 have	 been	 evaluated	 to	 be	

excellent	 for	 silica-templating	 via	 their	 free	 positively	 charged	 amine	 group;	 various	

morphologies	 can	 be	 produced	when	 there	 is	 a	 balance	 between	 Lys-silica	 interfaces	

and	 the	 hydrophobic	 side	 chains	 interactions	 that	 drive	 the	 self-assembly	where	 Cys,	

Leu,	Gly,	Ala	are	preferred	(Jan	et	al.	2005).	Interestingly	aromatic	side	chain	interaction	

through	p-stacking	can	promote	stable	silica	particles	with	tuneable	sizes	(Fernandes	et	

al.	2014).		

In	1971,	the	first	patent	was	granted	to	hydrolyse	tetraethyl	orthosilicate	(TEOS)	in	the	

presence	of	the	cationic	surfactant	poly-Lys	and	produced	spherical-organic	core	shape	

(Sudheendra	and	Raju	2002,	Van-Bommel	et	al.	2001).	

2.2.5 	Forms	of	silica	nanostructure	templated	by	self-assembling	molecules	

Silica nanostructures come in many forms such as nanotubes (round long hallow structure), 

nanotapes (flat nanotube), nanocapsules (spherical shells with a cavity inside), nanowires 

(nanotube with the template in the core), and spheres depending on the type of template, the 

molar ratio of the precursor: organic template, the pH of the templating reaction, the time of 

the templating process, the type of the solvent and the conditions used for synthesis (Al-

Garawi et al. 2015, Cherny and Gazit 2008, Dehsorkhi and Hamley 2014, Lakshmanan et al. 

2012, Rajagopal and Schneider 2004, Zhang et al. 2015), see Fig. 2.4.  

a b 

Fig. 2.3. Adsorption of peptide side chains on silica surfaces. a) Ionization of both the peptide and the surface, 
b) hydrogen-bonding and oxygen-bridging between the cationic peptide and the silianol/siloxide groups on the 
silica surface. Reproduced with permission from (Patwardhan et al. 2012) Copyright © 2012 American Chemical Society. 
,  
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The	 resulting	 structures	 form	 controlled	 particle	 sizes	 and	 shapes,	 which	 would	 be	

difficult	to	control	by	conventional	synthesis.	However,	the	nature	and	thickness	of	the	

resulting	silica	species	(monomeric	Si-OH,	complexes	Si-OR,	or	colloidal	Si-O-Si)	are	not	

clearly	understood	yet.		

2.2.6 				Applications	of	silica	nanostructures	templated	by	amyloid	fibrils	

Silica	 nanostructures	 templated	 by	 amyloids	 have	 shown	 potential	 for	 some	

applications,	 such	 as	 electrical	 circuits,	 anti-cancer	 drug	 delivery,	 optical	 or	 sensing	

devices	(Acar	et	al.	2011,	Graf	et	al.	2011,	Pender	et	al.	2006,	Perry	and	Keeling-Tucker	

2000,	Wang	et	 al.	 2008).	The	nanowires	 templated	by	Sup35	yeast	prion	 fibrils,	 from	

Saccharomyces	 cerevisiae,	were	 demonstrated	 to	 simulate	 conductivity,	 such	 as	 low	

resistance	 and	 ohmic	 behaviour	 (Scheibel	 et	 al.	 2003).	 Already,	 silica-nanocapsules	

templated	 by	 functional	 amyloid	 (AM1)	 showed	 oil-water	 emulsifying	 capacity	 and	

surface	 activity	 (Hui	 et	 al.	 2016).	 Fluorescent	 silica	 nanotubes	 templated	 by	 amyloid	

peptide	 (ALP	molecule)	 was	 used	 for	 fluorescence	 quenching	 against	 nitro-explosive	

vapours	 (Yildirim	 et	 al.	 2011).	 Therefore,	 these	 versatile	 amyloid	 fibrils	 could	 well	

become	 essential	 in	 a	 broad	 area	 of	 nanotechnology,	 environmental	 and	 material	

sciences.	

c 

b d 

e 

f 

a 

Fig.2.4. Images of different ordered silica shapes obtained using a block of poly-Cys-poly-Lys peptide under 
different conditions. a) TEM of silica spheres synthesized under nitrogen, b) SEM of packed silica columns 
synthesized under air, Scale bar ~ 1 mm, permitted to reproduce from (Cha et al. 2000) using license no. 
4125050778485, Copyright © 2000, Rights Managed by Nature Publishing Group,  c) TEM of silicon nanowires collected after 
10  min reaction in an ice water bath, d) TEM of silica nanotubes prepared by adding water and oxygen to the 
reaction by adding toluene , e) SEM of amorphous silica nanofibres (c-e synthesized using monophenyl silane 
in the presence of CuS),  f) TEM of helical silica nanotubes, reproduced with permission from (Tuan et al. 
2008) Copyright © 2008, American Chemical Society. 
. 
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2.3 	Self-assembly	amyloids	as	enzyme-like	catalysts		
Over	the	years,	a	great	deal	of	effort	has	been	dedicated	to	create	artificial	enzymes,	or	

in	other	words:	enzyme-like	catalysts,	 from	molecular	assemblies	 that	have	 imidazole	

moiety	(Kirby	1996,	Murakami	et	al.	1996,	Tagaki	et	al.	1972).	Apart	from	the	academic	

challenge,	 a	 proper	 understanding	 of	 how	 enzymes	work	 requires	 the	 building	 up	 of	

artificial	 catalysts,	but	how	 far	 this	 is	of	practical	 importance	at	 the	present	 time,	 is	a	

central	question.	To	answer	this	question,	and	to	have	a	critical	reading	of	the	literature,	

it	 is	 necessary	 to	 understand	what	 the	 term	 “artificial	 enzyme”	 currently	means,	 and	

why	we	 need	 it.	 The	 artificial	 enzyme	 is	 a	 fabricated	molecule	 that	 is	 able	 to	 bind	 a	

substrate	and	catalyse	a	chemical	reaction,	exactly	similar	to	what	natural	enzymes	do,	

but	 on	 a	 small	 scale.	 The	 large	 size,	 genetically	 coded	 and	 the	 complexity	 of	 native	

enzyme	molecules	 encourages	 challenges	 to	 create	 artificial	 enzymes.	 Because	 native	

enzymes	are	 inherently	proteinaceous	components,	 they	 fold	 into	 the	active	3D	forms	

and	bind	the	substrate	at	a	precise	position	in	the	active	site,	whereby	they	exhibit	the	

remarkable	 catalysis	 of	 a	 chemical	 reaction	 (Murakami	 et	 al.	 1996).	 Therefore,	many	

studies	have	suggested	that	a	self-assembling	system	is	the	most	attractive	approach,	as	

its	folding	is	similar	to	a	natural	protein.		

	

2.3.1 The	enzymatic	reaction:	Michaelis-Menten-model	

As	enzymes	are	the	basic	machinery	that	catalyse	biological	chemical	reactions,	so	that	

their	 structure	 and	 function	 are	 compatible	 with	 each	 organism’s	 requirements.	 To	

understand	 their	 function,	 we	 need	 to	 kinetically	 describe	 their	 activity.	 For	 most	

enzymes,	the	following	pathway	can	be	considered	for	interaction	of	the	enzyme	E	with	

the	substrate	S	to	form	the	product	P:						

	

	(4)	

where	K1	is	the	constant	rate	of	[ES]	formation.	[ES]	has	two	different	fates,	it	either	can	

dissociate	 to	 E	 and	 S	 with	 a	 constant	 rate	 k-1,	or	 continue	 to	 produce	 P	 with	 a	 rate	

constant	k2.	

E	+	S		 [ES]																	E+	P 
k1 

k-1 

k2 
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The	 initial	 velocity	 of	 the	 catalytic	 reaction	 (V°)	 is	 defined	 as	 the	 number	 of	moles	 of	

product	are	formed	per	a	second,	which	depends	on	the	substrate	concentration	[S]	as	

shown	 in	Fig.	 2.5.	The	 rate	of	 catalysis	 reaction	 increases	 as	 the	 [S]	 increases,	 then	 it	

begins	to	reach	to	plateau	and	then	approach	a	maximum	velocity	(Vmax	)	at	a	higher	[S]	

(Berg	et	al.	2002).		

The	 Michaelis-Menten	 equation	 (5)	 shows	 a	 relationship	 between	 the	 rate	 of	 the	

catalysis	and	the	concentration	of	[ES]:	

																															
																															(5)	

	

where	V°	is	the	initial	velocity	of	the	reaction,	k2	is	the	constant	rat	of	dissociation	[ES]	

into	product.	Followed	by	multi-substitution	steps	to	yield	the	final	equation:			

	
	
																
																(6)	
	

	

This	equation	describes	the	kinetic	data	shown	in	Fig	2.5.	When	Km	is	equal	to	[S]	then	

the	reaction	rate	(V°)	reaches	the	half	(Vmax/2).	If	[S]	is	much	smaller	than	Km,	then:			

										

																									(7)	

	

Fig. 2.5. A plot of the Michaelis-Menten curve. The velocity (V°) is a function of the [S], and the Vmax is 
approached asymptotically. Km is the substrate concentration at half Vmax (Berg et al. 2002). 
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where	the	rate	(V°)	is	directly	related	to	[S].	However,	when	[S]	is	much	larger	than	Km,	

then	V°	=	Vmax.	This	means	that	the	rate	of	the	reaction	is	at	maximum,	and	is	substrate-

independent.		

The	 constant	 rate	 Km	 then	 is	 a	 very	 important	 parameter	 in	 an	 enzyme-catalysed	

reaction	and	is	inversely	related	to	the	level	of	affinity	of	S	toward	the	active	centre	of	E.	

A	higher	Km	value	refers	to	a	weaker	affinity	between	S	and	E,	and	vice	versa	(Berg	et	al.	

2002)	

When	E	is	fully	saturated	with	S,	then	Vmax,	which	is	also	known	as	a	turnover	number,	

gives	the	number	of	S	molecules	transformed	into	P	by	E	in	a	unit	of	time.	This	maximal	

rate	is	also	equal	to	the	rate	constant	k2,	or	kcat,	and	it	expressed	the	turnover	number	of	

an	enzyme	only	when	the	concentration	of	active	sites	[E]T	is	a	known	value.		

Vmax=	k2[E]T																																																																																(8)	

Therefore,		

k2	=	Vmax/[E]T																																																		(9)	
		
When	[S]	>>>	Km,	then	the	rate	of	the	catalytic	reaction	is	equal	to	the	turnover	number	

or	 kcat..	 However,	 under	 normal	 physical	 conditions,	 most	 enzymes	 are	 not	 fully	

saturated	with	S,	and	the	[S]/km	ratio	is	between	0.01-1.0.	When	[S]	<<	Km,	then	the	rate	

of	the	reaction	is	much	smaller	than	kcat	due	to	the	occupation	of	the	most	of	the	active	

sites	of	E,	which	means	that	the	concentration	of	free	E	is	equal	to	that	of	the	active	sites	

[E]T.	Therefore,	by	substituting	equation	9	in	equation	7:		

V°	=	kcat/Km	[S][E]t																																											(10)	

which	means	when	[S]	<<	Km,	 then	the	velocity	of	the	reaction	mainly	depends	on	[S],	

and	[E]T,	or	in	other	words,	the	kcat/Km	is	the	rate	constant	for	the	interaction	of	S	with	

E.	Under	this	condition,	kcat/Km	can	be	a	good	measure	of	the	catalytic	efficiency	of	any	

given	enzymatic	 reaction.	This	qualification	parameter	 can	be	very	useful	 to	 compare	

the	 preference	 of	 the	 enzyme	 to	 bind	 its	 specific	 substrate,	 Table	 2.1	 illustrates	 the	

kcat/Km	values	of	different	substrates	(Berg	et	al.	2002).	
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2.3.2 The	role	of	the	metal	ions	in	catalysis	reaction	

	Shown	 in	Fig.	 2.6	below	 is	what	may	be	 called	 “the	Biological	Periodic	Table”,	which	

refers	to	the	main	elements	that	are	essential	for	life.	The	major	components	of	human	

soft	tissues	are	hydrogen,	oxygen,	carbon	and	nitrogen.	From	a	biological	point	of	view,	

the	 biological	 metal	 ions	 play	 a	 central	 role	 in	metal-dependent	 hydrolase	 functions.	

More	 than	30%	of	 all	 enzymes	bind	metal	 ions,	 such	as	 carboxypeptidase	 (CP)	which	

catalyses	 the	 cleavage	 of	 the	 peptide	 bond	 at	 the	 C-terminus,	 alkaline	 phosphatase	

(ALP)	 which	 catalyses	 the	 dephosphorylation	 of	 nucleotides	 (Riordan	 1977)	 and	

carbonic	 anhydrase	 (CA)	 that	 interconverts	 the	 CO2	 molecule	 into	 bicarbonate	 and	

water	(Khalifah	and	Silverman	1991).		

Biological	metal	 ions	 are	 coordinated	by	 specific	 residues	within	 the	 active	 site	 of	 an	

enzyme	or	coenzymes	and	nucleotides.	These	metal	 ions	are	Na+1,	K1+,	Mg2+,	Ca2+,	V2+,	
Cr2+,	Mn2+,	Fe2+,	Co2+,	Ni2+,	Cu2+,	Zn	2+,	and	Mo5+-2+.		

Table 2.1. Values of Km, Kcat, Kcat/Km of some natural enzymes and their substrates 
(Purich 2010b). 
Enzyme	 Substrate	 Km		

(mM)	
kcat		
(S-1)	

kcat/Km		
(M-1	 S-
1)	

Acetylcholinesterase	 Acetylcholine	 0.1	 3*104	 3*108	

Catalase	 H2O2	 ~	1,600	 4*107	 2.5*107	
Carbonic	anhydrase	 CO2	 12.0	 6*106	 5.0*107	

Chymotrypsin	 N-acetyl-Val-Ome	

N-acetyl-Tyr-Ome	

88.0	

0.7	

1.7*10-1	

1.9*102	

3.0*105	

3.0*105	
Fumarase	 Fumarate	

Malate	

5.0*10-6	

2.5*10-2	

8*102	

7.0*107	

1.6*108	

4*108	
	 	 	 	 	

Fig. 2.6. The Biological Periodic Table: Elements in black are found to be essential for almost all enzymatic 
reactions, elements in blue are essential for most living organism, red elements are minor and have been found 
to be essential for certain organisms. Reproduced with permission from (Purich 2010a). 

2.5.1. A Group of Biologically Significant
Metal Ions is Essential for Catalysis
by Some Enzymes

Shown in Fig. 2.11 is what may be regarded as a ‘‘Biolog-
ical Periodic Table,’’ meaning that the standard periodic
table of all elements has been abbreviated to include only
those elements known to be essential for life. The major
constituent elements of human soft tissues are hydrogen
(~63%), oxygen (~25%), carbon (~9%), and nitrogen
(~1%), and bone is primarily hydroxylapatite (i.e.,
Ca5(PO4)3OH). Metals typically found within enzyme
active sites or combined with coenzymes and nucleotides
include sodium, potassium, magnesium calcium, manga-
nese, iron, cobalt, nickel, copper, vanadium, molybdenum,
and tungsten.

For those familiar with the electronic configuration of
metal ions and the ionization potentials of their parent
elements, the position of an element in a group or row of the
Periodic Table provides valuable clues about their chemical
properties and their relatedness to other elements above,
below and to their left or right. Biological metal ions of
greatest importance are those of Oxidation State-I, having
a þ1 charge and corresponding to the loss of one electron,
Oxidation State-II, having a þ2 charge and corresponding
to the loss of two electrons, and Oxidation State-III ¼ þ3
charge, corresponding to the loss of three electrons. For
transition metal ions, the number of d orbital electrons
remaining after ionization (indicated in the parenthesis) is
calculated as follows:

Remaining d-Orbital Electrons ¼ Z # n# x 2.1

where Z is the atomic number, n is the oxidation state, and x
is the number of electrons in the next-lowest noble gas,
which for argon is 18, krypton is 36, and xenon is 54. For
example, for Fe(III), the number of d-orbital electrons is:

26 # 3 # 18 ¼ 5, and for Cu(II), the number is: 29 # 2 #
18 ¼ 9. The remaining number of d-orbital electrons
(in parentheses) for biologically significant metal ions are:
Naþ ¼ 0 (empty d-shell); Kþ ¼ 0; Mg2þ ¼ 0; Ca2þ ¼ 0;
Cr3þ ¼ 3; Mo6þ ¼ 0; Mo5þ ¼ 1; Mo4þ ¼ 2; Mo3þ ¼ 3;
Mo2þ ¼ 4; Mn4þ ¼ 3; Mn3þ ¼ 4; Mn2þ ¼ 5; Fe2þ ¼ 5;
Fe2þ¼ 6; Co3þ¼ 6; Co2þ ¼ 7; Coþ¼ 8; Ni2þ¼ 8; Cu2þ¼ 9;
Cuþ ¼ 10; and Zn2þ ¼ 10 (full d-shell). Depending on the
nature of their counter ions in metal-ligand complexes and
the geometry of a particular coordination complex, these
d-orbital electrons may remain unpaired to provide high-
spin states or they may pair up with each other to form
low-spin complexes (see Section 2.7.6).

In 1923, the American chemist Gilbert Lewis defined the
acid-base properties of chemical substances in a solvent-
independent manner (i.e., not requiring us to think only in
terms of Hþ and OH#). First, in this formalism, a Lewis Acid
is an electron pair acceptor, and a Lewis Base is an electron
pair donor. Second, another general property of all acid/base
chemistry is that when an acid and base combine, their
oxidation states remain unchanged. Third, the ability of
a Lewis base to retain its redox state requires the Lewis acid
to have a vacant coordination site that interacts with a Lewis
base. The Lewis acid possesses a vacant low-energy orbital
(i.e., one that allows an electron pair to reside and exchange,
without electron transfer). Fourth, the strongest acid in
a solution will react with the strongest base in a manner that
reduces (neutralizes) their acidity and basicity, consistent
with their combining stoichiometry.1 Fifth, transition metal
ions are exceptionally good Lewis acids, because they can
delocalize electron charge back into the ligands (i.e., the
p-electrons occupy more diffuse molecular orbitals of the
complex rather than the original compact atomic orbitals).
Sixth, without considering theory of hard and soft acids and
bases (see Glossary), it suffices to mention that Lewis acids
and Lewis bases exhibit definite preferences in their reac-
tions with each other. Finally, the coordination number (CN)
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The Biochemical Periodic Table

FIGURE 2.11 The ‘‘Biological Periodic Table.’’ The major constituent
elements (shown in black) are found in almost all enzyme reactions. The
trace elements (blue) are thought to be essential in most living organisms.
Of these, boron, fluorine, silicon, and chromium are the only elements
within this group for which a definite role in enzyme catalysis is lacking.
Minor elements (red) have been found to be important in certain organ-
isms. Although not shown here, other elements (particularly ions of
aluminum, cadmium, lead, mercury, silver, and gold) readily combine
with proteins and nucleic acids, most often as potent inhibitors.

1 While hydrogen bonding is a specialized acid/base interaction, the
aforementioned properties of Lewis acids and Lewis bases clearly apply
to the hydrogen bonding interactions within water. The –OH group of
each H2O molecule is a very weak Lewis acid, and the electron-rich
oxygen atom of each H2O molecule is a very weak Lewis base. No
change in oxidation state occurs during hydrogen bonding, even when
the s-orbital of a hydrogen atom on water molecule partially overlaps
with a p electron pair supplied by an oxygen atom of its H-bonding
partner. Note also that each H-bonded oxygen atom in water has a CN
of three, whereas an non-interacting oxygen atom has a CN of two.
Moreover, in pure water, the strongest acid (i.e., the –OH group of each
H2O molecule) will react with the strongest base (i.e., the electron-rich
oxygen atom of each H2O molecule) in a manner that reduces
(neutralizes) their acidity and basicity. It is intuitively obvious that
countless hydrogen bonding interactions, however fleeting, must
collectively suppress the tendency of H2O molecules to dissociate into
protons and hydroxide ions, even though the magnitude of this effect is
difficult to evaluate unambiguously.

82 Enzyme Kinetics
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Although	the	enzyme-substrate	that	bound	a	metal	ion	embodies	powerful	electrostatic	

interactions	that	stabilise	the	transition	state	[ES],	the	metal	ions	facilitate	the	catalytic	

reaction	 in	 many	 other	 ways.	 They	 are	 often	 very	 good	 templates	 for	 orienting	 the	

reactant	 molecules	 throughout	 the	 catalytic	 reaction	 cycle	 due	 to	 their	 well-defined	

arrangement	 of	 the	 inner-coordination	 sphere.	 Succinctly,	 metal	 ions	 react	

exceptionally	well	as	Lewis	acids	(they	can	delocalise	the	electron	charge	back	into	the	

bound-ligand)	(Williams	1987).	They	are	able	to	lower	the	pKa	of	the	water	molecules	

and	 the	 interacted	 S,	 thereby	 facilitating	 the	 dissociation	 events	 of	 [ES]	 complex	 into	

products	 to	produce	high	catalytic	efficiency	 (Cotton	and	Wilkinson	1988).	Metal	 ions	

sometimes	 alter	 the	 oxidation	 state	 during	 the	 catalysis	 reaction	 in	 order	 to	 achieve	

unusually	high	reactive	oxidation	species.	For	example,	Ca2+	binds	ATP	to	form	CaATP2-	

and	activate	it	for	nucleophilic	attack	(Purich	2010c).		

	

2.3.3 The	role	of	Zn2+	in	the	catalysis	reaction	

An	 old	 framework	 rationalised	 the	 preference	 of	 metal	 ions	 for	 optimum	 catalytic	

function	of	the	enzyme	CA.	Hydrolysis	activity	has	been	studied	in	the	presence	of	the	

transition	metal	ions	with	the	oxidation	state	II,	such	as	Zn2+,	Cd2+,	Co2+,	Cu2+,	Fe,	2+	Hg2+,	

Mn2+and	 Ni2+.	 Of	 these,	 only	 Zn2+	 showed	 a	 high	 hydrolysis	 activity,	 whereas	 Co2+	

showed	50%	reduction	of	the	natural	activity	(Krishnamurthy	et	al.	2008).	Zinc	has	no	

exceptional	 inherent	 chemical	 potential	 or	 reactivity	 over	 other	 metals.	 However,	

compared	with	the	rest	of	biological	metal	ions,	Zn2+	did	not	show	a	participation	in	the	

redox	reactions	because	the	number	of	electrons	in	the	d-orbital	 is	equal	to	10,	which	

means	it	is	a	full-shell.	Zinc	is	a	stable	ion	in	a	biological	environment,	and	it	is	an	ideal	

metal	 cofactor	 to	 catalyse	 a	 reaction	 requiring	 a	 Lewis	 acid-model	 catalyst	 (Butler	

1998),	 such	 as	 the	hydration	of	 carbon	dioxide.	Moreover,	 it	 has	 been	 suggested	 that	

Zn2+	has	a	positive	influence	on	the	folding	and	stability	of	the	protein	structures	(Chang	

et	 al.	 2010).	 These	 properties	make	 Zn2+	 well	 suited	 as	 a	 catalytic	 cofactor	 of	 native	

enzymes,	see	Table	2.2.	
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The	enzyme	CA	is	commonly	studied	to	understand	the	Zn-binding	site	geometry.	Zinc	

tetrahedrally	 coordinated	 by	 three	 His	 residues	 (through	 imidazole	 moieties)	 and	 a	

water	 molecule.	 Two	 His	 are	 from	 one	 strand	 (His	 94,	 and	 His	 96)	 and	 another	 His	

comes	from	the	neighbouring	strand	(His	119).	The	binding	cavity	of	CA	consists	of	(i)	

Zn	coordinated	by	three	His	(ii)	a	hydrophobic	face	which	binds	the	substrate	adjacent	

to	Zn-OH,	contains	Val	143,	Leu	198,	Trp	209	and	(iii)	a	hydrophilic	face	that	supports	

stability	and	regeneration	of	the	active	site	contains	Thr	199,	Thr	200,	Tyr	7,	Asn	67,	Gln	

92.	Fig.	2.7	(Mahon	et	al.	2015).		

Mechanistically:	 the	 Zn-peptide-OH2	 deprotonates	 to	 form	 the	 active	 species	 Zn-

peptide-OH-	which	attacks	 the	 carbonyl	 group	 of	 CO2	 to	 form	 Zn-bound	 bicarbonate	

intermediate,	 which	 will	 be	 displaced	 with	 H2O	 through	 a	 ligand-exchange	 step	 to	

liberate	the	bicarbonate	species,	see	Scheme	1.	Secondly,	a	proton	from	Zn-bound	water	

will	transfer	to	the	external	solvent	molecule	via	H-bonding	with	a	shuttle	group	[His	64	

in	CA]	to	regenerate	the	Zn-binding-OH-	for	further	interconversion	(Krishnamurthy	et	

al.	2008).	

Scheme 1. The proposed mechanism of interconversion of CO2 by the enzyme CA via Zn-water complex.   
 

Fig. 2.7. The active site in the enzyme carbonic anhydrase. reproduced with permission from (Mahon et al. 
2015).  
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2.3.4 The	catalytic	role	of	amyloid	fibrils	in	the	hydrolysis	reaction	

The	stability	and	rigidity	of	amyloid	fibrils	suggests	that	their	assembly	may	generate	a	

structural	 nanomaterial	 with	 a	 high	 level	 of	 chemical	 and	 biological	 degradation-

resistance.	Therefore,	 self-assembly	have	been	utilised	 as	 functional	 scaffolds	 to	 form	

active	 antimicrobial	 nanobiomaterials	 (Pilkington	 et	 al.	 2010).	 Nanofibres	 of	

amphiphilic	 β-sheet	 peptides	 were	 also	 demonstrated	 as	 a	 scaffolds	 model	 for	 a	

thermally	 stable	 biocatalyst	 (Hickling	 et	 al.	 2014)	 and	 as	 an	 esterase	 hydrolase		

(Aumuller	 and	Fandrich	2014,	Guler	 and	Stupp	2007,	Wei	 and	Hecht	2004).	Whereas	

others	focussed	on	creating	a	catalytically	active	surface	by	attaching	metal	ions	to	the	

amyloid	fibrils	to	mimic	metalloenzymes,	see	Fig.	2.8.	Particularly,	they	used	Cu2+(Ueda	

et	al.	1995),	Co2+,	Ni2+	(Rajagopalan	et	al.	2000),	and	Zn2+	(Rufo	et	al.	2014,	Srivastava	

and	Durani	2014).		

Thus,	short	peptides	with	β-sheet	conformation	can	be	utilised	as	proactive	models	to	

mimic	very	long	and	complex	molecules,	like	native	enzymes.		

	

2.3.5 Effect	of	side	chains	substitution	on	the	catalytic	activity	

In	order	 to	use	self-assembled	nanofibres	 to	catalyse	a	hydrolysis	reaction,	a	catalytic	

centre	or	a	binding	site	 is	needed	that	can	 interact	with	a	substrate	 to	be	hydrolysed.	

For	several	natural	enzymes,	such	as	trypsin,	chymotrypsin,	and	esterase,	it	is	essential	

that	 the	 imidazole	ring	of	His	 is	positioned	 in	 the	catalytic	 site,	 to	properly	orient	 the	

geometry	 of	 metal-binding	 for	 the	 hydrolysis	 action	 (Mccall	 et	 al.	 2000).	 For	 CA,	

substitution	of	one	His	with	other	amino	acids	(Asp,	Cys,	Gln,	Ala)	lowered	the	activity	

due	 to	 subtle	 changes	 in	 the	 geometry	 of	metal-binding	 site	 (Christianson	 and	Fierke	

1996).	Moreover,	some	other	side	chains	found	in	the	active	centre	of	CA	but	they	have	

an	 indirect	 effect	 on	 the	 hydrolysis	 activity	 because	 they	 are	 secondary	 ligands	

Fig. 2.8. Schematic representation of self-assembly via a coordination of metal ion and His. The model is a 
collagen-related peptide (HG(PPG)4PHG(PPG)4GH (PPG refers to Pro-Pro-Gly). Produced with permission  
from (Zhou et al. 2015) Copyright © 2015 American Chemical Society. 
.   
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participate	 through	 some	 water	 bridges,	 such	 as	 Thr	 and	 Gln	 (Krishnamurthy	 et	 al.	

2008).	However,	 the	number	of	His	 ligands	required	at	 the	active	site	depends	on	the	

type	of	catalyst	and	the	catalytic	reaction;	if	the	active	centre	has	no	His	to	coordinate	

Zn+2,	then	the	resulted	reaction	is	a	non-catalytic	reaction,	see	Table	2.2.		

Table 2.2. Comparison of the primary ligands (L1, L2, L3) coordinate with Zn in catalytic, non-catalytic and 

structural native sites (Mccall et al. 2000).  

Catalytic-zinc		 Source		 L	1	 L	2	 L	3	 Reference		

Oxidoreductase		

Alcohol	 dehydrogenase	

(ALDH)		

	

Horse	

liver	

	

C37	

	

H59	

	

C174	

(Cedergren-Zeppezauer	et	

al.	1985)	

Hydrolases		 	

Carboxypeptidase	A	(CPA)	 Bovine		 H69	 E72	 H196	 (Rees	et	al.	1983)	

Alkaline	phosphatase	(ALP)	 E-coli	 D327	 H331	 H412	 (Kim	and	Wyckoff	1991)	

b-lactamase	(b-L)	 Bacillus	

cereus	

H86	 H88	 H210	 (Sutton	et	al.	1987)	

Lyases	 	

Carbonic	anhydrase	(CA)	 Human	

RBC	

H94	 H96	 H119	 (Liljas	et	al.	1972)	

Non-catalytic	Zn		 	

Ada	repair	protein	(ARP)	 E-coli	 C38	 C42	 C69	 (Myers	et	al.	1993)	

Structural	Zn	 	

Alcohol	 dehydrogenase	

(ALDH)	

Horse	

liver	

C97	 C100	 C103	 (Cedergren-Zeppezauer	et	

al.	1985)	

Glucocorticoid	receptor	(CCR)	 Rat		 C440	 C443	 C457	 (Luisi	et	al.	1991)	
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2.4 Self-assembly	b-amino	acid	peptides	as	biological	scaffolds		

2.4.1 Structure	of	b-peptides		

Nature	 accumulates	 complex	 molecules,	 such	 as	 enzymes	 and	 hormones,	 using	 a	

secondary	 and	 tertiary	 folding	 of	 a-oligopeptides	 via	 a-amino	 acids.	 However,	 a-

peptides	 can	 be	 thermodynamically	 unstable,	 which	 limits	 their	 use	 in	 biomedical	

applications	(Godballe	et	al.	2011,	Seebach	and	Gardiner	2008).	In	the	past	few	decades,	

chemists	 have	 tried	 many	 strategies	 to	 design	 a	 molecule	 that	 can	 structurally	 and	

functionally	 mimic	 the	 α-amino	 acid	 peptide,	 with	 a	 potential	 for	 therapeutic	

applications,	later	known	as	“peptidomimetics”	(Cheng	et	al.	2001,	Kulkarni	et	al.	2016).	

Employing	 cyclic	 peptides,	 N-alkylated	 peptides	 and	 Azido-Ala	 peptides	 may	 all	 be	

applicable	as	a	peptidomimetics,	as	well	as,	using	β-peptides.		

Beta-peptides	 consist	 of	 unusual	 amino	 acids	 (β-amino	 acids),	 and	 their	 backbone	 is	

ultimately	 quite	 similar	 to	 that	 of	 α-amino	 acids	 peptides,	 except,	 that	 they	 have	 an	

additional	carbon	atom	(C3)	inserted	next	to	the	α-carbon	atom	(C2)	between	the	amino	

and	carboxyl	termini,	as	shown	in	Fig.	2.9a.		

The	β-peptide	conformations	can	be	analysed	according	 to	 the	 torsional	angles	of	 the	

main	chain,	which	are	ω,	φ,	θ,	and	ψ	angles	(Fig.	2.9b).	 

	

	

2.4.2 Applications	of	β-peptides	

β-amino	acids	building	blocks	have	received	considerable	attention	for	pharmaceutical	

and	medical	use.	Unlike	α-peptides,	 they	 can	 safely	 enter	 the	body	and	exhibit	 a	high	

susceptibility	 when	 used	 to	 design	 drugs	 with	 pharmaceutical	 properties.	 More	

interestingly,	they	exhibit	a	higher	resistance	toward	metabolic,	chemical	and	biological	

degradation	 than	a-peptides,	 which	 may	 indicate	 that	 they	 can	 be	 good	 alternatives	

(Chakraborty	and	Diederichsen	2005,	Tomasini	et	al.	2013),	and	the	solution	to	certain	

Fig. 2.9. The backbone of the β-peptide. a) Definition of the β-peptide: substitution occurs at the β-carbon 
(C3) rather than the a-carbon. b) definition of the torsional angles in β-peptides. Folding of a β-peptide into a 
helical conformation requires a gauche torsion angle θ defined between C2-C3. 
 
 

b a 



 Introduction                                                                                                                                                                Chapter 1 30 

unresolved	 circumstances	 (Aguilar	 et	 al.	 2007).	 β-peptides	 have	 introduced	

biocompatibility	 for	 antimicrobial	 activity	 against	 bacteria	 (Porter	 et	 al.	 2000)	 and	 a	

high	 compatibility	 with	 ribosomal	 translation	 system	 and	 used	 to	 design	 mRNA	

encoding	peptides	(Fujino	et	al.	2016).	Furthermore,	they	are	effective	as	peptide-based	

vaccines	to	treat	Multiple	sclerosis	(Mcdonald	et	al.	2014),	see	also	Fig.	2.10.		

Fig. 2.10. The β-peptide as a structural unit for different types of bioactive and nanomaterials. Permitted to 
reproduce from (Gopalan et al. 2015) using a license no.4124781141014, copyright©2015 Elsevier Ltd. 
 

small b3-peptide helices, depending on base-pair interaction.
Nucleobase recognition units were first attached to the side
chains of the specific amino acids (Brückner et al., 2003a,
2003b; Chakraborty et al., 2006; Chakraborty and Diederichsen,
2005; Diederichsen and Schmitt, 1998a, 1998b), followed by
incorporation into b3-peptides at i, i+3 positions along one face

of the 14-helix (Brückner et al., 2003a, 2003b; Chakraborty
et al., 2006; Weiß and Diederichsen, 2007) leading to specific
base pairing. However, a complex formed in an equimolar
mixture of peptides displayed significantly higher stability, indi-
cating the formation of a stable heterodimer that had been pre-
organized by a 14-helical backbone.
Recently, Diederichsen and coworkers synthesized 14-helical

b3-peptides functionalized with nucleobases on two faces of the
helix. The nucleo-b-amino acids were incorporated in i, i+3, i+1,
and i+4 positions in the sequence, together with b-Lys and con-
formationally constrained ACHC (Srivastava et al., 2009). These
peptides showed excellent pre-organization of the recognition
units for specific recognition and simultaneous organization
over both faces due to added H-bonding motifs. This assembly
resulted in higher aggregation of the helices into either tubular or
sheet-like arrangements, offering the basis for the construction
of macromolecular architectures such as nanotubes and ion
channels.

Development of Novel Materials through b-Peptide
Supramolecular Self-Assembly
Self-assembly of peptides to give supramolecular structures by
non-covalent interactions represents a powerful approach to the
design of novel functional fibers and bio- and nanomaterials
(Capito et al., 2008; Harrington et al., 2006; Hauser et al., 2011;
Hauser and Zhang, 2010a, 2010b; Mahmoud et al., 2010; Mat-
son et al., 2012; Ryadnov et al., 2009; Silva et al., 2004;Woolfson
andMahmoud, 2010; Zhao et al., 2010). Self-assembled peptide
systems offer significant advantages over other organic and
inorganic self-assembled systems, including biological compat-
ibility, ease of synthesis, low toxicity, and functionalizability (Aida
et al., 2012; Hauser et al., 2011; Mahmoud et al., 2011). The
studies described above provided the basis for the production
of some remarkable nanomaterials that have significantly
expanded the potential applications of b-peptide foldamers.
Thus, the combination of hydrophobic, ionic, and dipolar forces,
which mediate the assembly of b-peptide foldamers into small
bundles, has now been extended to the generation of materials
through supramolecular self-assembly (Figures 2 and 4).

Figure 3. Self-assembly of the b-Peptide
Structural Template
Structural template of a b-peptide 14-helix illus-
trating (A) the topographic alignment of side chains
and examples of (B) hexameric (Horne et al., 2007),
and (C) octameric (Daniels et al., 2007) b-peptide
bundles.

Figure 2. Different Classes of Bioactive and Nanomaterials Based
on b-Peptide Foldamers

Chemistry & Biology 22, November 19, 2015 ª2015 Elsevier Ltd All rights reserved 1419

Chemistry & Biology

Minireview
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2.4.3 	Self-assembly	of	β-peptides		

β-peptides	 are	 able	 to	 self-assemble	 into	 a	well-ordered	 3D	 suprastructure,	 which	 is	 easy	 to	

control	 to	 a	much	 greater	 extent	 compared	 to	a-peptides.	 They	 can	be	 folded	 into	 secondary	

structures	like-helices	(Bella	et	al.	1992),	turn-like	conformations,	or	pleated	sheets	(Seebach	et	

al.	1999)	through	a	gauche	conformation	around	the	θ	torsion	angle	of	the	C2-C3	bond	(Cheng	et	

al.	 2001).	 β-peptides	 can	 spontaneously	 self-assemble	 through	 H-bonding	 either	 in	 organic	

solvents	 or	 aqueous	 solutions,	 which	 are	 not	 observed	 for	 a-peptides	 (Cheng	 et	 al.	 2001,	

Rueping	 et	 al.	 2004).	 β-peptides	 can	 fold	 into	 stable	 helices	 starting	 from	 3-6	 residues	 long	

compared	 to	 the	13	 amino	 acids	 required	 for	 a	 stable	a-peptide	 in	 solvents	 such	 as	water	 or	

methanol	 (Crisma	et	al.	2006,	Seebach	and	Gardiner	2008).	This	 is	due	 to	 the	presence	of	 the	

extra	carbon	atom	at	the	C3	position,	which	allows	easy	folding	and	a	little	interference	between	

the	substituted	side	chains.	 In	contrast,	 the	a-peptide	requires	at	 least	 five	amino	acids	 in	 the	

sequence	 to	 avoid	 the	 electrostatic	 interactions	 between	 polar	 side	 chains,	 which	 sometimes	

destabilises	 the	 helix	 (Padmanabhan	 et	 al.	 1990).	 Typically,	 the	 self-assembly	 into	 helical	

structure	occurs	when	residues	are	H-bonded	through	amide	groups	 in	a	way	that	directs	 the	

side	 chain	 of	 every	 third	 residue	 axially	 onto	 the	 top	 of	 each	 other.	 Each	 residue	 H-bonds	

through	the	backbone	NH	to	the	CO	of	another	residue	that	is	align	proximally	axially,	see	Fig.	

2.11.	This	axial	H-bonding	will	orient	the	monomers	to	grow	internally	to	propagate	a	head-to-

tail	self-assembly	and	adopts	a	helical	conformation	contains	three	residues	per	a	turn,	 thus	a	

cylindrical	 alignment	 of	 residues	 will	 be	 formed.	 Any	 electrostatic	 interactions	 between	 side	

chains	will	 improve	 the	stability	of	 the	helices	 (Del	Borgo	et	al.	2013).	This	 type	of	alignment	

allows	 for	 the	 potential	 to	 incorporate	 new	 molecules	 on	 these	 faces	 to	 produce	 functional	

materials	in	an	effort	to	mimic	natural	proteins	(Seebach	and	Gardiner	2008).	

Employed hydrophobic interactions for lateral self-assembly.

Daniels, D. S.; Petersson, E. 
J.; Qiu, J. X.; Schepartz, A. 
JACS 2007, 129, 1532-1533

Horne, W. S.; Price, J. L.; 
Keck, J. L.; Gellman, S. H. 
JACS 2007, 129, 4178-4180

��Peptide-based helical bundles
a 

Can we axially self-assemble �-peptide based nanomaterials
by replicating the 3-point H-bonding motif intermolecularly?
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Fig. 2.11. Self-assembly of β-peptides. a) Alignment of the side chains through H-bondin, permitted to 
reproduce from (Gopalan et al. 2015) using a license no. 4124781141014, copyright©2015 Elsevier Ltd.,  b) employing the 
intramolecular H-bonding (top left) and intermolecular H-bonding (bottom left) to self-assemble into 
supramolecules, permitted to reproduce from (Del Borgo et al. 2013) using a license no. 4124771009317, copyright©2013 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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2.4.4 	The	secondary	structure:	Types	of	the	β-peptide`s	helices		

β-peptides	can	form	different	helical	conformations	depending	on	the	number	of	carbon	

atoms	in	each	turn,	or	H-bonded	rings.	14-helix,	12-helix,	10/12-helix,	10-helix,	and	8–

helix	 structures	 can	 be	 created,	 which	 are	 also	 called	 foldamers,	 see	 Fig.	 2.12a	 &	 b.	

Corresponding	 to	 the	 stereochemistry	 of	 β-peptides,	 either	 a	 left-	 or	 a	 right-handed	

helix	can	be	seen	(Cheng	et	al.	2001).		

	

	

14-helix		
 
A	14-helix	is	formed	when	the	proton	of	the	amide	group	(H-N)	at	a	position	(i)	make	a	

H-bonding	interaction	with	the	oxygen	of	C=O	at	position	(i+2),	or	in	other	words	it	 is	

N=H(i)…..O-C(i+2),	where	the	dipole	of	the	helix	is	toward	the	N-terminus.	The	typical	14-

helix	 is	 folded	as	previously	described	 in	2.4.3	 and	 showed	 in	Fig	2.11b,	 see	 also	Fig.	

2.12.	 This	 type	 of	 helix	 is	 supported	when	 bulky	 side	 chains	 are	 found	 at	 β3position	

C=O 

H
N 

H
N 

C=O 

H
N 

14 

C=O C=O 

12 
10 8 

a	

b	

Fig. 2.12. Definition of the type of the helix of the β-peptides. a) The geometry of some helices of β-peptides, 
permitted to produce from (Martinek and Fulop 2003) using license no. 4125060756499, Copyright © 2003, John Wiley and 
Sons,  and b) naming of the β-peptides helices according to the hydrogen bonding rings. 
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44 
 

β-peptides have the ability to adopt various secondary structures such as 8, 10, 12, 14, 16, 

18 and 20 helices (Figure1.7)189, depending on the number of atoms involved in each 

turn150, 190. Due to this rich variety of secondary structures β-peptides are also known as 

foldamers. 

 

Figure 1.6. Right- and left-handed β-helix93 

 

Figure 1.7. (a) Backbone substitution patterns of β-peptides, (b) three-dimensional 
organization of β-peptides99, 188 

8-helix	 10-helix	 12-helix	 14-helix	10/12-Helix 10-Helix 12-Helix 14-Helix 
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(Raguse	et	 al.	 2002).	Usually	 the	14-helix	 is	 a	 left-handed	 foldamer,	however,	 a	 right-

handed	structure	has	also	been	recorded	(Cheng	et	al.	2001,	Kaur	et	al.	2008).	

	

	

12-helix		
 
The	intramolecular	H-bonding	between	amide	groups	(C=O(i)…..H-N(i+3))	orients	to	form	

a	12-helix	with	a	dipole	from	N-terminus	to	C-terminus		(Lee	et	al.	2001),	see	Fig.	2.12.	

This	results	in	2.5	residues	repeated	per	turn	(Cheng	et	al.	2001,	Seebach	and	Matthews	

1997,	Seebach	et	al.	2000)	to	form	2.5	12	helical	conformations.	

Interestingly,	folding	into	a	12-helix	can	be	observed	even	with	low	number	of	residues	

(<4)	(Cheng	2004).	However,	a	stable	12-helix	is	chain	length-dependent.	For	example,	

the	 dipeptide	 of	 ACPC	 (transe-2-amino	 cyclo-pentan	 carboxylic	 acid)	 has	 significantly	

less	ellipiticity	by	CD	than	the	same	substituted	hexapeptide	(Appella	et	al.	1999).	The	

12-helix	conformation	can	be	adopted	in	both	water,	and	methanol	(Porter	et	al.	2002).		

	

	

		10/12-helix,	12/10helix	
 
It	 is	 a	 characteristic	 feature	 of	 an	 intertwined	 association	 of	 two	 types	 of	 H-bonded	

rings	 (10-	 and	 12-membered	 rings)	 which	 exhibit	 an	 inherently	 very	 stable	 helix.	

Amides	 surrounded	 by	 methylene	 are	 H-bonded	 to	 one	 another	 (N-H(i)…..O-C(i+2))	 to	

form	 10-membered	 rings,	 while	 amides	 surrounded	 by	 side	 chains	 H-bonded	

(C=O(i+1)…..H-N(i+3))	form	12-atom	rings	(Cheng	et	al.	2001),	see	Fig.	2.12	and	2.13.	This	

mixed	 type	 is	 formed	 when	 the	 β-peptide	 has	 an	 alternating	 mono	 substitution	 at	

positions	β2	and	β3	(Seebach	et	al.	2000).			

Fig. 2.13. Structure of the 10/12 helix. 

C
=
O

 

H

N 

H

N 

C
=
O

 

H

N 

10 

R 

R H

N 

12 

C
=
O

 

R 



 Introduction                                                                                                                                                                Chapter 1 34 

10-helix		
	The	10-helix	conformation	can	be	adopted	through	H-bonding	(N-H(i)…..O-C(i+2))	toward	

the	N-terminal	(see	Fig	2.12,	and	2.13)	(Cheng	et	al.	2001)	with	a	pitch	of	2.6	residues	

per	a	turn		(Claridge	et	al.	2001).	Sometimes,	the	type	of	substitution	at	the	termini	can	

adopt	different	conformations	(Seebach	et	al.	2000).	For	example,	the	β2(Val-Ala-Leu)-	

β3-(Val-Ala-Leu)	with	unprotected	ends	showed	a	14-helix	structure,	whereas	the	Boc-

protected	ends	of	the	same	peptide	resulted	in	folding	into	a	12/10	helix	(Seebach	et	al.	

1997).		

	

	8-helix		
A	series	of	H-bonds	between	the	amide	groups	(C=O(i)…..H-N(i+2))	toward	the	C-terminus	

to	adopt	an	8-helical	conformation,	which	forms	with	two	residues	per	turn	(Cheng	et	

al.	2001)	(see	Fig.	2.15).		

	

2.4.5 	The	interactions	that	stabilise	β-peptide	helices	

 
a) Hydrogen	bonding				

The	 self-assembly	 of	 β-peptides	 is	 stabilised	 mainly	 by	 intramolecular	 H-bonding	

between	 NH…CO	 group	 (Cheng	 et	 al.	 2001,	 Gellman	 1998).	 This	 H-bonding	 folds	 the	

peptide	 into	 a	 particular	 type	 of	 helix,	 depending	 on	 the	 position	 of	 the	 donor	 and	

acceptor	(H	and	O)	(Cheng	et	al.	2001)	(see	Fig.	2.11	and	2.12).	

	

b) Electrostatic	interactions		

Oppositely	 charged	 residues	 (Asp,	 Glu,	 with	 Arg,	 Orn*,	 Lys	 or	 His)	 tend	 to	 interact	

through	 electrostatic	 interactions,	 which	 usually	 promote	 folding	 propensity	 and	

stability.	 Salt-bridges	 occur	 when	 the	 β-peptide	 has	 ionic	 and	 cationic	 side	 chains	 in	

adjacent	turns	of	the	helix;	for	example,	incorporation	of	Orn	in	one	turn,	and	Glu	next	

to	 Orn	 axially.	 The	 strength	 of	 the	 salt-bridge	 interaction	 depends	 on	 the	 distance	

between	 the	 charged	 residues	 and	 the	 type	 of	 the	 neighbouring	 charged	 residue	

(Rueping	et	al.	2004).	

*a	non-proteinogenic	amino	acid	produced	from	the	action	of	arginase	on	L-Arg,	and	plays	a	role	in	the	
urea	cycle.	Its	structure	(C5H12N2O2)	is	similar	to	Lys	(C6H14N2O2)	but	de-methylated	once.	
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c) van	der	Waals	interactions	

The	helical	compact	structures	are	also	stabilised	through	van	der	Waals	forces	(vDW)	

when	nonpolar	residues	are	engaged	(Sung	2015).	Although	the	vDW	interaction	is	the	

weakest	among	the	intermolecular	attractions,	lots	of	vDW	forces	make	a	difference	in	

the	relative	stability	of	14,	and	12/10	helices	of	β-peptide	(Seebach	et	al.	1998).			

	

2.4.6 Effect	of	side	chains	on	the	β-peptide	self-assembly		

Some	studies	have	considered	14-helix	as	a	typical	β-peptide	foldamer.	They	have	found	

that	 side	 chain	 interactions	 are	 intrinsic	 factors	 that	 affect	 the	 propensity	 of	 folding,	

which	can	be	summarised	as	follows:	

a) A	steric	factor	contributed	by	a	branched	bulky	side	chain:	the	non-polar	bulky	side	

chains	can	promote	the	helical	conformation,	which	is	opposite	to	a-peptides	where	

non-branched	simple	side	chains	are	preferred	(Kritzer	et	al.	2005,	Padmanabhan	et	

al.	1990).	Amino	acids	in	the	following	order	promote	folding	propensity	for	helical	

conformation:		

β-Ile>	β-Val	~	β-Ser³	β-Tyr>	β-Ala³Leu,	(Abele	et	al.	1998,	Kritzer	et	al.	2005).	

b) Cyclic	amino	acids:	an	alternate	sequence	of	cyclic-side	chains	with	polar	side	chains	

can	 increase	 the	 self-assembly	 propensity	 into	 a	 stable	 helix.	 For	 example,	 a	 six-

membered	 ring	 (aminocyclohexancarboxylic	 acid	 (ACHC)	 can	 generate	 a	 more	

stable	14-helix	than	normal	β-residues	do	(Vaz	et	al.	2008)).	

c) Polar	side	chains	in	the	middle	of	the	sequence:	if	the	side	chain	of	the	polar	residue	

is	short,	such	as	Lys,	then	it	can	interfere	with	helix	folding	especially	if	it	was	placed	

at	the	C-terminal.	It	prefers	to	H-bond	with	the	carbonyl	backbone	of	the	structure,	

therefore	it	decreases	the	helical	propensity	in	water	(Raguse	et	al.	2002,	Raguse	et	

al.	2001,	Rueping	et	al.	2004).	Ser	(-OH)	and	Glu	have	a	similar	effect	in	water,	but	

only	when	adjacent	to	the	N-terminal,	while	Thr	has	a	good	stabilising	effect	when	

included	close	to	the	termini	(Kritzer	et	al.	2005).	
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2.4.7 Effect	of	a	hydrophobic	tail	on	the	β-peptide’s	self-assembly	

A	 number	 of	 studies	 have	 demonstrated	 that	 the	 incorporation	 of	 a	 hydrophobic	
aliphatic	acyl	or	alkyl	tail	within	the	sequence	of	a-amino	acid	peptide	can	increase	the	
chance	of	 directing	 folding	 into	 a	 stable	nano-cylinder	 (Cui	 et	 al.	 2014,	Hamley	2011,	
Hartgerink	et	al.	2002).	A	similar	strategy	was	applied	to	β-peptides,	and	a	very	stable	
14-helical	nano-to–macro	scale	cylindrical	conformation	was	obtained	(Motamed	et	al.	
2016).			
	

2.4.8 	Effect	of	solvent	on	the	β-peptide	self-assembly	

Generally,	 the	effect	of	 solvent	 is	 sometimes	hard	 to	understand:	polar	 solvents	affect	
the	 helicity	 directly	 by	 weakening	 the	 H-bonding	 due	 to	 its	 dipole	 moment.	 It	 also	
affects	the	helicity	indirectly	by	its	dielectric	constant.	The	higher	the	dipole	moment	of	
the	solvent,	 the	 larger	competition	for	H-bonding.	However,	a	solvent	 like	water	has	a	
different	challenge:	water	molecules	can	associate	with	 the	oxygen	of	 the	amide	bond	
more	 rapidly	 and	 strongly	 than	 the	 intermolecular	 H-bonding	 with	 N-H.	 Therefore,	
water	may	 cause	 the	helix	 to	unfold	and	dissolve	 the	peptide	assembly	 (Raguse	et	 al.	
2001,	 Wolfenden	 1978).	 Although	 non-polar	 solvents	 are	 widely	 used	 to	 avoid	
competition	with	the	H-bonding	site	(Gopalan	et	al.	2012,	Seoudi	et	al.	2015a,	Seoudi	et	
al.	2015b),	studies	are	ongoing	to	optimise	strategies	to	achieve	efficient	self-assembly	
of	β-peptides	in	water	owing	to	the	importance	of	preparing	water-soluble	scaffold	for	
the	pharmaceutical	and	medical	applications.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



 Introduction                                                                                                                                                                Chapter 1 37 

The	aims	of	this	thesis	
	
Bioinspiration:	 to	 learn	 from	 nature.	 The	 aim	 of	 this	 PhD	was	 to	 be	 able	 to	 learn	 from	

nature	and	 to	explore	 the	potential	 for	amyloid	 fibril	 to	mimic	nature.	 	Herein,	we	have	

utilised	amyloid	fibrils	to	template	silica	to	produce	highly	stable	silica	nanowires	(silica-

NWs).	 We	 also	 have	 adapted	 the	 sequence	 of	 self-assembling	 peptides	 to	 create	 an	

artificial	enzyme.	Furthermore,	we	have	explored	the	use	of	the	unusual	peptides	(b-amino	

acid	as	a	building	unit)	to	create	self-assembled	and	functional	structures.	Understanding	

and	 developing	 the	 basis	 of	 these	 self-assemblies	 is	 one	 of	 a	 growing	 interest	 in	 the	

therapeutic,	pharmaceutical	and	industrial	field.		

	

	

Specifically,	the	ultimate	targets	of	this	study	were:				

1. To	explore	the	potential	of	amyloid-like	fibrils	to	template	silica	at	room	temperature,	

to	investigate	the	role	of	the	sequence	on	the	efficiency	of	templating	process	and	the	

morphology	of	the	resulting	silica	nanowires,	

2. To	 explore	 the	 chemical	 and	 thermal-physical	 stability	 of	 the	 silica	 nanowires,	 for	

potential	applications.	

3. To	 design,	 characterise	 and	 model	 some	 novel	 self-assembling	 amyloid	 peptides,	 as	

developing	units	to	act	as	an	enzyme-like	catalyst.	

4. To	 biophysically	 characterize	 the	 structure	 of	 designed	 b-amino	 acid-containing	
peptides	 and	 study	 their	 stability	 in	 water	 over	 time,	 for	 biomedical	 and	

pharmaceutical	applications.	

	
	
	
	
	
	
	
	
	
	
	
	
	
	



	

	 	

Chapter Two	
Materials & Methods 
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PART	I:	Instruments		

2.1 Circular	dichroism	(CD)	

2.1.1 Theory	

Circular	 Dichroism	 (CD)	 spectroscopy	 can	 be	 used	 to	 study	 the	 configuration	 of	 an	

optically	 active	molecule	 when	 it	 absorbs	 circularly	 polarized	 light	 (CPL).	 CPL	 forms	

when	 two	 out	 of	 phase	 of	 linear	 polarized	 lights	 run	 orthogonal	 to	 each	 other,	 one	

rotates	 in	 a	 right-handed	 direction	 (R)	 and	 the	 other	 light	 rotates	 in	 a	 left-handed	

direction	(L),	resulting	in	a	phase	difference	of	either	+	or	-	90°,	which	will	generate	a	

circular	 vector	 rotation	 (Kelly	 et	 al.	 2005,	 Kelly	 and	 Price	 2000).	 The	 CD	

spectrophotometer	measures	the	difference	in	absorption	(DA)	between	L	and	R	when	

passing	through	an	optically	active	solution	(Fasman 1996) (see	Fig.	2.1):	

ΔA	=	AL-AR.		

	

2.1.2 Circular	dichroism	of	proteins	and	amyloid	
CD	 is	 commonly	 used	 to	 examine	 the	 secondary	 and	 tertiary	 structure	 of	 soluble	

proteins	 and	peptides.	The	 chromosphere	of	 proteins	 includes:	 a	 peptide	bond	which	

Fig. 2.1. Schematic representation of the CD components. The light source Xe arc lamp of the 
CD machine produces a linear polarized light by a polarizer, which becomes left and right 
circularly polarised light (CPL) when passes through a photoelastic modulator (PEM). If the 
CPL hits a chiral molecule, the two components of the CPL will be absorbed to different 
amounts and pass through photomultiplier tube (PMT) detector to show a CD signal in terms of 
ellipticity (Mdeg) as a function of the wavelength (l) and it is only valid if the high voltage 
(HV) is below 600 V.  
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typically	absorbs	in	the	far-UV	region	(180-250	nm),	aromatic	side	chains	(absorb	in	the	

near-UV	 region	 260-320	 nm),	 and	 disulphide	 bonds	 (absorb	 in	 around	 260	 nm)	

(Bulheller	et	al.	2007,	Greenfield	2006,	Kelly	et	al.	2005,	Kelly	and	Price	2000,	Li	et	al.	

2015).		The	electrical	transition	associated	with	each	region	are	listed	in	Table	2.1.		
Table 2.1 Characterisation of the protein backbone and the corresponding electrical transition at 
near and far-UV (Kelly et al. 2005, Kelly and Price 2000). 
Wavelengths	(nm)	
	

	The	backbone	 Electrical	transitions	(nm)	

Far	UV	<	250		
	
	
Near	UV	250-320		

C=O-NH	bond	
	
	
1)	 Aromatic	
residues		
Phe,		
	
Tyr,		
	
Trp		
	
	
2)	S-S	bond	

n	èπ*	(210-230)	
π	èπ*	(190-198)	
	
π	èπ*		
Sharp	fine	structure	between	255-270	
	
	
A	peak	between	275-282	
	
A	 peak	 at	 ~	 290,	 with	 a	 fine	 structure	
between	280-300	
	
A	broad	weak	signal	~	260		

	

Different	conformations	of	the	secondary	structure	(α,	β,	random	coil	and	β-turn)	have	

different	 shapes	 and	 magnitudes	 of	 the	 spectra	 in	 the	 far	 UV.	 When	 a	 solution	 of	 a	

peptide	absorbs	the	CPL,	the	ion	pair	of	the	amide	bond	(which	is	localised	between	N	

and	 O)	 will	 absorb	 the	 light	 differently;	 the	 ion	 pair	 close	 to	 N	 (adjacent	 to	 the	 low	

energy	non-bonding	π	orbital)	is	excited	to	the	anti-bonding	π*	orbital.	Whilst,	the	ion	

pair	 close	 to	 O-amide	 bond	 (at	 the	 n	 orbital)	 will	 suffer	 transition	 to	 the	 π*	 orbital	

(Jakubowski	2002,	Li	et	al.	2015),	see	Table	2.2	and	Fig.	2.2	a-c.			

	

The	 electronic	 transitions	πèπ*	along	 the	 amide	bond	absorbed	at	 around	~	190	nm	

and	represent	the	maxima,	while	a	boarder	nèπ*	transition	along	the	carbonyl	bond	is	

absorbed	at	around	~220	nm,	where	it	represents	the	negative	bands	of	the	CD	signal.	

Table 2.2. The characteristic CD spectra of different types of the secondary structure of the protein. 
Produced from (Greenfield 2006). 
Secondary	
structure		

Maximum	 (nm)	 amide	
transitions	

Minimum	 (nm)	 carbonyl	 bond	
transitions		
	

a-helix	 ~	+	190			 π	èπ*	 ~	-222	and	–	208												nèπ*	and	π	èπ*	
β-sheet	 ~	+	195-198	 π	èπ*	 ~	-	218-220	 nèπ*	
Random	coil	 ~	+215	(weak)	 n	èπ*	 ~	-	195-	200	 πèπ*	
β-turn	 ~	210	 	 ~	-190	 	
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For	an	a-helix,	there	is	a	couple	of	negative	bands	(-222	and	–	208	nm)	and	a	positive	
maximum	 (~190nm).	The	 first	minimum	 (-222	nm)	 arise	 due	 to	 the	nèπ*	 transition,	
but	 the	 πèπ*	 transitions	 suffer	 splitting	 when	 one	 of	 the	 CPL	 component	 polarised	
along	the	helix	axis	to	cause	the	second	minimum	(~208	nm)	and	the	other	component	
polarised	perpendicular	 to	 the	helix	axis	 to	give	 the	maximum	at	~193	nm.	However,	
different	types	of	secondary	structure	lead	to	slightly	different	maxima	and	minima,	due	
to	 the	 long	 range	of	 electronic	 transitions	at	 the	energy	 levels,	 (Fasman	1996),	which	
means	different	extents	of	absorption	the	CPL,	see	also	Fig.	2.2c.		
Proteins	that	form	amyloid	fibrils	show	a	conversion	from	random	coil	or	α-helix	to	β-
sheet.	 Therefore,	 the	β-sheet	 signal	 is	 as	 a	 good	 indicator	 of	 amyloid	 assembly	 (Kelly	
and	Price	1997).	This	signal	has	been	commonly	observed	for	self-assembling	proteins	
including	α-synuclein	(Serpell	et	al.	2000),	normal	and	pathogenic	prion	proteins	(Hill	
2008).	Synthetic	amyloid	peptides	such	as	Aβ	1-42	and	1-43	(Vandersteen	et	al.	2013)	
and	Zn-containing	peptides	(Rufo	et	al.	2014)	have	also	shown	a	rich	β-sheet	containing	
structure	.	Peptides	folded	in	the	presence	of	Zn2+	have	shown	a	higher	ellipticity	of	the	
CD	spectra	than	peptides	without	Zn2+	(Ezomo	et	al.	2010,	Rufo	et	al.	2014).	
As	CD	is	useful	to	study	the	secondary	structure	of	α-amino	acids,	it	can	also	be	useful	
for	 studying	 the	 secondary	 structures	 of	 b-amino	 acid	 peptides	 (Olsen	 et	 al.	 2008,	
Seebach	 et	 al.	 2000).	 Different	 kinds	 of	 helices	 (14-,	 12-,	 12/10-,	 10-,	 and	 8-helix)	
absorb	CPL	and	show	different	shapes	and	magnitudes	of	ellipticity	in	the	far-UV	region,	
see	Chapter	6,	PART	I.			

	

b	
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Oxygen	ion-pair	(n) 
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Fig. 2.2 The electronic transitions of the amide group, and the CD signals of the secondary structure in the 
far-UV. a) The electronic transitions of the amide bond, b) the hybridization of the ion pair of the amide bond, 
adapted from (Li et al. 2015), c) the typical CD spectra for different types of the protein secondary structure, 
the spectra adapted from (http://srcd_fit5.nsrrc.org.tw/), accessed on 10th Dec 2016.  
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2.2 X-ray	fibre	diffraction	(X-RFD)	

2.2.1 Theory	

The	 X-ray	 fibre	 diffraction	 is	 a	 tool	 to	 determine	 the	 quaternary	 structure	 of	 fibrous	

proteins,	 including	 all	 the	 intermolecular	 interactions	 parallel	 and	 orthogonal	 to	 the	

fibre	axis	(Serpell	et	al.	2007).	Fibres	and	crystals	possess	identical	unit	cells	within	the	

structure;	unit	cells	associate	within	an	atomic	plane	and	are	repeated	systematically	to	

form	a	3D	lattice,	see	Fig.	2.3a.	Each	unit	cell	has	three	dimensions	named	as	vectors	a,	

b,	c	with	angles	a,	b	and	g.	The	diffraction	signal	from	a	crystal	appears	when	a	beam	of	

X-ray	 light	 hits	 a	 lattice	 structure	 where	 some	 of	 the	 light	 will	 scatter	 due	 to	 its	

interaction	with	the	electrons	of	the	molecule	that	has	atoms	separated	by	a	distance	d,	

see	Fig.	2.3b.	The	incident	X-ray	light	which	has	a	specific	wavelength	interacts	with	the	

atomic	planes	at	a	specific	angle	and	diffracts	at	the	same	wavelength	and	angle,	see	Fig.	

2.3c.		

Fig. 2.3. The scattering of atoms by X-ray from a crystal. a) A 3D representation of a unit cell within the 
crystal lattice, where the blue highlighted box refers to one unit cell, b) intersection of the atomic plans of the 
crystal lattice by X-rays according to Bragg`s law, c) constructive interference of the X-rays (the path 
difference between the incident and reflected ray has to be a double of the wavelength to satisfy Bragg`s law= 
nl= 2 d sinq ).   
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When	the	light	is	in	phase,	it	will	satisfy	Bragg`s	law	(2	d	sin	q		=	n	l)	to	show	the	X-RFD	
signal	 on	 the	 detector,	 where	 d	 is	 the	 distance	 between	 the	 atomic	 plan,	 q	 is	 the	
diffraction	angle,	n	is	the	diffraction	order,	and	l	is	the	wavelength	of	the	X-ray.		
The	 signals	 appear	 as	 arcs	on	 the	detector	 for	 fibres,	which	 arise	 from	 the	density	of	
electrons	 in	 the	 molecule.	 Therefore,	 the	 signal	 can	 provide	 information	 about	 the	
distances	between	atoms,	and	then	this	information	can	be	employed	to	generate	a	3D	
module	of	the	molecule,	see	Fig.	2.4.		
	

	
	
	

				Arcs	pattern 

					Fibres 

	

				Electron	density	
map 

					Electronic	Models 

X-ray 

Fitting 

4.7	A 

~	10	A 

X-ray 

Crystals	 

Spots	pattern 

Fig. 2.4. Workflow for solving the structure of amyloid fibres, and crystals through X-ray fibre and crystal 
diffraction, respectively. When the fibres or crystals are illuminated with X-rays light, the waves pass through 
the fibre/crystal and interfere with each another, which allows the incident light to define the scattered wave, 
then add it up to the constructive interference to produce the diffraction pattern. The relative strength (the 
intensity) of each diffraction pattern (arcs/spots) can be then fitted to determine the structure of the fibres or the 
crystals. Images of fibres workflow reproduced with permission from (Al-Garawi et al. 2015) using the license no 
4143160629645, © 2015 The authors. 
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2.2.2 X-ray	fibre	diffraction	of	amyloid	fibrils	

X-RFD	has	been	used	 to	determine	 the	 side	 chains	 interactions	of	 coiled-coil	proteins	

(Briki	et	al.	2002)	and	cross-b	structure	of	amyloids	(Makin,	O.S.		and	Serpell,	L.C.	2005).		

To	investigate	all	the	intermolecular	interactions	within	the	amyloid	fibre,	a	bundle	of	

aligned	fibres	diffracts	in	two	main	directions	to	give	arc	signals	on	the	meridional	and	

equatorial	axes.	The	meridional	reflection	provides	information	regarding	the	distance	

between	strands	held	together	via	H-bonding	along	the	fibre	axis,	which	is	shown	in	the	

direction	 (a)	 in	 Fig.	 2.5	 a.	Whilst,	 on	 the	 equator,	 a	more	 diffuse	 signal	 arises	 from	 a	

combination	 of	 both	 packing	 of	 the	 side	 chains	 between	 sheets	 perpendicular	 to	 the	

fibre	 axis	 and	 the	 lateral	 associations,	 which	 are	 shown	 in	 directions	 (b)	 and	 (c)	

respectively	in	Fig	2.5a.	In	other	words,	direction	(b)	refers	to	the	distance	between	β-

sheets,	and	(c)	refers	to	the	chain	length.	The	cross-β	structure	signal	arises	when	the	

distance	between	β-strands	 (vector	a)	 gives	 a	~	4.7-4.8	Å	 reflection	on	 the	meridian,	

and	 a	 distance	 of	 around	 ~10-12	 Å	 on	 the	 equator,	 which	 arises	 from	 the	 spacing	

between	sheets	(vector	b)	(Luhrs	et	al.	2005,	Makin,	O.	S.	and	Serpell,	L.	C.	2005,	Morris	

and	Serpell	2012),	see	Fig.	2.5	b,	and	c.	

	

Fig. 2.5. The diffraction pattern and the common model of cross-β structure. a) A representation of the 
reflection positions along and perpendicular to the fibre axis, b) the diffraction pattern showing meridional 
and equatorial reflections, c) a common model of the cross-β structure. 

1259 X-Ray Fibre Diffraction Studies of Amyloid Fibrils

  A sample of fi brils that has a high degree of alignment and order 
will likely give rise to more information in the resulting diffraction 
pattern. The diffraction pattern from a sample with no alignment 
will produce refl ections that are entirely radially averaged (Fig.  3a ) 
or appear as refl ection rings, while a partial alignment will produce 
refl ections arcs that are oriented on each axis of the pattern  (  17  ) . 
A sample with a high degree of alignment will likely produce a pat-
tern containing considerably more information (Fig.  3b ) and 
refl ections will be confi ned to distinct axes in the cross- β  arrange-
ment and possibly arranged on layer-lines. The information 
obtainable from X-ray fi bre diffraction is dependent on alignment 
and this, in turn, may be dependent on the nature of the sample. 
A high concentration of long fi brils will be viscous and maybe very 
amenable to stretch frame alignment  (  18  ) . However, samples that 
are short but laterally aggregated may be more successfully aligned 
by placing a solution in a capillary tube and allowing the solution 
to dry to form a disc. Where the degree and best method of align-
ment is sample dependent several methods should be attempted, 
each produces a sample with a different texture (defi ned as the 
arrangement of crystallites relative to one another  (  19  ) ), these are 
shown in Fig.  4 .   

  This method produces a bundle of fi brils whose fi bre axes are ideally 
all parallel (Fig.  4a ). This may be achieved by the drying of a fi bril-
containing solution between two capillaries mounted in a Petri 
dish or similar. Although not essential, a stretch frame apparatus 
(Fig.  5 ) may be used allowing the mounting of capillaries and their 

  3.3.  Preparation 
of Fibre Samples, 
Fibre, Mats, Discs: 
Importance of Texture

  3.3.1.  Stretch Frame 
Alignment

  Fig. 3.    Fibre diffraction from an un-oriented amyloid sample ( a ) and a well-oriented amyloid sample  (  5  )  ( b ). The un-orientated 
sample is characterised by complete radial averaging and only exhibits the refl ections associated with inter- and intra  β -sheet 
spacings. A well-oriented sample will typically contain much more information pertaining to repeating cell dimensions.       
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2.3 Peptide	synthesis	

2.3.1 Theory		

Solid-phase	 peptide	 synthesis	 (SPPS)	 was	 first	 introduced	 by	 Robert	 B.	 Merrifield	 in	

1963	to	facilitate	the	synthesis	of	natural	and	unusual	amino	acid-containing	peptides	

and	 modified	 peptides/proteins.	 SPPS	 is	 based	 on	 repeated	 cycles	 of	 deprotection-

washing-coupling-washing	 steps.	 The	Na-terminal	 of	 amino	 acids	 and	 the	 side	 chains	

are	protected	using	specific	groups	to	eliminate	side	chain	interactions	and	aggregation	

during	 synthesis.	 The	 most	 common	 protecting	 groups	 in	 SPPS	 are	 9-

Fluorenylmethoxycarbonyl	chloride	(F-moc)	and	tert-butocarbonyl	(Boc).	To	follow	the	

synthesis,	firstly,	a	protected	Na	amino	acid	(1)	is	linked	to	a	suitable	resin	by	a	linker,	

then	 it	deprotected	 to	remove	 the	Na	 (F-moc	or	Boc).	Secondly,	a	single	Na	 -protected	

amino	acid	(2)	is	activated	(at	the	C-terminus)	to	couple	with	the	free	N-terminal	amino	

acid	 1,	 which	 is	 linked	 to	 the	 resin.	 The	 second	 step	 is	 repeated	 until	 the	 required	

sequence	is	completed.	Finally,	the	peptide	is	removed	from	the	support	(resin	and	all	

the	 protecting	 groups)	 by	 specific	 conditions,	 see	 Fig.	 2.6.	 F-moc	 rather	 than	 Boc	 is	

preferred	as	a	protecting	group	in	SPPS	due	to	the	mild	conditions	required	to	remove	

it,	whilst	Boc	requires	TFA,	and	the	toxic	hydrofluoric	acid	(HF)	to	cleave	the	resulting	

peptide	(Jensen	et	al.	2013b).		

Repeat	the	cycle	for	
each	a	new	A.A	 

Mechanisms and Synthesis Scheme 
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Fig. 2.6. Schematic representation of 
SPPS cycles. For more detail about the 
reagents, see chapter 5, PART II. 
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2.3.2 Microwave	irradiation	SPPS	(MWI)	

It	remains	challenging	to	synthesise	peptides	with	long	and	difficult	sequences	without	

aggregation,	 due	 to	 steric	 hindrance	 and	 racemisation	 reactions,	 which	 lead	 to	

incomplete	reactions.	 In	1986,	 these	problems	were	resolved	by	exploiting	one	of	 the	

breakthroughs	in	the	field	of	peptide	synthesis,	microwave	irradiation	(MWI)(Gedye	et	

al.	1986).	Under	the	effect	of	an	electromagnetic	field	of	the	microwave	irradiation,	heat	

is	applied	directly	to	molecules	causes	rotation	in	their	dipoles.	Polar	molecules	or	ionic	

species	 agitate	 and	 liberate	 heat	 due	 to	 random	 collisions	 between	 molecules	 and	

rotation	of	the	ions	and	dipoles,	which	means	all	molecules	participate	in	the	reaction	

and	accelerate	the	synthesis,	see	Fig.	2.7a.	This	heat	causes	a	regular	rearrangement	of	

the	 peptide	 chain	 and	 reduces	 the	 appearance	 of	 the	 unwanted	 polar	 and	 ionic	

compounds,	 and	 therefore	 facilitates	 elongation	 of	 the	 peptide	 chain	 without	

aggregation	 (Rodriguez	 et	 al.	 2010)	 within	 a	 shorter	 time	 (Jensen	 et	 al.	 2013a).	

Therefore,	synthesis	under	microwave	irradiation	is	faster,	easier	and	with	high	yield.	

By-products	 and	 excess	 amino	 acids,	 which	 may	 remain	 covalently	 attached	 to	 the	

resin,	 are	 removed	 by	 performing	 wash	 cycles	 after	 each	 step.	 Fig.	 2.7b	 shows	 the	

peptide	synthesiser.	

	

	

Fig. 2.7. Effect of microwave heating on peptide synthesis. a) The difference between conventional and 
microwave heating, where the heat in the microwave applies directly on the molecules and causes rotation of 
the dipoles and random collision between molecules and therefore liberate heat, which means all molecules 
contribute in the reaction, produced from http://wiki.anton-paar.com/microwave-assisted-synthesis/, accessed 
on 7th July 2017, b) Liberty blue CEM- peptide synthesizer at University of Sussex, provided in 2014. 
	

a b 
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2.4 High	performance	liquid	chromatography	(HPLC)	

2.4.1 	Theory	of	peptides	identification/separation	

HPLC	is	used	to	separate	molecules	under	high	pressure.	In	preparative-HPLC,	the	small	

particle	 size	 of	 the	 packing	 column’s	 materials	 (stationary	 phase)	 makes	 the	

identification	 and	 separation	 of	 the	 sample’s	 component	more	 efficient	 due	 to	 a	 high	

surface	 area	 for	 interaction	 between	 the	 sample	molecules	 and	 the	 stationary	 phase.	

However,	the	need	to	separate	small	molecules	with	a	small	volume	sample	requires	a	

column	with	 smaller	dimensions	 (semi-column)	and	 the	 technique	 is	 known	as	 semi-

preparative	HPLC.	 In	 the	 reversed	phase	HPLC	 (RP-HPLC),	 silica	particle	 surfaces	 are	

attached	to	long	hydrocarbon	chains,	normally	8	or	18	carbon	atoms,	which	makes	the	

silica	 non-polar.	When	 a	 polar	 solvent	 (such	 as,	 a	mixture	 of	water	 and	 acetonitrile)	

passes	through	the	silica	gel,	there	is	a	strong	attraction	between	the	mobile	phase	(the	

solvent)	 and	 the	polar	 species	 from	a	 sample	being	 injected.	Therefore,	 polar	 species	

move	along	the	column	with	the	solvent	and	elute	first	(short	retention	time	Rt),	while	

the	 non-polar	 components	 will	 spend	 most	 of	 their	 time	 with	 the	 stationary	 phase	

because	of	vDW	forces	with	the	hydrocarbon	groups,	and	then	elute	later	with	longer	Rt	

(Clark	 2007).	 Based	 on	 this,	 semi-preparative	 RP-HPLC	 has	 been	 widely	 used	 to	

identify/separate	 peptide	 and	 protein	 molecules	 (the	 solutes)	 (Aguilar	 2004),	 The	

solutes	are	eluted	by	applying	a	gradient	of	increasing	concentration	of	organic	solvent	

such	 as	 TFA	 to	 the	mobile	 phase	 see	 also	 Fig.	 2.8a.	 	 A	 diagram	 of	 the	 HPLC	 parts	 is	

shown	in	Fig.	2.8	b.		

Fig. 2.8. Separation of compounds by HPLC system. a) Separation of peptides by RP-HPLC, hydrophobic 
peptides or proteins will bind the hydrophobic chain, while the rest will wash off, readapted from (Aguilar 2004), 
b) the high-pressure chromatogram usually connects to a computer to show channels between the mobile phase, 
the sample, and the separated compounds bands. Adapted from http://www.waters.com/waters/en_US/How-
Does-High-Performance-Liquid-Chromatography-Work%3F/nav.htm?cid=10049055, accessed on 3rd Dec 2016. 
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2.5 	Fourier	transform	infrared	(FTIR)		

2.5.1 Theory		

Infrared	spectroscopy	emerged	in	the	1940s	to	provide	a	positive	 identification	of	the	

material`s	compositions	where	a	molecular	vibrational	spectrum	appears	if	a	sample`s	

molecule	 absorbs	 a	 radiation	 light	 at	 a	 specific	 wavelength.	 In	 1960’s,	 FTIR	 was	

developed	for	analysing	organic	compounds	in	which	each	molecule	has	its	own	unique	

pattern	 and	 arrangement	 of	 atoms,	 which	 means	 it	 will	 show	 a	 spectrum	 as	 a	

fingerprint	 for	 this	 arrangement.	 A	 fingerprint	 of	 each	 sample	 is	 represented	 by	

absorption	 or	 transmission	 peaks	 corresponding	 to	 the	 vibrations-stretching-bending	

modes	between	bonds	of	the	sample’s	molecule	(Birkner	and	Wang).	Principally,	when	

a	 sample	 is	 exposed	 to	 IR	 radiation	 at	 a	 specific	 wavelength,	 its	 molecules	 will	

selectively	absorb	the	radiation,	then	the	dipole	moment	of	each	molecule	will	change	

and	 transfer	 the	vibrational	 energy	 levels	of	 electrons	 from	 the	ground	 to	 the	excited	

state,	 thus	excitation	of	vibration	of	the	bonds,	which	appears	as	peaks	 in	the	spectra.	

For	 each	 molecule,	 the	 change	 in	 dipole	 moment,	 the	 gaps	 between	 the	 vibrational	

energy	 levels,	 the	 possible	 electronic	 transitions	 and	 the	 number	 of	 components,	 all	

have	an	effect	on	 the	 intensity	and	 the	 frequency	of	 the	absorbed	peaks	(Birkner	and	

Wang	,	Corporation	2001).	The	range	of	IR	is	12800-10	cm-1,	where	near-IR	is	between	

12800~4000	cm-1,	mid-IR	(4000-200	cm-1)	or	far-IR	(50-1000	cm-1).	The	most	common	

region	 for	 IR	 absorption	 is	 4000-400	 cm-1	 where	 all	 the	 organic	 components	 and	

inorganic	ions	are	absorbable.	The	FTIR	spectroscopy	can	be	equipped	with	attenuated	

total	 reflectance	 (ATR)	 cell	

to	 avoid	 contribution	 from	

H2O	 at	 the	 specific	 region	of	

proteins	 (De	 Jongh	 et	 al.	

1996),	see	Fig.	2.9.		

Fig. 2.9. Schematic 
representation of FTIR-ATR 
spectroscopy. The lower 
image is a large-scale image 
of ATR cell. Adapted from 
http://www.biocenter.helsinki.f
i/bi/biophys/methods_ftir.html, 
accessed on 19th Dec 2016.  

IR	
glowbar	 

Visible	light 
CCD	Detector 

ATR	
cell 

Protein	sample 

MCT 
detector 

Scan	
drive 

Moving	mirror 

Fi
xe
d	
m
irr
or

 

Light	guide 

Silicon	
prism ZnSe	

optics 
ATR-cell 

Protein	
sample 

Beam	in	 Beam	out	 
MCT 

detector 

Micheison	
interferometer	 



Instruments                                                                                                                               Chapter 2  49 

2.5.2 Identification	of	the	secondary	structure	of	the	protein	

FTIR	 spectroscopy	 has	 been	 widely	 used	 to	 investigate	 the	 secondary	 structure	 of	

proteins	(Jackson	and	Mantsch	1995,	Surewicz	et	al.	1993,	Wang	et	al.	2008).	The	two	

main	 specific	bands	 for	proteins	are	Amide	 I	 (~ν	 1700–1600	cm−1)	 and	Amide	 II	 (~ν	

1550-1480	cm-1)	(Jackson	and	Mantsch	1995),	see	Table	2.3.	It	 is	 less	straightforward	

to	correlate	the	type	of	the	secondary	structure	with	the	frequency	for	Amide	II	because	

it	might	 arise	 from	 another	 component	 in	 the	 protein	 structure	 that	 has	 C-N	 or	 N-H	

bond.	 However,	 it	 is	 well	 known	 that	 the	 main	 region	 to	 determine	 the	 type	 of	 the	

secondary	 structure	 of	 the	 protein	 is	 Amide	 I;	 its	 vibration	 is	 hardly	 affected	 by	 the	

structure	 of	 side	 chains	 but	 effectively	 arise	 from	 only	 one	 of	 the	 amide	 functional	

group	 and	 depends	 on	 the	 type	 of	 the	 secondary	 structure	 (Barth	 2007,	 Kong	 and	

Shaoning	 2007).	 Predominantly,	 β-sheet,	 a-helix	 and	 random	 coil	 structures	 exhibit	

different	bands	in	the	Amide	I	region,	see	Fig.	2.10.		

Parallel	and	antiparallel	β-sheet	structures	have	also	been	distinguished	previously	by	

the	 analysis	 of	 the	 Amide	 I	 region	 (Cerf	 et	 al.	 2009,	 Lin	 et	 al.	 2010),	 see	 Table	 2.3.	

However,	 the	number	of	 strands	per	 sheet	affects	 the	absorbance,	 thus	 the	difference	

between	 parallel	 and	 anti-parallel	 sheets	 is	 less	 pronounced	when	 several	 strands	 of	

parallel	 β-sheets	 are	 compared	 with	 few	 or	 twisted	 strands	 of	 anti-parallel	 sheets	

(Chirgadze	and	Nevskaya	1976a,	Chirgadze	and	Nevskaya	1976b).	

Table 2.3. The characteristic FTIR bands for different types of the secondary structure of peptides. Cited from (Barth 2007, 
Kong and Shaoning 2007, Pelton and Mclean 2000).n vibration frequency,  x Parallel β-sheet, and µ anti-parallel β-sheet. 
Frequency	 β-sheets	 a-helix	 Random	

coil	
β-turn	 Description	

Amide	I	cm-1	

(ν	1700-1600)	
~	1640-1620	

x
	

	

	

~1640-1612
µ
	

(strong	band)		

and	~1695-1670	

(weak	band)	

~1658-	1650	 ~1651-1640	 ~1675-	1655	~	

1696-1680	

C=O	stretching	vibration	

+	C-N	stretching	vibration			

(<	20%)	

	

	

	

Amide	II	cm-1	

(ν	1550-1480)	
~1525-1521	 ~1551-1545	 -	 -	 40%	CN	stretching	

vibration	+	60%	NH	

bending		

Fig. 2.10. Determination of the different types of the secondary structure of a protein by Amide I band (1700-
1600 cm-1). The fractions are for von Willebrand factor (vWF) which is a glycoprotein involves in haemostasis, 
reproduced from http://www.shenc.de/C3-Gerwert-Ollesch-res.htm, accessed on 3rd Dec 2016. 
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PART	II:	Procedures	

2.6 Materials		

2.6.1 General	Materials		

Copper	grids	(400	mesh)	coated	with	carbon	on	a	stabilized	Formvar	film	and	the	heavy	

metal	stain,	Uranyl	acetate	2%,	were	supplied	by	Agar	Scientific,	Essex,	(UK)	and	were	

used	 for	 TEM.	 Thioflavin	 T	 (ThT)	was	 purchased	 from	 Sigma-Aldrich,	 Tris-base	 from	

Fisher	 Bioreagent,	 HCl,	 disodium	monophosphate	 and	monosodium	dihydrogen,	 NaCl	

were	supplied	by	Fisher	Scientific.	Quartz	demountable	CD	cuvettes	(0.1,	0.05	and	0.02	

cm)	and	1	cm	path	length	quartz	fluorimeter	cuvette	(Starna,	Essex,	UK),	96	wells	clear	

plates	purchased	from	greiner	bio-one.		

Milli-Q	water	was	used	for	all	experiments	and	filtered	milli-Q	water	with	0.2	µM	filters	

used	to	prepare	buffers,	stock	and	working	peptide	solutions.	
	

2.6.2 Instruments	

1. Fluorescence	spectroscopy:	Cary	Eclipse,	Varian,	and	Oxford,	UK.	

2. TEM:	 Hitachi-7100	 operating	 at	 100	 KV:	 images	 were	 taken	 using	 an	 axially	

mounted	 (2000	 pixels×2000	 pixels)	 Gatan	 Ultrascan	 1000	 CCD	 (charge-coupled-

device)	 camera.	 Some	 experiments	 performed	 using	 JEOL	 JEM,	 1400	 plus	 TEM	

operated	at	120	kV/TEM	with	lab5	and	one	view	4K	CMOS	digital	camera,	Germany.	

3. CD:	 JASCO	 J-715	 spectropolarimeter	with	 a	 Peltier	 temperature	 control	 system	 to	

keep	 the	 temperature	 of	 around	 ~	 20	 °C.	 The	 scan	 rate	 was	 set	 to	 200	 nm/min,	

bandwidth	to	1	nm	and	the	sensitivity	was	standard.	All	scans	were	performed	from	

180-	300	nm	with	continues	triplicate	scans	mode	and	then	averaged.		

4. X-RFD:	 Rigaku	 rotating	 anode	 source	 (CuKa)	 and	 Saturn	 CCD	 detector	 (Rigaku,	

Seven	Oaks,	UK).	

5. FTIR:	Perkin	Elmer	Spectrum	One.	

6. 	Thermogravimetric	analyser	(TGA):	Q50,	TA	

7. 	Ultra-cut	ultra-microtome	(Leica	Microsystems	[UK]	Ltd.,	Milton	Keynes,	UK).		

8. Semi-preparative,	RP-HPLC:	JASCO	instrument	with	a	two-mL	injector,	a	C18	column	

(250	 *4.6	 mm	 internal	 diameter	 *	 packed	 with	 5μm	 particles,	 Vydac),	 and	 a	 UV-

visible	detector	with	two	wavelengths.	Flow	rate	1	mL	/min,	pressure	25	bar.	
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9. Peptide	synthesiser	and	cleavage	system:	Liberty	blue	(CEM).	

10. Plate	reader:	PHERA	star	F5,	BMG	LABTECH	Spectrum,	with	clear	96-well	plates.	

11. Direct	 infusion	 mass	 spectrometer	 (DI-MS):	 Orbitrap-XL	 mass	 spectrometer	

(Thermo	Fisher)	with	an	IonMax	Source	(Thermo)	and	applied	voltage	3.5-5	kV,	C18	

trapping	 cartridge	 (Pepmap100	 C18;	 0.3	 ×	 5	 mm	 i.d.;	 5	 μm	 particle	 size)	 and	 an	

analytical	column	(PepMap100;	25	cm	×	75	μm;	5	μm	particle	size).	

	

2.6.3 Software		

1. CLEARER	was	used	to	process	the	X-RFD	data	to	aid	unit	cell	determination	(Makin	

et	al.	2007).	Each	diffraction	pattern	was	converted	 to	Tiff	 format	and	 loaded	 into	

CLEARER	 and	 the	 image	 was	 centred	 by	 measuring	 the	 positions	 of	 the	 X-ray	

diffraction	 signals.	 In	 diffraction	 settings,	 the	 detector	 distance	was	 set	 at	 50	 and	

100	mm,	the	wavelength	was	1.5419	Å	and	the	pixel	size	was	179.7	µm.	To	ensure	

the	 diffraction	 pattern	 was	 centred,	 red	 and	 blue	 lines	 should	 overlap	 with	 each	

other,	as	well	as	green	and	yellow	lines.	Peak	find	is	then	used	to	provide	a	list	of	d-

spacing	on	 the	equatorial	and	meridional	axes	 (Makin	et	al.	2007).	Unit	cells	were	

then	calculated	according	to	the	maximum	h	k	l	that	can	arise	from	reasonable	unit	

cells	 dimensions	 with	 lowest	 average	 error%.	 Unit	 cells	 determination	 was	

performed	with	 initially	 estimated	 lattice	 vectors	 of	 a=	 4.69	 Å,	 b=	 15	 Å,	 c=	 25	 Å,	

α=β=γ=90	˚.	

2. 	Image	J	was	used	to	process	TEM	raw	images	(Abràmoff	et	al.	2004).	Images	were	

first	 saved	 as	 DM4	 files,	 then	 opened	 using	 image	 J	 to	 adjust	 the	 contrast	 and	

brightness,	as	well	as,	to	do	all	measurements.		

3. MacPyMOL	1.7.4.4	Molecular	 Graphics	 System	 1.7.4.4	 (Version	 1.8	 Schrödinger,	 LLC)	 to	

create	the	model	of	peptides.		

4. UCSF	 Chimera,	 product	 version	 1.10.2,	 copyright©	 2000-2015	 by	 regents	 of	 the	

University	of	California,	used	to	build	up	the	structures	of	β-peptides	by	adding	the	C	

atoms	one	by	one	using	modify	 tools,	 and	 then	 elements	 changed	 to	 add	N	and	O	

atoms	(C:4,	O:2,	N:4).	Figures	then	were	presented	for	publications.	

5. Chemdraw	15	and	16:	to	draw	chemical	reactions	and	structures	of	peptides.	

6. Orbitrap	with	 a	 high-resolution	 precursor	 scan	 (30,000	 resolution;	 5E5	 target)	 to	

identify	 the	 ion	 intensity	 values	 of	 amino	 acids	 within	 the	 sequence	 of	 a	 peptide	

after	direct	infusion	MS	process.		
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7. Protein	Prospector	version	5.16.0:	to	fragment	each	peptide	at	its	C-	and	N-terminal	
in	 order	 to	 search	 the	 sequence	 databases,	in	 combination	 with	 the	 Orbitrap	
software.		

8. MARAS	 (3.10	 R3)	 software	 used	 to	 analyse	 catalytic	 reactions	 data	 in	 connection	
with	the	PHERA	star	plate	reader.	The	data	was	prepared	by	MARS	to	be	ready	for	
kinetic	analysis	by	PRISM	software.	

9. PRISM	6	&	7,	GraphPad	software	used	to	obtain	the	linear	and	non-linear	regression	
and	then	Michaelis	-	Menten	curve	and	kinetic	parameters.	The	raw	kinetic	data	was	
firstly	prepared	in	excel	sheets	using	the	extension	coefficient	(ε)	of	the	substrate	(p-
nitrophenyl	 acetate)	 5.4	 (mM	 cm)-1	 to	 convert	 all	 the	 absorbance	 into	
concentrations,	 and	 then	 copied	 to	 PRISM	 sheets	 for	 analysis.	 The	 software	 also	
used	to	calculate	the	statistical	analysis.	

10. WALTZ,	 copyright©	 2010,	 Switch	 Laboratory	 http://waltz.switchlab.org/	 is	 a	
position-specific	 matrix	 used	 to	 predict	 the	 amyloidogenic	 region	 in	 the	 peptide	
sequence	 for	 a	 window	 of	 six	 residues	 length.	 A	 single	 sequence	 submitted	 as	 a	
FASTA	format	in	a	high	sensitivity	threshold,	pH	7.0	and	the	output	format	tracked	
in	 detailed	 with	 graphics.	 The	 flat	 redline	 refers	 to	 non-	 amyloidogic	 propensity,	
whereas	 a	 graphic	 redline	means	 that	 the	 sequence	under	 this	 line	 is	 able	 to	 self-
assemble	into	amyloid-like	structure.	

	

2.7 General	methods	

2.7.1 	Transmission	electron	microscopy	(TEM)	

A	stock	(10	mg/mL)	of	each	peptide	was	diluted	to	0.25	–	1	mg/mL	(according	to	the	
type	 of	 experiment),	 and	 (4	μL)	 a	 sample	 solution	 was	 incubated	 for	 2	min	 onto	
Formvar/carbon	 coated	 copper	 grid	 (400	 mesh)	 and	 then	 washed	 for	 2	min	 with	 a	
filtered	 milli–Q	 water	 (4	μL).	 They	 were	 then	 negatively	 stained	 using	 2%	 uranyl	
acetate	 4	μL	 (UO2(CH3COO)2·2H2O)	 for	 2	 min.	 Staining	 improves	 the	 contrast	 of	 the	
image	 as	 heavy	 ions	 of	 UO2+2	 interact	 with	 the	 electron	 beam	 and	 produce	 more	
electron	scattering	and	phase	contrast.	Excess	liquid	was	blotted	off	using	a	filter	paper	
after	each	incubation.	Only	completely	dry	grids	were	examined	using	TEM.	ImageJ	was	
used	to	examine	the	micrographs	(Abràmoff	et	al.	2004).		
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2.7.2 	Tyrosine	(Tyr)	fluorescence		

The	catalytic	peptide	solution	was	placed	 in	a	quartz	 fluorescence	cuvette	(1	cm),	and	
the	fluorescence	emission	was	measured	at	zero	time	(0t),	3	days,	7	days,	14	days	and	
21	 days	 using	 an	 excitation	 of	 λ-280	 nm	 and	 emission	 at	 λ-305	 nm.	 	 The	 intensity	
against	time	was	set	to	305	nm	and	excitation	and	emission	slits	was	set	to	5	nm,	scan	
rate	600	nm/min	with	1	nm	data	intervals	and	an	average	time	of	0.1	s.	All	experiments	

were	carried	out	in	a	triplicate	and	in	a	high	voltage	of	photomultiplier	(800	V)	at	20˚C.	
Cuvettes	 were	 carefully	 cleaned	 before	 and	 after	 use	 with	 2%	 Hellmanex,	 water,	
ethanol,	and	then	air-dried.	
	

2.7.3 	Thioflavin	T	(ThT)	fluorescence		

A	stock	ThT	solution	(3.14	mM	in	PBS,	pH	7.4)	was	filtered	using	0.2	μm	filter	and	added	
to	 the	peptide	solution	to	a	 final	concentration	of	50	μM,	gently	stirred	and	 incubated	
for	 about	 5	 min	 to	 enable	 binding	 before	 reading	 using	 1	 cm	 quartz	 cuvette.	 The	
excitation	 was	 set	 at	 λ-450	 nm	 and	 the	 emission	 at	 λ-485	 nm	 where	 excitation	 and	
emission	slits	set	to	5	and	10	nm	respectively;	the	scan	rate	was	600	nm/min	with	0.1	s	
as	 an	 average	 time	 and	 1	 nm	 intervals.	 The	 fluorescence	 emissions	 determined	 at	
different	time	points	over	3	weeks.	All	experiments	were	carried	out	in	a	triplicate	and	
in	a	high	voltage	of	photomultiplier	(800	V)	at	20	˚C.		
	

2.7.4 	Circular	dichroism	(CD)	

70	to	200	μL	peptide	solutions	(1	to	2	mg/mL)	were	placed	in	a	quartz	cuvette	(0.05	or	
0.1	 cm)	 to	 study	 the	 secondary	 structure	 of	 the	 peptides	 at	 different	 time	 points,	
according	to	the	type	of	the	experiment.	Scans	were	set	at	the	range	180–320	nm	with	a	
pitch	of	0.1	nm	at	a	scan	speed	of	50	nm/min,	a	response	time	of	4	s,	slit	widths	of	1	nm	
and	standard	sensitivity.	PBS	pH	7,	Tris	pH	8,	or	water	were	used	as	controls	depending	
on	 the	 type	 of	 experiment.	 Buffer	 spectra	 were	 collected	 in	 triplicate	 and	 then	were	
subtracted	 from	 the	 averaged	 triplicate	 accumulations	 of	 samples.	 The	 cuvette	 was	
cleaned	before	and	after	use	with	2%	Hellmanex,	water,	ethanol,	and	then	air-dried.	Any	
data	 over	 600	 V	 high	 tension	 (HT)	was	 omitted	 because	 it	 will	 reflect	 a	 noisy	 signal	
owing	to	a	high	light	absorption	either	due	to	a	high	concentration	of	the	sample,	or	the	
path	length	of	the	cuvette	is	not	suitable	for	the	specified	sample	concentration.	
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Conversion	of	Mdeg	to	molar	ellipticity	per	residue	(MER)	
The	CD	data	for	proteins	and	peptides	are	usually	calculated	in	units	of	mean	ellipticity/	
residue	(MER)	degrees.	cm2.dmol-1.	After	subtracting	the	blank	of	the	buffer	or	cuvette	
from	 the	 data,	 the	 raw	 CD	 signal	 in	 millidegree	 (Mdeg)	 can	 be	 converted	 to	 MER	
according	to	the	following	equation	(Johnson	1996,	Sutherland	1996):	

MER	(θ)	= "#$%	∗	"()	
*+	∗	,	∗	-∗	. 								

where:	[θ]	=	mean	ellipticity	per	residue	(MER)	in	deg	cm2	dmol-1,	

Mdeg	=	reading	from	the	spectropolarimeter,	

Mwt=	molecular	weight	of	the	peptide,	

C=	concentration	of	the	peptide	in	mg/mL,	

N=	number	of	existing	amino	acids,	

L=	length	of	the	light	path	in	centimetre.		

	

2.7.5 X-Ray	fibre	diffraction	(X-RFD)	
	

10	µl	of	each	peptide	stock	solution	(10	mg/mL)	was	placed	between	two	waxes	tipped	
(1.2	 mm	 O.D,	 0.94	 mm	 I.D)	 borodilicste	 capillaries	 and	 allowed	 to	 align	 at	 room	
temperature	in	a	parafilm	sealed	glass	petri	dish.		Aligned	specimens	were	placed	onto	
goniometer	head	and	the	beam	axix	should	be	perpendicular	to	the	fibre	axis.	Data	were	
collected	 using	 a	 Rigaku	 007HF	 Cu	 Ka	with	l	 1.5419	 A°	 rotating	 anode	 X-ray	 source	
(CuKa)	 and	 Saturn	 944+	CCD	detector	 to	 detect	 distances	 of	 50	mm	or	 100	mm	and	
exposure	 times	 of	 the	 30s	 and	 60s	 respectively	 at	 both	 0	 and	 90	 f.	 The	 data	 were	
collected	using	an	oscillation	angle	of	0.5,	voltage	of	60	kV	and	current	of	40	mA.	Each	
sample	was	separately	prepared	at	least	twice.	The	diffraction	patterns	were	examined	
using	Mosflm	(Winn	2003)	and	CLEARER	(Makin	et	al.	2007).		
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2.7.6 Fourier	transform	infrared-	attenuated	total	reflectance (FTIR-ATR)	

	

First,	 the	ATR	 cell	 and	 the	 light	 guide	were	 cleaned	with	methanol,	 and	 then	powder	

solid	samples	were	attached	to	the	ATR	diamond	cell.	The	light	guide	was	scrolled	over	

the	sample	for	a	gage	up	to	~	50-70	V,	and	the	scanning	mode	setup	as	transmission	%.	

Air	used	to	scan	the	background	as	a	control	for	all	measurements,	see	also	Chapters	3,	

4	and	5,	PART	II.	

2.7.7 	Synthesis	and	cleavage	of	peptides	

2.7.7.1 Synthesis	

The	peptides	I,	II,	V	and	VI	were	synthesised	in	Prof.	Serpell	laboratory	using	a	standard	

MW	peptide	synthesiser	method.	Peptides	III	and	IV	were	synthesised	in	Prof.	Woolfson	

laboratory	 at	 the	University	of	Bristol-UK	during	 a	 training.	The	 standard	method	 for	

synthesis	was:	

1. The	weight	of	F-moc	amino	acids	was	calculated	by	the	Liberty	Blue	according	to	the	

molecular	weight	of	the	required	peptide.	Amino	acids	were	weighted	in	grams	and	

dissolved	in	a	required	amount	of	dimethyl	formaldehyde	(DMF),	except	F-moc-His	

which	dissolved	in	20%	DMF:	DMSO	(dimethyl	sulphoxide).	Solutions	of	amino	acids	

were	then	added	to	the	tubes	of	the	synthesizer	in	their	appropriate	places.		

2. The	 activator	 1H-benzotriazol-1-yloxy)(dimethylamino)-N,N-dimethylmethanimin-

ium	hexafluorophosphate		(HBTU)	and	the	base	N,N-Diisopropyethylamine	(DIPEA)	

were	dissolved	in	DMF.	The	deprotector	was	piperidine	in	DMF	20%.	

3. The	resin	was	brought	to	the	room	temperature	for	around	15	min	before	swelling	

by	10	mL	DMF:	DCM	(CH2Cl2)	(1:1	vol/vol),	shacked	vigorously	for	15	min	and	then	

added	to	the	vessel	of	the	reaction.		

4. The	synthesis	reaction	was	set	for	a	synthesis	scale	of	0.1	with	a	high	swollen	resin	

type,	 preloaded	 mode.	 Synthesis	 started	 from	 the	 C-terminal	 of	 the	 required	

sequence,	 see	 also	 chapter	 5,	 PART	 II.	 Each	 residue	 of	 the	 sequences	 was	 single	

coupled	to	the	growing	chain	at	75	0C,	25	W	and	for	770	s,	except	F-moc	His,	which	

was	double	coupled	2*	(75	0C,	25	W,	600	s)	to	avoid	racemic	mixture	formation.	 If	

any	 problematic	 sequential	 was	 identified	 then	 the	 synthesiser	 turns	 off	 the	 run	

automatically;	see	also	Chapter	5,	PART	II	for	the	capping	procedure.		

5. After	a	complete	run	of	the	synthesis,	the	resin	transferred	to	the	vessel	reaction	of	

the	cleavage	system	to	cleave	the	peptide	from	the	resin.	
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2.7.7.2 Cleavage		

1. When	the	resin-peptide	transferred	to	the	vessel	of	the	cleavage	system,	it	washed	

consequently	by	5	mL	of	DMF,	DCM	and	DMF,	5	times	each;	the	waste	was	collected	

in	a	separate	tube.	

2. The	peptide-resin	was	moved	to	the	MW	vessel	of	the	synthesizer	and	10	mL	of	the	

cleaving	mixture	(9.5	mL	TFA	+	0.25	mL	TIPS	+	0.25	mL	H2O)	added	to	the	peptide-

resin	and	then	the	reaction	turned	on	at	37	°C	and	15	W	to	cleave	the	peptide.	

3. After	40	min,	the	reaction	stopped	and	the	vessel	moved	back	to	the	cleavage	system	

and	 1	 ml	 of	 TFA	 added	 to	 the	 peptide-resin.	 A	 free	 peptide	 (suspended	 in	 TFA)	

collected	 in	 a	 separate	 clean	 and	 dry	 tube	 connected	 to	 the	 upper	 side	 of	 the	

cleavage	system.	

4. In	a	hot	water	bath,	the	peptide	solution	was	dried	up	to	5	mL	under	N2	gas	to	remove	

the	excess	of	TFA,	washed	using	a	cold	diethyl	ether	1:10	(vol/vol)	of	peptide:	ether	

and	then	the	peptide	left	in	a	cold	diethyl	ether	to	fully	precipitate.		

5. The	 crude	peptide	 obtained	 after	 centrifugation	 the	 solution	 in	 step	4	 for	 10	min,	

30000	rpm	and	at	4	°C.	The	crude	peptide	was	then	lyophilized	and	stored	at	-12	°C	

for	further	study.		

	

2.7.8 Analyses	of	peptides		

	

2.7.8.1 RV-High-performance	liquid	chromatography	(HPLC)	

1. Solvent	preparation		

Solution	(A)	was	water	+	0.1%	TFA,	and	solution	(B)	was	acetonitrile	(MeCN)	+	0.1	%	

TFA.	All	solvents	were	degassed	before	applying	to	the	column.	

2. Column	equilibration	and	blank	Run		

Equilibration	 was	 carried	 out	 by	 cleaning	 the	 column	 first	 from	 any	 previously	

adsorbed	peptides	with	100%	solution	B	for	15	min,	 flow	rate	1	mL/min,	 followed	by	

equilibration	 with	 100%	 solution	 A	 for	 30	 min	 (Aguilar	 2003).	 A	 gradient	 30-70%	

solution	B	was	then	run	for	20	min	before	sample	injection,	flow	rate	1	mL/min	at	two	

wavelengths	 (280	 and	 210	 nm)	 and	 at	 25°C	 to	 equilibrate	 the	 column	with	 the	 same	

gradient	of	the	experiment.		
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Once	a	stable	baseline	was	obtained,	100	µL	of	milli-Q	H2O:	MeCN	(1:1)	as	a	blank	was	

injected	 automatically	 to	 the	 column,	 this	 was	 run	 in	 triplicate	 to	 ensure	 a	 proper	

equilibration	of	the	column.		

3. Sample	preparation	

0.1-1.5	mg	of	sample	was	dissolved	in	1	mL	of	milli-Q	H2O:	MeCN:	(1:1),	vortexed	gently,	

centrifuged	and	then	sonicated	for	1	min.	

4. Sample	injection	and	analysis	

100-300	 µL	 of	 peptide	was	 injected	 onto	 the	 column	with	 two	 different	 gradients	 of	

solution	B	(30-70%	and	5-85%)	depending	on	the	peptide	sample,	the	whole	run	was	

40	min	with	a	flow	rate	1	mL/min,	see	also	Chapter	5,	Part	II.	

	

2.7.8.2 Mass	spectroscopy	analysis	

A	stock	of	10	pmol/µL	of	peptides	was	prepared	in	50%	MeCN:	H2O,	0.1%	TFA	solution.	

Peptide	 working	 soltion	 (1	 pmol/µL)	 were	 sprayed	 into	 an	 Orbitrap-XL	 mass	

spectrometer	(Thermo)	using	IonMax	Source	(Thermo),	with	a	flow-rate	3	µl/min	and	

an	applied	voltage	of	3.5-5	kV.	High	resolution	FT-MS	data	was	acquired	for	precursors,	

and	 both	 FT-MS	 and	 LTQ-MS	 spectra	 were	 acquired	 for	 fragment	 ions.	 The	

identifications	 of	 a	 peptide	 were	 manually	 validated	 and	 spectra	 visualized	 using	

Xcalibur	QualBrowser	(v2.1;	Thermo).				
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PART	I:	Preamble		
	

Inspired	by	the	use	of	proteinaceous	molecules	as	functional	materials	in	Nature,	artificial	

self-assembling	systems	have	been	widely	utilised	as	functional	molecules	(Knowles	and	

Mezzenga	2016).	In	part,	the	presence	of	such	self-assembling	organic	molecules	with	a	

high	degree	of	order	and	a	good	ability	to	control	the	nucleation	and	growth	of	inorganic	

materials	is	the	main	reason	to	create	synthetic	biomineralisation	for	nanobiotechnology	

(Yuwono,	 V.M.	 and	 Hartgerink,	 J.D.	 2007).	 One	 of	 the	 inorganic	 materials	 that	 are	

prevalent	 in	 Nature	 and	 has	 a	 technological	 importance	 is	 silica.	 Synthesis	 of	 silica-

nanostructures	 (biomineralisation)	 has	 been	 achieved	 via	 a	 sol-gel	 mechanism	 (see	

Chapter	 1:	 2.2.2)	 using	 different	 templates,	 such	 as	 phospholipids	 (Baral	 and	 Schoen	

1993),	peptide-lipid	conjugates	(Ji	et	al.	2007),	collagen	fibres	(Ono	et	al.	1999),	and	self-

assembled	 peptide	 fibres.	 Holmstrom	 and	 his	 colleagues	 templated	 silica	 using	 self-

assembled	a-helical	 fibres	rich	 in	Arg	side	chains,	where	 these	basic	side	chains	were	

suggested	to	be	responsible	for	the	nucleation	and	polymerization	of	silica	(Holmstrom	

et	al.	2008).	 In	contrast,	another	study	found	that	Arg	was	not	able	to	template	TEOS,	

whilst	Lys	and	Ser	were	reactively	able	to,	due	to	the	presence	of	NH3+	and	OH-	groups	

attached	to	the	side	chain,	which	can	H-bonding	to	Si-moiety.	Poly-Lys	peptide	was	even	

more	effective	 in	 templating	 silica	 through	 the	 rich	NH3+	 content	 (Sudheendra,	L.	 and	

Raju,	A.R.	2002).	Sundheendra	and	Raju	study	also	showed	that	templating	TEOS	using	a	

peptide	without	Lys	exhibited	very	low	templating	rate.	While	others	utilized	the	self-

assembled	b-sheets	peptides	with	Lys	and	His	side	chains	to	template	the	silica	precursor	

TEOS	and	produced	hollow	silica	nanotubes	(Meegan	et	al.	2004,	Wang,	S.	et	al.	2011,	

Yuwono,	V.M.	and	Hartgerink,	 J.D.	2007).	Poly-(Cys-Lys)-self-assembled	peptides	have	

also	shown	a	potential	to	form	column-packed	silica	structures	when	templating	TEOS	

due	 to	 disulphide	 cross-links	 (Cha	 et	 al.	 2000).	 Interestingly,	 self-assembled	 short	

peptides	have	also	templated	TEOS,	facilitated	by	magnetic	stirring	at	room	temperature,	

and	 produced	 silica	 nanocapsules	with	 oil-core	 shells	 (Hui	 et	 al.	 2016).	 The	 intrinsic	

rigidity	of	amyloid	fibres	with	strong	intermolecular	interactions,	chirality,	polarity	and	

their	 chargeable	 nature	 provide	 the	 ideal	 physical	 properties	 to	 obtain	 3D	 silica	

structures.	 This	 together	 with	 their	 high	 cohesive	 energy	 make	 them	 favourable	 as	

structural	materials	(Knowles	and	Mezzenga	2016).	
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In	 this	 chapter,	 we	 explored	 the	 ability	 of	 self-assembled	 cross-β	 amyloid	 fibres,	

containing	Lys	or	Arg	residues,	 to	 template	TEOS	and	 form	silica	nanowire	structures	

(Silica-NWs).	These	are	variants	of	 the	wild	 type	(WT)	peptide	(KFFEAAAKKFFE),	 see	

Fig.3.1.	Firstly,	the	peptide	has	a	hydrophobic	core	consisting	of	a	triple	Ala	motif,	which	

contributes	to	amyloidogenicity	and	structural	rigidity.	Secondly,	Lys	and	Glu	at	either	

end	have	complimentary	charges,	with	the	potential	for	salt	bridging,	and	antiparallel	β-

sheet	 formation.	 In	 addition,	 the	 sequence	 (Lys-Phe-Phe-Glu)	 at	 both	 ends	 has	 been	

suggested	to	be	the	hydrophobic	initiator	region	of	amyloidogenic	protein	aggregation.	

The	 aromatic	 Phe	 residues	 at	 2,	 3,	 8,	 and	 9	 positions	may	 also	 provide	 π-p	 stacking	

interactions,	which	are	essential	to	stabilise	the	β-sheets	(Lubrano	2009,	Marshall	2010).		

The	WT	peptide	 and	 three	 series	 of	 variants	 have	 studied	 previously	 (Marshall	 et	 al.	

2011).	Marshall	reported	the	importance	of	replacing	Lys	with	Ala	(Lys/Ala=	K/A),	with	

Arg	 (Lys/Arg	 =	 K/R)	 and	 with	 Phe	 (Lys/Phe	 =	 K/F)	 to	 understand	 the	 effect	 of	

electrostatic	 and	 aromatic	 interactions	 within	 the	 assembled	 structure.	 The	 results	

suggested	 that	 Lys	 takes	 part	 in	 the	 salt	 bridge	 interactions	 that	 it	 is	 responsible	 for	

mediating	 lateral	 associations	 of	 the	 protofilaments	 (Marshall	 2010).	 Marshall	 also	

reported	 that	 the	 self-assembly	process	 depends	 on	 the	net	 charge	 of	 the	peptide.	 In	

water,	 the	 N-termini	 of	 K/A	 variants	 are	 positively	 charged	 and	 the	 C-termini	 is	

	

Fig.3.1. Structure of KFFEAAAKKFFE peptide. Colors of residues:  blue- basic, red-acidic and green- 
nonpolar (a) Single peptide, (b) four color strands with visible H-Bonding between each pair, and (c) two 
monomers showing π-stacking interactions of Phe (in circle). Reproduced with  permission from Marshall, 2010. 
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uncharged,	while	 K/R	 variants	 have	 positively	 charged	 N-	 and	 negatively	 charged	 C-

termini	 in	 phosphate	 buffered	 saline	 (PBS),	 pH	 7.4	 (Marshall	 2010).	 These	 positively	

charged	N-termini	alongside	with	positively	charged	side	chain	(Lys	or	Arg)	can	template	

silica,	since	amines	have	shown	to	reinforce	the	condensation	of	the	silicic	acid	through	

H-bonding	and	ultimately	the	polymerization	of	silica	(Mizutani	T.	et	al.	1998),	see	Fig.	

3.2.	This	may	explain	 the	 importance	of	 the	substitution	at	position	1	 to	 initiate	silica	

condensation.		

	

The	work	in	this	chapter	aimed	to	investigate	the	self-assembly	of	the	WT	peptide	and	its	

variants	 (K/A	 and	 K/R)	 and	 to	 explore	 the	 role	 of	 sequence	 in	 successful	

biomineralisation.	 The	 peptides	were	 assembled	without	 the	mild	 agitation	 that	was	

used	by	Marshall,	2010,	which	means	a	simpler	method	used	here	than	that	of	Marshall.	

However,	 few	 structural	 differences	were	 observed	between	 these	 and	mature	 fibrils	

shown	in	Marshall,	2010.	Since	Lys	has	been	shown	to	be	important	in	silica-templating	

(Perry	and	Keeling-Tucker	1998),	the	replacement	of	the	Lys	residues	with	Ala	or	Arg	

have	tested	here.	The	aim	was	to	explore	the	influence	of	the	Lys,	Ala	or	Arg	side	chains	

on	the	efficiency	of	templating	silica	and	the	resulting	silica-	nanostructure	morphology.		

Fig. 3.2. Suggested mechanisms for silica-condensation reaction. Silica condensation facilitated by the 
interaction of silicic acid and amine groups by the aid of the N-terminal, adapted from (Lechner and Becker 
2015),  
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Previous	work	found	that	using	(0.2	M)	NaOH	to	dissolve	the	silica	structures	at	37	°C	

was	efficient	to	produce	many	silica	nanostructures	(Cha	et	al.	2000).	Accordingly,	the	

same	method	has	been	used	in	this	chapter	to	prepare	silica	nanowires	(silica-NWs),	but	

with	a	slight	modification.	Silica-NWs	prepared	at	room	temperature	(RT),	then	(0.1	mM)	

NaOH	solution	was	used	to	dissolve	some	of	them	and	dry	them	at	RT	under	N2	gas.	The	

results	showed	disordered	structures	and	they	exhibited	a	reduction	and	shifting	of	the	

Si-O-Si	band	in	FTIR	spectra	(see	Fig	3.3	a	and	b).	This	result	highlights	the	importance	

of	selection	of	suitable	solvents	to	prepare	stable	silica	structures.		
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Abstract.	 Many	 peptides	 self-assemble	 to	
form	amyloid	fibrils.	We	previously	explored	
the	 sequence	 propensity	 to	 form	 amyloid	
using	 variants	 of	 a	 designed	 peptide	 with	
sequence	 KFFEAAAKKFFE.	 These	 variant	
peptides	 form	 highly	 stable	 amyloid	 fibrils	
with	varied	lateral	assembly	and	are	ideal	to	
template	 further	 assembly	 of	 non-
proteinaceous	material.	Here	we	show	that	
the	fibrils	formed	by	peptide	variants	can	be	
coated	with	a	layer	of	silica	to	produce	silica	
nanowires	 using	 tetraethyl-orthosilicate.	
The	resulting	nanowires	were	characterised	
using	 electron	 microscopy	 (TEM),	 X-ray	
fibre	diffraction,	FTIR	and	cross-section	EM	
to	reveal	a	nanostructure	with	peptidic	core.	
Lysine	residues	play	a	role	in	templating	the	
formation	of	silica	on	the	fibril	surface	and,	
using	 this	 library	 of	 peptides,	 we	 have	
explored	the	contribution	of	lysine	as	well	as	
arginine	 to	 silica	 templating,	 and	 find	 that	

sequence	 plays	 an	 important	 role	 in	
determination	 of	 the	 physical	 nature	 and	
structure	of	the	resulting	nanowires.		
	

Molecular	 self-assembly	 occurs	

naturally	 and	 spontaneously	 when	
molecules	 associate	 with	 each	 other	 to	
form	 three-dimensional	 structures.	
These	 self-assembled	 structures	 often	
consist	 of	 many	 weak	 and	 reversible	
interactions	 such	 as	 van	 der	 Waals	
forces,	hydrogen	bonds,	electrostatic	and	
stacking	 hydrophobic	 interactions.	 All	
these	 interactions	 are	 essential	 to	
maintain	thermodynamically	stable	and	
well-ordered	supramolecular	structures	
[1].	There	has	been	significant	interest	in	
self-assembly	 of	 proteins	 and	 peptides	
into	 β-sheet	 fibril	 structures	 known	 as	
amyloid	fibrils	owing	to	their	association	
with	 a	 growing	 list	 of	 protien	
missfolding,	[2].	On	the	other	hand,	there	
has	 been	 significant	 effort	 to	 create	
functional	 bionanomaterials	 utilizing	
self-assembled	 peptides	 and	 proteins.	
Such	as	hydrogels	for	tissue	engineering	
[3],	scaffolds	for	vaccine	development	[4],	
drug	 delivery	 [5]	 and	 for	 other	 effective	
biological	 applications	 [6].	 Diverse	
fibrillar	 morphologies	 can	 be	 formed	
including	tapes	[7],	tubes	[8]	and	networks	
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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[9].	 These	 versatile	 structures	 could	 be	
used	in	nanotechnology	devices	such	as	
electronics,	catalysis	and	sensors,	as	well	
as	biomedical	applications	[10].	
	
Amyloid	fibrils	are	characterized	by	their	
cross-	β	structural	core,	composed	of	β-
strands	 associated	 through	 hydrogen	
bonding	 (4.76	 Å)	 to	 form	 r	 β-ribbons	
running	parallel	to	the	fibre	axis	and	by	
hydrophobic,	aromatic	and	electrostatic	
interactions	between	nearby	 side	 chain	
groups,	with	9.5-10	Å	distance	between	
β-sheets	[11].	
The	 key	 advantages	 of	 using	 amyloid-
ogenic	 peptides	 for	 bionanotechnology	
arise	from	their	ability	to	self-assemble,	
their	 diverse	 chemical	 and	 physical	
properties	and	formation	of	highly	stable	
assemblies	 making	 them	 an	 attractive	
class	of	structure	for	mineralization	[12].	
Tetraethyl-orthosilicate	 (TEOS)	 is	 a	
silica	precursor	that	can	be	used	to	coat	
polymers	 [13].	 	 Several	 peptides	 have	
been	 investigated	 to	 enhance	 silica	
formation	from	different	precursors,	and	
poly-Lys	 was	 found	 to	 be	 able	 to	
stimulate	the	hydrolysis	of	TEOS	forming	
silicates	 through	 its	 positively	 charged	
amino	group	[14].		
We	 previously	 characterized	 the	
structure	of	self-assembled	peptide	with	
the	 sequence	 KFFEAAAKKFFE	 that	
assembled	 into	 laterally	 associated	
fibrils.	 The	 structure	 was	 deciphered	
using	 a	 combination	 of	 X-ray	 fibre	
diffraction	(FD)	and	electron	diffraction	
[15].	To	investigate	the	sequence	contrib-
ution	 to	self-assembly,	architecture	and	
morphology,	we	further	investigated	the	
effect	of	altering	the	precursor	sequence	
and	 found	 that	 the	 aromatic	 F	 residues	

were	 essential	 for	 amyloid	 formation,	
whilst	 K	 contributed	 to	 the	 lateral	
association	of	protofilaments	and	to	the	
inter-sheet	spacing	and	interdigitation	of	
the	 side	 chains	 between	 β-sheets	 [16].	
Substitution	 of	 K	 for	 either	 R	 or	 A	was	
used	 to	 study	 the	 effect	 of	 electrostatic	
interactions	 on	 the	 self-assembled	
fibrillar	structures	of	amyloid.	This	work	
produced	a	library	of	closely	related	self-
assembling	 peptides	 for	 further	 functi-
onnalization.		
Here	we	describe	the	characterization	of	
siliconisation	 of	 a	 range	 of	 sequences	
based	 on	 the	 original	 sequence,	
KFFEAAAKKFFE.	Using	substitution	of	K	
for	either	A	or	R,	we	have	gained	insights	
into	the	silica	coating	from	TEOS	and	are	
able	to	produce	morphologically	diverse	
silica	nanowires.	Fibres	before	and	after	
silica	 coating	 were	 characterized	 using	
TEM,	 X	 ray-FD	 and	 Fourier	 transform	
infrared	 spectroscopy	 (FTIR)	 revealing	
that	the	nanowires	(NWs)	retain	a	cross-
β	 peptide	 core	 despite	 the	 harsh	
conditions.	
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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Peptides	with	the	sequences	listed	in	the	
Supporting	Information	(Table	S1)	were	
self-assembled	 in	 water	 or	 phosphate	
buffered	saline	(PBS)	as	described	in	the	
methods	 (see	 the	 Supporting	 Inform-
ation)	and	their	structures	characterized	
in	 PBS	 and	 water	 and	 their	 structures	
described	 [16].	 Electron	 micrographs	
showed	 fibrils	 with	 diameters	 varying	
from	 8.8-20.6	 nm	 for	 K/A.	 K/R	 fibrils	
tend	 to	 laterally	 associate	 and	 ranged	
from	 17.5	 nm	 to	 26.6	 nm	 (Supporting	
Information,	Tables	S2,	S3).		
All	 variants	 contained	 E,	 which	 is	
negatively	charged	at	pH	6.0–8.0	owing	
to	its	carboxylic	group	(pka	2.10,	and	as	a	
side	chain	4.07),	and	two	different	basic	
amino	 acids	 with	 different	 order	 in	
basicity	 (R	 >	 K,	 pka	 side	 chains	 being	
10.54	 and	 12.47,	 respectively).	
Orthosilicic	 acid	 (silanol	 group),	
however,	 has	 pka	 9.8,	which	 is	 reduced	

during	 polymerization	 to	 become	
negatively	 charged	 to	 produce	 silica.	
Because	of	this,	silica	coating	is	markedly	
dependent	 on	 the	 amino	 acid’s	 pka	 [17],	
and	 we	 therefore	 explored	 the	 silica	
coating	 of	 the	 fibrils	 formed	 by	 the	
library	 of	 peptides	 (Supporting	
Information,	Table	S1).		
K/A	 peptide	 silica-NWs,	 formed	 a	 solid	
and	hard	white	precipitate	after	36	h	at	
RT	 whilst	 a	 gel-silica-precipitate	 was	
observed	for	K/R	peptides	silica-NWs.		
Negative	stain	TEM	was	used	to	examine	
fibrils	following	silica	coating	(Figure	1).		
All	 fibrils	 appeared	 to	 have	 thickened	
except	 for	 those	 fibrils	 formed	 by	 K1A,	

Figure 1. Negative stain transmission electron micrographs showing the appearance of self-assembled peptides 
immediately after solubilisation, after seven days incubation in water or PBS and following silica coating. 
Scale bar is 200 nm. 
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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K1AK8A	and	K9A.	For	K1A,	K9A	very	few	
fibres	 (less	 than	 two	 per	 grid)	 were	
observed	 and	 for	K1AK8A,	 fibrils	 could	
not	 be	 observed	 following	 TEOS	
treatment	 although	 amorphous,	 silica	
shells	 were	 observed.	 In	 contrast,	
K1AK9A	 was	 able	 to	 form	 silica-NWs.	
After	 TEOS	 treatment	 the	 diameters	 of	
the	 remaining	 peptide	 fibrils	 increased	
from	 8.8-26.6	 nm	 to	 48.5-238.6	 nm.	
Silica	 structures	 varied	 in	 length	 and	
some	 variants	 formed	 bundles	 of	 NWs	
(Figure	1).	All	silica-NWs	have	increased	
widths	 (Supporting	 Information,	Tables	
S2,	S3)	and	also	shared	an	apparent	low	
electron	 dense	 central	 channel	 (Figure	
1).					
		
The	 amyloid	 nature	 of	 fibrils	 can	 be	
confirmed	using	X-ray	FD	 to	obtain	 the	
characteristic	 cross-β	 pattern	 [18].	 All	
fibrils	 formed	by	the	WT,	K/A,	and	K/R	
variants	exhibited	characteristic	cross-β	
patterns	before	silica	coating	(Figure	2).		
To	 investigate	 whether	 the	 peptide	
cross-β	 core	 remains	 in	 the	 central	
channel,	X-ray-FD	was	used	 to	examine	
the	structure	of	silica-NWs.	Several	of	the	
nanowires	 still	 gave	 a	 4.7	 Å	 and	 10	 Å	
reflections	supporting	the	view	that	the	

peptide	cross-β	structure	remains	within	
the	tubes.	However,	the	equatorial	signal	
usually	 found	 around	 10	 Å	 was	 not	
observed	 for	 K8A,	 possibly	 due	 to	
reduced	lateral	association	of	the	fibrils	
in	 the	 silica-NW	 samples	 (Figure	 2).	
These	 results	 revealed	 that	 the	 silica-
NWs	 retained	 their	 original	 β-sheet	
conformation.		
	

Figure 2. X-ray fibre diffraction patterns for peptide fibrils before and after silica coating. Open black arrows: 
10-11 Å equatorial diffraction signal, closed black arrow: 4.7 Å meridional signal, each arising from the cross-β 
structure of the peptide. All fibrils before silica show the cross-b signals whilst K1A, K1AK8A, K1AK9A and K9A 
show no signals following silica coating. K8A silica-NWs show only the 4.7 Å signal and WT and K/R silica NWs 
also show signal at 10-11 Å. 



Chapter 3 
 
Z S Al-Garawi, et al (2015) Angew Chem Int Ed Engl, 54(45), 13327-13331.  

	

	

67 

Internationale Ausgabe: DOI: 10.1002/anie.201508415Nanowire Synthesis
Deutsche Ausgabe: DOI: 10.1002/ange.201508415

Silica Nanowires Templated by Amyloid-like Fibrils
Zahraa S. Al-Garawi, Julian R. Thorpe, and Louise C. Serpell*

Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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The	 fibrils	 and	 the	 silica-NWs	 were	
examined	using	FTIR	to	further	explore	
the	 composition	 of	 the	 silica-NWs	
(Figure	 3).	 Prior	 to	 silica	 coating,	 all	
variants	 showed	 bands	 consistent	 with	
hydrogen-bonding	 between	 3274-3278	
cm-1	for	K/A	(Figure	3a),	and	K/R	(Figure	
3b).		Furthermore,	Amide	I	and	II	bands	
appeared	clearly	around	1624-1626	cm-1	

and	 1524-1526	 cm-1	 respectively.	 The	
position	 of	 these	 bands	 is	 in	 close	
agreement	 with	 C-H,	 O-H,	 Si-NH2,	 and	
amine	N-H	stretching,	and	NH2	vibration	
mode	 [19].	 All	 Amide	 I	 bands	 were	
assigned	 to	 β-sheet	 structure	 (1637-
1613	cm-1)	 [20]	 in	agreement	with	X-ray	
FD	results.	Following	TEOS	treatment,	H-

bonding	 bands	 for	 the	 K1A,	 K9A	 and	
K1AK9A	 variants	 become	 broader	 and	
weaker.	The	amide	bands	become	much	
weaker	 and	 this	 is	 consistent	 with	 the	
observed	 absence	 of	 coated	 nanowires	
observed	by	TEM	and	absence	of	cross-
b 	 diffraction	 by	 X-ray	 FD	 (Figure	 2).	
K8A,	K1AK8A	show	broad	bands	 for	H-
bonding,	 but	 rather	 weak	 signals	 l	
following	 coating	 (Figure	 3c).	 In	
contrast,	 the	 WT	 and	 K/R	 silica	 NWs	
show	 broad	 peaks	 corresponding	 to	H-
bonding	region	within	the	silica	coating	
and/or	 to	 water	 binding	 [21].	 All	 K/R	
silica	coated	fibrils	also	retain	the	strong	
and	sharp	Amide	I/II	peaks	observed	in	
fibrils	 prior	 to	 TEOS	 treatment.	 This	 is	

Figure 3. Fourier transform infrared spectroscopy reveals similarities in the spectra between the peptide fibrils 
and highlights the Amide I, II and hydrogen bonding bands (yellow highlights). Bands associated with silica 
compositions (pink highlights) are observed for the silica NWs. K1A, K9A and K1AK9A show very weak for H-
bonding and Amide I and II signals. a) Shows K/A peptide fibrils and c) silica NWs. b) shows K/R peptide fibrils 
and d) silica NWs. 
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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consistent	 with	 the	 peptide	 core	 being	
retained	within	the	K/R	silica	NWs.	
Following	 TEOS	 treatment,	 all	 samples	
(K/A	 and	 K/R	 variants)	 display	 three	
characteristic	 silica	 peaks	 in	 their	
spectra	 (Figure	 3c	 d);	 the	 asymmetric	
stretching	 vibrations	 of	 Si-O-Si	 which	
can	 be	 clearly	 observed	 with	 strong	
signals	at	1081	-1038	cm-1.		Bands	of	Si-
R	 and-Si-OR	 stretching	 (962-945	 cm-1	
from	 K/A,	 and	 970-962	 cm-1	 from	 K/R	
silica	 NWs)	 also	 may	 arise	 from	
crystalline	 silica	 structures.	 Finally,	
bands	 at	 871-	 810	 cm-1(K/A)	 and	 893-
871cm-1(K/R)	 can	 be	 assigned	 to	
symmetric	stretching	vibrations	of	Si-O-
Si,	(Figure	3c,	d)	[22].	These	Si	peaks	were	
not	 observed	 in	 IR	 spectra	 from	 fibrils	
prior	to	silica	coating	(Figure	3a,	b).		
To	 further	 explore	 the	 structure	 and	
morphology	 of	 the	 K/R	 silica-NWs,	 the	
most	ordered	silica	NW	structures	were	
embedded	 in	 resin	 and	 sectioned	 to	
enable	 the	 views	 of	 cross-sections.	
Figure	4	reveals	that	K1R,	and	K9R	show	
the	silica	NWs	with	electron	lucent	core.	

Cross-sections	 measure	 approximately	
40-50nm	diameter.	
All	peptides	explored	were	observed	 to	
form	cross-b	amyloid	fibrils	by	TEM,	and	
X-ray	FD	as	previously	described	[16].	K/A	
variants	 were	 generally	 narrow	
filaments,	 whilst	 K/R	 variants	 formed	
laterally	 associated	 structures	 that	
appeared	 to	 be	 more	 crystalline	 in	
appearance.	All	 the	peptide	 fibrils	were	
treated	 with	 TEOS	 and	 their	 ability	 to	
template	silica	to	form	silica-NWs	varied	
with	 the	 different	 sequences.	 The	 WT	
and	 K/R	 variants	 formed	 silica-NWs,	
however,	 K/A	 formed	 silica	 NWs	 less	
readily	and	K1A,	K1AK8A	and	K9A	were	
very	 inefficient	 in	 catalysing	 the	
formation	of	the	silica	coating.	It	appears	
that	 the	 lysine	at	position	1	may	play	a	
particularly	important	role	in	catalysis	of	
the	 templating,	 and	 K9A	 may	 also	
participate	in	this	process	(Figure	5a).		

	

Figure 4. Thin sections of embedded silica NWs formed by the K1R and K9R variants. Scale bars are 0.2 µm 
for the main images and 50 nm for the higher magnification inserts. White arrows highlight silica-NW cross-
sections. 
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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Both	K1	and	K9	 lie	on	 the	same	side	of	
the	β-strand	and	this	indicates	that	these	
residue	positions	lie	on	the	outer	surface	
of	 the	 fibrillar	structures	(Figure	5b,	c).	
Interestingly,	 the	 K1AK9A	 peptide	
formed	ordered	narrow	fibrils	and	silica-
NW	following	TEOS	treatment	that	were	
observed	by	TEM.	However,	 these	NWs	
did	not	show	b-sheet	signals	in	FTIR	or	X	
ray.	This	may	suggest	that	K8	is	able	to	
partially	participate	in	the	silica	coating,	
but	 the	 NWs	 formed	 are	 relatively	
unstable	 and	 do	 not	 give	 rise	 to	
diffraction	or	FTIR	data	that	are	similar	
to	other	NWs.	

The	role	for	lysine	residues	in	catalysing	
condensation	 of	 TEOS	 to	 form	 a	 silica	
coating	 has	 been	 previously	 described	
[12,	22b].	Clustering	of	 the	 lysine	residues	
has	 been	 revealed	 in	 previous	work	 on	
diatoms.	Silaffins	contain	clusters	of	five	
lysines	that	have	been	shown	to	promote	
silica	 templating	 [23].	 Here	 we	 have	
revealed	 that	 the	 sequence	 position	 of	
lysine	 is	 important	 as	 well	 as	 its	
arrangement	 within	 the	 three-
dimensional	structure.	

Interestingly,	in	the	presence	of	K1AK8A,	
silica	shells	or	spheres	were	observed	so	
whilst	 coating	 of	 fibrils	 to	 form	 silica	
NWs	did	not	occur,	the	peptide	may	still	
be	able	to	catalyse	formation	of	spherical	
forms	of	 the	silica.	 In	the	context	of	 the	
other	peptides	that	are	able	to	template	
silica,	lysine	residues	are	found	exposed	
and	 stacked	 up	 along	 the	 fibril	 axis	
leading	to	the	template	assembly	of	 the	
silica	coating	(Figure	5c).	Here	we	show	
that	 arginine	 is	 also	 very	 capable	 of	
templating	 the	 silica	 assembly	 to	 form	
silica	NWs	[24].	Indeed,	K9R	reveals	very	

straight	 silica	 NWs	 and	 these	 were	
narrower	 than	 those	 formed	 by	 K8R.	
This	suggests	that	the	positions	of	the	R	
residues	may	 influence	 the	morphology	
of	the	different	nanowires.	

Here,	we	 reveal	 how	 changes	 in	 amino	
acids	sequence	can	 influence	the	ability	
of	 fibrillar	 structures	 to	 template	 silica.	
Furthermore,	we	provide	 evidence	 that	
the	 peptide	 core	 of	 these	 silica	
nanowires	 remains	 following	 silica	
treatment.	 The	 nanowires	 we	 have	
created	 are	 extremely	 narrow	 and	
therefore	 very	 light.	 Previous	work	has	
revealed	 that	 the	 strength	 of	 silica	
nanowires	 increases	with	 diameter	 [25].	
The	 strength	 and	potential	 applications	
will	 be	 the	 subject	 of	 intensive	 further	
work.

Figure 5. Structural models based on the original structure 
(Makin et al. 2005) with peptide coloured cyan and lysines 
red, alanine yellow and arginine green. a) and b) show the 
view down the fibre axis so that the interdigitating of side 
chains across the b-sheets can be observed whilst c) depicts 
the fibril axis, whereby the b-strands stack via hydrogen 
bonding. a) The loss of the key lysine residue in K1A leading 
to loss of ability to form silica-NWs. b) K1R showing arginine 
residue in green on the edge of the peptide. c) A model of the 
peptide K1R in the fibril showing the lysine and arginine 
residues that can template the TEOS to form silica NWs. 
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Silica Nanowires Templated by Amyloid-like Fibrils
Zahraa S. Al-Garawi, Julian R. Thorpe, and Louise C. Serpell*

Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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Experimental	Section	

Peptide	preparation:	
NH2-KFFEAAAKKFFE-COOH	variant	peptides	were	synthesised	using	FMOC	chemistry	at	
95%	purity	and	were	a	gift	from	Dr.	Helen	Walden	(Cancer	research	UK),	and	are	shown	
in	Table	1.	 Stock	 solutions	 (10	mg/ml)	 of	 peptides	were	prepared	by	 solubilising	 the	
lyophilised	peptide	in	filtered,	milli-Q	water,	or	phosphate	buffer	saline	(PBS),	pH	7.4.	WT	
peptide	and	all	K/A	variants	were	dissolved	in	water	except	for	K1A,	which	was	dissolved	
in	 PBS,	 and	 all	 K/R	 variants	 in	 PBS.	 After	 dissolving,	 the	 peptides	 were	 vigorously	
vortexed	for	1	minute,	spun	at	13000	rpm	for	5	min.	and	any	undissolved	particles	were	
discarded.	Peptides	were	 incubated	 for	seven	days	at	room	temperature	(RT)	 to	allow	
self-assembly	 and	 biophysical	 characterizations	 were	 conducted	 immediately	 (zero	
time),	and	after	seven	days	[16].		
 

Supplementary Table 1. Peptide sequences. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

	 	

K/A	variant	 Sequence	 K/R	variant	 Sequence	

Wild	type	(WT)	
	
K1A	
	
K1AK8A	
	
K1AK9A	
	
K8A	
	
K9A	

KFFEAAAKKFFE	
	
AFFEAAAKKFFE	
	
AFFEAAAAKFFE	
	
AFFEAAAKAFFE	
	
KFFEAAAAKFFE	
	
KFFEAAAKAFFE	

	
	
K1R	
	
K1RK8R	
	
K1RK9R	
	
K8R		
	
K9R	

	
	
RFFEAAAKKFFE	
	
RFFEAAARKFFE	
	
KFFEAAAKRFFE		
	
KFFEAAARKFFE		
	
KFFEAAAKRFFE	
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Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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Preparation	of	silica-NWs:		
Peptide	variants	were	 incubated	 in	water	or	phosphate	buffered	saline	(PBS)	 for	over	

seven	days	 to	 ensure	 formation	of	 fibrils	 and	 then	a	 cold	 solution	 (2ml)	of	TEOS	was	

added	to	500	μl	of	the	peptide	solution	(5mg/ml	in	50	mM	tris-HCl	buffer,	pH	6.8)	to	a	

final	concentration	of	TEOS	of	2	mM,	mixed	well	and	agitated	vigorously	by	vortex	for	one	

minute.	The	resulting	two-layer	solution	was	then	allowed	to	settle	without	stirring.	After	

36	 h,	 a	 white	 precipitate	 appeared	 in	 the	 aqueous	 phase,	 which	 was	 collected	 by	

centrifugation	(14000	rpm,	3	min.),	washed	with	annular	ethanol	99%	three	times	[26],	

dissolved	 in	 125	 µl	 filtered	milli-Q	water,	 and	 then	 used	 for	 biophysical	 and	 imaging	

analysis.	To	further	wash	the	NWs,	they	were	treated	with	1M	NaOH	after	washing	with	

ethanol,	and	then	dissolved	in	water	prior	to	X-ray	FD.	
 

Negative	stain	transmission	electron	microscopy	(TEM):		

The	10	mg/ml	stock	was	diluted	to	5	mg/ml	and	4	μl	of	fibril	solution	was	placed	onto	

grids	 (400	 mesh	 copper	 grid	 with	 Carbon/Formvar	 film	 from	 Agar	 Scientific)	 and	

incubated	 for	 two	minutes,	 followed	 by	 two-minute	wash	with	 filtered	milli–Q	water	

(4	μl),	and	then	negatively	stained	using	2%	w/v	uranyl	acetate	(4	μl)	for	two	minutes.	

After	each	incubation,	excess	liquid	was	blotted	using	filter	paper.	Grids	were	examined	

using	a	Hitachi	7100	TEM	operated	at	100	kV	accelerating	voltage,	and	digital	 images	

were	 acquired	with	 a	Gatan	Ultrascan	1000	 (2K	X	2K	pixel)	 CCD	 camera	 (Gatan,	 Inc.,	

Pleasanton,	USA).	

	

Thin	sectioning	and	electron	microscopy	of	silica-NWs:	
Dry	 samples	 of	 selected	 Silica-NWs	 K/R	were	 incubated	 in	 TAAB	 low	 viscosity	 resin	

(TAAB	Laboratories	Equipment	Ltd,	Aldermaston,	UK).		They	were	left	for	24h	at	room	

temperature	to	infiltrate	with	the	resin	before	polymerising	overnight	at	60◦C.		Thin	(c.	

90	nm)	sections	were	cut	on	a	Leica	Ultracut	ultramicrotome	(Leica	Microsystems	[UK]	

Ltd.,	Milton	Keynes,	UK),	collected	upon	TEM	support	grids	and	stained	with	0.5%	(w/v)	

uranyl	acetate	for	1h.	Thin	sections	were	examined	in	a	Hitachi	7100	TEM	operated	at	

100	kV	accelerating	voltage,	 and	digital	 images	were	acquired	with	a	Gatan	Ultrascan	

1000	(2K	X	2K	pixel)	CCD	camera	(Gatan,	Inc.,	Pleasanton,	USA).	

	
X-ray	fibre	diffraction	(FD):		
Ten	 µl	 of	 each	 peptide	 stock	 solution	 (10	mg/ml)	 before	 and	 after	 siliconisation	was	

placed	 between	 two	 wax-tipped	 glass	 capillaries	 and	 allowed	 to	 align	 at	 room	

temperature.	 	Aligned	 specimens	were	placed	onto	a	 goniometer	head	and	data	were	

collected	using	 a	Rigaku	 rotating	 anode	 source	 (CuKa)	 and	Saturn	CCD	detector	with	
specimen	to	detector	distances	of	50	or	100	mm.	The	diffraction	patterns	were	examined	

using	Mosflm	[27]	and	CLEARER	[28].	To	confirm	fibre	alignment	between	capillaries,	each	

sample	was	prepared	twice	to	insure	alignment.	
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Silica Nanowires Templated by Amyloid-like Fibrils
Zahraa S. Al-Garawi, Julian R. Thorpe, and Louise C. Serpell*

Abstract: Many peptides self-assemble to form amyloid fibrils.
We previously explored the sequence propensity to form
amyloid using variants of a designed peptide with sequence
KFFEAAAKKFFE. These variant peptides form highly stable
amyloid fibrils with varied lateral assembly and are ideal to
template further assembly of non-proteinaceous material.
Herein, we show that the fibrils formed by peptide variants
can be coated with a layer of silica to produce silica nanowires
using tetraethyl-orthosilicate. The resulting nanowires were
characterized using electron microscopy (TEM), X-ray fiber
diffraction, FTIR and cross-section EM to reveal a nano-
structure with peptidic core. Lysine residues play a role in
templating the formation of silica on the fibril surface and,
using this library of peptides, we have explored the contribu-
tions of lysine as well as arginine to silica templating, and find
that sequence plays an important role in determining the
physical nature and structure of the resulting nanowires.

Molecular self-assembly occurs spontaneously when mole-
cules associate with each other to form three-dimensional
structures consisting of many weak and reversible interactions
such as van der Waals forces, hydrogen bonds, and electro-
static and hydrophobic interactions. All these interactions are
essential to maintain thermodynamically stable and well-
ordered supramolecular structures.[1] There has been signifi-
cant interest in the self-assembly of proteins and peptides into
b-sheet fibril structures known as amyloid fibrils owing to
their association with a growing list of protein misfolding
diseases.[2] On the other hand, there has been significant effort
to create functional bionanomaterials utilizing self-assembled
peptides, such as hydrogels for tissue engineering,[3] scaffolds
for vaccine development,[4] drug delivery,[5] and for other
effective biological applications.[6] Diverse fibrillar morphol-
ogies can be formed, including tapes,[7] tubes,[8] and net-
works.[9] These versatile structures could be used in nano-
technology devices, such as electronics, catalysis, and sensors,
as well as biomedical applications.[10]

Amyloid fibrils are characterized by their cross-b struc-
tural core, composed of b-strands associated through hydro-
gen bonding (4.76 ä) to form b-ribbons running parallel to
the fiber axis, and by hydrophobic, aromatic, and electrostatic
interactions between nearby side chain groups, with 9.5–10 ä
distance between b-sheets.[11]

The key advantages of using amyloidogenic peptides for
bionanotechnology arise from their ability to self-assemble,
their diverse chemical and physical properties, and formation
of highly stable assemblies making them an attractive class of
structures for mineralization.[12] Tetraethyl-orthosilicate
(TEOS) is a silica precursor that can be used to coat
polymers.[13] Several peptides have been investigated to
enhance silica formation, and poly-Lys was found to be able
to stimulate the hydrolysis of TEOS, forming silicates through
its positively charged amino group.[14]

We previously characterized the structure of a self-
assembled peptide with the sequence KFFEAAAKKFFE
that assembled into laterally associated fibrils. The structure
was deciphered using a combination of X-ray fiber diffraction
(FD) and electron diffraction.[15] To investigate the sequence
contribution to self-assembly, architecture, and morphology,
we further investigated the effect of altering the precursor
sequence and found that the aromatic F residues were
essential for amyloid formation, whilst K contributed to the
lateral association of protofilaments and to the inter-sheet
spacing and interdigitation of the side chains between b-
sheets.[16] Substitution of K for either R or A was used to study
the effect of electrostatic interactions on the self-assembled
fibrillar structures of amyloid. This work produced a library of
closely related self-assembling peptides for further function-
alization.

Herein, we characterize the siliconization of a range of
sequences based on the original sequence,
KFFEAAAKKFFE. Using substitution of K for either A or
R, we have gained insights into the silica coating from TEOS,
and are able to produce morphologically diverse silica
nanowires. Fibers before and after silica coating were
characterized using TEM, X ray-FD, and Fourier transform
infrared spectroscopy (FTIR), revealing that the nanowires
(NWs) retain a cross-b peptide core despite the harsh
conditions.

Peptides with the sequences listed in the Supporting
Information (Table S1) were self-assembled in water or
phosphate buffered saline (PBS) as described in the methods
(see the Supporting Information), and their fibrillar nature
confirmed using TEM (Figure 1). These peptides have been
previously assembled and characterized in PBS and water,
and their structures described.[16] Electron micrographs
showed fibrils with diameters varying from 8.8 nm–20.6 for
K/A. K/R fibrils tend to laterally associate and ranged from
17.5 to 26.6 nm (Supporting Information, Tables S2,S3).
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Fourier	Transform	Infrared	spectroscopy	(FT-IR):	
Powder	samples	of	 fibrillar	peptides	were	produced	by	washing	 the	white	precipitate	
with	ethanol	and	then	drying	under	N2	(g).	Powder	samples	of	variants	before	and	after	
silica	coating	were	then	placed	into	the	sample	holder	of	FTIR-ATR	instrument	(Perkin	
Elmer	Spectrum	one),	which	is	inserted	into	the	photoacoustic	cell	which	is	then	sealed	
for	FTIR	measurement.	Air	was	used	as	a	control.	
 
 
 
 
 

Results	
	
Supplementary Table 2. Approximate widths of fibrils and silica-NWs. 

Widths	
(nm)	

	
	WT	

K/A	variants	 K/R	variants	

K1A	 K1AK8A	 K1AK9A	 K8A	 K9A	 K1R	 K1RK8R	 K1RK9R	 K8R	 K9R	

Before	
silica	

11.7	

	

16.2	 20.6	 10.7	 8.8	 9.8	 18.6	 26.6	 21.1	 17.5	 22.8	

Silica-	
NWs	
	
Bundles	

78.3	 -	 -	 65.5	 65.7	 -	 48.5	
	
	
776	

9.6	
	
	
558	

69.7	 90	
	
	
238	

62.2	

 
 
Supplementary Table 3. Comparison between K/A and K/R silica-NWs. 

K/A	variant	 Description	 K/R	variant	 Description	

WT	
	
K1A	
	
K1AK8A	
	
K1AK9A	

Few,	straight	wires	
	
Very	few	
	
Amorphous,	no	NWs	
	
Many,	 straight,	 short	 and	 ordered	
individuals	and	bundles	

	
	
K1R	
	
K1RK8R	
	
K1RK9R	

	
	
Many,	 variable	 straight	 bundles	 some	
amorphous.	
Wide,	long,	single	
	
Few,	bulky	wires	

K8A	
	
	
K9A	

Many	 lateral	 bundles,	 straight	 and	
ordered.		
	
Very	few,	wide	and	flexible	

K8R	
	
	
K9R	

Many,	 very	 wide,	 straight,	 lateral	
bundles.	
	
Many	very	straight	ordered	NWs	
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Chemically and thermally stable 
silica nanowires with a β-sheet peptide core 
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Abstract 
Background: A series of amyloidogenic peptides based on the sequence KFFEAAAKKFFE template the silica precur-
sor, tetraethyl orthosilicate to form silica-nanowires containing a cross-β peptide core.

Results: Investigation of the stability of these fibres reveals that the silica layers protect the silica-nanowires allow-
ing them to maintain their shape and physical and chemical properties after incubation with organic solvents such 
as 2-propanol, ethanol, and acetonitrile, as well as in a strong acidic solution at pH 1.5. Furthermore, these nanowires 
were thermally stable in an aqueous solution when heated up to 70 °C, and upon autoclaving. They also preserved 
their conformation following incubation up to 4 weeks under these harsh conditions, and showed exceptionally 
high physical stability up to 1000 °C after ageing for 12 months. We show that they maintain their β-sheet peptide 
core even after harsh treatment by confirming the β-sheet content using Fourier transform infrared spectra. The silica 
nanowires show significantly higher chemical and thermal stability compared to the unsiliconised fibrils.

Conclusions: The notable chemical and thermal stability of these silica nanowires points to their potential for use in 
microelectromechanics processes or fabrication for nanotechnological devices.

Keywords: Amyloid fibril, Chemical stability, Thermal stability, Nanostructures, FTIR, Ultra microtome, TGA analysis
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Background
Highly organised, stable amyloid fibrils can be formed 
by a multitude of different proteins and peptides with a 
range of primary sequences. These fibrillar structures 
share a cross-β core structure, stabilised by multiple 
hydrogen bonds to produce degradation resistant fibrous 
structures. Whilst these amyloid fibrils play a significant 
role in a range of diseases known as the amyloidoses, they 
have been shown to have an important role in natural 
scaffolding materials such as insect silks, and therefore 
can be exploited for development of bionanomaterials 
[1]. Furthermore, the development of silica-nanowires 
templated by amyloid fibrils is a new, promising approach 
in bionanotechnology applications [2]. Biomineralisation 

has inspired researchers to create silica nanostructures 
by applying the sol–gel reaction of silica using one of the 
silica precursors; tetraethyl  orthosilicate (TEOS) [2–6]. 
This reaction involves two steps; hydrolysis and con-
densation, resulting in a network of Si–O–Si chemical 
linkages. The core molecules can be nanospherical-par-
ticles [7], nanorods [8], nanofibers [9], or nanowires [10]. 
Moreover, amyloid-like fibrils have recently been used 
to form nanowires to imitate biomineralization behav-
ior [6, 11]. These silica nanomaterials have potential in a 
wide range of applications such as electronics, catalysis, 
and sensors as well as drug delivery [12, 13]. Addition-
ally, peptide nanowires have recently been used as part of 
electrochemical and medical biosensing [14, 15].

We previously characterized amyloid fibril structure of 
an amyloidogenic 12 residue peptide KFFEAAAKKFFE 
[16, 17] revealing an architecture in which the cross-β 
structure is stabilized via π–π interactions and electro-
static interactions. In order to investigate what drives 
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Highly organised, stable amyloid fibrils can be formed 
by a multitude of different proteins and peptides with a 
range of primary sequences. These fibrillar structures 
share a cross-β core structure, stabilised by multiple 
hydrogen bonds to produce degradation resistant fibrous 
structures. Whilst these amyloid fibrils play a significant 
role in a range of diseases known as the amyloidoses, they 
have been shown to have an important role in natural 
scaffolding materials such as insect silks, and therefore 
can be exploited for development of bionanomaterials 
[1]. Furthermore, the development of silica-nanowires 
templated by amyloid fibrils is a new, promising approach 
in bionanotechnology applications [2]. Biomineralisation 
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by applying the sol–gel reaction of silica using one of the 
silica precursors; tetraethyl  orthosilicate (TEOS) [2–6]. 
This reaction involves two steps; hydrolysis and con-
densation, resulting in a network of Si–O–Si chemical 
linkages. The core molecules can be nanospherical-par-
ticles [7], nanorods [8], nanofibers [9], or nanowires [10]. 
Moreover, amyloid-like fibrils have recently been used 
to form nanowires to imitate biomineralization behav-
ior [6, 11]. These silica nanomaterials have potential in a 
wide range of applications such as electronics, catalysis, 
and sensors as well as drug delivery [12, 13]. Addition-
ally, peptide nanowires have recently been used as part of 
electrochemical and medical biosensing [14, 15].
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an amyloidogenic 12 residue peptide KFFEAAAKKFFE 
[16, 17] revealing an architecture in which the cross-β 
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PART	I:	Preamble		
	

The	 controlled	 creation	 of	 stable	 nanoscale	 objects	 is	 an	 area	 of	 major	 interest	 in	

material	 science	 and	 nanotechnology.	 Generating	 nanostructures	 that	 are	 compatible	

with	harsh	conditions	required	 for	micro	electromechanics	used	 in	nanotechnological	

devices,	 such	 as	 electrical	 circuits,	 drug	 delivery	 and	 photonics,	 remains	 challenging.	

Previous	 and	 recent	 results	 demonstrated	 that	 amyloid	 fibrils	 can	 form	well-ordered	

nanostructures;	which	are	remarkably	rigid,	stable	and	possess	biocompatibility.	Some	

peptide-nanotubes	 have	 been	developed	 for	 durable	 techniques	 such	 as	 conventional	

lithography	processes	due	to	their	chemical	and	thermal	stability	(Adler-Abramovich	et	

al.	 2006,	 Kannan	 and	Vishveshwara	 2000).	 Chemical	 stability	 has	 been	 studied	 using	

various	organic	solvents	to	investigate	their	compatibility	to	the	conditions	required	for	

the	conventional	lithography	process.	Thermal	stability	has	been	studied	by	heating	the	

samples	 above	 the	 boiling	 point	 or	 autoclaving	 at	 high	 pressure.	 The	 high	 stability	

under	harsh	environments	can	be	attributed	 to	 the	stacking	of	 the	aromatic	moieties,	

see	(Fig.	4.1).		

Inspired	 by	 this	 approach,	 a	 study	 of	 the	 stability	 of	 the	 silica-NWs	 produced	 and	

described	in	chapter	3,	is	described	in	this	chapter.	The	chemical,	and	thermal-physical	

stability	of	these	nanowires	has	been	explored	using	TEM,	FTIR,	and	thermogravimetric	

analysis	 (TGA).	The	 silica-NWs	were	dissolved	 in	water	 and	kept	 at	 a	 range	of	 highly	

denaturing	conditions	over	extended	times	to	study	their	stability.		

It	 has	 been	 mentioned	 in	 the	 last	 chapter	 that	 the	 silica	 polymerization	 and	

condensation	process	 is	 solvent-dependent,	 and	using	NaOH	 instead	of	water	did	not	

support	silica-NWs	(see	chapter	3,	PART	I).	Herein,	the	NaOH	also	affected	the	stability	

of	the	silica-NWs	when	they	were	incubated	under	harsh	conditions.	Using	water	as	a	

Fig. 4.1. SEM of structural stable nanotubes of self-assembly diphenyl alanine peptide. a) Autoclave, b) 
after half an hour incubation with acetonitrile, reproduced with a permission from (Adler-Abramovich et al. 
2006), account no. 3001161005, Copyright © 2006, American Chemical Society. 
 

a	 b	
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solvent	 resulted	 in	 silica-NWs	 which	 are	 chemically	 and	 thermally	 stable	 after	

incubation	under	harsh	conditions	 for	an	hour	at	RT.	 In	contrast,	using	0.1	mM	NaOH	

showed	disordered	conformations	after	incubation	under	the	same	conditions	(see	Fig.	

4.2).		This	result	may	indicate	the	importance	of	using	solvents	with	suitable	pH	(weak-

mild)	to	form	stable	silica-NWs.		

Previous	 studies	 reported	 that	 using	 harsh	 conditions	 may	 be	 used	 to	 remove	 the	

peptide	core	of	the	silica	nanostructures	and	produce	hollow	structures.		Ionic	strength	

at	a	range	(50-800	mM),	incubation	at	20	°C	for	1	h,	using	either	acidic	solution	(pH	6.0-

6.5)	 or	basic	 solution	 (pH	7.9-9.0),	 and	heating	up	 to	60°C	 for	30	minutes	have	been	

shown	to	remove	the	peptidic	core	(Holmstrom	et	al.	2008),	see	Fig.	4.3.		

Fig. 4.2. TEM images of silica-NWs show the chemical and thermal stability of K1R when dissolved by 
NaOH or H2O and then incubated with harsh factors. 1) Ethanol, 2) propanol, 3) acetonitrile, 4) acidic 
solution at pH 1.5, and 5) heated up to 70°C. Silica-NWs dissolved in water are more stable and wider than 
those dissolved in NaOH, (my own work). 

Fig. 4.3. TEM images of silica-nanotubes templated by self-assembly a-helical fibers. a) Silicified peptide, 
b) silica-nanotubes after removal the core by heating up to 60°C for 30 min, c) remove the core using high 
pH (pH 9), reproduced with permission from (Holmstrom et al. 2008), account no.3001161005, Copyright © 2008, 
American Chemical Society. 
 

b	a	 c	
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Other	studies	used	a	high	temperature	(heating	up	to	350-450	°C	for	10	min)	to	remove	

the	peptide	template	core	and	prepare	hollow	silica	nanotapes	(Dehsorkhi	and	Hamley	

2014),	 silica-nanotubes	 (Acar	 et	 al.	 2011),	 and	 silica	 hollow	 capsules	 (Caruso	 2000).	

Wang	 and	 his	 colleagues	 templated	 silica	 nanostructures	 using	 the	 b-sheet	 self-

assembling	peptide,	 I3K,	 	 and	 then	heated	 them	to	550	°C	 for	8	h.	 to	 remove	 the	core	

(Wang	et	al.	2011).	They	characterised	the	silica	nanostructures	using	FTIR	and	found	

that	the	structures	lost	the	bands	of	the	peptide	and	the	Si-OH	group	after	heat	process	

(calcination).		

Results	 in	 this	 chapter	 show	 that	 the	 silica-NWs	 are	 heat-resistant	 and	 retain	 the	

peptidic	core.	Autoclaving	for	up	to	121°C	for	15	min,	and	heating	for	up	to	1000	°C	for	

1	h	under	N2	pressure	did	not	affect	the	morphologies	or	the	maintenance	of	the	peptide	

template	 in	the	core,	confirmed	by	TGA	and	FTIR	analysis.	Moreover,	 the	Si-OH	bands	

are	still	observed	in	the	FTIR	spectra	after	the	autoclaving	process,	in	contrast	to	results	

of	Wang	et	al.	2011	who	found	that	some	Si-OH	bands	disappeared	after	heating	due	to	

conversion	 to	Si-O-Si	 (Wang	et	 al.	 2011).	However,	 after	heating	 the	 silica-NWs	up	 to	

1000°C	 (this	 chapter),	 the	 Si-OH	 bands	 reduced,	 see	 (Al-Garawi	 et	 al.	 2016).	 Also,	

different	polar	solvents,	and	very	acidic	solutions	did	not	alter	the	morphologies	of	the	

silica	NWs	after	 long-term	incubation;	 they	retained	their	peptidic	core,	 in	contrast	 to	

previous	studies	where	increasing	temperature	and	high	or	low	pHs	are	used	to	remove	

the	core.		

To	 summarise,	 the	 silica-NWs	 in	 this	 chapter	 show	 exceptionally	 high	 stability	 in	

different	 organic	 solvents,	 high	 temperature	 and	 low	 pH	 and	 appear	 to	maintain	 the	

organic	core.	This	has	not	been	previously	reported	for	other	silica	templating	system.	

This	high	stability	might	be	a	good	evidence	of	the	strength	of	hydrophobic	interaction,	

combined	 with	 H-bonding	 within	 the	 amyloid	 peptide	 architectures.	 Moreover,	 the	

unique	 physical	 and	 chemical	 properties	 of	 theses	 silica-NWs,	 together	 with	 the	

exceptional	stability	suggest	their	potential	for	different	nanotechnology	applications.		
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PART	II:	Article	
	
	

	
Abstract	
Background:	A	series	of	amyloidogenic	peptides	based	on	the	sequence	KFFEAAAKKFFE	
template	 the	 silica	precursor,	 tetraethyl	 orthosilicate	 (TEOS)	 to	 form	silica-nanowires	
containing	a	cross-β	peptide	core.	
	Results:	 investigation	 of	 the	 stability	 of	 these	 structures	 and	 reveals	 that	 the	 silica	
layers	protect	the	silica-nanowires	allowing	them	to	maintain	their	shape	and	physical	
and	 chemical	 properties	 when	 incubated	 with	 organic	 solvents	 such	 as	 2-propanol,	
ethanol,	 and	 acetonitrile,	 as	 well	 as	 in	 strong	 acid	 at	 pH	 1.5.	 Furthermore,	 these	
nanowires	were	thermally	stable	in	an	aqueous	solution	when	heated	up	to	70	°C,	and	
upon	autoclaving.	They	also	preserved	 their	 conformation	when	 incubated	up	 to	 four	
weeks	under	harsh	conditions,	and	showed	exceptionally	high	physical	 stability	up	 to	
1000	°C	after	ageing	for	twelve	months.	Furthermore,	we	were	able	to	show	that	they	
maintain	 their	b-sheet	 peptide	 core	 even	 after	 harsh	 treatment	 by	 confirming	 the	b-
sheet	 content	 using	 Fourier	 Transform	 infrared	 spectra.	 The	 silica	 nanowires	 show	
significantly	higher	chemical	and	thermal	stability	compared	to	the	unsiliconised	fibrils.		
Conclusions:	The	notable	chemical	and	thermal	stability	of	these	silica	nanowires	points	
to	 their	 potential	 for	 use	 in	 microelectromechanics	 processes	 or	 fabrication	 for	
nanotechnological	devices.		
	
Key	words:	Amyloid	fibril,	Chemical	stability,	Thermal	stability,	Nanostructures,	FTIR,	
Ultra	microtome,	TGA	analysis.  
 
 
*Correspondence: L.C.Serpell@sussex.ac.uk  
1 School of Life Sciences, University of Sussex, East Sussex, Falmer BN1 9QG, UK Full list of author information is 
available at the end of the article. 
©The Author(s) 2016.This article is distributed under the terms of the Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any 
medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative 
Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver 
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise 
stated.	

Al-Garawi et al. J Nanobiotechnol  (2016) 14:79 
DOI 10.1186/s12951-016-0231-8

RESEARCH

Chemically and thermally stable 
silica nanowires with a β-sheet peptide core 
for bionanotechnology
Zahraa S. Al-Garawi1,2, George E. Kostakis1 and Louise C. Serpell1* 

Abstract 
Background: A series of amyloidogenic peptides based on the sequence KFFEAAAKKFFE template the silica precur-
sor, tetraethyl orthosilicate to form silica-nanowires containing a cross-β peptide core.

Results: Investigation of the stability of these fibres reveals that the silica layers protect the silica-nanowires allow-
ing them to maintain their shape and physical and chemical properties after incubation with organic solvents such 
as 2-propanol, ethanol, and acetonitrile, as well as in a strong acidic solution at pH 1.5. Furthermore, these nanowires 
were thermally stable in an aqueous solution when heated up to 70 °C, and upon autoclaving. They also preserved 
their conformation following incubation up to 4 weeks under these harsh conditions, and showed exceptionally 
high physical stability up to 1000 °C after ageing for 12 months. We show that they maintain their β-sheet peptide 
core even after harsh treatment by confirming the β-sheet content using Fourier transform infrared spectra. The silica 
nanowires show significantly higher chemical and thermal stability compared to the unsiliconised fibrils.

Conclusions: The notable chemical and thermal stability of these silica nanowires points to their potential for use in 
microelectromechanics processes or fabrication for nanotechnological devices.

Keywords: Amyloid fibril, Chemical stability, Thermal stability, Nanostructures, FTIR, Ultra microtome, TGA analysis
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Background
Highly organised, stable amyloid fibrils can be formed 
by a multitude of different proteins and peptides with a 
range of primary sequences. These fibrillar structures 
share a cross-β core structure, stabilised by multiple 
hydrogen bonds to produce degradation resistant fibrous 
structures. Whilst these amyloid fibrils play a significant 
role in a range of diseases known as the amyloidoses, they 
have been shown to have an important role in natural 
scaffolding materials such as insect silks, and therefore 
can be exploited for development of bionanomaterials 
[1]. Furthermore, the development of silica-nanowires 
templated by amyloid fibrils is a new, promising approach 
in bionanotechnology applications [2]. Biomineralisation 

has inspired researchers to create silica nanostructures 
by applying the sol–gel reaction of silica using one of the 
silica precursors; tetraethyl  orthosilicate (TEOS) [2–6]. 
This reaction involves two steps; hydrolysis and con-
densation, resulting in a network of Si–O–Si chemical 
linkages. The core molecules can be nanospherical-par-
ticles [7], nanorods [8], nanofibers [9], or nanowires [10]. 
Moreover, amyloid-like fibrils have recently been used 
to form nanowires to imitate biomineralization behav-
ior [6, 11]. These silica nanomaterials have potential in a 
wide range of applications such as electronics, catalysis, 
and sensors as well as drug delivery [12, 13]. Addition-
ally, peptide nanowires have recently been used as part of 
electrochemical and medical biosensing [14, 15].

We previously characterized amyloid fibril structure of 
an amyloidogenic 12 residue peptide KFFEAAAKKFFE 
[16, 17] revealing an architecture in which the cross-β 
structure is stabilized via π–π interactions and electro-
static interactions. In order to investigate what drives 
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Background	
	

Highly	organised,	stable	amyloid	fibrils	can	
be	 formed	 by	 a	 multitude	 of	 different	
proteins	 and	 peptides	 with	 a	 range	 of	
primary	 sequences.	 These	 fibrillar	 structu-
res	 share	 a	 cross-b	 core	 structure,	 stabili-
sed	by	multiple	hydrogen	bonds	to	produce	
degradation	 resistant	 fibrous	 structures.		
Whilst	 these	 amyloid	 fibrils	 play	 a	 signify-
cant	 role	 in	 a	 range	 of	 diseases	 known	 as	
the	 amyloidoses,	 they	have	been	 shown	 to	
have	 important	 role	 in	 natural	 scaffolding	
materials	such	as	insect	silks	and	therefore	
can	 be	 exploited	 for	 development	 of	 bio-
nanomaterials	 [1].	 Furthermore,	 the	
development	of	silica-nanowires	templated	
by	 amyloid	 fibrils	 is	 a	 new,	 promising	
approach	 in	 bionano-technology	 applica-
tions	 [2].	 Biomineralisation	 has	 inspired	
researchers	 to	 create	 silica	 nanostructures	
by	 applying	 the	 sol-gel	 reaction	 of	 silica	
using	 one	 of	 the	 silica	 precursors;	
tetraethyl	 orthosilicate	 (TEOS)	 [2-6].	 This	
reaction	involves	two	steps;	hydrolysis	and	
condensation,	 resulting	 in	 a	network	of	 Si-
O-Si	 chemical	 linkages.	The	core	molecules	
can	 be	 nanospherical-particles	 [7],	 nano-
rods	[8],	nanofibers	[9],	or	nanowires	[10].	
Moreover,	amyloid-like	fibrils	have	recently	
been	 used	 to	 form	 nanowires	 to	 imitate	
biomineralization	 behaviour	 [6,	 11].	 These	
silica	 nanomaterials	 have	 potential	 in	 a	
wide	range	of	applications	such	as	electro-
nics,	 catalysis,	 and	 sensors	 as	well	 as	drug	
delivery	 [12,	 13].	 Additionally,	 peptide	
nanowires	have	recently	been	used	as	part	
of	 electrochemical	 and	 medical	 biosensing	
[14,	15].	
	
We	 previously	 characterized	 amyloid	

fibril	 structure	 of	 an	 amyloidogenic	 12	
residue	 peptide	 KFFEAAAKKFFE	 [16,	 17]	
revealing	 an	 architecture	 the	 structure	 is	
stabilized	 via	p-p	 interactions	 and	 electro-
static	 interactions.	 In	 order	 to	 investigate	
what	 drives	 assembly,	 we	 introduced	
substitutions	of	lysine	to	alanine	(K/A)	and	
lysine	to	arginine	(K/R)	and	revealed	that	K	

plays	an	essential	role	in	lateral	association	
whilst	 substitution	 of	 the	 larger	 R	 residue	
led	 to	 increased	b-sheet	 distance	 [17].	 In	
recent	work,	we	utilized	this	range	of	lysine	
substituted	variants	and	showed	that	these	
are	able	 to	 form	silica	nanowire	structures	
(silica-NWs)	 via	 hydrolysis	 of	 the	 silica	
precursor	 TEOS,	 with	 varying	 degrees	 of	
efficiency	 and	 resulting	 in	 nanowires	 with	
different	 morphologies	 [11].	 We	 showed	
that	 the	 position	 of	 the	 K	 residues	 in	 the	
sequences	 was	 important	 in	 determining	
the	efficiency	of	 silica-templating	 [11].	The	
inherent	instability	of	many	proteins	under	
thermal	 and	 chemical	 conditions	 makes	
them	incompatible	with	durable	techniques	
[18].	 Here	 we	 compare	 the	 characteristics	
of	 the	 original	 amyloid	 fibrils	 with	 the	
resulting	 silica-NWs	 (monomeric	 Si-OH,	
complexes	 Si-OR,	 or	 colloidal	 Si-O-Si),	 and	
monitor	 these	 structures	 to	 demonstrate	
the	chemical	and	 thermal	 stability	of	 these	
supramolecular	 assemblies	 under	 a	 range	
of	 highly	 denaturing	 conditions	 using	
transmission	 electron	 microscopy	 (TEM),	
thermogravimetric	 metric	 analysis	 (TGA)	
and	 Fourier	 transform	 infrared	 spectro-
scopy	(FTIR).	
	

Methods	
Peptide	preparation	
Synthetic	 peptides	 prepared	 using	 Fmoc	
synthesis	(95%	purity)	were	a	gift	from	Dr.	
Helen	Walden	 (Cancer	 research	 UK)	 [17].	
Variants	 of	 NH2-KFFEAAAKKFFE-COOH	
shown	 in	Table	1	were	prepared	 in	either	
water	or	phosphate	buffer	saline	(PBS)	and	
allowed	 to	 self-assemble	 into	 mature	
amyloid	fibrils,	which	were	then	examined	
immediately	 (t0)	 or	 after	 seven	 days	
incubation	at	room	temperature	(RT).		
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Preparation	of	silica	nanowires	(silica-
NWs)		

	
Silica-NWs	 were	 prepared	 as	 previously	
described	 [11].	 Briefly	 the	 reaction	 was	
carried	 out	 by	 hydrolysing	 a	 cold	 solution	
of	2	mL	TEOS	(final	concentration	of	2	mM)	
with	 500	 μL	 of	 fibrillated	 peptide	 solution	
(5	mg/mL	of	mature	fibrils	 in	50	mM	Tris-
HCl	buffer,	pH	6.8),	vortexed	vigorously	for	
1	min,	and	a	white	precipitate	was	collected	
after	 36	 h.	 The	 resulting	white	 precipitate	
was	washed	with	annular	ethanol	99%	x	3,	
centrifuged	 at	 14000	 rpm	 for	 3	 min	 and	
then	dissolved	by	milli-Q	water	for	stability	
assays.	
	

Transmission	 electron	 microscopy	
(TEM)	
Four	 μL	 peptide	 sample	 was	 placed	 onto	
400	 mesh	 copper	 TEM	 grids	 with	
Carbon/Formvar	 film	 (Agar	 Scientific)	 for	
two	 minutes,	 and	 blotted	 dry	 using	 filter	
paper,	 followed	 by	 negative	 staining	 with	
2%	uranyl	acetate	for	another	two	minutes	
and	 blotted	 after	 each	 incubation	 time	
using	 filter	 paper.	 Grids	 were	 examined	
using	 a	 Hitachi	 7100	 electron	 microscope	
operated	at	80	kV	and	images	collected	on	a	
Gatan	Ultrascan	1000	 (2K	X	2K	pixel)	CCD	
camera	(Gatan,	Inc.,	Pleasanton,	USA).	
	

Fourier	 transform	 infrared	
spectroscopy	(FT-IR)	
Powder	 samples	 of	 silica-NWs	 were	
produced	 by	 washing	 the	 white	 precipit-
ates	with	ethanol	and	then	drying	under	N2	
(g).	 Powder	 samples	 of	 variants	 after	 silica	
coating	 and	 after	 treatment	 (as	 described	

below)	 were	 then	 placed	 into	 the	 sample	
holder	 of	 FTIR-ATR	 instrument	 (Perkin	
Elmer	 Spectrum	 one),	 inserted	 into	 the	
photoacoustic	cell	and	then	sealed	for	FTIR	
measurement.	Air	was	used	as	a	control.	
	

Thin	 sectioning	 and	 electron	 micro-
scopy	of	silica-NWs	
After	 five	 months	 incubation	 at	 RT,	 dry	
samples	 of	 selected	 silica-NWs	 were	
incubated	 in	 TAAB	 low	 viscosity	 resin	
(TAAB	 Laboratories	 Equipment	 Ltd,	
Aldermaston,	UK).		They	were	left	for	24	h	
at	 RT	 to	 infiltrate	 with	 the	 resin	 before	
polymerising	overnight	at	60	 ◦C.	 	Thin	(c.	
90	 nm)	 sections	 were	 cut	 on	 a	 Leica	
Ultracut	 ultramicrotome	 (Leica	 Microsy-
stems	 [UK]	 Ltd.,	 Milton	 Keynes,	 UK),	
collected	 upon	 TEM	 support	 grids	 and	
stained	 with	 0.5%	 (w/v)	 uranyl	 acetate	
for	1h.	Thin	sections	were	examined	 in	a	
Hitachi	 7100	 TEM	 operated	 at	 100	 kV	
accelerating	 voltage,	 and	 digital	 images	
were	 acquired	 with	 a	 Gatan	 Ultrascan	
1000	(2K	X	2K	pixel)	CCD	camera	(Gatan,	
Inc.,	Pleasanton,	USA).	
	

Chemical	 and	 thermal	 stability	 fibrils	
before	and	after	silica	coating		
	

Chemical	stability	
A	solution	of	 fibrils	before	and	after	 silica	
coating	 (50	 μL)	was	mixed	with	 50	 μL	 of	
the	following	organic	solvents;	2-propanol,	
annular	ethanol	99%,	acetonitrile	(AcN),	or	
with	PBS-HCl,	pH	1.5	and	incubated	for	1	h;	
and	 then	 imaged	 by	 TEM.	 These	 peptides	
were	 further	 incubated	 with	 the	 solvents	
up	 to	 four	 weeks	 and	 then	 characterised	
further	by	TEM	and	FTIR	[19].		
	

Thermal	stability	
A	stock	of	silica-NWs	solution	(5	mg/mL)	
was	 diluted	 to	 a	 final	 concentration	 of	 2	
mg/mL,	and	 incubated	 in	a	water	bath	at	
70	 °C	 for	 1	 h,	 and	 then	 used	 for	 further	
characterization.	 Alternatively,	 the	 stock	
was	 diluted	 to	 a	 final	 concentration	 of	 2	
mg/mL,	 and	 autoclaved	 at	 121	 °C,	 2	 atm,	

Table 1. Peptide sequences and buffers used for 
preparation. 

Sequence	 Abbreviation	 Solvent	
AFFEAAAKKFFE	 K1A	 PBS	
KFFEAAAAAFFE	 K8A	 H20	
RFFEAAAKKFFE	 K1R		 PBS	
RFFEAAARKFFE	 K1RK8R	 PBS	
KFFEAAARKFFE	 K8R	 PBS	
KFFEAAAKRFFE	 K9R	 PBS	
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and	then	used	for	further	characterisation.	

These	 two	 experiments	 were	 also	

performed	 on	 solutions	 of	 fibrils	 before	

salinization	to	run	them	as	controls.	

	

Stability	over	time	
To	 study	 the	 chemical	 stability	 of	 silica-

NWs	 over	 time	 they	were	 incubated	with	

organic	 solvents	 or	 at	 low	 pH	 for	 one	

month	 or	 12	 months	 and	 further	

characterised.		

	
Thermogravimetric	analysis	(TGA)	
The	 thermal	 stability	 of	 silica-NWs	 after	

twelve	 months	 incubation	 was	 studied	

using	TGA.	A	 stock	 of	 5	mg	of	 each	 silica-

NW	 sample	 was	 loaded	 to	 TGA	 machine	

(Q50,	TA),	and	 then	heated	up	 to	1000	 °C,	

under	 N2,	 at	 20	 °C/min	 heating	 rate.	 Q-

series	 and	 TA-Universal	 analysis	 were	

used	 to	 analyse	 the	 percentage	 of	 change	

of	weight	relative	to	the	temperature.	

	

Results	and	discussion		
Fibres	 before	 and	 after	 silica	 coating	 have	

been	 well	 characterised	 previously	 using	

TEM,	 XRFD,	 FTIR,	 TEM	 sectioning	 [11].	 All	

the	 variant	 peptides	 examined	 formed	

amyloid	 structures	 before	 silica	 coating	

although	 their	 lateral	 association	 and	

morphology	 differed	with	 sequence.	 Some,	

but	 not	 all	 the	 fibrils	 could	 be	 coated	 to	

form	silica-NWs	with	cross-b core,	despite	
the	 harsh	 conditions	 required	 for	 silica	

coating.	 The	 retention	 of	 the	 peptide	 core	

was	 previously	 confirmed	 by	 b-sheet	
spectra	by	FTIR	 and	 cross-b	 patterns	 from	
XRFD	[11].	

	

Chemical	 and	 thermal	 stability	 of	
peptide	fibrils	versus	silica-NWs	
We	 sought	 to	 investigate	 the	 thermal	 and	

chemical	 structural	 stability	 of	 K/A,	 and	

K/R	 before	 and	 after	 siliconisation	 to	 gain	

insights	 into	 their	 physical	 properties	 for	

potential	 integration	 into	 nanotech-

nological	devices	and	assemblies.		

			The	 stability	 of	 the	 original	 peptide	

fibrils,	 non-silica	 coated	 fibrils	 were	

examined	 following	 harsh	 treatments	with	

different	 solvents	 that	 are	 used	 for	

conventional	 lithography	 processes,	

including	 2-propanol,	 ethanol,	 acetonitrile	

(AcN),	 and	 in	 a	 highly	 acidic	 environment	

(pH	 1.5).	 The	 resulting	 structures	 are	

shown	in	electron	micrographs	in	Fig.	1.	All	

K/R	 fibrils	were	 damaged	when	 incubated	

with	 strong	polar	 solvents	or	 after	heating	

and	 the	 resulting	 morphologies	 demons-

trated	 amorphous	 aggregates.	 In	 contrast,	

we	 observed	 that	 fibrils	 formed	 by	 K/A	

variants	 were	 initially	 stable	 and	 mainta-

ined	 their	 original	 structures	 following	

heating	or	 treatment	with	organic	solvents	

highlighting	 the	 remarkable	 stability	 of	

these	 amyloid	 fibrils.	 K1A	 was	 able	 to	

withstand	pH	1.5	whilst	K8A	was	damaged	

in	acid.	Furthermore,	K1A	 fibrils	were	also	

observed	 to	 undergo	 some	 morphological	

changes	 to	 form	 nanotubular	 structures	

when	 treated	with	 organic	 solvents	 (Table	

2;	Fig.	1b-d).		
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The	 resistance	 of	 K/A	 amyloid	 fibrils	 to	
the	organic	 solvents	 is	 intriguing	and	 two	
explanations	 are	 possible.	 Our	 previous	
work	 showed	 very	 close	 packing	
arrangement	 of	 the	 b-sheets	 excluding	
water	[17].	This	close	interdigitation	of	the	
hydrophobic	 side	 chains	 may	 enable	 the	
fibrils	 to	 resist	 denaturation	 by	 solvents.	
Alternatively,	 it	 is	 possible	 that	 the	
interactions	 between	 the	 hydrophobic	
core	(A5A6A7)	and	hydrogen	bonds	within-
sheets	are	disrupted	by	the	highly	acidic	or	
polar	 solvents,	 leading	 to	 a	 substantial	
rearrangement	 and	 resulting	 in	 altered	
fibrous	 architectures.	 Indeed,	 the	 struct-
ures	 shown	 in	 Fig.	 1	 do	 appear	 to	 be	
increasingly	 ordered.	 This	 may	 optimize	
favorable	electrostatic	 interactions	among	
the	charged	groups	(E4,	K8,	and	E12	in	K1A,	
and	 K1,	 E4,	 K9,	 and	 E12	 in	 K8A)	 [20].	 In	
contrast,	 the	 K/R	 fibrils	 are	 unable	 to	
withstand	 denaturation	 by	 highly	 polar	
organic	 solvents,	 heating	 or	 low	 pH	 and	
this	 may	 arise	 from	 their	 more	 open	
conformation.	
				To	 compare	 the	 stability	 of	 the	 fibrils	
before	and	after	 silica	coating,	 silica-NWs	
were	 treated	 in	 an	 identical	 way	 with	
solvents,	 low	 pH	 and	 high	 temperature.	
Fig.	 2	 shows	 the	 corresponding	 TEM	
images	 of	 silica-NWs	 of	 K/A,	 and	 K/R	
following	 incubation	 under	 these	
conditions.	There	did	not	appear	to	be	any	
major	alterations	in	the	morphologies	and	
all	 the	 silica-NWs	 suprastructures	
remained.	We	have	previously	shown	that	
very	 few	 silica-NWs	 are	 formed	 by	K1A	 ,	

whilst	 K8A,	 K1R,	 K1RK8R,	 K8R	 and	 K9R	
formed	silica-NWs	with	a	b-sheet	peptide	
core	 [11].	 	 Interestingly,	 although	 K1A	
forms	 silica-NWs	 very	 poorly	 on	 initial	
coating	[11],	after	time	and	treatment,	the	
formation	 of	 silica-NW	 appears	 to	 be	
enhanced	(Fig.	2).	After	heating	the	silica-
NWs	up	 to	70	 ˚C	 for	1	h,	 the	morphology	
of	 these	 structures	 remained	 similar	 to	
prior	 to	 heating,	 showing	 that	 silica-NWs	
were	also	thermally	stable	(Fig.	2f,	g).		
	
	
	
	
	
 

 

Table 2. Stability of non-silica coated K/A, and K/R fibrils in organic solvents, pH 1.5 and high temperature. 	
Variants	 Ethanol		 2-propanol	 AcN	 pH	1.5	 Autoclaving	 and	

heating	to	70	°C	
K1A	 ++++	 ++++	 ++++	 +	 _	
K8A	 +++	 ++	 +++	 -	 +++	
K1R	 -	 -	 -	 -	 -	
K1RK8R	 -	 -	 -	 -	 -	
K8R	 -	 -	 -	 -	 -	
K9R	 -	 -	 -	 -	 -	
+ Sign used to denote stability following treatments, while - signs refer to un-stable fibrils under harsh 
conditions.	
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Fig.1 TEM images showing the chemical and thermal stability of K/A, and K/R fibrils before (a) and after 
incubation for 1 h with harsh conditions. These harsh conditions included (b) 2-propanol, c ethanol, d AcN, e 
HCl, pH 1.5, and f heating up to 70 ˚C. K/A variants were initially stable when incubated with organic polar 
solvents but not at low pH. Moreover, K1A peptide was able to form nano-tubular structures in organic 
solvents. K/A variants were initially stable when heated up to 70 °C, while K/R variants underwent degradation 
into small non-fibrillar molecules following incubation in all conditions.  
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Fig.2 TEM images showing the ultrastructures of silica-NWs before and following chemical and thermal 
treatment. a shows silica-NWs prior to treatment to compare to structures after incubation. Structures 
following incubation in b 2-propanol, c ethanol, d AcN, e HCl, pH 1.5, f heating up to 70 ˚C and g autoclaving 
for 15 min, 2 atm. All silica-NWs remained stable following incubation in harsh conditions.  
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FTIR	 spectra	 of	 two	 K/A,	 and	 two	 K/R	
silica-NWs	 are	 shown	 in	 Fig.	 3	 following	
autoclaving.	 K8A	 and	 K8R	 showed	 very	
intense	 signals	 for	 H-bonding	 and	 all	 the	
silica-NWs	showed	strong	signals	for	silica	
resonances.	The	silica-NWs	showed	Amide	
I	 bands	 following	 autoclaving	 supporting	
the	existence	of	some	residual	b-sheet	core	
structure.	 This	 high	 stability	 and	 robust-
ness	of	silica-NWs	indicates	the	strength	of	
hydrophobic	 interaction	 combined	 with	
hydrogen	bonding	within	the	peptide	[20].	
	

Chemical	and	Thermal	Stability	of	
Silica-NWs	after	Prolonged	Incubation	
	
Further	 studies	 were	 carried	 out	 to	
examine	 the	 resistance	 of	 silica-NWs	 to	
the	organic	solvents,	and	heating	after	one	
month.	 The	 silica-NWs	 retain	 their	
structures	 and	 no	 major	 differences	 in	
morphology	 were	 observed	 after	 one	

month	 incubation	 (Additional	 file	 1:	
Figure	 S1).	 Furthermore,	 these	 harsh	
environments	 did	 not	 prevent	 branching	
of	 silica-NWs	 of	 K/R	 and	 successful	
oxygen-bridging	 of	 Si+4	 after	 a	 month	
incubation,	 which	 continue	 polymer-
isation	and	ultimately	form	multiple	silica	
layers	 (Additional	 file	 1:	 Figure	 S2).	 All	
silica-NWs	 were	 stable	 over	 a	 year	
although	 they	 appear	 to	 become	 thicker	
with	 glass-like	 morphology	 following	
incubation	 over	 five	 months,	 which	 may	
indicate	 the	 fully	 oxygen-bridging	 of	 the	
tetrahedral	silica	structures	(Q4)	over	the	
peptide	 core,	 as	 shown	 by	 sectioned	 EM	
images	(Additional	file	1:	Figure	S3).	

Fig.3 FTIR spectra of four silica-NWs autoclaved at 121 ˚C, 2 atm, for 15 min. All silica-NWs retained 
their b-sheet structure within siliconized architectures after autoclaving as the presence of Amide I bands 
indicated.  
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The	 structure	 of	 silica	 peptide	 network	 is	
related	 to	 the	 polymerization	 of	 silica	
along	 the	 peptide	 surface	 template,	 then	
formation	 of	 tetrahedron	 structures	 (Qn	
species).	 Usually,	 these	 species	 are	
connected	 to	 one	 another	 by	 bridging	
oxygen,	 and	 numbers	 of	 n	 ranging	 from	
zero	 (isolated	 tetrahedron)	 to	 4	 (fully	
oxygen	 bridging-	 3-D	 silica	 structures).	
Therefore,	 Q3	 configuration,	 for	 example,	
refers	 to	 one	 NBO,	 and	 three	 bridging	
oxygen	(BO),	[21].	

To	determine	 the	physical	 and	 chemical	
stability	 of	 silica-NWs	 after	 aging	 for	
twelve	months,	 TGA	 analysis	 was	 carried	
out	 to	 monitor	 the	 weight	 loss	 as	 a	
function	 of	 increasing	 temperature	 up	 to	
1000	°C,	and	FTIR	spectra	before	and	after	
heating	 were	 collected.	 The	 thermo-gram	
of	 silica-NWs	 shows	 a	 certain	 amount	 of	
weight	decrease	ranging	from	∼2-14	%	up	
to	150	°C	(Fig.4,	Table	3),	presumably	due	

to	 the	 evaporation	 of	 the	 solvent	
molecules	 that	 are	 accommodated	 within	
the	 silica-NWs.	 These	 results	 are	
consistent	 with	 the	 ordered	 silica-NWs	
having	 bound	 water	 molecules.	 The	
percentage	of	weight	 lost	at	 temperatures	
ranging	150-500	 °C	was	~	3-5	%	 for	K/A,	
and	 10-17%	 for	 K/R	 silica-NWs,	 except	
K1RK8R	which	 lost	only	3%	weight	when	
the	temperature	was	raised	from	150–500	
°C.	Above	500	 °C	 the	decrease	progressed	
very	 slowly	 and	 gradually,	 and	 reached	 a	
low	plateau	at	~	1000	 °C.	No	major	water	
loss	 was	 observed	 above	 500	 °C	 (~1-3%	
for	K/A,	and	1-	2%	for	K/R).	The	thermos-
graphs	 of	 K1R	 and	 K8R	 showed	 a	 small	
decrease	in	weight	~2.5-3	%	up	to	150	°C,	
and	 reaching	 a	 low	plateau	 above	 500	 °C,	
~1-1.5%.	 This	 finding	 may	 indicate	 that	
these	structures	are	relatively	more	stable	
than	others	due	 to	 the	high	 content	 of	Q4	
units	cross-linked	the	Si-	molecules	rather	
than	Si-Lys	or	Si-Arg.	
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thickened silica layers were replaced by large silica 
structures (Fig. 5d). The growth of silica layers polym-
erized on the inner and outer surfaces are affected 

by many factors. The total number of amino groups 
(surface charge density depending on the sequence of 
the peptide variant), has been suggested to be essen-
tial for regulating and controlling thicknesses and 
density of silica layers [4, 29, 30]. Together the results 
are consistent with the view that these silica-NWs are 
resistant to chemical and thermal attack. This stability 
may make the amyloid templated silica-NWs suitable 
for different applications requiring harsh processing 
conditions.

Conclusions
The ordered silica-NWs used for this study were pre-
pared previously utilising a self-assembling, positively 
charged peptide template. Previous TEM and XRFD, 
FTIR, and sectioning data showed that the silica-NWs 
retained cross-β peptide structures. Treatment of sil-
ica-NWs with harsh conditions clearly reinforces the 
exceptional conformational stability of these supra-
molecular fibrous structures even after prolonged 
incubation. This compatibility with harsh conditions 
indicates the potential for the incorporation of these 
silica-NWs into biosensors or other industrial applica-
tions necessitating chemical or thermal stability, such 

Fig. 3 FTIR spectra of four silica-NWs autoclaved at 121 °C, 2 atm, 
for 15 min. All silica-NWs retained their β-sheet structure within 
siliconised architectures after autoclaving, as the presence of amide 
I bands indicates

Fig. 4 TGA analysis of silica-NWs (12 months old) showing the stability up to 1000 °C. For K/A S-NWs and K/R S-NWs the rate of the temperature 
increase was 20 °C/min, under N2

Fig.4 TGA analysis of silica-NWs (12 months old) showing the stability up to 1000 °C for K/A, and K/R 
silica-NWs. The rate of temperature increases as 20 °C/min, under N2 gas.  
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A	 much	 larger	 decrease	 in	 weight	 was	
observed	between	150-500	°C	for	silica-NWs	
composed	 from	 K1R	 (~	 17	 %),	 and	 K8R	
(18%),	This	larger	reduction	may	arise	from	
the	higher	hydrophilic	content	of	K/R	silica-
NWs.	Above	500	 °C,	 all	K/R	silica-NWs	suff-
ered	a	slight	decomposition	around	1-2%.	

All	silica-NWs	showed	two-transformation	
states	in	weight	loss	%,	except	K1A,	and	K9R,	

which	 expressed	 three	 transition	 states	 at	
150,	 500,	 750,	 up	 to	 1000	 °C.	 The	 loss	 of	
individual	 silica	 layers	 around	 the	 peptide,	
which	 refers	 to	 the	 Q2,	 and	 Q3	 units,	 might	
cause	the	gradual	decline	observed	in	silica-
NWs	weight.	 This	 finding	 is	 consistent	with	
FTIR	 spectra	 of	 silica-NWs	 before	 and	 after	
heating	(Fig.	5).	

Table 3. Thermal stability of K/A, and K/R silica-NWs against heating up to 1000 °C, analysed by TA 
universal analysis software. 

K/A	
Silica-NWs	

	

Weight	loss%	
(25-150	°C)	

Weight	loss%	
(150-500	°C)	

Weight	loss%	
(500-1000	°C)	

Total	loss%	
(25-1000	°C)	

K1A	 4	 3	 1	 8	
K8A	 12	 5	 2	 19	
K1R	 2.6	 17.4	 1.7	 22	
K1RK8R	 9	 3.7	 1.7	 14.4	
K8R	 3	 18	 2	 23	
K9R	 2.3	 10	 1	 13.3	

Fig.5 FTIR spectra of silica-NWs of K/A and K/R (12 months old) before and after heating up to 1000 °C. a before 
heating, b after heating for 1 h. bands arising from H-bonding and Amide I began to diminish and some bands of Si-OR 
were visibly diminished after heating up to 1000°C. electron micrographs showing some examples of silica NWs c 
before heating and d after heating, showing large glass-like structures 
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	FTIR	 spectra	 collected	 from	 the	 silica-
NWs	after	12	months	pre-heating	revealed	
symmetrical	 stretching	 vibrations	 of	 Si-O-
Si,	Si-OR	and	Si-O-Si	bands	(Fig.	5)	[22,	23],	
along	with	bands	arising	from	C-C,	C=C,	N-
H,	 O-H	 and	 C=O	 bonds,	 which	 indicates	
that	 silica	 NW	 structure	was	 retained.	 All	
silica-NWs	 also	 retained	 small	 Amide	 I	
band	suggesting	that	they	have	maintained	
their	 peptide	 core.	 Peaks	 near	 950-1050	
cm-1	 can	 be	 assigned	 to	 Si-O	 stretching	
vibration	in	Q3	units	with	one	non-binding	
Oxygen	(NBO)	per	SiO4	tetrahedron,	while	
peaks	 between	 900	 and	 950	 cm-1	 can	 be	
assigned	 to	 Q2	 units	 with	 two	 NBO	 (Fig.	
5a,b)	 [24,	 25].	 Additionally,	 H-bonding	
bands	 were	 observed	 in	 the	 silica-NWs	
structures	 between	 3664-3000	 cm-1,	 in	
close	agreement	with	C-H,	O-H,	Si-NH2,	and	
amine	 N-H	 stretching,	 and	 NH2	 vibration	
mode	 [26,	 27],	 as	 well	 as	 Amide	 I,	 1613-
16440	 cm-1,	 which	 represent	 β-sheet	
structures	 [28].	 However,	 some	 peaks	 of	
Si-OR	 groups	 were	 removed	 by	 heating.	
The	 H-bonding	 bands	 remained	 post-
heating	up	to	1000	˚C,	while	some	Amide	I	
bands	 showed	 only	 weak	 signals.	 Silica-
NWs	 formed	 from	K1R	and	K9R	appeared	
to	 loss	 their	Amide	 I	band	suggesting	 that	
they	were	unable	to	retain	the	core	peptide	
structure	 under	 such	 extreme	 conditions.	
However,	 interestingly	 the	 other	 silica-
NWs,	 K1A,	 K8A	 and	 K8R,	 did	 still	 show	
reduced	 Amide	 I	 bands.	 The	 extreme	
heating	 might	 cause	 more	 calcination	 of	
the	 silica-NWs,	 and	 therefore	 some	 of	 the	
organic	 content	 is	 removed	 [2],	 or	 it	
perhaps	 the	 unusual	 intense	 bands	 of	 Si-
OR	that	overcome	the	less	intense	bands	of	
Amide	I	(Fig.	5b).	This	finding	is	supported	
by	 TEM	 micrographs	 in	 Fig.	 5c	 and	 d,	
where	 thickened	 silica	 layers	 were	
replaced	by	large	silica	structures	(Fig.	5d).	
The	growth	of	silica	layers	polymerized	on	
the	 inner	 and	 outer	 surfaces	 are	 affected	
by	 many	 factors.	 The	 total	 number	 of	
amino	 groups	 (surface	 charge	 density	
depending	on	 the	sequence	of	 the	peptide	
variant),	 has	 been	 suggested	 to	 be	

essential	 for	 regulating	 and	 controlling	
thicknesses	and	density	of	 silica	 layers	 [4,	
29,	30].	Together	the	results	are	consistent	
with	 the	 view	 that	 these	 silica-NWs	 are	
resistant	 to	 chemical	 and	 thermal	 attack.	
This	 stability	 may	 make	 the	 amyloid	
template	 silica-NWs	 suitable	 for	 different	
applications	 requiring	 harsh	 processing	
conditions.	

	
Conclusion	
The	ordered	silica-NWs	used	for	this	study	
were	 prepared	 previously	 utilizing	 a	 self-
assembling,	 positively	 charged	 peptide	
template.	 Previous	 TEM	 and	 XRFD,	 FTIR,	
and	sectioning	data	showed	that	the	silica-
NWs	 retained	 cross-b	 peptide	 structures.	
Treatment	 of	 silica-NWs	 with	 harsh	
conditions	 clearly	 reinforces	 the	
exceptional	 conformational	 stability	 of	
these	 supramolecular	 fibrous	 structures	
even	 after	 prolonged	 incubation.	 This	
compatibility	 with	 harsh	 conditions	
indicates	 the	 potential	 for	 the	
incorporation	 of	 these	 silica-NWs	 into	
biosensors	or	other	industrial	applications	
necessitating	chemical	or	thermal	stability,	
such	 as	 conventional	 microelectronic	
mechanics	processes	 for	manufacturing	of	
serviceable	nanotechnological	machines.		
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Supplementary	information	

	
Figure S1. TEM images showing the stability of silica-NWs of K/A and K/R incubated under harsh 
conditions for one month with organic solvents such as a) 2-propanol, b) ethanol, and c) AcN, d) acidic 
solution pH 1.5, and upon autoclaving (e), and heating up to 70 °C(f). All silica-NWs seemed able to maintain 
their structure after a month following harsh treatment 

Figure S2.   TEM images showing the branching of K/R- silica-NWs after one month incubation in organic 
solvents. a) 2-propanol, b) & c) ethanol, and d) AcN, d). Arrows indicate the branching positions.  
	

	
Figure S3. TEM of sectioned silica-NWs after 5 months. The silica-NWs converted to thick and glass-like 
structures.
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PART	III:	Additional	results	
	
	
In	 this	part,	 the	chemical	and	 thermal	stability	of	silica-NWs	templated	by	 the	variant	

K9A	will	be	discussed.		

The original fibrils were treated with the same harsh conditions that used in PART II 

(ethanol, 2-propanol, AcN, acidic solution pH 1.5, heating up to 70 °C, autoclaving under 121 
°C) for 1h. Electron microscopy results revealed that fibrils were averagely stable and 

maintained their original morphologies following treatment, see Fig. 4.4A (b-f). The 

resistance of these fibrils to denature under harsh conditions has previously explained for 

Lys/Ala variants (Al-Garawi et al. 2016). 

Although this variant showed few and wide structures following silica templating process 

(Al-Garawi et al. 2015), when these silica-NWs treated with the same harsh conditions for 1 

h., they kept the same morphologies of silica-NWs before treating, see Fig. 4.4B (b-g). This 

could point to a high stability in spite of non-ordered suprastructure.  

Moreover,	a	sample	of	the	silica-NWs	was	submitted	to	TGA	analysis	after	15	months	of	

preparation	to	study	the	physical-thermal	stability	over	time	by	monitoring	the	loss	of	

weight	vs	increasing	the	temperature	up	to	1000	°C.	Results	indicated	that	the	weight	

decreased	 14%	 at	 a	 temperature	 ranging	 from	 0-150	 °C,	 which	 is	mostly	 due	 to	 the	

evaporation	 of	 the	 solvent.	 Increasing	 the	 temperature	 up	 to	 500	 °C	 caused	 a	 slight	

Fig. 4.4. TEM images of K9A. A) fibrils before and after treating with harsh conditions, B) silica-NWs before 
and after treating with harsh conditions. a) before treating, b) treated with ethanol, c) with 2-propanol, d) with 
AcN, e) with acidic solution pH 1.5. f) heating up to 70 °C, g) autoclaving under 121 °C, 2 atm.   
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decrease	 in	 the	 weight	 (5%)	 and	 the	
highest	 loss	 in	 the	 weight	 (up	 to	 21%)	
observed	 when	 the	 sample	 was	 heated	
up	to	1000	°C,	see	Table	1.	and	Fig.	4.5.	
This gradual loss in weight at a temperature 

between 500-1000 °C might refer to the loss 

of some silica units Q1 and Q2. This result is 

backed up by FTIR spectra of the silica-

NWs collected after heating, see Fig. 4.6, 

where some of Si-OR bands were clearly 

reduced after heating. On the other hand, 

the Amide I band region was already very 

weak after silica templating (Al-Garawi et 

al. 2015), therefore it wasn’t also clear pre- 

and post-heating, in contrast to all silica-

NWs data previously reported (Al-Garawi 

et al. 2016), which either refers to some 

degradation of the peptidic core during 

templating steps, or the transmission% of 

silica peaks are very intense that 

predominantly observed more than the peak 

in Amide I region.	
	
Conclusion		
Treatment of few and non-ordered silica-

NWs templated by K9A with harsh 

conditions clearly reinforces the exceptional 

chemical and physical-thermal stability of 

the silica-NWs, however, the peptidic core 

has been lost at early time following 

templating.  	

	

 
Table 1. Thermal stability of K9A silica-NWs against 
heating up to 1000 °C. Data analysed by TA universal 
analysis software. 

ample  
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loss% 

(150 °C) 

Weight 

loss% 
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Weight 
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Fig. 4.6. FTIR analysis of silica-NWs templated by 
K9A aged for 12 months. a) Before heating, b) after 
heating up to 1000 °C of TGA process, for an average 
run of around 4.5 h.  

Fig. 4.5. TGA analysis of silica-NWs templated by 
K9A after 12 months of preparation.  
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Assessment and control of the impermeability of
graphene for atomically thin membranes and
barriers†

Piran R. Kidambi, *a,c Rebekah A. Terry,a Luda Wang,a Michael S. H. Boutilier,a

Doojoon Jang,a Jing Kongb and Rohit Karnik *a

Two-dimensional materials such as graphene offer fundamentally transformative opportunities in mem-

brane separations and as impermeable barriers, but the lack of facile methods to assess and control its

‘impermeability’ critically limits progress. Here we show that a simple etch of the growth catalyst (Cu)

through defects in monolayer graphene synthesized by chemical vapor deposition (CVD) can be used to

effectively assess graphene quality for membrane/barrier applications. Using feedback from the method

to tune synthesis, we realize graphene with nearly no nanometer-scale defects as assessed by diffusion

measurements, in contrast to commercially available graphene that is largely optimized for electronic

applications. Interestingly, we observe clear evidence of leakage through larger defects associated with

wrinkles in graphene, which are selectively sealed to realize centimeter-scale atomically thin barriers

exhibiting <2% mass transport compared to the graphene support. Our work provides a facile method to

assess and control the ‘impermeability’ of graphene and shows that future work should be directed

towards the control of leakage associated with wrinkles.

Introduction
Atomically thin (2D) materials such as graphene have recently
attracted significant research interest as ultrathin barriers for
mass transport1–3 and as gas/liquid separation membranes for
materials/chemical processing, sensing, fuel cells, desalina-
tion, carbon capture and storage and dialysis.4–8,51 Graphene
exhibits a theoretical minimum material thickness of
∼0.34 nm, which, combined with chemical resistance, high
mechanical strength (∼42 N m−1, 130 GPa), Young’s modulus
(∼1 TPa) and the ability to sustain nanometer sized pores,
offers the possibility of creating new kinds of membrane with
transformative improvements in permeance, selectivity and
robustness.9,10 The space between the six sp2 bonded carbon
atoms in the hexagonal graphene lattice is too small for trans-
port of even the smallest of gas molecules such as He (van der

Waals radius ∼0.28 nm) or H2 (∼0.314 nm), thereby making
graphene an ideal barrier material.1–3 Experimental obser-
vations have shown that pristine flakes of graphene, exfoliated
from graphite, are indeed impermeable to He but allow trans-
port of protons.1,3 However, exfoliation is inherently unsuit-
able for membrane and barrier applications that require large-
area synthesis.

While several methods for the synthesis of 2D materials
exist, chemical vapor deposition (CVD) has emerged as one of
the most preferable routes for scalable, cost effective, high-
quality material synthesis.11–13 However, to this date the
quality of CVD graphene and other 2D materials has largely
been optimized for electronic applications.14–16 The quality
requirements for membrane and mass transport barrier appli-
cations tend to be different, and significantly more stringent
in some respects. For example, sparse multiple-atom vacancy
defects may significantly compromise the barrier properties of
graphene (by leakages that heavily compromise selectivity), but
may remain un-detected in most electronic applications.
Although CVD graphene is inherently polycrystalline, with
grain boundaries17,18 that are detrimental for charge transport
in electronic applications,19–21 little is known about the origin,
aggregation and subsequent manifestation of defects with
regard to membrane and barrier applications.22–24 The large
parameter space11 in the synthesis of CVD graphene, the lack
of a suitable quality metric for “membrane/barrier quality

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7nr01921a

aDepartment of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA. E-mail: krpiran@mit.edu, karnik@mit.edu
bDepartment of Electrical Engineering and Computer Science and Research
Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge,
MA 02139, USA
cDepartment of Chemical and Biomolecular Engineering, Vanderbilt University,
Nashville, TN 37240, USA
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PART	I:	Preamble		
	
The	artificial	proteinaceous	materials	have	been	recently	improved	(Gonen	et	al.	2015)	

to	 provide	 diverse	 functions,	 ranging	 from	 anti-cancer	 scaffolds	 (Maji	 et	 al.	 2008),	 to	

biosensors	(Sasso	et	al.	2014),	biologically	active	carriers	and	as	enzyme-like	scaffolds	

(Fowler	et	al.	2007,	Makhlynets	et	al.	2016,	Rufo	et	al.	2014).	In	the	last	decade,	efforts	

have	 been	 made	 to	 design	 artificial	 enzymes	 using	 different	 scaffolds,	 for	 instance,	

inorganic	 nanaoparticles	 (Astruc	 et	 al.	 2005,	 Lin	 et	 al.	 2014),	 micelles	 (Huang	 et	 al.	

2007),	nanotubes	(Tang	et	al.	2010),	and	nanofibres	(Guler	and	Stupp	2007).	Amyloid	

fibrils	 have	 been	 identified	 as	 ideal	 scaffolds	 to	 build-up	 artificial	 active	 centres	 and	

mimic	natural	enzymes	(Makhlynets	et	al.	2016,	Rufo	et	al.	2014,	Zupeng	et	al.	2013).	

Self-assembling	peptides	can	mimic	natural	enzymes	if	the	proper	residues	are	engaged	

in	the	sequence	to	coordinate	the	metal	ions.	Recently,	several	designs	of	short	peptides	

have	been	reported	that	mimic	native	active	centres.	One	example	is	an	a-helical	coiled-

coil	 based	 self-assembly	 (Der	 et	 al.	 2012,	 Zastrow	 et	 al.	 2012,	 Zastrow	 and	Pecoraro	

2013).	Another	design	is	composed	of	a	self-assembling,	His-containing	peptide,	which	

demonstrated	some	a	hydrolase	activity	using	a	non-metal	binding	approach	(Zhang	et	

al.	2014).		However,	Rufo	and	colleagues	designed	a	short	peptide	that	was	able	to	self-

assemble	 to	 form	b-sheet	 that	coordinated	Zn2+	and	showed	a	10	 fold	higher	catalytic	

activity	compared	to	a	non-metal	based	hydrolase	(Rufo	et	al.	2014).	It	was	significantly	

more	active	than	all	the	designs	mentioned	beforehand	(Bolon	and	Mayo	2001,	Broo	et	

al.	 1997,	 Patel	 et	 al.	 2009,	Wei	 and	Hecht	 2004,	 Zastrow	 et	 al.	 2012).	 Rufo	 designed	

several	 peptides	 to	 study	 the	most	 stable	 (Zn-bound	water)	 intermediate	 to	promote	

the	 catalytic	 activity.	 Rufo	 also	 studied	 the	 effect	 of	 the	 core	 hydrophobicity	 on	 the	

catalytic	activity.	The	most	active	motif	contained	multiple	His	residues	alternating	with	

apolar	side	chains	 Ile	and	 	polar	Gln	close	 to	 the	C-terminal.	This	peptide	was	able	 to	

self-assemble	 to	 form	 amyloid	 fibrils	 and	 then	 was	 able	 to	 hydrolyze	 p-nitrophenyl	

acetate	 (p-NPA)	 in	 the	 presence	 of	 1	 mM	 Zn2+	 at	 Tris-base/HCl	 buffer	 pH	 8.	 Rufo	

concluded	 the	 following	 order	 of	 hydrophobicity	 for	 a	 higher	 catalytic	 efficiency:	

Ile>Leu>Val.	
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Yet,	 the	 order	 of	 the	 effective	 primary	 ligands	 that	 pre-orient	 the	metal	 binding	 in	 a	

favourable	 fashion	 and	 destabilised	 any	 other	 unfavourable	 geometries	 was:	 His>>>	

Asp,	Cys,	Gln>Ala	(Krishnamurthy	et	al.	2008).	 	Here,	six	short	peptides	have	designed	

upon	 the	 work	 of	 Rufo	 to	 mimic	 the	 native	 activity	 of	 carbonic	 anhydrase.	 The	 self-

assembly,	 fibril	 structure,	binding	 to	zinc	and	catalytic	activity	were	characterised	 for	

each	peptide	and	are	described	in	this	chapter,	see	Table	5.1.		

Table 5.1. Sequences of designed catalytic peptides. 

code	 The	peptide	sequence	 Properties		

I	

	

Free	ends,	

7	residues	

II	

	

Free	ends,	

11	

residues	

III	

	

Capped	

ends,	

7	residues	

IV	

	

Capped	
ends,	
11	

residues	

V	

	

Capped	
ends,	

7	resdiues,	
+	D	

VI	

	

Capped	
ends,	
11	

residues,		
+	2	G		
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The	main	aim	was	to	include	a	single	active	centre	as	shown	for	peptides	I,	III,	and	V,	or	

two	active	centres	(such	as	for	peptides	II,	IV,	and	VI)	to	compare	catalytic	activities	for	

the	reaction	using	the	substrate	that	is	commonly	hydrolyzed	by	carbonic	anhydrase,	p-

nitrophenyl	 acetate	 (p-NPA).	 Another	 aim	 was	 to	 study	 the	 effect	 capping	 the	 ends	

(acetalats	 the	 N-terminus	 and	 amidats	 the	 C-terminus)	 on	 the	 structure	 and	 the	

catalytic	activity.	

In	a	comparison	with	the	work	by	Rufo	et	al.,	2014,	Tyr	was	introduced	at	position	6		for	

all	peptides	(Table	5.1)	to	serve	as	an	activity	promoter.	At	pH	8,	Tyr	will	be	oxidised	

into	 tyrosinate	 (Ph-O-),	 which	 could	 support	 the	 protonation	 events	 through	 water-

bridging.	 In	 addition,	Tyr	has	a	better	propensity	 to	 form	b-sheets	 structure	 than	Gln	

which	was	present	in	the	design	described	in	Rufo	et	al.	2014	(1.37>0.72)	(Fujiwara	et	

al.	2012).	

Moreover,	Zn2+	has	also	received	a	specific	attention	 for	 its	ability	 to	 influence	on	 the	

self-assembly.	It	has	been	suggested	that	the	metal	ions	(Cu2+	and	Zn2+)	may	play	a	role	

in	 the	 generation	 of	 amyloid	 fibrils,	 and	 in	 the	 pathogenesis	 of	 Alzheimer’s	 disease	

(Maynard	et	al.	2005).	Global	kinetics	analysis	revealed	that	Zn2+	 is	able	to	reduce	the	

elongation	rate	of	Ab40	fibrils,	but	without	any	inhibition.	At	an	early	stage	of	fibrillation,	

Zn2+	 may	 interact	 with	 the	 monomeric	 and	 oligomeric	 species	 to	 influence	 the	

aggregation	 rate	 and	 subsequent	 fibril	 elongation.	 It	 has	 been	 suggested	 that	 zinc	

transiently	 binds	 the	N-terminus	 of	 Ab,	 which	would	 fold	N-terminus	 around	 Zn2+	 to	

form	a	marginally	stable,	shorter	folded	species	(Abelein	et	al.	2015),	see	Fig.	5.1.		
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Despite	numerous	studies	regarding	the	interaction	between	Aβ40	and	metal	ions,	there	

is	no	 study	up	 to	date	 showing	 the	effect	of	Zn2+	on	 the	 fibrillar	 structure	of	 artificial	

short	peptides.	Therefore,	 the	 influence	of	1	mM	ZnCl2	on	 fibrillation	was	explored	 in	

this	 chapter.	 An	 additional	 aim	 was	 to	 compare	 the	 hydrolyzing	 capabilities	 in	 the	

presence	and	absence	of	Zn2+	for	the	substrate	p-NPA.		

The	results	in	this	chapter	imply	a	significant	higher	hydrolysis	activity	from	the	single	

active	centre	capped	peptide	(III)	than	the	most	active	design	proposed	to	date	(Rufo	et	

al.	2014).	The	peptide	designs	described	in	this	chapter	contribute	new	insights	to	the	

field	of	 amyloid-based	 catalysts	 as	 they	 implicate	 the	 selectivity	of	 the	 side	 chains	on	

the	 [Zn-peptide-substrate]	 complex,	 	 as	 well	 as	 the	 impact	 of	 including	 a	 single	 or	

double	 active	 site	 within	 one	 peptide	 molecule	 on	 the	 catalytic	 activity.	 Moreover,	

capped	peptides	are	important	enzyme-models	with	excellent	activity.	In	the	presence	

of	 Zn+2,	 the	 peptide	 with	 a	 single	 active	 site	 was	 significantly	 more	 active	 than	 the	

peptide	with	a	double-active	site,	or	 that	of	 the	natural	CA.	The	peptides	described	 in	

this	chapter	did	not	previously	study,	niether	structurally	nor	catalytically;	evenmore,	

no	previous	 interest	 for	comparing	 the	 fibril	structure	(with	or	without	Zn+2)	with	 its	

catalytic	 activity.	 The	 peptides	 in	 this	 study	 have	 the	 potential	 to	 act	 as	 artificial	

hydrolases	 and	 can	 be	 improved	 for	 further	 applications.	 Using	 solid-phase	 peptide	

synthesis	under	microwave	irradiation	at	the	University	of	Sussex	was	firstly	started	in	

2014	to	synthesise	the	set	of	peptides	in	this	chapter.	

N 

C 

Monomer	 

No	Zn
2+
	 

With		Zn
2+	

 

Fibril	elongation	 

Long	fibrils	 

Fibril	disassembly	 

K	on K	off 

K	ex,	Zn 

K	agg 

N C 

Fig. 5.1. A pathway of amyloid-b self-assembly in the presence and absence of Zn2+. Fibrils without Zn2+ 
follow the normal aggregation and elongation pathway. Alternatively, fibrillogenesis is inhibited when grown 
with Zn2+ where the N-terminus is wrapped around Zn molecule. K agg: constant rate of aggregation, K on: 
constant rate of Zn-in fibrils, K0ff: constant rate of Zn-out fibrils. Adapted from (Abelein et al. 2015).  
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The	amyloid	architecture	provides	a	scaffold	for	enzyme-like	

catalysts	

Z.	S.	Al-Garawi	a,	b,	B.	McIntosh	a,c,	D.	Neill-Hall	a	A.	Hatimy	d,	S.	M.	Sweet	d,	M.	
C.	Bagley	a,	and	L.	C.	Serpell	a	
	

	
Natural	 biological	 enzymes	possess	 catalytic	 sites	 that	 are	 generally	 surrounded	by	 a	
large	three-dimensional	scaffold.	However,	the	proportion	of	the	protein	molecule	that	
participates	 in	 the	 catalytic	 reaction	 is	 relatively	 small.	 The	 generation	of	 artificial	 or	
miniature	enzymes	has	long	been	a	focus	of	research	because	enzyme	mimetics	can	be	
produced	with	high	activity	at	 low	cost.	These	enzymes	aim	 to	mimic	 the	active	 sites	
without	 the	 additional	 architecture	 contributed	 by	 protein	 chain.	 Previous	 work	 has	
shown	 that	 amyloidogenic	 peptides	 are	 able	 to	 self-assemble	 to	 create	 an	 active	 site	
that	is	capable	of	binding	zinc	and	catalysing	an	esterase	reaction.	Here,	we	describe	the	
structural	 characterisation	 of	 a	 set	 of	 designed	 peptides	 that	 form	 an	 amyloid-like	
architecture	and	reveal	that	their	capability	to	mimic	carbonic	anhydrase	and	serve	as	
enzyme-like	 catalysts	 is	 related	 to	 their	 ability	 to	 self-assemble.	 These	 amyloid	 fibril	
structures	 can	 bind	 the	 metal	 ion	 Zn2+	 via	 a	 three-dimensional	 arrangement	 of	 His	
residues	 created	 by	 the	 amyloid	 architecture.	 Our	 results	 suggest	 that	 the	 catalytic	
efficiency	of	amyloid-like	assembly	is	not	only	zinc-dependent	but	also	depends	on	an	
active	 centre	 created	 by	 the	 peptides	 which	 is,	 in	 turn,	 dependent	 on	 the	 ordered	
architecture.	 These	 fibrils	 have	 good	 esterase	 activity,	 and	 they	might	 serve	 as	 good	
models	for	the	evolution	of	modern-day	enzymes.	Furthermore,	they	may	be	useful	 in	
designing	self-assembling	fibrils	for	applications	as	metal	ion	catalysts.	This	study	also	
demonstrates	that	the	surrounding	ligands	of	the	catalytic	site	affect	the	affinity	of	the	
Zinc-binding	 site	 to	 bind	 the	 substrate	 leading	 to	 the	 potential	 for	 the	 assembled	
peptides	to	act	as	enzyme-like	catalysts.	

	 	

Nanoscale

PAPER

Cite this: DOI: 10.1039/c7nr01921a

Received 18th March 2017,
Accepted 12th May 2017

DOI: 10.1039/c7nr01921a

rsc.li/nanoscale

Assessment and control of the impermeability of
graphene for atomically thin membranes and
barriers†

Piran R. Kidambi, *a,c Rebekah A. Terry,a Luda Wang,a Michael S. H. Boutilier,a

Doojoon Jang,a Jing Kongb and Rohit Karnik *a

Two-dimensional materials such as graphene offer fundamentally transformative opportunities in mem-

brane separations and as impermeable barriers, but the lack of facile methods to assess and control its

‘impermeability’ critically limits progress. Here we show that a simple etch of the growth catalyst (Cu)

through defects in monolayer graphene synthesized by chemical vapor deposition (CVD) can be used to

effectively assess graphene quality for membrane/barrier applications. Using feedback from the method

to tune synthesis, we realize graphene with nearly no nanometer-scale defects as assessed by diffusion

measurements, in contrast to commercially available graphene that is largely optimized for electronic

applications. Interestingly, we observe clear evidence of leakage through larger defects associated with

wrinkles in graphene, which are selectively sealed to realize centimeter-scale atomically thin barriers

exhibiting <2% mass transport compared to the graphene support. Our work provides a facile method to

assess and control the ‘impermeability’ of graphene and shows that future work should be directed

towards the control of leakage associated with wrinkles.

Introduction
Atomically thin (2D) materials such as graphene have recently
attracted significant research interest as ultrathin barriers for
mass transport1–3 and as gas/liquid separation membranes for
materials/chemical processing, sensing, fuel cells, desalina-
tion, carbon capture and storage and dialysis.4–8,51 Graphene
exhibits a theoretical minimum material thickness of
∼0.34 nm, which, combined with chemical resistance, high
mechanical strength (∼42 N m−1, 130 GPa), Young’s modulus
(∼1 TPa) and the ability to sustain nanometer sized pores,
offers the possibility of creating new kinds of membrane with
transformative improvements in permeance, selectivity and
robustness.9,10 The space between the six sp2 bonded carbon
atoms in the hexagonal graphene lattice is too small for trans-
port of even the smallest of gas molecules such as He (van der

Waals radius ∼0.28 nm) or H2 (∼0.314 nm), thereby making
graphene an ideal barrier material.1–3 Experimental obser-
vations have shown that pristine flakes of graphene, exfoliated
from graphite, are indeed impermeable to He but allow trans-
port of protons.1,3 However, exfoliation is inherently unsuit-
able for membrane and barrier applications that require large-
area synthesis.

While several methods for the synthesis of 2D materials
exist, chemical vapor deposition (CVD) has emerged as one of
the most preferable routes for scalable, cost effective, high-
quality material synthesis.11–13 However, to this date the
quality of CVD graphene and other 2D materials has largely
been optimized for electronic applications.14–16 The quality
requirements for membrane and mass transport barrier appli-
cations tend to be different, and significantly more stringent
in some respects. For example, sparse multiple-atom vacancy
defects may significantly compromise the barrier properties of
graphene (by leakages that heavily compromise selectivity), but
may remain un-detected in most electronic applications.
Although CVD graphene is inherently polycrystalline, with
grain boundaries17,18 that are detrimental for charge transport
in electronic applications,19–21 little is known about the origin,
aggregation and subsequent manifestation of defects with
regard to membrane and barrier applications.22–24 The large
parameter space11 in the synthesis of CVD graphene, the lack
of a suitable quality metric for “membrane/barrier quality

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7nr01921a

aDepartment of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA. E-mail: krpiran@mit.edu, karnik@mit.edu
bDepartment of Electrical Engineering and Computer Science and Research
Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge,
MA 02139, USA
cDepartment of Chemical and Biomolecular Engineering, Vanderbilt University,
Nashville, TN 37240, USA
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Introduction	
Many	 peptide	 sequences	 are	 capable	 of	

self-assembling	to	form	amyloid-like	fibrils	
1.	Amyloid	fibrils	are	characterised	by	their	

regular	 cross-β	 architecture	 2	 and	 are	

associated	 with	 diseases	 such	 as	

Alzheimer’s,	 transmissible	 spongiform	

encephalopathies,	 Parkinson’s	 and	 Diabe-

tes	type	2	3.	The	classical	cross-β	structure	

for	 amyloid	 has	 been	 interpreted	 from	 X-

ray	 fibre	 diffraction	 which	 gives	 a	

characteristic	~	4.7-4.8	Å	reflection	on	 the	

meridian	 arising	 from	 the	 hydrogen	

bonded	b-strands	that	run	perpendicular	to	
the	 fibre	 axis	 and	 a	 10-12	Å	 signal	 on	 the	

equator,	 arising	 from	 the	 spacing	between	

the	β-sheets	4.	

Amyloid	 fibrils	 assemble	 into	 highly	

ordered	 supramolecular	 structures	 via	
hydrogen	 bonding	 and	 hydrophobic	 and	

electrostatic	 interactions,	 leading	 to	 the	

formation	of	 extremely	 stable	 fibres	 	 1,	 5,	 6.	

Therefore,	 they	 are	useful	 in	 a	wide	 range	

of	 applications	 in	 biotechnology	 and	

material	 sciences	 such	 as	 hydrogels	 for	

tissue	 engineering7,	 nanostructured	 prot-

ein	films,	nanowires	and	silica	nanotubes	8-

12.	Furthermore,	a	huge	variation	of	archite-

ctures	is	possible	whilst	maintaining	a	core	

cross-β	structure	6,	13-15.	

	Self-assembled	 amyloid-like	 fibrils	 have	

been	utilised	as	functional	scaffolds	to	form	

active	 antimicrobial	 nanobiomaterials	 16,	 and	

nano-fibres	 of	 amphiphilic	 peptides	 were	

described	as	a	model	of	esterase	hydrolysis	

activity	17.		

Recently,	 short	synthetic	peptide	seque-

nces	 were	 demonstrated	 to	 form	 amyloid	

fibrils	with	esterase	catalytic	activity	upon	

binding	 to	 zinc	 or	 cobalt,	 showing	 the	

ability	to	catalyse	p-nitrophenyl	acetate	(p-
NPA)	hydrolysis	18.	The	substrate	p-NPA	is	
a	 simple	 chromogenic	 compound	 and	 can	

be	 hydrolysed	 by	 many	 hydrolytic	 enzy-

mees;	for	instance	3-phoshoglyceraldehyde	

dehydrogenase	 19,	 pancreatic	 lipase	 20,	

carbonic	 anhydrase	 21,	 and	 esterase	 enzy-

mees	22.		

It	is	well	known	that	the	metal	ions	play	

a	 central	 role	 in	 the	 metal-dependent	

hydrolase	 function	 of	 many	 enzymes	 like	

carboxyl	 peptidase,	 natural	 protease,	 and	

carbonic	 anhydrase	 23.	 	 The	 zinc	 ion	 is	

stable	in	a	biological	environment	and	does	

not	contribute	to	redox	reactions	24.	It	is	an	

ideal	 cofactor	 for	 a	 Lewis	 acid-model	

catalyst	such	as	carbonic	anhydrase	25	and	

has	also	been	suggested	to	positively	affect	

the	protein	 folding	and	stability	 26.	Finally,	

Zn2+	 is	 able	 to	 rapidly	 exchange	 ligands,	

which	 is	 important	 to	 dissociate	 the	

intermediate	 rapidly	 into	 the	product,	 and	

provides	 high	 catalytic	 efficiency	 27.	 These	

properties	 make	 Zn2+	 ideal	 as	 a	 catalytic	

cofactor	for	native	enzymes.	

Carbonic	 anhydrase	 (CA)	 is	 a	 highly	

efficient	 hydrolase	 enzyme	 used	 for	 the	

biological	confinement	of	CO2	28.	The	active	

site	of	 the	enzyme	CA-II	 contains	one	Zn2+	

with	 three	 histidine	 residues	 29.	 Mechan-

istically,	 Zn2+	 coordinates	 with	 a	 water	

molecule	to	reversibly	form	zinc	hydroxide	

and	 binds	 two	 histidine	 side	 chains,	 at	

positions	i	and	i+2,	from	a	β-strand	(His	92	
and	 His	 94)	 and	 a	 third	 histidine	 from	 a	

neighbouring	 strand	 (His	 119).	 This	

binding	 lowers	 the	 pKa	 of	 a	 bound	 water	
molecule,	 stabilising	 and	 orienting	 the	

hydroxide	group	for	nucleophilic	attack	on	

the	incoming	substrate,	CO2.	The	hydrolysis	

regenerates	 the	 enzyme	 catalyst	 and	

liberates	 bicarbonate.	 Acidic	 and	 basic	

groups	 in	 neighbouring	 side	 chains	 can	

serve	 as	 secondary	 ligands	 and	 assist	 in	

protonation/deprotonation	 steps	 during	

these	hydrolysis	events.		

Several	studies	have	explored	the	ability	

of	 self-assembled	 peptides	 to	 act	 as	

catalysts	 22,	 30.	 Alternatively,	 a	 catalytically	

active	 surface	 has	 been	 created	 by	

attaching	metal	 ions	 such	 as	 copper(II)	 31,	

cobalt	 (II),	 nickel(II)	 32,	 and	 zinc(II)	 33.	

However,	the	relationship	between	the	self-

assembled	 architectures	 and	 the	 catalytic	

activity	 remains	 unclear.	 Further	 informa-

tion	may	 give	 rise	 to	 the	 ability	 to	 design	

novel	catalysts	and	improve	understanding	



Chapter 5	

Z S Al-Garawi, et al  (2017) RSC-Nanoscale, 9(30), 10773-10783. 

	

101 

of	 catalyst	 activity	 and	 the	 evolution	 of	
modern	day	enzymes.	
Here,	 we	 report	 the	 design,	 structural	

characterisation	 and	 enzymatic	 activity	 of	
six	peptides	with	 seven	or	 eleven	 residues	
that	 have	 an	 alternating	 sequence	 of	
hydrophobic	 isoleucine	 (I)	 and	hydrophilic	
histidine	 (H)	 amino	 acids	 at	 position	 i	 and	
i+2,	 which	 upon	 self-assembly,	 create	 a	
catalytic	 binding	 site.	 These	 peptides	 are	
amphiphilic	 and	 are	 able	 to	 form	 β-sheet	
structures	 via	 hydrophobic	 interactions.	
The	 designs	 were	 based	 on	 known	
amyloidogenic	 sequences	 18.	 However,	 the	
peptide	 sequences	 were	 modified	 to	
include	a	tyrosine	(Y)	residue	which	has	the	
potential	to	form	photo-induced	cross-links	
via	dityrosine	34	and	tyrosine	may	increase	
the	 binding	 affinity	 to	 Zn2+.	 We	 also	
designed	 a	 longer	 sequence	 (11mer)	 with	
duplication	of	the	histidine	motif	to	provide	
the	potential	for	two	catalytic	binding	sites.	
The	 self-assembly	 and	 amyloidogenicity	 of	
the	 peptides	 with	 and	 without	 Zn2+	 was	
monitored	 using	 transmission	 electron	
microscopy	 (TEM),	 thioflavine	 T	 fluores-
cence	(ThT),	 tyrosine	fluorescence,	Fourier	
transform	 infrared	 (FTIR)	 spectroscopy	
and	 circular	 dichroism	 (CD).	 X-ray	 fibre	
diffraction	 (X-RFD)	 patterns	 from	 each	 of	
the	fibril	samples	were	analysed	to	provide	
structural	 information	 regarding	 the	
arrangement	 of	 the	 peptides	 within	 the	
fibrils	 and	 to	 reveal	 how	 the	 three-
dimensional	architecture	may	generate	 the	
catalytic	 site.	 Enzyme	 kinetics	 measure-
ments	were	collected	to	correlate	sequence,	
structure	and	assembly	to	catalytic	activity,	
providing	 insights	 into	 how	 the	 architect-
ture	 influenced	 Zn+2	 binding	 and	 how	
catalytic	amino	acids	are	organised	with	the	
overall	amyloid	scaffold.		
	
	

	

	

	

Experimental	
Materials:	 All	 ZnCl2,	 p-NPA,	 Fmoc	 amino	
acids,	 resin	 (Chem	 Matrix),	 DIPEA,	 HBTU,	
TIPS,	 TFA	 and	 piperidine	 (99%)	 were	
purchased	 from	 Sigma-Aldrich.	 DMF	 and	
CH2Cl2	 were	 purchased	 from	 Fisher	
Chemical	and	ether	(diethyl	ether)	and	Tris	
base	from	Fisher	Scientific.	TEM	grids	were	
purchased	 from	 Agar	 Scientific.	 filtered	
milli-Q	water	(0.22	µM	Milipore	filter)	was	
used	for	all	experiments	and	solutions.	
	
Synthesis	of	peptides	
The	 peptides	 were	 synthesized	 using	
microwave-assisted	 solid	 phase	 peptide	
synthesis	 (CEM	 Liberty	 Blue	 synthesizer),	
using	 standard	 Fmoc	 solid-phase	 peptide	
methodology.	 For	 the	 capped	 peptides,	
preloaded	 Fmoc-protected	 ChemMatrix®	
resin	 (loading	 of	 0.49	 mmol/g)	 was	 first	
washed	 with	 CH2Cl2-DMF	 (1:1	 v/v).	 A	
solution	 of	 piperidine	 (20%)	 in	 DMF	 was	
used	 to	 cleave	 the	 Fmoc	 group.	 Single	
coupling	of	 the	acids	was	achieved	at	75°C	
(25	 W	 initial	 power)	 and	 for	 770	 s.	
Activation	 and	 coupling	 were	 performed	
using(1H-benzotriazol-1-yloxy)(dimethyl	
amino)-N,N-dimethylmethaniminium	 hexa	
fluoro	phosphate	(HBTU)	with	DIPEA	as	the	
base	 in	 DMF	 solvent	 with	 standard	 Fmoc	
protected	 α-amino	 acids.	 The	 deprotection	
was	achieved	at	75	°C	(100	W	initial	power)	
with	a	hold	 time	of	 around	180	 s.	 Capping	
of	 the	N-terminus	 and	 amidation	 of	 the	C-
terminus	 was	 achieved	 by	 treating	 the	
peptide-resin	with	a	mixture	of	acetic	anhy-
dride	 and	 pyridine	 in	 DMF	 (0.25:0.3:5.0	
v/v)	 with	 gentle	 shaking	 for	 30	 min.	 The	
peptide	 was	 cleaved	 from	 the	 resin	 by	
treatment	 of	 the	 resin	 with	 a	 mixture	 of	
TFA-H2O-triisopropylsilane	 (TIPS)	
(9.5:0.25:0.25	v/v)	 (10	mL)	via	 the	Liberty	
Blue	 cleavage	 system	 for	 40	 min	 under	
microwave	 irradiation.	 After	 cooling,	 the	
mixture	 was	 concentrated	 via	 a	 stream	 of	
nitrogen	 and	 the	 crude	 peptides	 were	
precipitated	 by	 the	 addition	 of	 cold	 ether,	
washed	with	ether	and	lyophilized.	
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Peptides	 with	 free	 N-	 and	 C-termini	
(uncapped)	 were	 synthesized	 in	 a	 similar	
manner	 using	 high	 swelling,	 low	 loading	
Wang	 resin	 (loading	 0.24	 mmol/g-1).	 The	
resin	was	first	swelled	in	DMF	(10	mL)	for	
15	min,	drained	and	submitted	to	standard	
solid	 phase	 procedures.	 The	 cleavage	
procedure	was	then	followed	as	above.	
Fmoc-histidine	 was	 double-coupled	 to	

the	 growing	 resin-bound	 sequence	 at	 2*	
(75	 °C,	 25	 W,	 600	 s)	 to	 avoid	 racemic	
mixture	formation	by	increasing	the	rate	of	
coupling.	 Other	 residues	 in	 the	 sequences	
were	single	coupled	to	the	growing	chain.	
	
Peptide	characterization	
a)	HPLC	
Peptides	 were	 injected	 onto	 semi-

preparative	 reversed	 phase	 HPLC	 (JASCO)	
C18	column	(details	in	ESI	methods†).�	

b)	Mass	spectrometric	analysis	
Peptide	 fractions	 were	 analysed	 by	

direct	 infusion	 mass	 spectrometry	 on	 an	
Orbitrap-XL	 instrument	 (details	 in	 ESI	
methods†).�	

Peptide	stock	and	working	solution		
Peptides	 were	 dissolved	 in	 10	mM	 HCl	 to	
produce	 a	 1.1	 mM	 stock	 solution,	 which	
was	stable	for	one	week.	A	peptide	solution	
with	or	without	Zn2+	was	 freshly	prepared	
by	mixing	the	stock	solution	(180	µL)	with	
2-propanol	 (20	 µL)	 and	 Tris	 base	 buffer	
(25	mM,	pH	8)	with	1	mM	ZnCl2	(1.8	mL)	as	
previously	described	by	others	18.		
	

Transmission	 electron	 microscopy	
(TEM)	
The	 peptide	 solution	 (99	 μM;	 4	 µL)	 was	
incubated	 for	 2	 min	 on	 a	 grid	 (400	 mesh	
copper	 grid	 with	 Carbon/Formvar	 film	
from	 Agar	 Scientific)	 and	 then	 negatively	
stained	using	2%	uranyl	acetate	(4	μL)	 for	
2	min.	Excess	liquid	was	blotted	using	filter	
paper	 after	 each	 incubation.	 This	 experi-
ment	was	repeated	over	a	time	course	of	10	
days.	Grids	were	examined	using	a	Hitachi	
7100	 electron	 microscope	 operated	 at	 80	

kV	 and	 images	 were	 collected	 on	 a	 CCD	
detector	 immediately	 after	 dissolution		
(zero	time)	and	after	10	days	incubation.	
	
Circular	Dichroism	(CD)	
The	 peptide	 buffer	 solution	 (99	 μM),	 with	
and	 without	 Zn2+,	 was	 monitored	 after	 10	
days	incubation	at	37	°C	using	a	Jasco	J-715	
spectropolarimeter	with	a	Peltier	temperat-
ure	control	system	at	20	°C.	The	parameters	
were	 set	 as	 following:	 the	wavelength	was	
between	λ	180–320	nm,	a	pitch	of	0.1	nm,	a	
scan	 speed	50	nm/min,	 response	 time	4	 s,	
slit	 widths	 1	 nm	 and	 with	 standard	
sensitivity.	Each	set	of	data	was	collected	in	
triplicate.	Tris	base	buffer	with	and	without	
Zn2+	 was	 subtracted	 from	 the	 readings.	
Spectra	were	 converted	 to	molar	ellipticity	
per	residue	(MER).	
	
Fourier	Transform	Infrared	spectroscopy	
(FT-IR)	
Lyophilised	 powder	 peptide	 samples	were	
placed	 into	 the	 diamond	 sample	 holder	 of	
the	 ATR/FT-IR	 instrument,	 inserted	 into	
the	 photoacoustic	 cell,	 and	 then	 sealed	 for	
IR	measurement.	Air	was	used	as	a	control.	
	
	
Tyrosine	Fluorescence	Emission	
Fluorescence	data	 for	peptide	 samples	 (99	
µM)	with	 and	without	 Zn2+	were	 collected	
with	excitation	of	λ	280	nm	and	emission	of	
λ	 305	 nm	 over	 time.	 Excitation	 and	
emission	slits	were	set	to	5	nm	with	a	scan	
rate	600	nm	min-1	at	1	nm	data	intervals,	an	
average	 time	 of	 0.1	 s	 and	 high	 voltage	 of	
photomultiplier	 (800	V)	 at	 20	 °C.	 Cuvettes	
were	washed	before	and	after	use	with	2%	
Hellmanex,	water	and	ethanol,	and	then	air-
dried.	All	fluorescence	measurements	were	
carried	 out	 on	 a	 Varian	 Cary	 Eclipse	
fluorimeter	 (Varian	Ltd.,	Oxford,	UK)	using	
a	 1	 cm	path	 length	 quartz	 cuvette	 (Starna,	
Essex,	UK)	in	triplicate.	
	
Dityrosine	Fluorescence	emission	
Dityrosine	 fluorescence	 was	 monitored	
using	 an	 excitation	 of	 λ	 320	 nm,	 and	
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emission	 was	 at	 λ	 340	 and	 500	 nm,	 with	
maximum	 fluorescence	 intensity	 around	 λ	
400-420	nm	at	a	controlled	temperature	of	
20	 °C.	 Excitation	 and	 emission	 slits	 were	
both	set	to	10	nm,	and	the	scan	rate	was	set	
to	300	nm	min-1	with	2.5	nm	data	intervals	
and	 an	 averaging	 time	 of	 0.5	 s.	 The	
photomultiplier	 tube	 detector	 voltage	 was	
set	 at	 500	 V.	 Fluorescence	 measurements	
were	 carried	 out	 on	 a	 Varian	 Cary	 Eclipse	
fluorimeter	 (Varian	Ltd.,	Oxford,	UK)	using	
a	 1	 cm	path	 length	 quartz	 cuvette	 (Starna,	
Essex,	UK)	in	triplicate.	
	
Thioflavin	T	fluorescence	assay	(ThT)	
A	 stock	 ThT	 solution	 (1.5	 mM	 in	 milli-Q	
water)	was	filtered	using	0.22	μm	Millipore	
filter	 and	 added	 to	 the	 peptide	 solutions	
(99	µM)	 (with	and	without	Zn2+)	 to	 a	 final	
concentration	 of	 30	 μM,	 gently	 stirred	 and	
incubated	for	about	5	min	to	enable	binding	
before	reading.	The	excitation	was	at	λ	450	
nm,	 intensities	 at	 λ	 485	 nm	 were	 plotted	
against	 time,	 excitation	 and	 emission	 slits	
set	 to	 5	 and	 10	 nm,	 respectively;	 the	 scan	
rate	 was	 600	 nm	 min-1	 with	 0.1	 s	 as	 an	
average	 time	 and	 1	 nm	 intervals.	 ThT	was	
also	 added	 to	 Tris	 base	 buffers	 with	 and	
without	Zn2+	and	subtracted	 from	readings	
as	blank	solutions.			
	
X-Ray	Fibre	Diffraction	(X-RFD)	
Each	peptide	was	allowed	to	assemble	over	
3	days	at	10	mg	mL-1	with	or	without	Zn2+,	
and	a	10	µL	droplet	of	fibril	suspension	was	
placed	 between	 two	 wax-tipped	 glass	
capillaries	 and	 allowed	 to	 align	 at	 room	
temperature	in	a	parafilm	sealed	petri	dish.	
Partially	aligned	fibre	samples	were	placed	
onto	 goniometer	 head	 and	 data	 were	
collected	 using	 a	 Rigaku	 rotating	 anode	
source	 (CuKa )	 and	 Saturn	 CCD	 detector	
with	a	specimen	to	detector	distances	of	50	
mm	or	100	mm	and	exposure	times	of	30	s	
and	 60	 s,	 respectively.	 To	 ensure	 fibre	
alignment,	 each	 sample	 was	 prepared	
separately	 at	 least	 twice.	 The	 diffraction	
patterns	 were	 examined	 using	 Mosflm	 35	
and	CLEARER	36.	

	
Enzyme	Kinetics	Reaction	
All	 kinetic	 measurements	 were	 collected	
using	 a	 plate	 reader	 (PHERA	 star	 F5,	 BMG	
LABTECH	 Spectrum)	 to	 obtain	 the	
absorbance	 of	 the	 product	 (p-nitrophenol)	
at	 λ	 348	 and	 408	 nm,	 at	 25	 °C	 in	 96-well	
clear	plates.	Data	was	collected	using	MARS	
software.	
	
Effect	of	substrate	concentration[S].	To	

determine	 the	 effect	 of	 changing	 the	
concentration	 of	 substrate	 [S],	 a	 stock	 of	
substrate	(p-NPA)	solution	in	MeCN	(0.1	M)	
was	 used	 to	 prepare	 fresh	 working	
solutions	 of	 [S]	 in	 25	mM	 Tris	 base,	 pH	 8	
with	 1	 mM	 ZnCl2	 18.	 The	 concentration	
series	 was	 between	 0.04	 -	 1.5	 mM	 for	
uncapped	 peptides	 and	 0.1	 -	 1.5	 mM	 for	
capped	peptides,	in	which	the	final	content	
of	 MeCN	 was	 2%	 (v/v)	 in	 all	 reaction	
mixtures.	 Similarly,	 a	 series	 of	 [S]	 were	
prepared	without	 Zn2+	 to	 test	 the	 catalytic	
efficiency	without	Zn2+.	A	volume	(50	µL)	of	
the	working	peptide	solution	was	added	to	
150	 µL	 of	 the	 working	 [S]	 solutions	 (the	
final	 peptide	 concentration	 was	 24	 μM),	
and	 the	 product	 p-nitrophenol	 was	
monitored	 at	 0.816	 s	 intervals	 for	 30	min	
against	 a	blank	 solution	 containing	150	µL	
of	1	mM	[S]	solution	and	50	µL	buffer	(with	
or	 without	 Zn2+,	 depending	 on	 the	
experiment).	The	enzyme	kinetic	measure-
ements	were	collected	following	incubation	
times	of	0,	3	and	10	days.	Enzyme	kinetics	
of	CA	were	conducted	using	 the	procedure	
described	 previously	 37.	 Briefly,	 100	 μL	 of	
[S]	 solution	 was	 added	 to	 200	 μL	 of	 the	
buffred	enzyme	solution	(prepared	in	0.1	M	
phosphate	buffer,	pH	7),	mixed	rapidly	and	
then	 the	 reaction	 was	 followed	 using	 a	
plate	reader	against	a	blank	buffer	solution	
for	5	min.	
	
Effect	of	 the	 zinc	 concentration	 [Zn2+].	

To	 test	 the	 effect	 of	 the	 ionic	 strength	 on	
the	 catalytic	 activity	 of	 the	 peptides,	 a	
series	 of	 Zn2+	 concentrations	 between	
0.005	 to	0.15	mM	(in	 the	well)	were	used.	



Chapter 5	

Z S Al-Garawi, et al (2017) RSC-Nanoscale, 9(30), 10773-10783. 
	

	

104 

100	 μL	 Tris	 base	 buffer	 solution,	 pH	 8	
(without	 Zn2+)	 was	 mixed	 with	 50	 μL	 of	

each	Zn2+	solution,	and	then	50	μL	peptide	

solution	 (24	µM)	 (aged	 for	3	days	without	
Zn2+	at	room	temperature)	was	added.	The	

product	 was	 monitored	 every	 17	 s	 for	 30	

min.	[S]=0.4	mM	or	0.7	mM	for	peptides	III	
and	IV	respectively.	
	

Effect	of	 the	peptide	concentration.	To	
analyse	 the	 effect	 of	 increasing	 the	

concentration	of	peptides	on	the	velocity	of	

the	reaction,	a	series	of	concentrations	(24	

to	200	µM	in	the	well)	of	peptides	III	and	IV	
(aged	for	10	days	with	1	mM	Zn2+	at	37	°C)	
were	used.	150	μL	Tris	base	buffer	solution,	
pH	8	(with	1	mM	Zn2+)	was	mixed	with	50	

μL	 of	 each	 peptide	 solution.	 The	 product	

was	 monitored	 every	 17	 s	 for	 30	 min	 at	

room	 temperature.	 [S]=0.4	mM	or	 0.7	mM	

for	peptide	III	and	IV	respectively.	
All	 peptides	 were	 incubated	 at	 37	 °C	

except	 where	 noted.	 At	 least	 three	

independent	runs	were	performed	for	each	

condition	 with	 triplicate	 readings.	 PRISM	

software	 was	 used	 to	 find	 kinetic	

parameters	(kcat	and	Km)	by	fitting	the	data	
to	 the	 linear	 and	 non-linear	 regression	 of	

the	Michaelis–Menten	plot.	

	
Results	
Peptide	 designs	 are	 shown	 in	 Table	 1.	

Peptides	 I-II	 have	 free	 N-	 and	 C-termini	
(uncapped),	 and	 III-VI	 peptides	 (capped)	
were	 acetylated	 at	 the	 N-terminus	 and	
amidated	 at	 the	 C-terminus.	 Capped	 and	
uncapped	 peptides	 were	 compared	 to	

examine	 the	 effect	 of	 capping	on	 assembly	

and	 influence	 on	 the	 catalytic	 activity.	 To	

explore	 the	 effect	 of	 peptide	 length,	

sequence	 and	 structure	 of	 assembly	 and	

catalytic	ability,	peptides	I	 (H-IHIHIYI-OH)	
and	 III	 (Ac-IHIHIYI-NH2)	 with	 7	 residues	
were	 compared	 to	 II	 (H-IHIHIYIHIHI-OH)	
and	 IV	 (Ac-IHIHIYIHIHI-NH2)	 which	 have	
11	residues	and	a	repeat	of	the	IHIHI	motif.	

Peptides	 II	 and	 IV	 have	 the	 potential	 for	
two	 zinc	 binding	 sites.	 Two	 further	

peptides	 (V	 and	 VI)	 were	 designed	 to	

examine	 the	 impact	 of	 the	 sequence	 on	

enzymatic	activity	and	structure.	Isoleucine	

was	substituted	for	aspartic	acid	at	position	

5	(V),	or	for	glycine	at	position	5	and	7	(VI).		
	
The	 sequence	 and	 composition	 of	 the	

peptides	shown	in	Table	1	were	confirmed	

using	 reverse	 phase-semi-preparative	 RP-

HPLC	 at	 λ	 280	 nm	 and	 210	 nm	 and	 direct	

infusion	MS	spectrometry	(Fig.	S1	and	S2†).	
Purity	is	shown	in	Table	S1.†	

	

	

Table 1. Peptide designs 
Key	 Sequence	

I	 H-IHIHIYI-OH	
II	 H-IHIHIYIHIHI-OH	
III	 Ac-IHIHIYI-NH2	

IV	 Ac-IHIHIYIHIHI-NH2	

V	 Ac-IHIHDYI-NH2	

VI	 Ac-IHIHGYGHIHI-NH2	
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Assembly	of	designed	peptides	
All	 peptides	 formed	narrow	 fibrils	with	 and	
without	 Zn2+	 after	 10	 dyas	 incubation	 (Fig.	
1).	 TEM	 showed	 the	 appearance	 of	 small	
assemblies	immediately	after	dissolution.		
In	 the	 presence	 of	 Zn+2,	 the	 uncapped	
peptide	 fibrils	 (I,	 II)	 were	 generally	 longer	
than	 those	 of	 the	 capped	 peptides	 III	 (~40-
155	nm),	and	 IV	(~53-87	nm)	after	10	days	
incubation.	Capped	peptides	(III,	IV)	formed	
very	thin	fibrils	in	dense	networks	(~8	and	5	
nm,	 respectively).	 Peptide	 V	 showed	 no	
fibrils	 at	 time	 zero	 incubation,	 but	 some	
fibrils	were	 observed	 after	 10	 days	 (Fig.	 1).	
Peptide	 VI	 showed	 many,	 well-ordered	
fibrils	 immediately,	 and	 after	 10	 days	
incubation	(Fig.	1).		

Fig. 1 Electron micrographs of self-assembled peptides I-VI with and without Zn2+.a) at time zer and (b) after 10 
days incubation. Peptides (99 µM) were grown in 25 mM Tris base/HCl buffer, pH 8, with and without 1 mM 
ZnCl2. Scale bars are 0.2 µm, and 50 nm for enlarged images. 
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Circular	dichroism	(CD)	spectroscopy	was	
used	 to	 examine	 the	 b-sheet	 content	 of	
peptide	 solutions.	 All	 the	 CD	 spectra	 from	
the	 assembled	 peptides	 showed	 minima	
around	 λ	 218	 nm	with	 different	 intensities	
indicating	 a	 strong	 signal	 for	 β-sheet	
structure.	 Fig.	 2	 shows	 CD	 signals	 of	
peptides	 after	 10	days	 incubation	 at	 37	 °C.	
Incubation	with	Zn2+	increased	the	intensity	
at	218	nm	for	capped	peptides	 (III	and	 IV)	
but	 did	 not	 have	 a	 significant	 effect	 on	 the	
signal	 intensity	 for	 uncapped	 peptides	 (I	
and	II)	(Fig.	2a	and	b).		

	
FTIR	 was	 used	 to	 further	 confirm	 the	

presence	 of	 β-sheets.	 All	 peptide	 samples	
showed	 a	 strong	 Amide	 I	 band	 near	 ν	
1627-1630	 cm-1,	 which	 indicates	 β-sheet	
structures	 38	 (Fig.	 3).	 Furthermore,	 weak	
bands	 were	 observed	 closer	 to	 ν	 1668-
1660	 cm-1	 from	 peptides	 I,	 II,	 IV	 and	 VI,	
which	may	be	attributed	to	the	presence	of	
antiparallel	 β-sheets	 39.	 The	 shorter	
peptides,	 III	 and	 V,	 did	 not	 clearly	 show	
this	 band,	 which	 may	 indicate	 parallel	 β-
sheets.	 Amide	 II	 bands	 were	 observed	
between	ν	1548-1516	cm-1	for	all	peptides.	
A	 broad	 absorption/transtion	 was	
observed	at	ν	3700–2400	cm-1,	which	could	
be	 attributed	 to	 –OH	 and	 –NH	 groups	
engaged	in	hydrogen	bond	stretching	40.	All	
peptide	designs	showed	transition	peaks	of	

around	 ν	 3274-3267	 cm-1	 which	 could	 be	
attributed	 to	 the	 expected	 hydrogen	
bonding	 involved	 in	 the	 fibril	 structure	
(Fig.	 S3,	 Table	 S2†).	 CD	 and	 FTIR	
spectroscopic	analysis	thus	confirmed	that	
all	 peptides	 formed	 a	 β-sheet	 structure	 in	
the	presence	or	absence	of	Zn2+.		

Fig. 2 CD spectra from peptides after 10 days incubation with Tris base/HCl, pH 8 at 37 °C, in the absence (a) 
and presence of Zn2+ (b). Spectra for peptides grown with Zn2+ have a more intense β-sheet signal (λ 218 nm) than 
those grown in the absence of Zn2+. The ellipticity (MER) was calculated as molar ellipticity per residue 
(MER)(deg.cm2.dmol-1). 
 

Fig. 3 Fourier transform infrared spectra of peptides 
I-VI show the amide transmission region indicating 
the presence of a β-sheet structure with minor bands 
that can be attributed to anti-parallel β-sheets. Dotted 
lines are shown to highlight differences between each 
peptide spectrum. 
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Tyrosine	 fluorescence	 (excitation	 at	 λ	
280	 nm;	 emission	 at	 λ	 305	 nm)	 was	
measured	 to	 monitor	 the	 change	 in	 the	
environment	of	the	tyrosine	during	peptide	
assembly.	However,	 very	 little	 change	was	
observed	over	time	for	 these	peptides	and	
this	 was	 likely	 to	 be	 due	 to	 the	 rapid	
assembly	of	the	peptides	at	time	zero	(Fig.	
1).	 Only	 peptide	 III	 showed	 a	 decreasing	
signals	at	a	shifted	wavelength	of	λ	345	nm	
which	 may	 arise	 from	 formation	 of	
tyrosinate	 (Fig.	 4a),	 which	 may	 indicate	
some	 structural	 rearrangement	 took	 place	
during	 maturation	 of	 the	 fibrils.	 The	
intensity	 of	 signals	 was	 stronger	 in	 the	
presence	 of	 Zn2+	 (Fig.	 4a)	 which	 could	
imply	 the	 formation	 of	 dityrosine	
crosslinks.	 The	 presence	 of	 dityrosine	
crosslinks	was	detected	using	an	excitation	
wavelength	of	λ	320	nm	and	the	dityrosine	
signal	appeared	at	λ	400-410	nm	(Fig.	4b)	
only	 in	 the	 absence	 of	 Zn2+	 and	 increased	
over	 time.	 In	 the	 presence	 of	 Zn2+,	 this	
signal	 was	 not	 observed	 for	 any	 of	 the	
peptides	 suggesting	 that	 the	 tyrosine	may	
prefer	 water-bridge	 binding	 with	 Zn2+	
rather	 than	 crosslinking.	 The	 strongest	
dityrosine	signal	was	observed	for	peptides	

I	 and	 IV,	weaker	 for	 II	 and	much	 weaker	
signals	 were	 observed	 for	 peptides,	 III,	 V	
and	VI.	 Thioflavin	 T	 (ThT)	 fluorescence	 is	
generally	 used	 to	 follow	 the	 assembly	 of	
amyloidogenic	 peptides	 over	 time	 41.	 All	
peptides	 showed	 a	 positive	 intensity	 at	 λ	
483-485	 nm	 consistent	 with	 the	 presence	
of	 amyloid	 fibrils.	 In	 the	 presence	 of	 Zn2+,	
the	 ThT	 fluorescence	 did	 not	 show	 any	
significant	 increase	 over	 time	 (Fig.	 4c),	
despite	 clear	 evidence	 of	 fibril	 formation	
from	TEM	images.	This	may	be	due	to	rapid	
fibril	 formation	or	alternatively	due	 to	 the	
ability	 of	 Zn2+	 to	 coordinate	 with	 the	
anilino	 group	 of	 the	 ThT,	 which	 could	
quench	the	emission	signal.	In	the	absence	
of	 Zn2+,	 peptides	 II	 and	VI	 appear	 to	 have	
very	 high-intensity	 signals	 over	 time,	
peptide	I	and	III	have	high-intensity	signals	
at	 the	 earliest	 time	 point,	 whilst	 peptides	
IV	 and	V	 show	a	 steady	but	 slow	 increase	
over	 25	 days	 incubation,	which	 could	 due	
to	 the	 rapid	 fibrillation	 rate,	 consistent	
with	the	observations	from	TEM.	

Fig. 4 Fluorescence emission intensities over 25 days in the absence (top) and the presence of Zn2+(bottom). a) 
Tyrosine fluorescence for peptide III, b) dityrosine fluorescence for each peptide, c) ThT fluorescence for each 
peptide over incubation time of 25 days. 
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To	 further	 explore	 the	 structures	 of	 the	
amyloid	 fibrils	 formed	 by	 the	 different	
peptides	grown	in	the	presence	and	absence	
of	 Zn2+,	 diffraction	 data	 were	 collected	 and	
analysed	using	CLEARER	36.	This	was	used	to	
examine	whether	 there	were	 any	 structural	
differences	 between	 fibrils	 formed	 by	 the	
different	 catalytic	 peptides	 sequences.	 The	
diffraction	 patterns	 and	 their	 diffraction	
signals	are	shown	in	Fig.	5,	Table	S3.† 

A	 diffraction	 signal	 was	 observed	 at	
around	4.7	Å	on	the	meridional	axis	of	each	
diffraction	 pattern	 and	 arises	 from	 the	
hydrogen	 bonding	 distance	 between	 β-
strands	 that	 run	perpendicular	 to	 the	 fibre	
axis.	 Equatorial	 diffraction	 signals	 were	
observed	 at	 10-11	 Å	 and	 22-23	 Å	 and	
correspond	 to	 the	 sheet	 spacing,	 and	 chain	
length	 perpendicular	 to	 the	 fibre	 axis,	
respectively	 (Fig.	 5,	 Table	 S3†).	 The	
peptides	gave	a	similarly	strong	signal	from	
the	H-bonding	distance	between	 strands	at	
approximately	 4.70-4.72	Å.	Off	meridionals	
were	 observed	 at	 around	 3.8	 Å	 which	 is	
generally	thought	to	arise	from	the	distance	
between	 aC	 in	 the	 b-pleated	 sheet	 2.	
Differences	in	the	degree	of	the	alignment	of	
the	 fibril	 samples	 gave	 rise	 to	 some	

differences	in	the	number	of	the	reflections	
o	 (Fig.	 5).	 However,	 comparison	 of	 the	
reflection	 positions	 for	 the	 peptides	
incubated	 in	 the	 presence	 and	 absence	 of	
Zn2+	 reveals	 no	 significant	 differences,	
supporting	 the	 view	 that	 although	 Zn2+	
plays	 an	 important	 role	 in	 the	 assembly	
process	 and	 catalytic	 activity,	 it	 does	 not	
have	a	significant	effect	on	the	architecture	
of	the	fibrils.		

All	 the	 fibrils	 gave	 rise	 to	 a	 diffraction	
signal	 on	 the	 equator	 at	 22-23	 Å	 which	 is	
surprising	 when	 comparing	 the	 seven	
residue	 and	 11	 residue	 peptides	 since	 we	
might	expect	 these	 to	differ	 in	chain	 length	
(Fig.	 5,	 Table	 S3†).	 The	 diffraction	 signal	
that	 could	 be	 attributed	 to	 the	 b-sheet	
spacing	was	 also	 similar	 between	 peptides	
of	11-12	Å.	Only	peptide	I	in	the	absence	of	
Zn2+	 showed	 a	 narrower	 spacing	 at	 10	 Å.	
Further	 reflections	 were	 observed	 on	 the	
equator	at	8	Å	and	6	Å.	

	
Enzyme	activity	of	the	peptides	
The	 enzyme	 activity	 for	 each	 peptide	 was	
determined	 in	 the	 presence	 of	 Zn2+	 by	
measuring	 the	 hydrolysis	 of	 p-NPA	 to	 give	
p-nitrophenol	 and	 acetic	 acid.	 The	 rate	 of	

Fig. 5 X-Ray fibre diffraction patterns from partially aligned fibrils formed by each peptide after three days 
incubation (10 mg/mL in water), with and without Zn2+. a) Peptide I, b) peptide II, c) peptide III, d) peptide IV, e) 
peptide V, f) peptide VI. The meridional reflections are marked with an M which is parallel to the fibre axis, and the 
equatorial direction which is perpendicular to the fiber axis, is marked by E. 
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the	 hydrolysis	 of	 p-NPA	 by	 the	 uncapped	
peptides	I,	 II	and	the	capped	variant	V	was	
extremely	 slow	 after	 fibrillogenesis	 for	 0	 h	
and	 10	 days	 (Fig.	 S4	 a	 and	 b†),	 despite	 the	
formation	of	fibrils	by	peptides	I	and	II	(Fig.	
1).	 Peptide	 V	 did	 not	 form	 well-defined	
fibrils	 at	 time	 zero	but	 fibrils	were	 evident	
by	day	10	(Fig.	1).	However,	despite	this,	the	
fibrils	formed	by	peptide	V	were	not	able	to	
catalyse	 the	hydrolysis	 reaction	 (Fig.	S4c†).	
Therefore,	peptides	I,	II	and	V	appear	to	be	
unable	 to	 hydrolyse	 p-NPA	 under	 the	
conditions	used.	

The	 enzyme	 kinetics	 revealed	 that	 the	
capped	 peptides	 (III,	 IV	 and	 VI)	 followed	
Michaelis-Menten	 kinetics	 in	 the	 presence	
of	Zn2+	and	peptide	III	showed	the	highest	
activity	 (Table	 2).	 	 In	 the	 absence	 of	 Zn2+,	
peptide	 III	 showed	 virtually	 no	 activity	
(Fig.	 S4d†).	 Error	 bars	 (Fig.	 6)	 are	
sometimes	 quite	 large	 and	 this	 variation	
between	 experiments	 may	 be	 due	 to	

difficulties	in	ensuring	even	distribution	of	
fibrillar	material.	However,	 analysis	 of	 the	
data	 available	 for	 peptide	 III	 suggested	 a	
turnover	number	 (kcat)	 8.04*10-3	±	0.0004	
s-1,	and	the	rate	of	 interaction	of	S	and	the	
active	 site	 (the	catalytic	efficiency	kcat/Km)	
was	~138±	4.0	M-1	s-1	at	time	zero	peptide	
incubation.	 The	 efficiency	 of	 the	 catalytic	
reaction	 appeared	 to	 increase	 after	
incubating	the	peptide	for	10	days	to	355.0	
±	 15.00	 M-1	 s-1,	 with	 a	 higher	 affinity	
toward	the	active	centre	revealing	that	the	
catalytic	 activity	 increased	 by	 about	 6.5	
fold	 over	 time.	 This	 may	 accompany	
increased	 assembly	 and	 ordering	 of	 the	
fibrils	 derived	 from	 peptide	 III	 and	 this	
would	be	 consistent	with	 the	 results	 from	
tyrosine	 fluorescence	 which	 showed	
structural	 rearrangement	 in	 the	 tyrosine	
environment	with	time	(Fig.	4a).	

Fig. 6 Catalytic experiments using peptides III, IV and VI over 10 days. a) Peptide III, b) peptide IV, c) peptide 
VI; all peptides were used at 24 µM concentration in the well, d) Carbonic anhydrase (CA), e) the catalytic 
efficiency/mole of peptides versus that of CA. All peptides were incubated in 25 mM Tris-base/HCl, pH 8 with 1 
mM ZnCl2 at 37 °C. peptides III-VI represent Michaelis-Menten equation fitting, and steady-state kinetics. Error 
bars refer to the standard deviation of at least three runs, each in triplicate.  

d	
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In	 contrast,	 peptide	 IV	 showed	 decreased	
catalytic	 efficiency	 over	 the	 incubation	
period	 which	 decreased	 slightly	 to	 49.00	 ±	
8.00	M-1	 s-1	 after	 10	 days	 (Fig.	 6b,	 Table	 2).	
The	efficiency/mole	of	enzyme	of	peptide	III	
was	 calculated	 from	 the	 data	 to	 be	 higher	
than	that	of	66	μM	CA	of	human	erythrocytes	
(experimental	 value),	 which	 catalyses	 the	
hydrolysis	 of	 p-NPA	 with	 a	 catalytic	
efficiency	of	604.88	±	1.838	M-1	s-1.	However,	
when	 the	 efficiency	 was	 compared	 on	 a	
molar	 basis,	 peptide	 III	 exhibited	 a	 higher	
efficiency	 than	 CA	 (Peptide	 III	 29.58	 x	 104	
compared	to	4.83	x104	for	CA)	(Fig.	6d	and	e,	
Table	 2).	 No	 catalytic	 activities	 were	
observed	 for	 any	 peptide	 in	 the	 absence	 of	
Zn2+	 confirming	 that	 the	 activity	 is	 zinc-
dependent		(Fig.	S3d†).	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

In	order	to	investigate	the	dependence	of	
catalytic	 activity	 on	 Zn2+	 binding,	 titration	
of	 the	Zn2+	was	performed	for	peptides	III	
and	IV.	The	activity	increased	linearly	until	
the	stoichiometry	of	binding	to	peptide	III	
reached	~1:1	(peptide:Zn2+)	and	to	peptide	
IV	 was	 ~1:2	 (peptide:Zn2+).	 After	 that,	 no	
increase	 was	 observed	 (Fig.	 7a).	 This	
finding	supports	the	design	hypothesis	that	
peptide	III	binds	one	Zn	ion	the	active	site,	
while	peptide	 IV	has	 the	potential	 for	 two	
structurally	 distinct	 sites	 within	 a	 pair	 of	
peptide	molecules.	Both	peptides	III	and	IV	
displayed	a	 linear	 increase	 in	 the	 catalytic	
rate	 as	 peptide	 concentration	 increased,	
showing	 the	 expected	 concentration	
dependence	for	an	enzyme	(Fig.	7b).		
	

Table 2 The catalytic activity of peptides grown in 25 mM Tris-base/HCl at pH 8 in the presence of 1 
mM ZnCl2, incubated for 10 days at 37 °C. The shaded numbers refer to the highest catalytic efficiency, 
lower Km and higher activity per each mole of peptide. The catalytic efficiency (kcat/Km) indicates the 
interaction of S with the active centre of E. To clearly copmare the catalytic efficiencies of peptides with 
that of CA, the catalytic efficiency calculated per a mole in the last column. *Carbonic anhydrase. 
Peptide  
  

Conc. 
µM 

Time/da
ys 

kcat *10-3 
(s-1) 

Km 
(mM) 

Catalytic 
efficiency 
(kcat/Km) 
(M-1 s-1) 

Catalytic 
efficiency/ 
mole peptide x 104 

(I) 24 No reaction - 
(II) 24 No reaction - 
(III) 24 0 8.04 ± 0.00038 0.13 ± 0.02 138.50 ± 4.00 11.54  

3 6.44 ± 0.0005  0.05 ± 0.02 168.00 ± 18.51 14.00 
10 8.26 ± 0.0005 0.02 ± 0.001 355.00 ± 15.00 29.58  

(IV) 24 0 22.81 ± 0.0030 0.39 ± 0.14 68.00 ± 18.00 5.66  
  3 2.72 ± 0.0019 0.36 ± 0.08 89.00 ± 64.00 7.41  
    10 16.90 ± 0.0011 0.35 ± 0.17 49.00± 8.00 4.83  
(V) 24 No reaction - 
(VI) 24 10 55.94± 0.0009 0.05± 0.05 62.00 ± 20.00 5.16  
CA* 66 0 37.97 ± 0.0029 0.12 ± 0.043 604.88 ± 1.84 4.58  
 

Fig. 7 Dependence of the hydrolysis rate 
of p-NPA on the concentration of ZnCl2 
and the concentration of peptides III and 
IV. a) Ionic strength dependence of the 
enzymatic reaction: peptide III (24 µM) 
shows 1:1 peptide: Zn2+ stoichiometry, 
while peptide stoichiometry of IV (24 µM) 
is 1:2 (peptide: Zn2+). b) The dependence 
of the catalytic activities of III and IV on 
the precursor peptide concentration 
grown at 37 °C for 10 days. Error bars 
refer to the standard deviation of at least 
two runs, in triplicate readings. 
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Discussion	
The	 design	 of	 seven-residue	 peptides	 that	
assemble	 to	 form	 an	 active	 site	 to	
coordinate	 Zn2+,	 and	 catalyse	 an	 esterase	
reaction	 was	 previously	 reported	 18.	 We	
have	 built	 upon	 these	 designs	 to	 add	 new	
features	 and	 to	 conduct	 an	 in-depth	 study	
of	 the	 structures	 that	 accompany	 high	
catalytic	ability.	Short	7mer	peptides	(I,	III,	
V)	 were	 designed	 as	 model	 peptides	 to	
investigate	 the	 binding	 to	 Zn2+,	 self-
assembled	 structure	 and	 hydrolysis	
activity	 compared	 to	 longer	 11mer	
peptides	 (II,	 IV,	 VI).	 The	 eleven	 residue	
peptides	 II,	 IV	 and	 VI	 were	 rationally	
designed	to	have	the	potential	to	bind	two	
Zn2+	atoms	and	potentially	have	two	active	
sites.	 It	was	 predicted	 that	 if	 this	was	 the	
case,	 the	 catalytic	 activity	 of	 longer	
peptides	 may	 be	 higher	 than	 the	 seven	
residue	peptides.	The	non-polar	 isoleucine	
residues	were	 engaged	 in	 the	 sequence	 to	
drive	 the	 assembly	 through	 hydrophobic	
interactions	 42.	 In	 addition,	 we	 would	
predict	 that	 peptide	 self-assembly	 would	
be	 enhanced	 by	 the	 alternating	 incorpor-
ation	of	polar,	charged	histidine	residues43.	
Furthermore,	 histidine	 residues	 are	 well	
known	 to	 coordinate	 metals	 and	 promote	
Zn2+	 binding.	 Zn2+	would	 then	 act	 as	 a	 co-
factor	 to	participate	 in	catalysis	 18,	 33,	 44,	 45.	
Tyrosine	was	introduced	into	our	peptides	
at	position	six	 in	the	sequence	as	it	 is	well	
known	to	promote	amyloid	assembly	1,	15,	46	
and	 also	 to	 have	 the	 ability	 to	 form	
covalent	 dityrosine	 cross-links	 in	 fibrillar	
structures	47,	48,	thus	further	stabilizing	the	
fibrils.	 Dityrosine	 cross-links	 may	 be	
promoted	 in	 presence	 of	 metals	 such	 as	
copper,	 but	 may	 also	 form	 spontaneously	
by	photo-oxidation	34.	
All	 the	designed	peptides	 (Table	1)	had	

the	ability	to	self-assemble	to	form	amyloid	
fibrils	 and	 they	 shared	 similar	 morpholo-
gies	upon	analysis	by	electron	microscopy	
(Fig.	 1).	 Their	 b-sheet	 structure	 was	
confirmed	 by	 CD	 and	 FTIR	 spectroscopic	
analyses	 (Fig.	 2	 &	 3).	 The	 amyloid-like	

structure	 of	 the	 fibrils	 was	 confirmed	 by	
positive	 intensity	 in	 ThT	 binding	
experiments	 although	 only	 peptide	 III	
showed	self-assembly	over	time	due	to	the	
very	rapid	nature	of	fibrillogenesis	by	all	of	
the	other	peptides	at	time	zero	(Fig.	1	&	4).	
All	 fibrils	 showed	 the	 expected	 cross-b	 X-
RFD	pattern	 expected	 for	 amyloid	 fibrils	 2	
(Fig.	 5).	 Surprisingly,	 the	 presence	 or	
absence	 of	 zinc	 appeared	 to	 have	 no	
significant	effect	on	the	morphology	of	the	
fibrils,	 or	 their	 architecture	 by	 X-RFD,	
although	 there	 was	 some	 indication	 from	
TEM	that	the	fibrils	were	slightly	longer	in	
the	 absence	 of	 Zn2+	 (Fig.1).	 CD	 data	
revealed	a	stronger	b-sheet	signal	at	λ	218	
nm	for	those	peptides	incubated	with	Zn2+.	
Fibrils	 formed	in	the	absence	of	Zn2+	were	
able	 to	 form	 dityrosine	 crosslinks,	 which	
were	 not	 detected	 in	 those	 that	 were	
formed	with	Zn2+	(Fig.	4).	
X-RFD	 diffraction	 data	 revealed	 that	 all	

the	peptides	self-assembled	to	 form	cross-
b	 amyloid	 fibrils	 and	 these	 shared	 a	
significant	 number	 of	 reflections.	 In	
particular,	 all	 the	 peptide	 fibrils	 showed	
the	 characteristic	 diffraction	 signals	 at	 4.7	
Å	 on	 the	meridian	 and	 at	 12-11	 Å	 on	 the	
equator	(Fig.	5).	All	the	peptides	shared	the	
lower-angle	 reflection	 on	 the	 equator	 at	
22-23	 Å	 which	 was	 surprising	 since	 we	
would	 expect	 that	 the	 chain	 length	
reflection	 would	 vary	 between	 the	 7mer	
and	11mer	peptides.	This	suggests	that	the	
peptides	 fold	 and	 pack	 into	 very	 similar	
architectures.	 Furthermore,	 we	 did	 not	
observe	 any	 significant	 differences	
between	 the	 architectures	 of	 capped	 and	
uncapped	 peptides,	 which	 supports	 the	
idea	 that	 capped	 peptides	 do	 not	 form	 a	
different	 packing	 arrangement	 from	
uncapped	precursors.	Zn2+	did	not	have	any	
observable	 effect	 on	 diffraction	 signals	
from	 the	 fibril	 structures	 (Table	 S3†).	
Diffraction	 data	 from	 peptide	 III	 fibrils	
were	 analysed	 and	 the	 data	 used	 to	
produce	 two	 possible	 models	 to	 highlight	
the	catalytic	and	Zn2+	binding	site,	in	which	
the	peptides	are	arranged	in	two	parallel	b-
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sheets,	 12	 Å	 apart.	 In	 the	 first	 model,	 the	
peptides	 are	 arranged	 antiparallel	 across	
the	 sheet	 and	 in	 the	 second,	 they	 are	
parallel.	 This	 generates	 two	possible	 arra-
ngements	 of	 the	 side	 chains	 in	 which	 the	
histidine	 residues	 can	 coordinate	 with	 a	
potential	 zinc	 ion	 (Fig.	 8).	 The	 models	
cannot	 be	 distinguished	 from	one	 another	
using	 X-ray	 data,	 but	 both	 fit	 the	 diffra-
ction	 data	 well	 (see	 ESI	 and	 Fig.	 S5†).	
Further	 lateral	 assembly	 of	 the	 peptides	
would	 be	 expected	 to	 bury	 the	 hydro-
phobic	 surface	 of	 the	 peptides	 and	 to	
create	the	final	fibril	structure.	

Recently,	 solid	 state	 NMR(ssNMR)	 and	
structural	bioinformatics	studies	have	been	
combind	to	elucidate	the	geometry	of	Zn2+	
coordinating	to	a	catalytic	amyloid	peptide	
49.	 Results	 suggested	 that	 b-strands	 were	
arranged	 in	 a	 parallel	 fashion	 and	
assembled	 into	 bilayers	 with	 an	 altern-
ating	 polar	 and	 apolar	 interface.	 The	
hydrated	 polar	 interface	 is	 mediated	 by	
Zn/water	 ligands	 to	 interact	 with	 the	
substrate.	 Zn2+	 cooridinated	 by	 three	
histidine	from	two	adjacent	strands	leaving	
a	free	site	on	the	Zn2+	for	water	activation.	
A	histidine	from	one	strand	can	bridge	two	
Zn2+(each	 half	 of	 the	 imidazole	 ring	
coordinates	 one	 Zn2+	 with	 another	
histidine	 from	 the	 neighbouring	 strand).	
The	b-sheets	stack	with	anti-parallel	orien-
tation	where	the	hydrophobic	residues	face	
one	 other	 to	 promote	 the	 three	
dimentional	 assembly.	 This	 ssNMR	 struct-
ure	is	consistent	with	the	model	presented	

here.		

The	 catalytic	 activities	 were	 tempe-
rature,	 Zn-concentration,	 and	 substrate	
concentration-dependent	 and	 followed	
Michaelis-Menten	 kinetics.	 Peptides	 asse-
mbled	 in	 the	 absence	 of	 Zn2+	 and	 the	
uncapped	 peptides	 showed	 no	 significant	
catalytic	activity	(Fig.	S4†).	Aspartic	acid	in	
peptide	 V	 disrupted	 the	 fibrillar	 catalytic	
activity	 possibly	 due	 to	 altered	 binding	 to	
the	substrate.		In	contrast,	capped	peptides	
demonstrated	 notable	 significant	 catalytic	
activity	 peptide	 III	 displayed	 catalytic	
activity,	 which	 increased	 with	 self-
assembly	 incubation	 time.	 	 This	 supports	
the	 view	 that	 the	 activity	 is	 closely	 linked	
to	 the	 self-assembly	 ability	 and	 the	
production	 of	 an	 active	 site	 within	 the	
three-dimensional	 fibrillar	 structure.	
Acetylation	of	the	N-termini	and	amidation	
of	the	C-termini	may	stabilize	the	structure	
and	 prevents	 the	 charge-charge	 intera-
ctions	 between	 the	 peptide	 termini	 and	
also	 perhaps	 with	 Zn2+.	 This	 result	 is	 in	
good	agreement	with	previous	studies	18.	
Overall,	 the	neutralization	of	 the	N-	and	

C-termini	with	 the	sequence	of	alternating	
isoleucine	 and	 histidine	 promotes	 the	
formation	 of	 an	 active	 site	 and	 a	 binding	
site	 for	 Zn2+	 within	 the	 self-assembled	
fibrillar	 structure.	 We	 compared	 the	
catalytic	 activity	 of	 a	 7mer	 and	 11mer	
peptide	but	revealed	that	the	7mer	peptide	
III	 possessed	 a	 much	 higher	 activity	 than	
the	longer	peptide.	This	finding	leads	us	to	
suggest	 two	 potential	 models	 for	 Zn-

Fig. 8 The proposed models of peptides III in the presence of zinc built from X-RFD data. View down the fibre 
axis (into page). Both models show two parallel b-sheets. Left hand panal shows b-sheets related by an anti-
parallel orientation and right hand panal shows b-sheets related by a parallel orientation. Models were created 
using Pymol (1.7.4.4). 
 

		 	Zn	
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binding	 for	 folded	peptide	 IV.	 It	may	 form	
an	 anti-parallel	 b-hairpin	 structure,	 or	
remain	 as	 an	 extended	 b-strand	 that	
hydrogen	 bonds	 to	 an	 adjacent	 peptide.	
The	 two	 peptides	 may	 differ	 in	 their	
binding	 to	 Zn2+	 within	 the	 active	 site	 and	
this	 is	reinforced	by	the	results	of	the	zinc	
titration	 study.	 Studying	 the	 influence	 of	
Zn2+	on	 the	catalytic	activity	of	peptide	 III	
revealed	 a	 stoichiometry	 of	 1:1	 (Zn2+:	
peptide)	 at	 which	 point	 the	 peptide	
showed	 no	 further	 increase	 in	 velocity	 of	
the	 reaction.	 Results	 from	 peptide	 IV	
showed	 a	 stoichiometry	 of	 2:1	 (Zn2+:	
peptide)	(Fig.	7).	This	finding	suggests	that	
one	peptide	of	III	binds	to	one	Zn2+,	whilst	
one	 peptide	 of	 IV	 coordinates	 two	 Zn2+.	 If	
Zn2+	is	able	to	bind	in	two	positions	within	
the	 11mer	 peptide,	 this	 may	 cause	
disruption	of	 the	active	 site	and	 reduction	
of	 activity.	 Furthermore,	 on	 a	molar	basis,	
fibrillar	peptide	III	activity	appeared	to	be	
higher	 than	 CA	 activity	 (Fig.	 6e	 and	 Table	
2).	 Based	 on	 data	 from	 X-RFD	 and	 Zn	
titration	 data,	 we	 were	 able	 to	 model	 the	
architecture	(Fig.	8).	
Within	 the	 fibrillar	 structure	 formed	 by	

the	 peptide	 III,	 it	 is	 reasonable	 that	 an	
imidazole-zinc	species	is	activated	through	
a	 water	 molecule	 to	 enable	 quaternary	
coordination	 geometry	 of	 Zn	 (His)3-OH	
which	 directly	 reacts	 with	 the	 acetate	
group	 of	 p-NPA,	 to	 form	 a	 complex	 of	
acylium-Zn-imidazole.	 In	 the	presence	of	a	
water	 molecule,	 this	 complex	 will	
dissociate	to	regenerate	the	imidazole-zinc	
and	 liberate	 acetic	 acid	 (see	 Scheme	1).	 It	
has	 been	 suggested	 that	 an	 anionic	 ligand	

is	 required	 to	 activate	 the	 imidazole-zinc	
species	 of	 the	 active	 centre	 of	 CA	 50,	
therefore	tyrosine	engaged	at	position	6	in	
the	 peptide	 design	 could	 aid	 protonation.	
Moreover,	inspired	by	the	active	site	of	CA	
where	histidine	64	acts	 a	 shuttle	 group	 to	
aid	 the	 deproto-nation	 step	 44,	 this	 role	
could	 be	 fulfilled	 by	 the	 third	 histidine	 in	
the	 peptide	 that	 is	 coordinated	 not	 with	
Zn2+.	 Zinc	 acts	 as	 a	 powerful	 electrophilic	
catalyst	 since	 it	 activates	 the	 water	
molecule	 for	 nucleoph-ilic	 attack,	 lowers	
the	 energy	 of	 the	 C=O	 p*	 orbital	 adjacent	
to	the	 scissile	 bond	 and	 stabilizes	 the	
negative	charge	in	the	transition	state	51,	52.	
Peptide	V	was	not	able	to	act	as	a	catalyst	

and	showed	no	activity	over	 the	 course	of	
the	 study	 under	 the	 conditions	 used	 (Fig.	
S4c†).	 Peptide	 V	 has	 an	 aspartic	 acid	
residue	at	position	5	 in	place	of	 isoleucine	
and	 the	 introduction	 of	 a	 large	 acidic	 side	
chain	 in	 place	 of	 an	 aliphatic	 group	 may	
disrupt	 the	 formation	 of	 the	 catalytic	 site	
or	may	compromise	the	binding	of	the	Zn2+	
ion	 with	 the	 substrate.	 Interestingly,	 the	
peptide	is	still	able	to	assemble	despite	the	
interruption	 of	 the	 alternating	 charged-
hydrophobic	motif.	 The	 optimal	 coordina-
tion	of	Zn2+	appears	to	be	critical	since	the	
longer	peptide	IV	and	VI	resulted	in	lower	
catalytic	 efficiency	 than	 peptide	 III	 (Table	
2).	The	catalytic	efficiency	of	the	fibrils	was	
also	peptide	 concentration-dependent;	 the	
velocities	 increased	 linearly	 as	 concen-
tration	 increased	 (24-200	 mM)	 to	 give	
first-order	concentration	dependencies	 for	
both	peptides,	Fig.	7b.	

Scheme 1 The mechanism of hydrolysis for the substrate P-NPA by fibrils of peptide III. 
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Conclusions	
This	 study	 aimed	 to	 explore	 the	
fibrillogenesis,	fibre	structure,	zinc	binding	
and	 catalytic	 activity	 of	 designed	 seven-
residue	or	eleven-residue	peptides	with	or	
without	 capped	 ends.	 We	 have	 revealed	
that	 all	 peptides	 in	 the	 presence	 and	
absence	of	Zn2+	are	able	to	self-assemble	to	
form	 amyloid	 fibrils	 and	 that	 these	 show	
similar	architectures.	However,	the	binding	
of	Zn2+	is	critical	to	the	catalytic	ability	and	
only	those	peptides	with	capped	ends	were	
able	 to	 catalyse	 an	 esterase	 reaction.	 We	
have	 shown	 that	 one	 of	 the	 seven	 residue	
designed	 peptides	 forms	 highly	 ordered	
fibrils	 over	 time	 that	 are	 able	 to	 catalyse	
the	reaction	with	very	high	efficiency.	The	
three-dimensional	 organisation	 of	 the	
active	 site	 is	 provided	 by	 the	 self-
assembled,	amyloid-like	architecture.		
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Supplementary	information	
	

The	amyloid	architecture	provides	a	scaffold	for	enzyme-like	
catalysts	

	
Z.	S.	Al-Garawi	a,	b,	B.	A.	McIntosh	a,c,	D.	Neill-Hall	a	A.	Hatimy	d,	S.	M.	Sweet	d,	M.	

C.	Bagley	a,	and	L.	C.	Serpell	

	
Supplementary	Methods	
	
Peptide	characterisation	
	
High	performance	liquid	chromatography	
	0.1-1.5	mg/mL	peptides	were	dissolved	in	MeCN:	H2O	(1:1),	vortexed,	centrifuged	and	

then	sonicated	 for	1	min.	Degassed	solvents	of	 solution	A	 (milli-Q	water	+	0.1%	TFA)	

and	 solution	B	 (MeCN	+	 0.1	%	TFA)	were	 used	 for	 column	 equilibration	 and	peptide	

elution.	 100-300	 µL	 of	 each	 peptide	 was	 injected	 onto	 a	 reversed	 phase	 semi-

preparative	 HPLC	 (JASCO)	 C18	 column	 (250	 mm	 length*4.6	 mm	 internal	 diameter*	

packed	with	5	μm	particles,	Vydac).	Peptides	were	eluted	at	a	flow	rate	1	mL/min	with	a	

gradient	solution	B	30-70%	or	5-85%	for	capped	and	uncapped	peptides,	respectively	

for	40	min	run.	The	UV	detector	was	monitored	at	λ	280	and	210	nm.	

		

Mass	spectrometry	analysis	
Peptide	 samples	 were	 sprayed	 in	 a	 50%	 MeCN,	 0.1%	 formic	 acid	 solution	 from	 an	

IonMax	Source	(Thermo),	using	a	flow-rate	between	3-10	µl/min	and	an	applied	voltage	

of	 3.5-5	kV,	 into	 an	Orbitrap-XL	mass	 spectrometer	 (Thermo).	High	 resolution	FT-MS	

data	was	acquired	 for	precursors.	Both	FT-MS	and	LTQ-MS	spectra	were	acquired	 for	

fragment	 ions.	 Peptide	 identifications	 were	 manually	 validated,	 visualising	 spectra	

using	Xcalibur	QualBrowser	(v2.1;	Thermo).			

		

Supplementary	Results	
	
HPLC	analysis	
The	synthesis	of	the	peptides	by	MW	solid	phase	synthesizer	was	successful.	The	large	

majority	components	of	I,	II,	III,	IV,	V	and	VI	were	eluted	at	a	retention	time	(Rt)	15.8	
min,	12.1	min,	8.5	min,	10.9	min,	15.7	min	and	16.9	min,	respectively	within	40	min	run	

times.	The	crude	peptides	were	eluted	close	to	the	main	peak	of	each	peptide	of	interest.	

All	peptides	were	analysed	using	a	gradient	of	5-85%	solution	B	except	peptides	III	and	
IV	which	were	 analysed	 using	 the	 gradient	 30-70%	of	 solution	B.	 The	 purity	 of	 each	
synthesised	peptide	is	shown	in	Table	S1	and	Fig.	S1.	
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Fig. S1 Reversed-phase High-Performance Liquid chromatographic (RP-HPLC) of the crude peptides I, II, 
III, IV, V, and VI on a C18 column. A linear gradient of 5%- 85% and 30-70%, of solvent B was used. 
Absorbance at 280 nm is monitored versus Retention time (Rt). The numbers above each peak is representing 
the peak area relative to the whole run time; 40 min.  a) peptide I, b) peptide II, c) peptide III, d) peptide IV, e) 
peptide V, f) peptide VI. 
 

Table S1. The purity of the synthesized peptides indicated by 
the peak area%. 
Peptide  I II III IV V VI 
Purity%  93.75 92.34 95.28 79.79 95.18 94.18 
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Mass	Spectrometry	
	
Samples	were	analysed	by	direct	infusion-LC-MS	as	previously	described	1.	The	C	and	N-
terminal	peptides	were	detected	 in	doubly	and	 triply	charged	 forms.	The	raw	MS	and	
MS/MS	spectra	were	converted	to	mgf	format	using	Compass	2	and	searched	against	the	
SwissProt	 database	 using	 Mascot	 (Matrix	 Science).	 Search	 parameters	 employed	 a	
precursor	 tolerance	 of	 5	 ppm	 and	 a	 fragment	 ion	 tolerance	 of	 0.6	 Da,	 Fig.	 S2.	 These	
double	 charges	 numbers	 refer	 to	 the	 experimental	 masses	 of	 these	 peptides,	 which	
were	in	agreement	with	the	theoretical	mass	of	the	peptides.		

	
Fig. S2 Mass spectrometric analysis of synthetic peptides. High resolution precursor and fragment ion 
spectra were acquired to confirm peptide identities: I (a), II (b), III (c), IV (d), V (e) and VI (f) . 
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FTIR	of	peptides	I-VI	confirms	formation	of	b-sheet	content	as	shown	in	Fig.	3.		
Table	S2	shows	the	measurement	of	peaks	for	each	peptide	FTIR	spectrum.	
 

Table S2. Frequency of IR spectroscopic absorptionsa for peptide fibrils and their assignments 3. 
Peptide Amide I  

1700-1600 

Amide II 
1580-1510b 

H-Bonding 
3570-3200b 

β-sheet 
1637-1613b 

Parallel 
≈1630b 

Anti-parallel 
≈1630/1685b 

α-helix 
1662-1645b 

Random coil 
1645-1637b 

(I) 1630 1630 1630/1669 - - 1516 3267 
(II) 1627 1627 1627/1668 - - 1540 3268 
(III) 1630 1630 Broad ~1670 - - 1542 3267 
(IV) 1630 1630 1630/1667 - - 1548 3268 
(V) 1628 1628 Broad ~1673 - - 1542 3268 
(VI) 1626 1626 1626/1666 - - 1543 3274 

a All frequencies are given in cm-1. b Reported frequency of absorption of structural units 3. 
	
 

 
Fig. S3 FTIR spectra of peptides I-VI. Broken lines to facilitate indicating the differences between each 
peptide spectrum. 
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X-RFD	patterns	are	shown	in	Fig.	5.	The	measurement	of	the	positions	on	reflections	is	
tabulated	in	Table	S3.	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
Enzyme	kinetics	measurements	are	shown	in	Fig.	6.	The	results	from	peptides	I,	II,	V	
(self-assembled	with	Zn2+)	and	from	peptide	III	without	Zn2+are	shown	in	Fig.	S4.	
 

 
Fig. S4 Linear regression graphics of the catalytic activity without Zn2+, with uncapped peptides and with 
peptide V. The uncapped I (a), peptides II (b) and the capped peptide V (c) which assembled in the presence of 
Zn+2 at 37 °C, as well as capped peptide III (d) (self-assembled without Zn+2) were all not able to hydrolyse p-
NPA at any considerable level. The substrate concentration range for the uncapped peptides was 0.04-1.5 mM 
and for the capped peptides was 0.1-1.5 mM.     

Table S3. Diffraction signal positions measured from X-RFD patterns.collected from partially 
aligned fibrils formed by 10 mg/mL solutions of the catalytic peptides (I-VI) on third-day 
fibrillation incubated in water in the absence and presence of Zn2+. 
Reflections  - Zn+2  + Zn+2 

I II III IV V VI  I II III IV V VI 
Meridional 
 4.70 4.70 4.7

2 
4.7
1 

4.70 4.72  4.70 4.70 4.70 4.70 4.70 4.70 

    6.5 6.5      6.5   
Off Meridional  
 3.8  3.8 3.8    3.8  3.8    
Equatorial 
 22 23 23 23.

0 
23.5 24  22.0 23 23 23 24 24 

 12 12 12 12 12   12 12 12 12 12  
      11       11 
  8 8 8     8 8 8 8 8 
  6 6.4 6.5      6 6.5   
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The	X-ray	Fibre	diffraction	pattern	for	peptide	III	was	examined	using	CLEARER	4	and	
a	possible	unit	cell	was	determined	of	a=4.7	Å,	b=24	Å,	c=23	Å,	a=b=g=90°.	A	model	of	
the	 sequence	 for	 peptide	 III	was	 generated	using	Pymol	 5	 and	CLEARER	was	used	 to	
calculate	 a	 diffraction	 pattern	 from	 the	 model	 structure	 in	 a	 fibre	 architecture.	 The	

experimental	diffraction	pattern	is	shown	with	the	calculated	diffraction	pattern	as	an	

insert	(Fig.	S5),	showing	a	good	match	for	both	parallel	and	antiparallel	arrangements	

between	the	b-sheets.	It	is	not	possible	to	distinguish	between	the	two	models,	and	the	
low	number	of	diffraction	signals	observed	by	X-ray	fibre	diffraction	is	 insufficient	 for	

further	 modelling.	 The	 pattrens	 calculated	 from	 the	 models	 match	 the	 experimental	

diffraction	 data	well	 and	 therefore	 represent	 possible	 architectures	 of	 peptide	 III.	 Ss	
NMR	analysis	has	suggested	that	the	peptides	may	arrange	in	a	parallel	orientation	of	b-
sheets	6.	

Fig. S5 Model structures and their corresponding diffraction patterns. Top, shows the model structures of 
peptide III that were built into the determined unit cell (shown only on the right-hand model). The diffraction 
patterns shown below are experimental patterns with inserts showing a quadrant of the patterns calculated from 
the model structures within the unit cell. 
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PART	III:	Additional	results	
	
1. Effect	of	Zn2+	on	the	the	peptide	characterizations		

1.1. Effect	of	Zn2+	on	the	dimensions			

	
Although	Zn2+	does	not	appear	to	have	a	subtle	influence	on	the	morphology;	it	seemed	

it	might	be	able	to	affect	the	dimensions	of	fiibrils	over	3	weeks	of	fibrillation.	At	zero-

time	 fibrillation	 (0t),	 in	 the	 presence	 of	 Zn+2,	 the	 uncapped	 peptides	 I	 and	 II	 showed	

narrow	 nanofibrils	 (3.3-12.6	 nm	width)	 which	 were	 long	 and	 flexible	 fibrils.	 After	 3	

weeks,	 the	 widths	 were	 narrower	 in	 the	 presence	 of	 Zn+2	 (5.0-12.9	 nm)	 than	 in	 the	

absence	 of	 Zn+2	 (4.2-14.0	 nm)	 with	 variable	 lengths	 due	 to	 lateral	 associations.	 The	

effect	 of	 Zn+2	 was	 more	 clear	 from	 the	 capped	 peptides	 III,	 and	 IV	 because	 lateral	

associations	were	less	frequent.	They	have	significantly	displayed	shorter	(p<0.02,	and	

p<0.0004,	respectively),	and	narrower	(p<0.0001	and	p<0.04,	respectively)	fibrils	in	the	

presence	of	Zn2+	after	3	weeks	fibrilation	than	these	self-assembled	in		absence	of	Zn+2,	

see	Fig.	5.2.	

	
EM	images	of	peptides	(I-IV)	with	and	without	Zn+2	over	3	weeks	are	shown	in	Fig.	5.3.		
	 	

Fig. 5.2. The approximate measurements of the fibril dimensions of peptides III and IV in the presence and 
absence of Zn2+. a) Width and b) length.The length and width were significantly reduced in the presence of Zn 
2+. t-test (unpaired) was used to compare data at different time points. Two tails p-value was considered 
significant only if p≤0.05. Eerror bars are SD of at least 6-12 readings at different regions of each peptide 
sample. 
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Fig. 5.3. Electron Micrographs of  uncapped peptides I (a), II (b), III (c) and IV (d) over 3 weeks incubation 
with or without Zn2+. Peptides (99 mM) were grown in 25 mM Tris-base/HCl buffer, pH 8, with and without 1 
mM.ZnCl2  
  

3	days 

2	weeks 

3	weeks 

3	days 
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1.2. Effect	of	Zn2+	on	the	ThT	and	di-Tyr	fluorescence		

ThT	fluorescence	assay	of	peptides	with	or	without	Zn+2	was	used	to	examine	the	effect	

of	capping	the	ends	and	metal	ions	binding	on	the	self-assembly	process.	The	intensity	

of	ThT	binding	was	monitored	at	480-483	nm	and	at	410-412	nm	for	di-Tyr	flourscenec.	

Capped	 peptides	 self-assembled	 in	 the	 absence	 of	 Zn+2	 showed	 a	 significant	 higher	

emission	of	ThT	than	peptides	with	Zn+2	(0.01<p<0.05),	whilst	 the	uncapped	peptides	

showed	 only	 non-significant	 elevation	 (p>0.05),	 see	 Fig.	 5.4a.	 This	 result	 is	 possibly	

indicated	a	quenching	of	the	ThT	by	Zn2+	through	its	binding	to	the	thiol	group	of	ThT.	

An	 intense	 peak	 assigned	 to	 di-Tyr	 appeared	 after	 25	days	 from	all	 peptides	without	

Zn2+,	which	was	significantly	higher	than	that	from	peptides	grown	with	Zn	(p<0.0001)	

(see	 Fig.	 5.4b).	This signal of di-Tyr from peptides without Zn2+ was reduced notably by 

adding EDTA, see Fig 5.4c below. It was previously reported that incorporation of a metal 

ion within peptide fibrils induced orthocoupling of Tyr and formed di-Tyr link. However, the 

di-Tyr here significantly disappeared when peptides assembled with Zn2+, which could 

confirm our suggestion that a Tyr close to the active center will prefer water bridging with 

(His-Zn-OH+) and aid the protonation event, more than orthocoubling to form di-Tyr.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 5.4. The fluorescence emissions of ThT and di-Tyr. The intensities of ThT (a) are shown in a bar graph 
after 10 days fibrillation (maximum intensities), (b)  the intensitie of di-Tyr signals of peptides I-IV were 
significantly higher in peptides without Zn+2 after 25 days fibrillation, (c) signals of di-Tyr of peptides III and 
IV (assembled without Zn+2) was 100% reduced after adding 15 mM EDTA and incubating up to 3 days 
(peptide: EDTA was 2:1vol/vol).  
  

c	
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2. Effect	of	experminetal	condtions	on	the	velocity	of	the	catalytic	activity		
 

2.1. Effect	of	pH	

	
Experimental	

The	catalytic	reaction	was	carried	out	using	a	series	of	different	buffers	(pH	5.5-10)	to	

study	the	effect	of	 the	hydrogen	 ions	on	the	activity.	A	volume	of	146	μL	of	25	mM	of	

each	buffer	 solution	was	 added	 to	50	μL	peptide	working	 solution	 (99	μM)	 into	 a	 96	

well	clear	plate	(a	final	concentration	up	to	24	μM)	and	a	solution	of	4	μL	[S]	was	added.	

The	 product	 was	 then	 monitored	 every	 30s	 over	 5	 min.	 The	 buffers	 were	 2-

(Cyclohexylamino)ethanesulfonic	 acid	 (CHES)	 for	 pH	 9-10,	 Tris-HCl	 (pH	 7.5-8.5),	 and	

phosphate	buffer	(pH	5.5-7).	Buffers	at	pH	8.5-9.0	contained	0.5	mM	Zn+2	(final	Zn+2	was	

0.65	mM)	and	buffers	at	pH	9.5	and	above	had	no	Zn+2	(final	Zn+2	was	0.25	mM).		

	

Results		

The	 effect	 of	 pH	 on	 the	 catalytic	 activity	of	 peptides	 III	 and	 IV	was	 explored	 using	 a	

range	 of	 buffers	 at	 different	 pH.	 The	 results	 revealed	 that	 the	 activity	 increased	 by	

increasing	the	pH	up	to	8	for	peptide	III,	while	peptide	IV	showed	a	higher	activity	level	

at	pH	8	and	pH	9	(Fig.	5.5).	The	hydrogen	ionic	strength	profile	is	in	agreement	with	Zn	

coordination	 results	 in	 this	 chapter,	 PART	 II	 where	 peptide	 III	 showed	 one	 active	

center.	It	is	possible	that	the	pKa	of	His	at	pH	8	allowed	deprotonation	of	its	side	chain	to	

accommodate	 Zn+2	 properly.	 Also,	 pH	 8	 could	 promote	 a	 better	 nucleophilic	 attack	

between	(Zn+2–water-OH)	and	the	substrate.		

On	the	other	hand,	peptide	IV	showed	two	active	pHs:	pH	8,	and	9,	which	may	refer	to	

two	active	centers	(in	line	with	its	Zn+2	coordination	profile:	Zn:peptide	2:1).	

Fig. 5.5. Dependence of the hydrolysis rate of p-NPA on the pH catalysed by peptides III and IV using the 
optimum conditions. Peptides concentration was 24 µL in the well, incubated at 37 °C for 10 days, (the final [S] 
was 0.35 mM for peptide III and 0.70 mM for peptide IV). Concentration of Zn was 1 mM ZnCl2 (pH 8 and 
below), 0.5 mM 2 (pH 8.5-9), and no ZnCl2 (pH 9.5 and above). Error bars refer to at least 3 indpendant runs for 
each buffer. 
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2.2. Effect	of	temperature	on	the	catalytic	activity		

	
Experimental		

The	 catalytic	 activities	 of	 peptides	 III	 and	 IV	 were	 carried	 out	 on	 peptides	 self-
assembled	 at	 different	 tempratures.	 The	 hydrolysis	 activity	 followed	 with	 a	 set	 of	
peptides	grown	at	RT,	with	other	sets	incubated	at	20	°C	and	at	37	°C,	up	to	10	days,	see	
also	PART	II	of	this	chapter	for	the	method.		
	
	Results		

Figure	 5.6a	 indicated	 a	 significant	 decrease	 in	 the	 Km	 values	 as	 the	 temperature	
increased	from	20	°C	to	37	°C	(p<0.02),	which	means	an	increase	in	the	affinity	of	the	[S]	
toward	the	catalytic	site.	As	well	as,	the	enzyme	efficiency	significantly	increased	when	
the	temperature	elevated,	see	Fig.	5.6b.	

	
	
	
	
	
	
	
	
	
	
	

Fig. 5.6. Effect of the temperature on the Km and the enzyme efficiency values. a) Effect of increasing the 
incubation temperature on the Km values, b) effect of increasing the incubation temperature on the enzyme 
efficiency. The efficiency for peptide IV at 37 °C calculated after 3 days fibrillation (the highest values), error 
bars refer to at least 3 independent runs for each temperature. 
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PART	I:	Preamble		
		
Functional	 molecules	 of	 living	 organisms	 such	 as	 proteins,	 carbohydrates	 and	

nucleotides	are	built-up	from	very	limited	numbers	of	structural	units	such	as	a-amino	

acids,	 polysaccharides,	 and	 nucleic	 acids.	 To	 mimic	 Nature,	 research	 has	 aimed	 to	

develop	 synthetic	 proteins,	 such	 as	 enzymes	 and	 receptors,	 that	 can	 fold	 into	 3D	

hierarchical	 structures.	 Some	 of	 these	 designed	 molecules	 consist	 of	 unusual	 amino	

acids,	which	can	help	to	understand	what	drives	folding	into	native	conformations	and	

what	 governs	 the	 molecular	 interactions	 (Baltzer	 et	 al.	 2001).	 The	 unusual	 building	

blocks	 are	not	 restricted	 to	 a	 specific	 conformation	as	 the	a-amino	acids	 are,	but	 can	

form	 polymers	 that	 have	 a	 propensity	 to	 periodically	 fold	 into	 a	 compact	 structure	

referred	 to	 as	 foldamers	 (Aguilar	 et	 al.	 2007,	 Horne	 and	 Gellman	 2008,	 Nanda	 and	

Banerjee	2012).	Foldamers	are	built-up	 from	b-amino	acid	units	 (see	Chapter	1:	2.4.1	

and	2.4.3).		These	b-amino	acid	peptides	can	further	assemble	or	polymerise	to	form	14-	

and	 12-helices	 and	 these	 are	 being	 developed	 for	 a	 diverse	 range	 of	 applications	

(Aguilar	 et	 al.	 2007,	 Godballe	 et	 al.	 2011,	 Kritzer	 et	 al.	 2005a,	 Kritzer	 et	 al.	 2005b,	

Motamed	et	 al.	 2016).	The	driving	 forces	of	 foldamer	 self-assembly	 are	 influenced	by	

hydrophobic	 and	 salt-bridge	 associations	 and	 are	 solvent-dependent	 (see	 Chapter	 1:	

2.4.5).	 In	 polar	 solvents,	 hydrophobic	 interactions	 between	 hydrophobic	 side	 chains	

through	solvophobic	effects	can	increase	the	stability	of	the	helices.	Furthermore,	large	

bulky	 side	 chains	 can	 lead	 to	a	higher	 steric	protection	of	 the	amide	backbone.	As	an	

example,	 Val	 has	 a	 higher	 propensity	 to	 form	 a	 stable	 14-helix	 than	 Leu	 because	 its	

branched	apolar	side	chain	elevates	the	local	torsion	of	the	nearby	amide	(Martinek	and	

Fulop	2003).	 In	 aqueous	 solutions,	 the	 effect	 varies	 according	 to	 the	variation	 in	 side	

chain	polarities	and	charges.	For	example,	Ser	has	a	lower	destabilising	effect	than	other	

polar	 side	 chains;	 it	 can	 reinforce	 a	 staple	 formation	 that	 stablises	 the	 folding	 into	 a	

helix	 (Gopalan	 et	 al.	 2012).	 Oppositely	 charged	 side	 chains	 can	 support	 salt-bridge	

formation	in	a	juxtaposition	of	the	helix	side	and	can	also	promote	self-assembly	into	a	

stable	helix.	For	example,	the	presence	of	Arg	and	Glu	at	position	i,	i+3	drives	salt-bridge	

interactions	and	supports	self-assembly	(Rueping	et	al.	2004).	Table	6.1	provides	a	list	

of	some	favourable	interactions	to	stabilize	the	helices,	in	different	solvents.		
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Table 6.1. Factors supporting the self-assembly and stability of b-peptide helical structures in different solvents. 

PBS=phosphate buffered saline, PBC= phosphate-borate-citrate, PB= phosphate buffer, AzA= azido Ala 

Organic	solvents	
MeOH,	EtOH,	
CH3CN,	DMSO,	
acetone,	

chloroform.	

Aqua	solutions	
PBS	(7.4),	Tris	(7.2),	
PBC(7),	PB(7.4)	

Water	 References	

Hydrogen	bonding		
(NHi	-	C=O	i+2	or	i+3)	

Hydrogen	bonding	
	(NHi	-	C=O	i+2	or	i+3)	

Hydrogen	bonding		
(NHi	-	C=O	i+2	or	i+3)	

(Seoudi	et	al.	2015a,	
Seoudi	et	al.	2015b)	

Electrostatic	
interactions	
(Arg«Glu,	
Lys«Asp,	etc)	
(position	i,	i+3)	

Electrostatic	interactions		
(i,	i+3)	
2	(Gln«Orn)	on	one	face		

Electrostatic	interactions	
	(i,	i+3)	(Arg«Glu,	
Lys«Asp,	etc)		

(Arvidsson	 et	 al.	 2001,	 Hart	 et	 al.	
2003,	Martinek	and	Fulop	2003).	
(Hart	et	al.	2003,	Vaz	et	
al.	2008)	

Hydrophobic	
interactions	(Val«	
Ala,	Ala«Leu,	
Ile«Leu)	
		

-	 Hydrophobic	interactions	
through	attached	alkyl	
chain		

(Gopalan	et	al.	2012,	
Kritzer	et	al.	2005b,	
Motamed	et	al.	2016,	
Seoudi	et	al.	2015b),		

Staple	formation	at	
either	N-,	or	C-
terminals	

Staple	formation	at	either	
N-,	or	C-(	in	PB/	CH3CN)	

Staple		formation	at	either	
N-,	or	C-terminals	

(Gopalan	et	al.	2012)	

	
	
	
	
	
	
Amidate	the	C-
terminal	

Free	terminals	(charge	
dipole	interactions).		
Acetylate	the	N-terminal	
	

Free	terminals	(charge	
dipole	interactions).		
Acetylate	the	N-terminal	

(Kritzer	et	al.	2005b,	
Martinek	and	Fulop	
2003,	Motamed	et	al.	
2016,	Seoudi	et	al.	
2015a,	Seoudi	et	al.	
2015b).	
	
(Rueping	et	al.	2004)	

	
	
Di-sulphide	bridge	
(positions	i,	i+3)	

Covalent	(CO-NH)	linkage	 Covalent	(CO-NH)	linkage	
(positions	i,	i+3)	

(Vaz	et	al.	2008)		
	
(Rueping	et	al.	2000)	

van	der	Waals	
interactions	

Acidic	residues	close	to	C-
terminus,	and	basic	
residues	close	to	N-
terminus	

(Seoudi	et	al.	2015b)	
(Cheng	et	al.	2001,	
Winkler	et	al.	2001),		
(Kritzer	et	al.	2005b)	
	
	

Electrostatic	
interactions	
between	-dN-

«d+C=O-	of	the	
amide-carbonyl		

	 (Cheng	et	al.	2001),	
(Kritzer	et	al.	2005b)	
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Table	6.2	shows	some	useful	strategies	to	fold	into	stable	14-,	12-,	10-,	and	8-	helices:	
Table 6.2. Some strategies for successful self-assembly into 14-, 12-, 10- and 8- helices. a) ACHC= Trans-2-aminocycolhexan carboxylic acid   b) lactam bridge= cyclic amide between 2 

oppositely charged residues such as: Lys«Asp, c) AzA= azido Ala attached to aliphatic alkyl chain with 14-16 carbon atoms, d) ACPC= trans-2-amino-cyclopentanecarboxylic acid, 

ACBC =trans-2-aminocyclobutan-2-carboxylic acid, APC= trans-3-aminopyrrolidine-4-carboxylic acid, S-ACP= sulfonated-APC, dmACP= 4-4-dimethyl-2-aminocyclopetan carboxylic 

acid, e) TFAate= tri-floroacetate. * the minimum number of residues required for helix folding, f) AmCPC= 1-(aminomethyl)cyclopropane carboxylic acid. 

14-helix	 References	 12-helix	 References	 12/10	helix	 References	 10-helix	 References	 8-helix	 References	

Internal	salt	bridge	
along	2	or	3	helical	
faces	

	(Hart	 et	 al.	
2003,	Vaz	et	
al.	2008)	

ACPC,	ACBC,	APC	
or	dm	APC	or	S-
APC	face	d	

(Cheng	et	al.	2001,	
Choi	 et	 al.	 2010,	
Lee	 et	 al.	 2001,	
Porter	 et	 al.	 2002,	
Winkler	 et	 al.	
2001)	

Alternative	
sequence	of	b2	 and	
b3	residues		

(Seebach	et	
al.	2000)	

Alternative	
sequence	of	b2	
and	b3	residues	of	
like	configuration		

(Seebach	 et	
al.	2000)		

cyclopropaneo
r	cyclobutane	
substances	

(Abele	 et	 al.	
1999,	 Seebach	
et	al.	2006).	

Amphiphilic	peptide	
with	Ser	in	the	core	

(Del	 Borgo	
et	al.	2013)	

Polar	residue	at	N-
terminus,	and	
nonplolar	residue	
at	C-terminus	

(Raguse	 et	 al.	
2002)	

N-terminal	
protection		

(Rueping	 et	
al.	2002)	

N-terminal	
protection.	
Full,	 partial	 and	
no	protection	

(Rueping	 et	
al.	2002).	
(Abele	 et	 al.	
1999)	

a-aminoxy	
peptides	
	

(Li	 and	 Yang	
2006).	

Aliphatic	residues	
with	differed	
hydrophobicity		

(Seoudi	 et	
al.	2015b)	

Ethanoanthra-
ncen-based	
monomers	

(Winkler	 et	 al.	
2001)	

Oligo-b-Ala	
backbone		

(Wu	 and	
Wang	1999)	

Oxetane	ring		 (Claridge	 et	
al.	2001)	

	
-	

	
-	

ACHC	a	face	 (Vaz	 et	 al.	
2008)	

Baring	 cyclic	 and	
acyclic	residues			

(Park	et	al.	2003)	 TFAate	 e	 in	 the	
core	 of	 a	 tetra	
aliphatic	peptide	

(Seebach	 et	
al.	2000)	

Lactam	bridge	b	
	

(Vaz	 et	 al.	
2008)	

ACHC	in	the	core.	
		
AmCPCf	

(Raguse	 et	 al.	
2002).	
(Abele	 et	 al.	
1999)	

Staple	(Ser-Ser)	at	
C-	terminus	

(Gopalan	 et	
al.	2012)	

	 	

	AzA-alkyl	 tail	 c	 in	
homo	Lys	peptide		

(Motamed	
et	al.	2016)	

Branched	 residues	
at	 position	 1	 in	
homo	 Ser,	 or	 homo	
Orn	peptides			

(Kritzer	 et	
al.	2005b)	

3	residues	or	more	*		 (Del	 Borgo	
et	al.	2013)	
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Types	 of	 helices	 shown	 in	 Table	 6.2	 can	 be	 determined	 by	 techniques	 such	 as	 NMR	

(Arvidsson	et	 al.	 2001,	Rueping	et	 al.	 2000)	and	X-ray	 crystallography	 (Seebach	et	 al.	

1996).	In	part,	circular	dichroism	(CD)	in	the	Far-UV	region	has	been	used	for	studying	

the	 secondary	 structure	 of	 b-peptides.	 The	 CD	 spectra	 of	 several	 b-peptides	 which	

adopted	a	left-handed	14-helix	showed	a	maximum	~	195	nm	and	a	minimum	near	215	

nm	(negative	Cotton	effect:	CE).	Vice	versa,	a	right-handed	14-helix	has	a	maximum	of	

around	210-215	nm	and	a	minimum	near	195-198	nm	(positive	CE)	(Cheng	et	al.	2001,	

Gopalan	et	al.	2012,	Kaur	et	al.	2008,	Raguse	et	al.	2002,	Seebach	and	Matthews	1997,	

Seebach	 et	 al.	 2000),	 see	 also	Table	6.3	 and	Fig	6.1.	 The	 intensity	 of	 the	maximum	 is	

highly	 sensitive	 to	 the	 concentration	 of	 the	 helices	 because	 it	 results	 from	 the	 π→π*	

transtions	(Abele	1999,	Seebach	et	al.	1999).	The	appearance	of	the	minima	is	probably	

due	to	to	the	overlapping	of	n→π*	transitions	at	this	wavelength.	

	

	

	

	

	

	

	

Table 6.3. The characteristic CD spectra of different types of the secondary structure of b-

amino acids peptides (Cheng et al. 2001, Seebach and Matthews 1997, Seebach et al. 2000). 

Conformation		 Maximum	(nm)	 C=O-NH	
transitions		

Minimum	(nm)	 Transitions	

14-helix	 ~	+	195-198		 (π	èπ*)	 ~	-210-215	 (nèπ*)	
12-sheet	 ~	+	205	 (π	èπ*)	 ~	-	220-222	

(broad	trough)	
(nèπ*)	

10-helix	 ~	+	205	 (π	èπ*)	 -	 	

12/10-helix	 ~	+	205	(intense)	 (π	èπ*)	 -	 	

Fig. 6.1. CD spectra of different types of helices of b-peptides. a) the CD spectra, adapted from (Seebach et al. 

2000). b) backbone conformation of right-handed 14-helix, reproduced with permission from (Gellman et al. 

2000, Kaur et al. 2008). 
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In	 this	 chapter,	 five	 b-peptides	 with	 different	 sequences	 were	 charactersed.	 These	

peptides	showed	different	morphologies	depending	on	the	sequence	and	the	functional	

group.	 They	 exist	 either	 as	 tubes	 (well	 rolled-up,	 round,	 long	 and	 flexable	 structures	

with	3D*	looking),	helical	or	cylindrical	tubes	(well	rolled-up,	round,	 long	and	straight	

structures	with	3D	looking),	flat	tubes	(helical	tubes	with	lack	of	3D	looking),	taps	(flat	

tubes	with	wide	diameter),	ribbons	(a	structure	generate	by	interpolating	many	smooth	

twists	 through	 the	 peptide	 backbone	 that	 show	 the	 path	 in	 3D),	 flat	 ribbons	 (wide	

ribbons	with	 the	 lack	of	3D	path)	 twisted	ribbons	(2	or	more	ribbons	 twisted	around	

each	 other).	 The	 unmodified	 peptide	 Ac-Lys-Ile-Ala	 has	 been	 previously	 investigated	

(Del	Borgo	et	al.	2013,	Seoudi	et	al.	2015b).	Although	they	used	methanol	as	a	solvent	

and	Seoudi	showed	a	14-helix,	 the	CD	data	 in	combination	with	X-RFD	in	this	chapter	

indicate	a	different	conformation	(12-helix),	which	may	refer	to	the	effect	of	the	solvent	

and	peptide	concentration	on	the	type	of	the	helix.	X-RFD	has	not	been	previously	used	

to	 examine	 the	 structures	 of	 the	 assembled	 b-amino	 acid	 peptides.	 Therefore,	 this	

chapter	presents	this	data	for	the	first	time.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
*Three	dimention.	
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PART	II:	Manuscript		

Structural	Studies	of	Self-Assembled	N-Acetylated	β-Peptides.	

Z.	S.	Al-Garawia,b	J.	Turnera,	M.	Del-Borgoc,	M-I.	Aguilarc	and	L.C.	Serpella	

	
Self-assembling	 peptides	 are	 increasingly	 exploited	 for	 their	 potential	 to	 form	
nanowires,	 scaffolds	 and	 hydrogels.	 β3-amino	 acids	 contain	 an	 additional	 methylene	
group	compared	to	their	α-counterpart	and	β3-peptide	sequences	are	being	developed	
to	 provide	 suitable	 scaffolds	 for	 advanced	 biologically	 active	 molecules.	 Here	 we	
present	 the	 structural	 characterisation	 of	 five	 β3-peptides	with	 different	 lengths	 and	
sequences	 in	 order	 to	 monitor	 the	 differences	 and	 similarities	 in	 the	 secondary	
structures	 of	 these	 peptides	 and	 to	 compare	 the	 ability	 to	 self-assemble	 into	 stable	
fibrous	 structures	 in	 water.	 Electron	 microscopy	 reveals	 that	 the	 assembly	 and	
morphology	are	sequence	dependent	and	various	nanostructures	are	 formed.	Circular	
dichroism	reveals	that	the	peptides	are	able	to	form	12-	and	14-helices	which	are	able	
to	 transition	 over	 time.	 X-ray	 fibre	 diffraction	measurements	 are	 consistent	with	 the	
formation	 of	 14-helices	 and	 suggest	 variations	 in	 the	 packing	 of	 the	 filaments	
influenced	by	 the	presence	and	position	of	 the	conjugated	alkyl	moiety	 	Furthermore,	
we	show	that	these	fibrillar	structures	remain	stable	over	time.	
		
Introduction	
Self-assembling	 peptides	 provide	 biocompatible	 scaffolds	 and	 hydrogels	 as	 templates	
for	further	functionalization	1-3.	Peptides	formed	from	β-amino	acids	provide	superior	
metabolic	 stability	 making	 them	 promising	 candidates	 to	 overcome	 proteolytic	
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Table	S1.	Characterisation	of	the	β-peptides	helices	over	time.	*	refer	to	the	appearance	of	white	precipitates	at	that	time	point.	

β3	 	
Mg/
ml	

14	h	 3	days	 30	days	 15	months	 Description	
Minima	
(nm)	

0-X	
	

Maxima	
(nm)	

Minima	
(nm)	

0-X	 Maxima	
(nm)	

Minima	 0-X	 Maxima	
(nm)	

Minima	
(nm)	

0-X	 Maxima	
(nm)	

	

1	 1		 222	 202	 205	 	 202	 	 -222	 202	 206	 223	 -	 206	 Left-handed	
12-helix	

2	 0.5	 209	 200	 195	 210	 200	 196	 209	 200	 196	 209	 200	 196	 Left-handed	
14-helix	

3	 0.25	 212	 206	 -	 214	 207	 200	 -	 -	 -	 195	 209	 220	 Left-handed	
14-helix	

4	

0.25	
0.1	

216	
-	

202	
-	

198	
205	

-	
-	

-	
-	

*205	
		205	

-	
-	

-	
-	

205	
205	

-	
*Weak	
~220	

-	
198	

205	
205	

Left-handed	
14/10-helix	
Left-handed	
10-helix	

5	 1	 Weak	
215	
	

-	 -	 228	
197	

205	 213	 226	
199	
	

205	 214	 228	
195	

-	 212	 Right-handed	
14-helix	

	

	

Table	 S2.	 The	 reflection	 positions	 of	 β3-peptides.	 The	 position	 reflections	 (<=0.2	 Å)	 are	 placed	 on	 the	 same	 raw,	 and	 dashes	 mean	 no	 similar	
reflections.	

Peptides	 Diffraction	signal	positions	(Å)	
1	 2	 3	 4	 5	

Equatorial	 	 	 	 	 	
	 30.0	 34.0	 31.0	 30	 -	
	 -	 21	 -	 -	 20	
	 -	 -	 16.4	 	 -	
	 -	 -	 -	 15.3	 -	
	 14.5	 14.2	 -	 -	 -	
	 11.10	 11.2	 11.3	 11.3	 11.3	
	 9.92	 10.6	 -	 -	 -	
	 -	 	 9.4	 -	 -	
	 -	 8.45	 8.3	 8.0	 8.6	
	 7.2	 -	 7.0	 -	 6.8	
	 6.3	 6.0	 6.5	 6.4	 -	
	 5.6	 5.27	 5.1	 5.2	 5.8	
	 	 4.7	 	 5.0	 	
	 	 -	 3.97	 4.1	 -	
	 	 	 	 	 	
Meridionals	 1	 2	 3	 4	 5	

Off-meridionals	

	 9.7	 11.3	 	 	
5.83	&	5.80	 -	 5.5	 -	 	
5.12	 -	 -	 -	 -	
	 4.7	 -	 4.65	 	
	 -	 -	 4.39	 	

	

4.99	 	 	 	 	
-	 4.9	 -	 -	 -	
-	 4.8	 4.8	 4.78	 4.8	
4.74	 4.7	 4.7	 	 4.7	

	

	 4.5	 4.5	 4.45	 -	
4.24	 4.1	 4.0	 -	 4.3	
3.50	 3.7	 -	 -	 3.6	
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degradation	of	α-amino	acid	containing	peptides	4-11.	β-peptides	have	been	explored	to	

extend	 the	 understanding	 of	 folded	 protein	 structures	 and	 stabilization	 factors	 since	

their	 backbone	 is	 similar	 to	 that	 of	 α-amino	 acids	 peptides,	 except	 for	 the	 additional	

carbon	 atom	 (C3)	 inserted	 next	 to	 the	 α-carbon	 atom	 (C2)	 between	 the	 amino	 and	

carboxyl	 termini.	 β-peptides	 form	 well-ordered	 nanostructures	 that	 are	 pepsin	 and	

protease	resistance.	This	property	increases	their	bioavailability	to	mimic	antimicrobial	

peptides	 12-13,	 and	 makes	 them	 suitable	 candidates	 for	 drug	 development	 14,	 and	

advantageous	 in	other	pharmaceutical	applications	such	as	 in	 tissue	engineering	 11.	 It	

has	been	reported	that	many	β-peptides	have	the	potential	to	form	helical	nano-fibres	9,	

15-16.		

β-peptides	 have	 the	 potential	 for	 side	 chain	 substitutions	 at	 both	 α	 and	 β	 carbon	

positions	and	the	composition	of	 these	side	chains	 is	 likely	 to	affect	 the	self-assembly	

process	and	the	ability	to	form	different	secondary	structures	including	helices	17	turn-

like	 conformations	 or	 pleated	 sheets	 18-19.	 Helical	 structures	 of	 β-peptides	 have	 been	

characterised	and	β-peptides	have	been	shown	to	assemble	 into	a	14-helix	where	 the	

pitch	of	 the	helix	 correlates	with	 three	β-amino	acids	 (314-helix).	This	promotes	axial	

hydrogen-bonding	 between	 the	 amide	 groups	 and	 electrostatic	 interactions	 between	

side	chains	8.	These	structures	can	be	further	decorated	to	produce	functional	materials	
20-22.	For	example,	alkyl	chains	can	be	added	to	provide	extended	hydrophobic	tails	23.	

The	 alkyl	 chains	 are	 functional	 groups	 that	 allow	 self-assembly	 into	 well	 ordered	

nanostructures	through	bilayer	formation.	In	addition,	they	can	easily	be	immersed	into	

organic	 environments	 and	 their	 incorporation	 into	 β-peptides	 will	 create	 a	 unique	

functional	structure	in	small,	large,	or	even	complex	targets	24.		

Therefore,	 β3-peptides	 provide	 extraordinary	 opportunities	 for	 designing	 new	

materials,	 which	 exhibit	 spontaneous	 self-assembly	 into	 a	 predictable	 14-helical	

conformation.	 These	 peptides	 self-assemble	 into	 supramolecules	 that	 can	 polymerise	

into	 fibres	 that	 are	 stabilised	 internally	 via	 six	 axially	 orientated	 intermolecular	

hydrogen	bonds,	resulting	in	nanostructures	of	various	sizes	and	shapes	ranging	from	

nanometers	to	centimetres	in	length	8.	Although	the	self-assembly	of	N-Ac-β3-peptides	

is	amino	acid	sequence-independent,	the	structure	of	the	amino	acid	side	chains	has	a	

strong	impact	on	the	morphology	of	the	resulting	fibres.	
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Here,	we	 describe	 the	 analysis	 of	 the	 influence	 of	 different	 sequences	 and	 side	 chain	

substitutions	on	the	self-assembly	and	structure	of	five	different	β3-peptides	(Table	1).	

The	 first	 tripeptide	 is	 Leucine-Isoleucine-Alanine	 (Ac-LIA)	 1.	 The	 second	 peptide	 has	

the	sequence	AAzK	or	AzKA,	which	is	then	functionalized	with	14	or	16	C	alkyl	chains	at	

positions	 1	 or	 2	 (peptides	 2-4).	 (Az	 refers	 to	 an	 Alanine	 attached	 to	 an	 azido	 group	

which	 has	 been	 reduced	 during	 coupling	 to	 NH-CO,	 to	 act	 as	 a	 linker	 between	 the	

Alanine	and	the	alkyl	chain).	 	A	further	peptide	design	contains	the	hexa-β3-peptide	5,	

which	has	an	alternative	 sequence	of	polar	and	non-polar	amino	acids,	 in	 addition	 to	

the	 oppositely	 charged	 amino	 acids	 β3hLys,	 and	 β3hGlu	 designed	 to	 provide	 a	 salt-

bridge	 to	 drive	 and	 stabilise	 the	 assembly	 of	 the	 amphiphilic	 peptide	 25.	 Circular	

Dichroism	 (CD),	 electron	 microscopy	 (EM)	 and	 X-ray	 fibre	 diffraction	 (X-RFD)	 were	

used	 to	 investigate	 the	 self-assembly,	 secondary	 structure,	 fibril	 morphology	 and	

structure	 of	 these	 peptides.	 Here	 we	 describe	 how	 the	 14-	 or	 16-carbon	 atom	 alkyl	

chain,	which	lies	across	one	surface	of	the	helix,	can	stabilise	the	helical	conformation	in	

water	and	affect	the	morphology	of	the	assembled	fibrous	structures.	

	

Results	
Effect	of	peptide	modifications	on	the	morphology	of	the	β3-peptides	fibres	

Peptides	1-4	are	tri-β3-peptides	and	peptide	5	is	a	hexa-β3-peptide.	Peptide	1	contains	

unmodified	amino	acids	(Ac-LIA),	while	peptides	2-4	are	composed	of	A,	Az	and	K,	and	

are	 amphiphilic	 peptides	 containing	 an	 alkyl	 chain,	 which	 contains	 either	 14	 or	 16	

carbon	atoms	(C14	or	C16)	attached	to	the	side	chain	by	a	reduced	azido	group	which	

appears	as	an	extra	C=O-NH	bond.	Peptides	2	and	3	contain	a	C14	chain	at	position	1	

and	position	2,	respectively,	while	peptide	4	contains	a	C16	chain	at	position	2.	Peptide	

5	is	a	hexa-β3-peptide	containing	unmodified	amino	acids	with	oppositely	charged	side	

chains,	WKLWEL;	all	peptides	are	N-acetylated	(see	Table	1).	To	determine	the	effect	of	

the	different	sequences	on	fibre	morphology	and	on	the	stability	of	the	helices	in	water	

over	time,	TEM	was	used	to	monitor	the	changes	in	morphology	over	a	period	of	3	days,	

30	days,	and	15	months.	β3-peptides	were	incubated	in	water	for	up	to	3	days	at	37	°C	

and	 further	 incubated	 up	 to	 15	 months	 at	 room	 temperature	 (RT).	 Aliquots	 were	

removed	 and	 examined	 using	 TEM	 to	 follow	 the	 assembly	 process	 with	 time	 and	 to	

investigate	the	development	of	fibrillar	structures	(Fig.	1).		
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β3-peptide	 1	 formed	 amorphous	 oligomers	 immediately	 after	 dissolution	 and	

nanotubes	were	observed	after	14	h	with	variable	morphologies.	Flat	tubes	with	varied	

widths	 of	 64-108	 nm	 were	 observed,	 as	 well	 as	 helical	 tubes	 (67-80	 nm),	 which	

developed	further	by	day	3	(Fig.1	(1)a-c).	

	After	1	month	incubation	in	water,	β3-peptide	1	formed	sub-micron	fibrils	with	fraying	

ends	 to	 produce	 highly	 ordered	 hair-like	 nanostructures,	 consistent	 with	 previous	

results	8	(Fig.1	(1)d).	After	15	months,	these	hair-like	fibres	twisted	around	each	other	

to	form	a	thick	bundle,	see	(Fig.1	(1)e).		

β3-Peptide	 2	 formed	 twisted	 ribbons	 (8-23	 nm	 width),	 and	 helical	 tubes	 (11-16	 nm	

width),	 in	 addition	 to	 the	original	 flexible	 flat	 tubes	 (26-30	nm	width).	These	 further	

elongated	 over	 30	 days	 to	 form	 flexible	 ribbons	 (30-40	 nm	width),	 and	 some	 helical	

nanotubes	(24-27	nm),	as	well	as	the	flattened	(30-50	nm)	tubes	(Fig.1	(2)a-d,	see	also	

f).	These	morphologies	were	larger	after	15	months,	see	(Fig.1	(2)e)		

In	contrast,	the	peptide	C14-β3	(3)	formed	fibrils	much	more	slowly.	It	formed	shorter	

filaments	(47	nm	width),	and	then	long	straight	tubes	after	3	days	(54-80	nm)	as	well	as	

small	 ribbons	 (23-57	nm	width),	 and	 flat	 tubes	 (61-69	nm	width).	However,	 after	30	

days	of	incubation	at	room	temperature,	large	flat	(94-230	nm)	filaments	and	bundles	

of	 nanotubes	 (1.0-2.30	 μm)	 were	 observed	 (Fig.1	 (3)a-d).	 After	 15	 months,	 the	

filaments	had	shortened	to	form	short,	narrow	and	twisted	stick-like	structures	(Fig.1	

(3)e),	in	addition	to	circularly	twisted	thin	cords	and	long	straight	tubes	(see	Fig.1	g).		

The	 increased	tail	 length	 from	C14	to	C16	(peptide	4)	appeared	to	slow	the	assembly	

and	very	few	fibrils	were	observed	after	30	days.	This	peptide	formed	a	twisted	ribbon-

like	structure	(56-160	nm),	but	precipitated	out	of	solution	after	36	h	and	folded	into	

helical	 tube-like	 fibrils	 after	 3	 days	 (50-84	 nm	 width),	 twisted	 ribbons	 (52-150	 nm	

width),	 and	 flat	 rods	 (105-140	 nm	 width),	 which	 became	 larger	 and	 more	 laterally	

associated	after	30	days	(Fig.1	(4)	a-c).	Large	tapes	and	tubes	with	different	sizes	and	

multiple	layers	formed	after	15	months,	(205-798	nm)	(Fig.1	(4)e)	and	see	Fig.	1f).		

The	 hexa-β3-Peptide	 5	 (Ac-WKLWEL)	 formed	 wide	 flat	 ribbons	 immediately	 after	

dissolution	which	were	around	110-320	nm	width,	and	began	to	form	twisted	ribbons	

and	 small	 nanotubes	 after	 3	 days,	 followed	 by	 large	 folded	 ribbons	 (~	 500-1000	 nm	

width)	that	appeared	after	30	days	of	incubation	in	water	(Fig.1	(5)	a-c).	
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In	summary,	β3-peptides	self-assembled	to	form	fibres	with	different	morphologies;	it	is	
clear	 that	 increasing	 time	 of	 incubation	 leads	 to	 conversion	 from	oligomers	 to	 fibrils	
with	the	ability	to	form	different	nanostructures.		

	
	Circular	dichroism	provides	insights	into	the	development	of	secondary	structure	
In	 order	 to	 monitor	 the	 conformational	 changes	 that	 accompany	 the	 assembly	 into	
fibres,	CD	spectra	were	collected	for	each	of	the	β3-peptides	at	each	time	point.	The	far-

Figure 1 . TEM images of the β3-peptides dissolved in milli-Q water. Peptide 1 and 5 (1 mg/ml), peptide 2 (0.5 

mg/ml), peptide 3-4 (0.25 mg/ml), at different incubation times under 37 ˚C. a) At zero time (0t), b) 14 h, c) 3 

days, d) 30 days at RT. Inserts show zooms showing different morphologies. e) Shows the morphology after 

prolonged incubation in water for 15 months. f) Shows the different morphologies formed by peptide 2 within the 

same sample after 30 days, indicated by arrows, yellow: twisted ribbons, orange: flat tubes, and blue: flexable 

tubes, g) shows the different morphologies of peptide 3 after 15 months and h) shows the different morphologies 

of peptide 4 after 15 months. 
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UV	CD-spectrum	has	characteristic	signals	of	different	helices	of	β3-peptides	(Table	S1,	

Fig.	2).	Previous	studies	have	 indicated	 that	β3-peptides	are	able	 to	assemble	 to	 form	

314	helices	5-11,	13-14,	18-19,	26-31,	whereby	the	CD	spectra	show	a	minimum	at	210-215	nm	

and	 a	 maximum	 at	 195-198	 nm	 9.	 The	 intensity	 of	 the	 maximum	 is	 sensitive	 to	 the	

concentration	 of	 the	 helices	 because	 it	 arises	 from	 the	 π	→	 π*	 UV	 absorption	 of	 the	

amide	bond	19,	32,	as	well	as	the	appearance	of	the	minimum	around	210-225	nm,	which	

probably	 contributes	 to	 the	 overlapping	 of	 n-π*	 transitions	 at	 this	 wavelength	 33.	

Structurally,	 the	 14-helix	 is	 stabilised	 by	 hydrogen-bonding	 between	 amide	 groups	

(C=Oi	……H-Ni+2)	with	a	dipole	towards	the	N-terminus.	

The	CD	spectrum	of	β3-peptide	1	shows	a	broad	trough	located	around	222	nm	with	a	

maximum	at	205	nm,	and	a	minimum	near	185-190	nm	after	3	days	of	incubation	at	37	

˚C.	These	signals	were	further	enhanced	after	incubation	of	15	months	at	RT,	indicating	

the	formation	of	a	highly-folded	structure	(Fig.	2a).	Previous	work	has	interpreted	this	

spectrum	to	arise	from	a	left-handed	12-helix	secondary	structure	33,34.	

The	β3-peptide	2	shows	a	negative	Cotton	Effect	(CE)	with	a	minimum	at	209	nm	and	a	

maximum	at	195	nm	(crossing	at	200	nm)	at	zero	time,	and	after	3	days	of	incubation	at	

37	 ˚C.	 The	 intensity	 of	 these	 signals	 increased	 over	 time	 up	 to	 15	months	 (Fig.	 2b).	

These	signals	have	been	assigned	to	the	typical	14-helical	structure	in	water	25,	35.	

Figure 2. The CD spectrum of the β3-peptides dissolved milli-Q water. Concentrations are: peptide 1 and 5 (1 

mg/ml), peptide 2 (0.5 mg/ml), peptide 3 (0.25 mg/ml). CD spectra for peptide 4 was for 2 different concentrations 

(0.25 mg/ml (d(i) and 0.1 mg/ml (d(ii)). All peptides were incubated for 14 h, 3 days at 37 ˚C, and then further 

incubated over 15 months at room temperature. CD spectra for peptide 4 were collected at two different 

concentrations: d(i) 0.25 mg/ml which showed 14-helix at an early time, but precipitated and converted to 10-

helix over 30 days. d(ii) 0.1 mg/ml suggesting the formation of a 12-helix at early time points which then 

converted to 10-helix over 30 days. Peptide 4 (di) precipitated after 3 months, therefore its ellipticity is shown as 

Mdeg. All other spectra were converted to molar ellipticity. 
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The	strongest	negative	CE	of	the	14-helical	structure	was	shown	by	β3-peptide	3	with	a	
minimum	 at	 212	 nm	 and	 a	 very	 intense	 maximum	 at	 around	 195	 nm.	 However,	
following	incubation	for	3	days	at	37	˚C	the	signal	decreased	significantly	(Fig.	2c).	After	
15	 months,	 a	 broad	 maximum	 around	 215-225	 nm	 and	 very	 intense	 minimum	 of	
around	 ~195	 nm	 appeared.	 Similar	 spectra	 have	 been	 interpreted	 previously	 to	
correspond	 to	 	 a	 right-handed	 14-helical	 conformation	 36.	 However,	 the	maximum	 is	
slightly	shifted	compared	to	that	in	the	study	by	Rost	et	al	36,	which	could	result	either	
from	 the	 differences	 in	 the	 dielectric	 constants	 in	 solvents	 used,	 or	 the	 prolonged	
incubation	in	water.	
β3-peptide	4	shows	a	spectrum	consistent	with	a	14-helix	structure	with	a	minimum	at	
216	nm,	crossing	zero	at	202	nm	with	a	maximum	around	198	nm	(Fig.	2di).	However,	
after	3	days	of	 incubation,	 the	spectrum	changed	 to	display	a	 single	maximum	at	205	
nm	(Fig.	2d(i)).	This	single	positive	maximum	may	indicate	a	secondary	structure	that	
differs	from	all	the	previous	substituted	β3-peptides	isomers.	Usually,	a	ten–membered	
ring	contributes	to	rise	in	a	single	positive	205	nm	CD	signal,	which	can	be	attributed	to	
a	10-helical	architecture	28.	The	single	maximum	is	observable	even	after	30	days	and	
15	months.	However,	when	the	concentration	was	decreased	to	0.1	mg/mL,	peptide	4	
folded	into	a	12-helix	initially	but	converted	to	a	10-helix	over	time	(Fig.	2d(ii)).	
β3-peptide	5	showed	a	very	weak	signal	at	zero	time	(Fig.	2e).	After	3	days,	a	maximum	
at	210	nm	and	an	obvious	minimum	of	around	198	nm	appeared.	This	 signal	became	
stronger	after	1	month	and	showed	a	more	intense	signal	after	15	months	at	RT,	which	
may	indicate	a	right-handed	14-helical	structure	33,	36.	Supplementary	Table	S1	shows	a	
comparison	between	the	spectra	obtained	by	β3-peptides.	
		
X-ray	fibre	diffraction	analysis	of	the	fibrillar	structures	(X-RFD)	

β3-peptides	were	 incubated	 to	 form	 a	 fibrillar	 structure	 for	 3	 days	 at	 37	 ˚C	 and	 then	
aligned	to	form	a	fibre	bundle.	Partially	aligned	fibre	samples	were	examined	using	X-
RFD	 to	 provide	 information	 with	 the	 structure	 and	 packing	 of	 the	 β3-peptides	
foldamers.	 The	 positions	 of	 the	 diffraction	 signals	 in	 each	 of	 the	 diffraction	 patterns	
from	the	β3-peptides	are	shown	in	Figure	3	and	listed	in	supplementary	Table	S2.	
	The	 diffraction	 patterns	 of	 partially	 aligned	 fibres	 formed	 by	 the	 self-assembled	
peptides	 incubated	 for	 3	 days	 show	 several	 very	 sharp	 diffraction	 signals	 in	 the	
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meridional	and	equatorial	directions,	which	arise	from	the	repeating	structure	along	the	

fibre	 axis	 and	 lateral	 axis	 respectively.	 These	 patterns	 indicate	 the	 highly	 ordered	

fibrillar	 structures	 of	 these	 β3-peptides.	 The	 strongest	 signal	 on	 the	meridian	 for	 the	

alkyl	 containing	 peptides	 (2-4)	 is	 at	 4.7	 Å	 and	 4.8	 Å	whilst	 the	meridional	 signal	 for	

peptide	1	 is	at	~5	Å.	It	has	been	previously	suggested	that	4.8	Å	is	a	typical	reflection	

arising	 from	 the	 H-bonding	 distance	 between	 amide	 groups	 in	 a	 14-helical	

conformation,	where	three	residues	oriented	approximately	axially	to	one	another,	per	

each	turn	(314-helix)	8-9,	14,	33.	However,	we	observe	slight	variations	around	the	spacing	

of	4.8	Å	for	the	different	peptides.		

β3-peptide	 1	 showed	 an	 increased	 meridional	 spacing	 compared	 to	 other	 peptides	

(~4.99	Å),	(Table	S2,	Fig.3	(1))	although	a	weaker	reflection	is	observed	at	4.74	Å.	After	

longer	incubation,	the	strongest	reflection	was	observed	at	4.6	Å	in	addition	to	a	strong	

reflection	at	5.0	Å	with	a	weak	reflection	at	4.82	Å	(Table	S2).	 	All	β3-peptides	with	an	

alkyl	chain	(2-4)	have	a	low	angle	diffraction	signal	on	the	equator	(34	Å,	32	Å,	and	30	

Å,	 respectively),	which	 is	 likely	 to	 arise	 from	 the	width	 and	 lateral	 association	 of	 the	

fibrils	(see	also	Fig.	4).		

	
The	diffraction	patterns	 from	β3-peptides	2-4	 show	4.81,	4.84,	 and	4.78	Å	meridional	

spacing	 respectively	 (Fig	 3	 (2-4)),	 and	were	 also	 allowed	 to	 grow	until	 15	months	 in	

water	at	RT	(Table	S2).	However,	the	X-RFD	pattern	from	the	aged	peptides	1,	2	and	4	

(3	days	to	up	1	month	and	to	15	months)	revealed	significant	differences	(the	d-spacing	

attributed	to	the	width	of	the	helices	were	38	Å,	40	Å,	and	36	Å,	respectively),	see	Table	

S2.	 The	 diffraction	 signals	 became	 less	 sharp	 with	 incubation	 time	 possibly	 due	 to	

additional	 scattering	 as	 the	 fibres	 grow	 laterally,	 as	well	 as	 the	 formation	 of	 twisted	

Figure 3. X-RFD patterns from β3-peptides (0.25-1 mg/mL) incubated in water for 3 days at 37 ˚C and 

partially aligned at room temperature. Details of the reflection positions are given in Table S2. 
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ribbons	 which	 increasingly	 coexisted	 over	 time.	 Collectively,	 CD	 and	 X-RFD	

investigations	 suggested	 that	 the	 β3-peptides	 initially	 assembled	 into	 14-helical	

structures,	 but	 some	 structures	 were	 relatively	 unstable	 and	 degraded	 over	 time	 13.	

Each	 monomer	 consists	 of	 three	 residues	 that	 interact	 through	 hydrogen	 bonds	

between	amide	groups	(N-Hi….Oi+2)	of	around	~	4.8	Å	along	the	fibre	axis	with	a	dipole	

toward	the	N-terminal.	This	monomer	which	 is	carrying	the	hydrophobic	alkyl	arm	in	

the	core	(~11.3	Å	in	length)	is	a	motif	for	self-assembling	via	intermolecular	hydrogen	

bonding	(~4.8	Å)	into	a	helical	structure	with	a	diameter	of	around	5.1	Å	and	4.1	Å	for	

peptides	3	 and	4,	 respectively;	 each	 third	 residue	aligns	axially	on	 the	 top	of	 another	

third	residue	to	create	a	head	to	tail	self-assembly.	Helices	are	then	folded	in	a	way	that	

allows	 the	 arms	 to	 favourably	 form	 bilayer	 sheet-like	 conformation	 to	 avoid	 solvent	

exposure.	The	space	between	helices	in	peptide	3	is	larger	than	that	in	peptide	4	(~31	Å	

>	 ~30	 Å)	 which	 suggests	 that	 the	 arms	 of	 the	 helices	 for	 peptide	4	 are	 horizontally	

overlapped	 with	 each	 other	 of	 around	 ~	 1	 Å.	 This	 is	 consistent	 with	 the	 equatorial	

spacing	measured	from	X-RFD	data	and	a	potential	schematic	model	is	shown	in	Fig.	4.	

Interestingly,	 overtime,	 this	 spacing	 increase	 to	 closer	 to	 40	 Å	 which	 may	 suggest	 a	

rearrangement	 of	 the	 packing	with	 time.	 It	 is	 also	 possible	 that	 the	 chains	 are	 tilted	

relative	to	the	fibre	axis	which	may	change	the	extent	of	interdigitates	between	the	alkyl	

chains.	

Figure 4. The possible arrangement of β3-peptides 3 and 4 with spacing according to the X-RFD data. 
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Discussion		
The	 different	 β3-peptide	 designs	 all	 formed	 self-assembled	 fibres,	 which	 varied	 in	

morphology.	The	appearance	of	thin	fibrils	at	zero-time	incubation	suggests	that	these	

β3-peptides	 are	 capable	 of	 very	 rapidly	 self-assembling	 to	 form	 twisted	 filaments,	

ribbons	or	 flat	 structures.	These	 structures	were	 able	 to	 grow	 in	water,	 increasing	 in	

length	and	width	over	time.	

All	 the	β3-peptides	contain	β3hAla	(except	5),	which	may	suggest	that	the	inter-helical	

interactions	of	β3hAla	are	responsible	for	14-helix	stability.	 In	addition,	a	combination	

of	β3hAla	and	β3hIle	within	the	sequence	seems	to	increase	the	propensity	for	formation	

of	a	14-helix	14.	Including	an	extra	amide	bond	between	the	attached	alkyl	tail	and	the	

amino	 acid	 side	 chain	 may	 provide	 an	 additional	 polarity	 which	 may	 rise	 more	 H-

bonding	for	a	typical	stable	14-helical	secondary	structure	37.	Possible	arrangements	of	

the	molecules	are	shown	in	Fig.	5,	where	peptide	1	shows	a	motif	of	three	residues	that	

hydrogen-bond	along	the	fibre	axis	with	a	dipole	toward	the	carboxylic	end.	This	motif	

is	 self-assembled	 via	 intermolecular	 hydrogen	 bonds	 between	 amide	 groups	 (N-

Hi….Oi+3)	with	a	pitch	of	~4.99	Å	to	fold	into	a	helix	where	the	third	residue	of	the	motifs	

is	arranged	above	the	next	with	a	diameter	of	around	~	7.2	Å	(Fig.	5).	

TEM	 reveals	 that	 the	 sequence,	 the	 position	 of	 β3-peptides	 substitution,	 the	

incubation	 time,	 and	 the	 temperature	 all	 have	 an	 impact	 on	 the	 resulting	

morphologies.	 CD	 and	 X-ray	 results	 were	 consistent	 with	 the	 formation	 of	

different	types	of	helical	structures	according	to	the	sequence	and	numbers	of	β3-

amino	acids	involved.	The	short	unmodified	β3-peptide	(1)	preferred	to	fold	into	

a	12-helix,	whereas	the	 longer	β3-peptide	(5)	 folded	into	right-handed	14-helix.	

The	 alkylated	 β3-peptides	 displayed	 the	 characteristic	 signals	 of	 a	 left-handed	

14-helix	at	zero	time,	which	can	be	concluded	from	the	negative	CE	by	CD	14,	26,	28.	

However,	 some	peptides	 showed	a	 substantial	 decrease	 in	14-helicity	 after	 the	

incubation	for	3	days	up	to	15	months	based	on	the	decrease	in	the	CD	ellipticity.	

X-RFD	 data	 for	 peptides	 2-4	 are	 consistent	 with	 the	 presence	 of	 314-helical	

structure	according	to	~4.8	Å	meridional	reflections,	while	peptide	1	showed	~5	

Å	which	may	imply	2.512-helical	structure.		
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Figure 5. A representation of 12- and 14-helical structure of β3 -peptide 1 (a-c) and β3 -peptide 5 (d), 

respectively. Codes: green=hydrophobic residues (A,I, L,), red=negatively charged (E), blue=positively 

charged residues (K). 

 
β3-peptide	1	 formed	 long	 nanotubes	which	 packed	 as	 bundles	 of	 nanohair-like	

fibres	 over	 time.	 The	 three	 non-polar	 aliphatic	 residues	 (β3hLeu-β3hIle-β3hAla)	

have	 different	 steric	 sizes,	 and	 able	 to	 drive	 strong	 hydrophobic	 interactions.	

These	cooperate	with	intermolecular	Van	der	Waals	(VdW)	promoted	via	β3hAla,	

and	β3hLeu	residues,	which	may	aid	folding	into	bundles	that	steadily	grow	5.	The	

appearance	 of	 hair-like	 structure	 over	 30	 days	 may	 be	 attributed	 to	 some	

changes	in	the	kinetics	of	packing:	 	placing	the	bulkier	side	chain	(β3hIle)	at	the	

interface	 of	 the	 helix	would	 enhance	 the	 steric	 repulsions	 of	 the	 iso	 group	 and	

prevent	the	helices	to	pack	as	tightly	as	 if	 it	was	 located	on	the	C-	or	N-termini.	

Therefore,	 different	 orders	 of	 packing	 may	 occur	 to	 reduce	 the	 interactions	

between	the	hydrophobic	residues	and	water	and	to	allow	the	iso	alkyl	side	chain	
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in	order	to	form	a	12-helix.	This	β3-peptide	showed	a	CD	spectrum	suggestive	of	
12-helical	assembly.	Forming	a	12-helix	depends	on	the	hydrogen-bonding	(C=Oi	
……H-Ni+3),	which	results	 in	2.5	residues	repeated	per	a	 turn	 to	represent	2.5	 12	
helical	 conformations	 with	 a	 dipole	 toward	 the	 C-terminus	 14,	 28.	 Our	 result	 is	
backed	up	by	the	peptide	unit	cells,	which	optimised	a	pitch	around	5.59	Å,	which	
is	 previously	 attributed	 to	 a	 2.512-helix	 14.	 However,	 by	 using	 different	
concentration,	temperature,	and	solvent	(methanol),	 this	peptide	has	previously	
formed	 a	 14-helical	 structure	 8,	 which	 highlights	 the	 importance	 of	 the	
environment	on	the	folding	events.	
β3-peptide	2	 formed	 long	 flexible	 rods,	 and	 nanotubes	 (Fig	 1	 (2)a-c)	 and	 then	
helical	ribbons	(Fig	1	(2)d-f.)	It	has	been	suggested	that	an	alternative	sequence	
of	 polar	 and	 non-polar	 β3-amino	 acids	 participates	 to	 form	 nanoribbons	 via	
dimerization	of	two	molecules	initially,	and	then	further	assembly	over	time	can	
minimise	the	interfacial	curvature	between	the	peptide	content	and	the	alkyl	tail.	
The	 presence	 of	 hydrophobic	 edge	 (β3hAla	 +	 alkyl	 tail)	may	 aid	 assembly	 into	
bundles	 of	 helical	 tape-like	 fibres	 due	 to	 collaboration	 between	 the	
intermolecular	 hydrogen-bonding	 and	 the	 hydrophobic	 interactions	 38.	 Herein,	
we	 suggest	 that	 multiple	 folding	 steps	 are	 involved	 in	 the	 internal	 packing	 to	
reach	 a	 stable	 state	 where	 the	 alkyl	 tail	 drives	 formation	 of	 ordered	 helical	
nanoribbons	 over	 time	 39.	 This	 is	 critically	 important	 to	 understand	 the	 final	
structure	 adopted	 by	 the	 AzA	 tri-β3-peptide.	 Moreover,	 the	 intra-helical	
interactions	 of	 this	 peptide	 appeared	 to	 promote	 a	 typical	 and	 stable	 314-helix	
structure	in	water	25.	It	could	be	driven	by	the	β3hLys	in	the	core	or	the	presence	
of	a	high	hydrophobic	tail	close	to	the	N-terminus,	but	a	cooperation	between	the	
hydrophobic	 forces	 and	 the	 hydrogen-bonding	 supports	 tight	 packing	 of	 the	
peptide	amphiphiles	40.	This	peptide	has	recently	been	functionalized	for	use	as	a	
β3-peptide	 hydrogel	 for	 cell	 adherence	 and	 proliferation,	 allowing	 tissue	 repair	
after	operative	damage	11.		
β3-peptides	 3,	 and	 4	 initially	 formed	 different	 morphologies.	 However,	 the	
peptide	 sequence	 core	 (hydrophobic	β3hAla	and	a	hydrophilic	β3hLys)	 residues	
may	 drive	 the	 formation	 of	 cylindrical	 fibres	 39,	 which	 increased	 in	 size	 when	
incubated	 in	 water	 for	 several	 days.	 The	 intense	 CD	 signal	 of	 β3-peptide	 3	
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suggests	 that	 the	 alkyl	 tail	 induces	 a	 structure	 of	 a	 high	degree	 of	 order,	 and	 a	

propensity	 to	 fold	 into	 a	 typical	 left-handed	314-helical	 structure	 in	water	 14,	 25.	

However,	a	decline	 in	the	 intensity	of	 the	CD	signals	after	3	days	may	suggest	a	

degradation	of	the	hierarchical	structure	if	kept	in	water	for	a	long	time	(Fig	2c)	

due	 to	 unfolding	 that	 breaks	 down	 the	 hydrogen-bonding	 27.	 Alternatively,	 it	

could	 be	 due	 to	 reorganisation	 of	 the	 chiral	 supramolecular	 arrangement	 4	 or	

precipitation	 of	 the	 increasingly	 large	 structures,	 which	 also	 could	 lead	 to	

conversion	of	the	structure	into	right-handed	14-helices	after	15	months.	

β-peptide	4	assembled	into	long	fibres	at	zero	time	but	then	folded	into	twisted	

ribbons,	 cylindrical	 tubes	and	 tape-like	 structures,	 (Fig.	1	 (4)a-c).	 Insertion	of	a	

tail	 with	 16	 carbon	 atoms	may	 affect	 the	 stability	 of	 self-assembly	 in	 aqueous	

solution	 or	 incubation	 at	 37	 ˚C	 for	 3	 days	 may	 allow	 the	 16	 carbon	 atoms	 to	

rearrange	 their	 conformation	 41,	 leading	 to	 rearrangements	 to	 form	 cylindrical	

tubes	or	tapes.	In	addition,	the	final	fibrillar	morphology	is	critically	determined	

by	 the	structure	of	amino	acid	connected	 to	 the	alkyl	 tail	 39.	Although	β3hAla	 is	

substituted	 next	 to	 the	 alkyl	 tail,	 it	 seems	 that	 the	 steric	 effects	 of	 16	 carbon	

atoms	and	some	electrostatic	repulsions	from	the	neighbouring	β3Lys	side	chain	

at	 the	 peptide	 interface	 strengthens	 the	 intramolecular	 interactions	 and	 affects	

the	 assembly	 process.	 Therefore,	 structural	 transitions	 were	 observed	 from	 a	

flexible	 to	 a	 rigid	 nanotube	 after	 prolonged	 incubation	 in	 water	 at	 37	 ˚C.	 The	

conformational	conversion	is	also	supported	by	the	CD	signal	where	it	exhibited	a	

14-helix	first	and	then	interconverted	to	10-helical	β3-conformation	after	3	days	

(Fig	2di).	This	may	be	due	to	the	steric	restrictions	by	the	16	hydrophobic	carbon	

atoms,	which	in	turn	causes	the	atoms	to	change	their	orientation.	Eventually,	the	

intramolecular	 hydrogen-bonded	 molecules	 within	 the	 14-helix	 arrangement	

change	their	orientation	in	the	space.	Herein,	the	Ala-Azide	residue	with	its	tail	in	

the	core	affects	the	electrostatic	interactions,	hydrogen-bonding	patterns	and	the	

packing,	over	time,	to	form	a	different	secondary	structure	14,	41.	Such	a	reversible	

interconversion	of	14-helix	 into	10-helix	has	been	previously	reported	28,	and	 it	

was	also	suggested	that	temperature	could	destabilize	the	secondary	structure.	

β3-peptide	5	did	not	assemble	as	quickly	as	other	peptides,	but	over	3	days,	wide	

ribbons	and	nanorods	were	observed,	with	a	 right-handed	14-helical	CD-signal,	
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which	 became	 stronger	 over	 time.	 Peptide	 5	 is	 a	 hexapeptide	 and	 is	 able	 to	

promote	 a	 stable	 amphiphilic	 assembly	 via	 hydrophobic	 interactions	 via	 the	

tryptohan	residues,	and	hydrogen-bonding	bonding	between	amide	groups	(C=Oi	
..…H-Ni+2)	 4.	The	salt-bridge	created	by	β3hLys,	and	β3hGlu	at	position	 i,	 i+3	can	

enhance	the	electrostatic	interactions	to	maintain	the	14-helical	conformation	in	

water	25,	27,	31,	see	Fig.	5d.	The	weak	CD	signal	of	the	peptide	stabilised	by	a	single	

salt-bridge,	in	water,	is	in	line	with	other	results	15,	42.		

	

Conclusions		
Here	we	compared	the	assembly	and	structures	of	different	types	of	N-acetylated	

β3-peptide	helices	in	water	over	time.	We	observed	evidence	from	X-RFD	and	CD	

of	12-helix	folding	from	a	tri-β3-peptide,	which	remained	stable	over	15	months.	

The	 CD	 and	 X-RFD	 investigations	 suggest	 that	 incorporation	 of	 β3-amino	 acids	

with	alkyl	chain	enhances	the	self-assembly	into	314-helix	in	water.	The	alkyl	arm	

at	the	N-terminal	may	aid	formation	of	a	stable	structure	in	water	since	a	simple	

variation	 of	 the	 sequence	 where	 the	 alkyl	 arm	 moved	 to	 the	 core	 leads	 to	 a	

weaker	 CD	 signal	 over	 time.	 Incorporation	 of	 16C	 alkyl	 chain	 appeared	 to	

promote	 the	 formation	 of	 a	 14-helix	 which	 converted	 to	 10-helix	 over	 time.	 A	

peptide	 with	 a	 single	 salt-bridge	 (β3hLys	 ®	 β3hGlu)	 showed	 a	 CD	 signal	

suggesting	 the	 formation	 of	 a	 right-handed	 14-helix	 in	 water.	 Ultimately,	 we	

aimed	 to	 explore	 the	 supramolecular	 structures	 formed	 by	 β3-peptide	 design.	

Here	we	have	 described	 the	 characterization	 of	 the	 influence	 of	 sequences	 and	

substitutions	on	the	assembly	and	the	stability	of	these	structures.	

	

Experimental	

Peptide	preparation	

The	 β3-peptides	 were	 synthesized	 using	 the	 solid	 phase	 peptide	 synthesis	 as	

previously	 described	 8,	 11.	 Table	 1	 lists	 the	 composition	 of	 each	 peptide.	 All	

peptides	 were	 acetylated	 at	 the	 N-terminus	 to	 satisfy	 the	 requirement	 of	

acceptor–donor	 pairs,	 as	 well	 as	 to	 minimise	 the	 lateral	 association	 and	

eventually	 stabilize	 the	helical	 structure	 4,	 8.	 [All	peptides	were	synthesised	and	

provided	by	Prof.	Mibel	Aguilar,	Monash	University,	Melbourne,	Australia].	



Chapter 6 
 

Z S Al-Garawi, et al (2017) Structural studies of self-assembled N-acetylated β-peptides. In preparation. 

 

147 

	

Key	 Sequence	 Description	 Alkyl	chain	property	and	location	

1	 Ac-LIA-COOH	 Tri-β3-peptide	 -	

2	 Ac-Az(C14)KA-COOH			 Tri-β3-peptide	 Alkyl	chain	(14	C	atoms)	at	Az-

position	1	

3	 Ac-AAz(C14)K-COOH				 Tri-β3-peptide	 Alkyl	chain	(14	C	atoms)	at	Az-

position	2	

4	 Ac-AAz(C16)K-COOH			 Tri-β3-peptide	 Alkyl	chain	(16	C	atoms)	at	Az-

position	2	

5	 Ac-WKLWEL-COOH	 Hexa-β3-peptide	 -	

	

All	peptides	were	dissolved	in	milli-Q	water	and	incubated	at	37	˚C	for	up	to	three	

days.	Peptides	1	and	5	(1mg/mL),	peptide	2	(0.5	mg/mL)	and	peptides	3	and	4	

(0.25mg/mL)	were	further	incubated	at	RT	up	to	30	days,	and	also	characterised	

after	15	months.	Peptide	4	was	also	characterised	at	a	 lower	concentration	(0.1	

mg/mL).		

	

Electron	microscopy	(EM)	

	4	 μL	 of	 the	 peptide	 solution	was	 placed	 on	 400	mesh,	 carbon/Formvar-coated	

copper	grids	(Agar	Scientific,	Essex,	UK)	and	incubated	for	two	minutes.	The	grid	

was	washed	 using	 4	 μL	 of	milli-Q	water	 (0.2	µM	 filtered),	 and	 then	 negatively	

stained	with	 4	 µL	 of	 uranyl	 acetate	 solution	 2%	 (w/v)	 (0.2	µM	 filtered).	 After	

each	 step,	 the	 liquid	was	 blotted	 carefully	 on	 the	 edge	 of	 the	 grid	with	 a	 filter	

paper.	 Dry	 grids	were	 examined	 using	 a	 JEOL	 1400	 plus	 transmission	 electron	

microscope	operated	at	120	kV,	Germany	at	10	K	and	50K	mag.	All	measurements	

from	electron	micrographs	were	made	using	ImageJ	43.	

	

Circular	dichroism	

120-200	 μL	 of	 the	 peptide	 solution	was	 loaded	 into	 a	 1	mm	pathlength	 quartz	

cuvette	(Sigma-Aldrich,	UK)	and	measurements	were	performed	using	a	JASCO	J-

715	spectropolarimeter.	The	parameters	were	set	as	follows:	time	response:	4	s,	

scan	rate:	50	nm/min,	bandwidth;	1	nm,	data	average	accumulations	were	3;	data	

Table 1. Composition of β3-peptides. 
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pitch:	0.1	mm	and	sensitivity	was	set	to	standard.	Each	scan	was	collected	from	

180	to	250	nm	and	a	Peltier	device	was	used	to	maintain	the	temperature	at	20	

°C.	 Cuvettes	 were	 cleaned	 before	 each	 run	 using	 2%	 Hellmanex	 (Hellman,	

Southend-on-Sea,	 UK),	 water,	 and	 ethanol,	 then	 air	 dried.	 Due	 to	 the	 turbidity	

that	appeared	for	peptide	4	after	36	h,	the	sample	was	centrifuged	at	13000x	rpm	

for	 three	 minutes	 to	 move	 any	 precipitate.	 CD	 spectra	 were	 converted	 from	

millidegrees	 (MDeg)	 to	 molar	 ellipticity	 per	 residue	 (MER)	 for	 all	 the	 spectra	

except	that	for	peptide	4,	therefore,	Its	CD	spectra	were	plotted	using	MDeg	due	

to	difficulties	in	measuring	the	accurate	concentration.	
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Supplementary	information	
 

Table S1. Characterization of the β3-peptides helices over time. * refer to the appearance of white precipitates at that time point. 
β3 	

Mg/ml	
14	h	 3	days	 30	days	 15	months	 Description	
Minima	
(nm)	

0-X	
	

Maxima	
(nm)	

Minima	
(nm)	

0-X	 Maxima	
(nm)	

Minima	 0-X	 Maxima	
(nm)	

Minima	
(nm)	

0-X	 Maxima	
(nm)	

	

1	 1		 222	 202	 205	 	 202	 	 -222	 202	 206	 223	 -	 206	 Left-handed	12-helix	
2	 0.5	 209	 200	 195	 210	 200	 196	 209	 200	 196	 209	 200	 196	 Left-handed	14-helix	
3	 0.25	 212	 206	 -	 214	 207	 200	 -	 -	 -	 195	 209	 220	 Left-handed	14-helix	

4	
0.25	
and	
0.1	

216	
	
-	

202	
	
-	

198	
	
205	

-	
	
-	

-	
	
-	

*205	
			
205	

-	
	
-	

-	
	
-	

205	
	
205	

-	
*Weak	
~220	

-	
	
198	

205	
	
205	

Left-handed	14/10-helix	
	
Left-handed	10-helix	

5	 1	 Weak	
215	

-	 -	 228	
197	

205	 213	 226	
199	

205	 214	 228	
195	

-	 212	 Right-handed	14-helix	

 

Table S2. The X-RFD reflection positions of β3-peptides. The position reflections 
(<=0.2 Å) are placed on the same raw, and dashes mean no similar reflections. 
	
	
Peptides		® 

Diffraction	signal	positions	(Å)	
3	days	 15	months	

1	 2	 3	 4	 5	 1	 2	 4	
Equatorial	 	

30.0	 34.0	 31.0	 30.0	 -	 38.2	 39.6	 36	

-	 21.0	 -	 -	 20.0	 	 27.7	 	

	 	 	 	 	 -	 17.7	 	
-	 -	 16.4	 	 -	 	 	 16.5	
-	 -	 -	 15.3	 -	 	 	 	
14.5	 14.2	 -	 -	 -	 13.9	 -	 	
	 	 	 	 	 	 12.9	 	
11.10	 11.2	 11.3	 11.3	 11.3	 -	 	 	
9.92	 10.6	 -	 -	 -	 9.90	 	 	
	 	 9.4	 -	 -	 	 9.4	 	
-	 8.45	 8.3	 8.0	 8.6	 	 	 7.9	
7.2	 -	 7.0	 -	 6.8	 -	 -	 	
6.3	 6.0	 6.5	 6.4	 -	 -	 -	 	
5.6	 5.27	 5.1	 5.2	 5.8	 -	 -	 	

Peptides		®	 1	 2	 3	 4	 5	 1	 2	 4	
Equatorial	 	

	 4.7	 	 5.0	 	 	 -	 	
	 -	 3.97	 4.1	 -	 -	 -	 	

Meridionals	 	

Off-meridionals	

	 9.7	 11.3	 	 	 -	 -	 	
	 	 	 	 	 6.7	a	 	 	
5.83	&	
5.80	 -	 5.5	 -	

	 5.5	b	 	 	

5.12	 -	 -	 -	 -	 -	 	 	
	 4.7	 -	 4.6	 	 -	 -	 	
	 -	 -	 4.4	 	 -	 	 	

	

4.99	 	 	 	 	 5.0	b	 	 	
-	 4.9	 -	 -	 -	 -	 	 	
-	 4.8	 4.8	 4.78	 4.8	 4.8	c	 	 4.8	c	
4.74	 4.7	 4.7	 	 4.7	 -	 4.77	 	
	 	 	 	 	 	 -	 4.65	
4.24	 4.5	 4.5	 4.4	 -	 4.6	a	 4.4	 4.4	a	
3.50	 4.1	 4.0	 -	 4.3	 	 4.2	a	 4.3	
	 3.7	 -	 -	 3.6	 	 	 	

a= strongest, b= strong, c= weak 
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In	this	thesis,	I	have	described	studies	that	demonstrated	various	functional	abilities	of	

three	 different	 models	 of	 peptide	 self-assembly	 system,	 two	 of	 which	 haven’t	 been	

structurally	characterised	previously.	Therefore,	the	starting	point	involved	biophysical	

characterisation	 to	provide	a	 structural	basis	 for	nanobiotechnology	applications.	The	

first	model	was	based	on	the	peptide	KFFEAAAKKFFE	and	 its	variants	where	Lys	was	

substituted	 for	 Ala	 or	 Arg.	 These	 variant	 peptide	 templates	 have	 been	 previously	

studied	 using	 TEM,	 fluorescence,	 CD	 and	 X-ray	 FD	 data	 (Makin	 et	 al.	 2005,	 Marshall	

2010).	Some	of	these	short	synthetic	peptides	formed	amyloid-like	fibrils	with	cross-b	

core,	and	some	formed	crystals	based	on	the	sequence	-	sidechain	relationship	and	the	

type	 of	 the	 solvent.	 The	 results	 provided	 sufficient	 knowledge	 about	 the	 main	

interactions	 that	 led	 to	a	description	of	 	model	 structure	 (Makin	et	al.	2005,	Marshall	

2010).	However,	 no	 previous	 investigations	 have	 been	 conducted	 to	 characterise	 this	

peptide	 system	 as	 a	 template	 for	 silica	 coating.	 Therefore,	 the	 functional	 potential	 of	

such	 a	 fibrillar	 system	 to	 template	 silica	 from	 the	 silica	 precursor	TEOS	 and	produce	

suprastructures	 was	 of	 interest	 to	 study.	 Nevertheless,	 will	 the	 suprastructures	 be	

structurally	 stable	 under	 harsh	 templating	 conditions,	 or	 harsh	 environments?	 All	 of	

these	experiments	were	described	in	Chapters	3	and	4.		

The	 WT,	 several	 of	 the	 Lys/Ala	 and	 the	 Lys/Arg	 variants	 formed	 silica-NWs	 that	

retained	 the	 cross-b	 core	 after	 templating	 silica	 as	 demonstrated	 by	 the	 results	 from	

FTIR	 and	 X-ray	 FD.	 A	 range	 of	 peptide	 variants	 was	 examined	 to	 determine	 the	

propensity	 of	 each	 peptide	 to	 template	 and	 initiate	 silica	 polymerisation	 and	

condensation.	Some	observations	about	silica-coating	results	are	highlighted	below:	

1. The	 first	 observation	 was	 related	 to	 the	 time	 of	 the	 reaction.	 When	 the	 silica	

structures	 collected	 after	 five	 days’	 reaction	 without	 the	 ethanol-washing	 step,	

clusters	of	spheres	and	flowers-like	structures	were	observed,	see	Fig.	7.1.	This	may	

be	due	to	the	prolonged	silica	polymerisation.	However,	ethanol	has	been	suggested	

to	provide	an	ideal	environment	to	dissipate	the	TEOS	in	the	mixture	(Meegan	et	al.	

2004).	Therefore,	non-washing	by	ethanol	may	cause	the	aggregation.	

Fig. 7.1. TEM images of silica-nanostructures after 5 
days reaction with TEOS and structures collected 
without ethanol-washing step. a) silica-nanospheres of 
K8A, b) silica-nanpstructure of K9A, c) silica 
nanostructure of K1RK8R (my own work). 

K8A K1RK8R K9A 

200	nm 0.5	µm 0.2	µm 

a b c 
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2. The	templating	reaction	occurred	onto	the	outer	surface	of	the	peptide	as	indicated	

by	a	TEM	images	of	cross	section	of	these	silica-NWS,	see	Fig	7.	2.		

3. The	 templating	 process	 seemed	 to	 be	 highly	 dependent	 on	 the	 peptide	 sequence,	

e.g.:	Arg	at	position	9	instead	of	Lys	(as	in	K9R)	produced	well-organised	silica-NWs	

compared	 to	 silica-NWs	 formed	 by	 K8R	 (Arg	 at	 position	 8).	 Similarly,	 different	

morphologies	of	 silica-NWs	were	generated	by	K8A	and	K9A.	This	 suggests	 that	 a	

slight	 change	 in	 the	 sequence	 might	 affect	 the	 nucleation	 and	 polymerisation	

mechanism.		

4. Fibrils	of	Lys/Arg	variants	produced	more	ordered	silica-NWs	than	those	of	Lys/Ala,	

and	 sometimes	 laterally	 associated	 as	 bundles.	 A	 couple	 of	 reasons	 could	 explain	

this:	it	might	due	to	the	difference	in	pI:	Arg	has	a	pI	of	10.76	>	Lys	(pI	9.47),	which	

means	it	is	significantly	more	chargeable	at	the	pH	of	the	experiment	(pH	6.8)	than	

Lys.	 Biomineralisation	 has	 been	 found	 to	 be	 highly	 dependent	 on	 the	pI	 of	 amino	

acids	 to	 neutralise	 the	 negativity	 of	 the	 silanol	 groups	 during	 the	 condensation	

reaction	(Perry	2003).	Thus,	silica	polymerisation	may	favour	a	guanidine	group	of	

Arg	rather	than	Lys.		Lys/Arg	peptides	have	both	residues,	while	Lys/Ala	have	only	

Lys.	 Another	 study	 supported	 this	 suggestion	 and	 indicated	 that	 increasing	 the	

number	of	NH3+	binding	site	 is	a	key	role	in	silica-templating	(Coradin	et	al.	2002).	

This	 can	be	better	 supported	 if	 the	neighbouring	 residue	 is	more	hydrophobic,	 as	

Phe	 in	 K1RK9R	 and	 K9R.	 Secondly,	 it	may	 arise	 from	 the	 original	 stability	 of	 Arg	

containing-fibrils	 due	 to	 higher	 hydrophilic	 interactions	 and	 lateral	 association,	 in	

agreement	 with	 (Holmstrom	 et	 al.	 2008,	 Marshall	 et	 al.	 2011),	 whereas	 Lys/Ala	

containing-fibrils	did	not	show	lateral	associations,	in	agreement	also	with	(Marshall	

et	al.	2011).	

5. When	two	Lys	residues	were	substituted	with	two	Ala,	no	silica-NWs	were	observed	

(for	example,	K1AK8A),	although	 it	still	contains	Lys	at	position	9.	A	similar	result	

was	observed	from	another	short	peptide	(VIYKI)	using	the	same	conditions,	see	Fig.	

Fig. 7.2. TEM images of thin cross-sections of silica-
NWs of K1R and K9R. The outer darker area refers to the 
silica layers and the core are showing the fibrils. a) side 
view of K1R, b) and c) are top view of K1R and K9R, 
respectively. Silica-NWs were embedded in a TAAB resin 
and cured, and the solid polymers were thin-sectioned into 
90 nm-thick sections and then stained by uranyl acetate 
0.5% to be imaged.  
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7.3.	 It	 again	 confirms	 that	 successful	 silica-templating	 required	 a	 template	with	 a	

high	content	of	NH3+	(Van-Bommel	et	al.	2001).	

6. A	single	substitution	with	Arg	as	in	K1R	propagated	silica-NWs	that	were	similar	to	

those	obtained	from	double	substitution,	K1RK8R,	see	Table	7.1.	However,	K9R	and	

K8R	did	not	produce	similar	silica-NWs	to	those	of	K1RK8R,	which	may	explain	the	

importance	 of	 the	 substitution	 at	 position	 1.	 This	 leads	 to	 the	 conclusion	 that	

replacing	Lys	with	Ala	as	in	K1A	reduced	silica	nucleation.			

7. Few silica-NWs observed from K1A. Due to the absence of Lys at position 1, which is 

considered as an initiator for silica templating, it is likely that the N-terminal shared 

silica-nucleation, which seemed it had a limited propensity compared to NH3
+ group.	

8. The	 thickness	of	 the	silica	 layers	 increased	over	 time,	 in	agreement	with	(Yuwono	

and	 Hartgerink	 2007),	 and	 formed	 glass-like	 structures	 which	 were	 observed	 by	

ultra-microtome	 thin	 sectioning	 and	 TEM.	 This	 helped	 to	 further	 understand	 the	

mechanism	 of	 the	 complete	 silica	 polymerisation	when	 numbers	 of	 the	 structural	

colloidal	Si-O-Si	or	Si-O-R	units	(Q3	or	Q2)	along	the	peptidic	core	were	studied	using	

FTIR	over	12	months.	

Although	 other	 previously	 methods	 used	 agitation,	 different	 chemical	 conditions,	

magnetic	 stirring	 or	 a	 specific	 temperature	 and	 atmosphere	 to	 produce	 silica	

nanostructures	(Cha	et	al.	2000,	Hui	et	al.	2016,	Zhou	et	al.	1999),	 the	simple	method	

followed	 in	 this	 study	 (without	 continuous	 agitation	 or	 stirring	 and	 with	 natural	

environments)	 points	 to	 the	 potential	 of	 the	 selected	mature	 fibres	 to	 template	 silica	

and	may	provide	a	library	of	the	most	effective	templating	sequences.	The	propensity	of	

the	 variants	 to template silica is shown in Fig. 7.4 and the proposed silica templating by 

K1R and K1A is shown in Scheme 7.1. 

Fig. 7.3. TEM image of templating silica by short synthetic amyloid fibrils (VIYKI). 
This peptide has been previously characterized as amyloid cross-b peptide (Morris et al. 
2013), however, only silica shell observed after silica-templating, scale bar= 100 nm 
(my own work) .    

Fig. 7.4. A histogram showing the propensity of templating K/A and K/R variants to template silica. The 
templating percent estimated via a combination of TEM morphologies and FTIR spectra as well as TGA 
analysis that indicate stabilities under harsh treatment. Codes: K=Lys, A=Ala, R=Arg. 
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The	 silica-NWs	 obtained	 from	 this	 work,	 and	 the	 original	 fibrils	 were	 treated	 with	

different	harsh	environments,	such	as:	strong	organic	solvents,	high	temperatures/high	

pressures	and	low	pH,	acidic	solvents.	The	resulting	data	in	Chapter	4	indicated	similar	

morphologies	 and	 structures	 of	 the	 silica-NWs	 to	 these	 before	 incubation,	 which	

pointed	 to	 extraordinary	 chemical	 and	 thermal	 stability.	 Interestingly,	 although	 some	

peptides	have	shown	low	propensity	to	template	silica	(K1A	and	K9A),	their	silica-NWs	

appeared	to	be	more	degradation-resistant	 than	the	original	 fibrils.	This	exceptionally	

high	stability	suggests	that	Lys	and	Arg-containing	peptides	are	promising	for	preparing	

an	 environmentally-friendly	 and	morphology-controlled	 silica-NWs.	 Such	 frameworks	

may	 be	 an	 excellent	 starting	 point	 for	 developing	 these	 silica-NWs	 for	 nanotechnical	

devices	 that	 need	 highly	 stable	 organic-nonorganic	 materials	 such	 as:	 micro-

nanoelectronics	and	biosensors.		

The	second	model	studied	consisted	of	short	peptides	based	on	the	rationally	designed	

peptides,	 Ac-IHIHIQI-NH2	 described	 by	 Rufo	 et	 al.	 (Rufo	 et	 al.	 2014).	 The	 designed	

amyloidogenic	peptide	formed	b-sheet	fibrils	to	have	an	active	centre	that	coordinated	a	

metal	 ion	 and	 performed	 as	 a	 functional	 catalyst	 at	 room	 temperature.	 However,	 the	

structures	 of	 these	 fibrils	 have	 not	 been	 fully	 characterised	 previously.	 Furthermore,	

Scheme 7.1. A schematic comparison of templating silica by a fibre of K1R (a) and K1A (b): Side view. The 
b-strands are running perpendicular to the fibre axis (black arrow), while b-sheets are running parallel. The 
blue tetrahedral shows Si-O-Si bridging(Q4). For K1R, the abundance of NH3

+ from Arg and Lys increased the 
chances for a constructive interaction with the silianol groups, but for K1A, a lower interaction due to fewer 
NH3

+, especially if Lys located inside the molecule. The side chains indicated by colors: blue=Lys, green=Arg, 
yellow=Ala, red=Glu and the rest of side chains=cyan.  
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the	 impact	of	 including	two	active	centres,	or	 the	effect	of	 temperature	have	not	been	
investigated	before.	Therefore,	Chapter	5	describes	four	aims:	1)	to	study	the	structure	
of	 these	 designs;	 2)	 to	 compare	 the	 potential	 of	 two	 active	 centres	 with	 one	 active	
centre	to	act	as	enzyme-like	catalyst;	3)	the	optimum	temperature	for	catalysis;	and	4)	
the	 impact	 of	 the	 peptide-metal	 ion	 coordination	 on	 the	 structure	 of	 the	 amyloid	
peptides.		

The	Waltz	scoring	algorithm	can	recognize	a	core	of	3-5	residues	of	a	peptide	that	has	
up	to	6	residues	to	identify	its	amyloidogenic	potential	(Maurer-Stroh	et	al.	2010),	and	
it	 was	 used	 here	 to	 design	 the	 peptides.	 Each	 3-amino	 acid	 window	 was	 checked	
separately,	 however,	 peptide	 VI	 did	 not	 show	 amyloidogenic	 potential,	 while	 other	
peptides	 (I-V)	did.	Experimentally,	 all	peptides	showed	amyloid	structure,	which	may	
indicate	 that	 checking	 the	 propensity	 of	 a	 window	 of	 three	 residues	 is	 not	 always	
accurate.	

The	 hydrolysis	 reaction	 requires	 an	 active	 interaction	 between	 Zn-peptide	 and	 the	
substrate	 p-NPA.	 This	 interaction	 is	 activated	 through	 water	 molecules	 which	 will	
enable	 a	 quaternary	 coordination	 geometry	 of	 Zn	 (His)3-OH+.	 This	 active	 geometry	
requires	 anionic	 ligand	 to	 link	H2O	 to	Zn	 (Krishnamurthy	et	 al.	 2008),	which	was	 the	
main	reason	to	engage	Tyr	at	position	6	for	all	designs	here.	A	proposed	mechanism	for	
the	hydrolysis	of	p-NPA	is	shown	in	Scheme	7.2.			

Scheme 7.2. The proposed mechanism of hydrolysis p-NPA by peptide III. 
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Results	 in	 Chapter	 5	 displayed	 the	 complexity	 of	 catalytic	 reaction	 from	 synthetic	
amyloids	 and	 the	 different	 activities	 that	 can	 be	 induced	 by	 small	 change	 in	 the	
sequence	 or	 experimental	 modification.	 However,	 no	 major	 structural	 differences	
resulted	 from	 the	 primary	 sequence	 change	 and	 all	were	 able	 to	 form	 cross-b	 fibrils.	
Histidine	residues	in	the	presence	of	Zn2+	have	been	previously	suggested	to	play	one	of	
three	main	 essential	 roles	 in	 catalytic	 activity,	 along	with	 basic	medium,	 and	b-sheet	
propensity	 (Rufo	 et	 al.	 2014).	 Individual	 determinates	 of	 fibrils	 functionality	may	 be	
categorised	 in	three	hierarchies:	one	 for	self-assembly,	one	 for	 the	best	conditions	 for	
best	Zn-binding,	and	one	related	to	 the	age	of	 the	 fibrils.	 	Scheme	7.3	 illustrates	some	

factors	 that	 may	 drive	 the	 functionality	 of	 amyloid	 fibrils	 to	 act	 as	 catalysts	 and	
highlights	the	optimum	conditions	for	a	higher	efficiency.	
	Alternate	Histidine/Ile	residues	appeared	to	best	coordinate	Zn2+	and	play	an	essential	
role	to	catalyse	a	chemical	reaction,	in	agreement	with	Rufo	et	al.	in	2014.	It	may	seem	
logical	 if	 two	 active	 centres	 coordinated	 two	 metal	 ions	 it	 would	 result	 in	 a	 higher	
potential	for	hydrolysis	enzymatic	activity	(see	the	possibilities	of	coordinating	Zn+2	in	
Scheme	7.4).	However,	the	results	indicated	that	this	is	not	the	case,	but	a	single	active	
centre	 produced	 the	 highest	 activity.	 A	 simple	 description	 of	 the	 catalytic	 efficiencies	
listed	in	Table	7.1.		
	
	

Scheme 7.3. Determination of the factors that affect the activity of amyloid fibril, concluded from the 
experimental work.  
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On	 the	other	hand,	although Zn2+did not appear to have a subtle influence on the peptide 

assembly morphology, it did significantly show four main effects over three weeks: shorten 

the fibrils, improved the b-sheet	CD	 signal,	 increased	 the	 intensity	 of	Tyr	 fluorescence,	

and	fourthly	prevented	dityrosine	cross-link	formation. Zn2+may	make	the	sheets	closer	

to	 each	other	 through	 its	binding	 to	 the	 imidazole	moieties,	which	affected	 the	width	

over	time,	as	well.	Furthermore,	Tyr	seemed	to	prefer	water-bridging	with	Zn2+	rather	

than	 make	 a	 cross-linkage	 with	 each	 other,	 which	 could	 be	 supported	 by	 the	

observation	 of	 the	 high	 intensity	 of	 Tyr	 emission	 (due	 to	 solvent-exposure)	 and	

disappearance	of	dityrosine	fluorescence,	see	Chapter	5,	PART	II,	Fig.	2	&	4.		

Table 7.1. Summary of the catalytic efficiency (M-1s-1) of the synthetic peptides. All designs included Tyr at position 6.  

Peptides	 The	design	 Catalytic	
efficiency	

Description	
b-sheets	 Structure	

Un-protected	ends	 Alternating	Ile-His	 None	 Anti-parallel		  
 
Cross-b 
¯ 

Protected	ends,	1	active	centre		 Alternating	Ile-His	 Significant		 Parallel		
Protected	ends,	1	active	centre	 Alternating	Ile-His	+	Glu	 None	 Parallel		
Protected	ends,	2	active	centres	 Alternating	Ile-His	 Moderate		 Anti-parallel	
Protected	ends,	2	active	centres	 Alternating	Ile-His	+	Gly	 Low		 Parallel	

Scheme 7.4. The possible arrangements of peptide IV with Zn+2. Codes: Ac=CH3CO (acetylated amino 
terminal), I= Ile, H= His, Y=Tyr, violet circle= Zn. 
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Finally,	 the	 third	model	 was	 five	 peptide	 designs	 included	 b-amino	 acids	 backbones,	

which	were	 characterised	 in	 Chapter	 6.	 The	 peptides	were	 designed	 to	 self-assemble	

into	helices	via	intermolecular	H-bonding	between	three	residues	(at	least),	as	a	motif	

for	a	head-to-tail	assembly	through	intramolecular	H-bonding	parallel	to	the	fibre	axis.	

These	designs	were	acetylated	at	N-terminal	to	partially	avoid	lateral	associations.	The	

N-acetylated	b3-peptides	have	previously	been	characterised	and	analysed	in	relation	to	

their	sequence	and	type	of	organic	and	aqueous	solvents		(Del	Borgo	et	al.	2013,	Seoudi	

et	al.	2015a,	Seoudi	et	al.	2015b).	All	the	previous	studies	focused	on	the	structure	of	the	

b3-peptides	 in	 one	 stage	 species	 of	 self-assembly	 and	 did	 not	 cover	 the	 possible	

rearrangement	or	stability	for	these	models	being	proposed	for	different	conformations	

in	water,	and	over	time.	As	well	as,	no	previous	investigations	have	been	carried	out	to	

monitor	the	assembly	of	several	of	the	models	under	study.	Therefore,	TEM,	CD	and	X-

ray	 FD	 were	 used	 to	 examine	 the	 structures	 and	 monitor	 the	 assembly	 over	 time,	

according	to	the	type	of	design	as	seen	in	Scheme	7.5.	

Scheme 7.5. Determination of the conformation of the helix according to the type of the design.  
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Some	 peptides	 kept	 their	 helical	 conformation	 stable	 over	 a	 15-month	 time	 course	

(peptides	 1,	 2	 and	 5).	 However,	 some	 showed	 structural	 rearrangements	 over	 time,	

specifically	those	linked	to	an	alkyl	arm	in	the	core.	This	could	be	could	be	attributed	to	

the	 tendency	 of	 the	 arm	 to	 form	 a	 favourable	 orientation	 during	 the	 self-assembly	

lifetime	in	water.	In	addition,	b3-peptide	4	(C16)	formed	a	precipitate	after	three	days,	

which	 may	 be	 due	 to	 a	 critical	 rearrangement	 due	 to	 a	 high	 repulsion	 of	 longer	

hydrophobic	arm	with	water	molecules.	Was	this	precipitate	some	of	the	arms,	peptide	

with	 arm,	 or	 unfavourable	 helical	 conformation?	 Scheme	7.6	 provides	 an	 explanation	

for	this	structural	rearrangement	over	time.		

Another	observation	from	b3-peptide	4	showed	multi-layered	nanotapes	and	tubes	over	

time,	which	could	be	possibly	occurred	if	there	are	high	numbers	of	motifs	attached	to	

each	other	 (through	arms)	either	vertically	or	horizontally	or	both,	 to	build-up	multi-

layers	of	tubes	or	taps,	see	Scheme	7.7.	

 Scheme 7.6. A possible assembly of the b3peptide 4 (and 3) into the most preferable conformation over time.  

 Scheme 7.7. A possible hypothesized folding of b3peptide 4 into multi-layers of nanotaps and tubes, over time 
(my own work).  
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Are	there	any	challenges	left?		
	

There	are	still	some	remaining	issues	that	can	add	an	impact	to	this	work,	such	as:		

1- Does	the	organic	core	of	the	silica-NWs	obtained	here	also	resist	the	enzymatic-

degradation	(proteolysis)?	If	the	silica-NWs	treated	by	protease	enzyme	such	as	

Trypsin	(cleaves	Lys,	or	Arg	site)	and	showed	a	degradation-resistance,	will	they	

then	be	non-toxic?	If	so,	then	this	would	be	new	features	of	these	suprastructure	

to	 add	 to	 the	 literature,	 with	 a	 result	 from	 a	 related	 toxicity	 study	 that	 could	

enable	medicinal-therapeutic	applications.	For	example,	they	could	be	developed	

as	scaffolds	for	antiviral/antibodies	agents,	to	control	drug	release,	or	to	develop	

an	 optical	 biosensor	 to	 detect	 the	 neurotoxic	 compounds	 (organophosphorus	

compounds),	which	require	chemically	and	thermally	stable	nanostructures	and	

were	previously	proved	from	self-assembled	nanostructures	(Gastillo-Leon	et	al.	

2011,	Kim	et	al.	2011)	

2- Although	 as	 mentioned	 above,	 the	 role	 of	 Arg	 in	 templating	 silica	 is	 not	 well	

studied	 in	the	 literature,	 it	appeared	to	be	more	efficient	than	Lys	here.	Yet,	all	

the	variants	studied	were	a	hybrid	of	Lys	and	Arg,	even	the	double	substituted	

peptides,	K1RK8R	and	K1RK9R	still	have	Lys	at	position	9	and	8,	respectively.	A	

variant	with	a	pure	Arg	would	be	interesting	to	study,	in	relation	to	its	efficiency	

for	silica	templating.	For	example,	RFFEAAARRFFE	could	be	further	investigated	

to	clearly	highlight	the	role	of	Arg.		

3- In	this	study:	designs	based	on	the	peptide	Ac-IHIHQI-NH2	showed	a	pronounced	

catalytic	activity.		However,	other	designs	may	lead	to	further	improvement.	For	

example,	 the	 native	 active	 centre	 of	 carbonic	 anhydrase:	 Phe-His-Phe-His-Trp	

could	be	introduced	to	the	synthetic	peptides.		

4- If	such	short	peptides	rich	in	His	show	a	catalytic	activity,	could	changing	the	His	

with	another	ligand	that	has	a	positively	charged	amine	such	as	Arg	have	similar	

catalytic	 efficiency?	 Could	 changing	 Zn+2	 with	 another	 metal	 ion	 such	 as	 Cu+2	

have	 similar	effect	on	hydrolysing	 the	 substrate?	or	 could	native	amyloids	 that	

have	three	His	side	chains	such	Ab42,	be	able	to	behave	as	catalysts?	

5- It	 is	still	unclear	why	the	peptides	with	 two	active	centres	have	a	 less	catalytic	

efficiency	compared	to	 those	with	a	single	active	centre.	Using	solid	state	NMR	

on	both	Ac-IHIHIYIHIHI-CONH2	and	Ac-IHIHGYGIHIHI-CONH2	by	 labelling	Zn2+,	

could	provide	more	information	on	how	and	where	Zn	coordinates:	whether	two	
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His	or	one	His	and	NH2	terminal.	This	could	provide	restraints,	so	that	the	model	

can	be	improved.	It	could	also	help	to	explain	how	Zn2+	affects	the	structures.		

6- b3-peptides	 were	 characterised	 with	 two	 types	 of	 functional	 group	 so	 far:	 an	

alkyl	arm	and	salt-bridge.	However,	the	RGD-containing	peptide	(consists	of	Arg-

Gly-Asp	 motif)	 has	 been	 previously	 shown	 to	 promote	 cell	 adhesion	 in	 bone	

repair	 (Verrier	 et	 al.	 2002).	 If	 a	b-peptide	 that	 already	 has	 a	 salt-bridge	 could	

also	be	functionalised	with	this	motif	(RGD)	on	one	face,	then	it	will	give	rise	for	

another	salt-bridge	interaction	that	may	further	support	the	14-helix,	and	could	

have	a	better	therapeutic	function.		

7- 	Studying	 the	 CD	 spectra	 of	b-amino	 acids	may	 increase	 the	 knowledge	 of	 the	

electronic	transitions	of	the	corresponding	side	chains.		

	

The	important	developments	in	the	self-assembling	system	in	this	study	show	that	they	

are	 far	 from	 being	 only	 associated	with	 pathological	 diseases.	 They	 display	 excellent	

and	 improved	 features	 and	 thus	 are	 finding	 their	 way	 into	 artificial	 applications	 in	

material	sciences,	environmental	and	bionanotechnology	sciences.	
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   ”شكر و تقدیر“  

اثناء  الغیر منقطع" لمساعدتھا و دعمھا اتقدم بالشكر واالمتنان الى مشرفتي البروفسورة "لویس سیربل

 ً  , ارجو استمرار التواصل العلمي.فترة دراستي و لسماحھا بالعمل االنفرادي والمشترك معا

كان بابك مفتوح دوما للنقاش والنصائح , "مارك باكلي" البروفسورشكري وامتناني الى المشرف الثاني 

 ونظام الفصل الخاص بھ. المفیدة, شكرا لتزویدي بجھاز تصنیع الببتیدات

 شكراَ للبروفسورة "ماري اكیولر (جامعة مونش/استرالیا) للعمل المشترك البناء. 

من جعلت التجربة مفرحة  …ةترة الدراسشكرا الى االصدقاء الذین منحوني جزء من وقتھم في ف

واتمنى  دعمكمى لن انس, "ھرندي إكرام" استطاعتھا بكل ساندتني والتي"علیاء ھرندي"  ومرحة

 كیدي" شكرا لوجودك بجانبي في االوقات الصعبة."اوس العُ , صداقة طویلة االمد

بواسطة الجامعة  وزارة التعلیم العالي والبحث العلمي لمنحي البعثة الدراسیةر الى تقدیو شكر

 ل الملحقیة الثقافیة في لندن.ولتسھیل الدعم المادي ومتعلقات البعثة من قبالمستنصریة / بغداد, 

 العمة و وعائلتھ ) هللا حفظھ( الكرعاوي الزھرة عبد الحنون العم, المتواصل المعنوي دعمكم كثیراً  اُقدّر

 .لكم شكراً ,  الكریمة وعائلتھ )هللا رحمھ( ھرندي جعفر والعم  الجلبي نجاة الجلیلة

 نیل و دراستي إتمام من تمكنت لما الفذة تضحیاتھم لوال, وطني لشھداء الالمحدود وآآلمتنان الشكر

 ...ما یوما الجمیل لكم أرد أن أتمنى, الشھداء لعوائل حارة تحیة. العلیا العلوم

المعنوي بكل معاني الحب اتقدم یشكر خارج عن الحدود لعائلتي: امي وابي, انا كثیرة االمتنان للدعم 

اشعر كنت تمكنت من  والصبر على البعاد والدعاء طیلة فترة الدراسة, لم اكن موفقة لوال ذلك وال

 حسین و علي, لقد كان لزیاراتكم منى اني جعلتك سعیدا االن؟تالدراسة في لندن من غیر حبك ابي, ا

, االثر الكبیر في االرتیاح النفسي والتحرك االیجابي في المجتمع الغربي التواصل الدائممع  المستمرة

شكرا لكما جداً! محسن, منى, شذى, یوسف و محمد: بالرغم من ان معظمكم یعیش الظروف الصعبة 

, لطالما احببت رؤیة وجوھكم  لي في بغداد ولكن لم یتوقف أیا منكم بالتفكیر بي والدعاء وتمني االفضل

مي وكل االطباق الشھیة والحلویات التي كنتم تعدونھا كلما زرتكم,,,, احبكم جمیعا مستبشرة بقدو

 لكم.كثیرا وشكرا 

 

 زھراء 

 

	



 

 

 

 

 

 

 أبيو أمي

                

 انتما كذْي شمٍس و ذا قمرِ                 
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