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a b s t r a c t

Amyloids are highly ordered protein/peptide aggregates associated with human diseases as well as
various native biological functions. Given the diverse range of physiochemical properties of amyloids, we
hypothesized that higher order amyloid self-assembly could be used for fabricating novel hydrogels for
biomaterial applications. For proof of concept, we designed a series of peptides based on the high ag-
gregation prone C-terminus of Ab42, which is associated with Alzheimer's disease. These Fmoc protected
peptides self assemble to b sheet rich nanofibrils, forming hydrogels that are thermoreversible, non-toxic
and thixotropic. Mechanistic studies indicate that while hydrophobic, pep interactions and hydrogen
bonding drive amyloid network formation to form supramolecular gel structure, the exposed hydro-
phobic surface of amyloid fibrils may render thixotropicity to these gels. We have demonstrated the
utility of these hydrogels in supporting cell attachment and spreading across a diverse range of cell types.
Finally, by tuning the stiffness of these gels through modulation of peptide concentration and salt
concentration these hydrogels could be used as scaffolds that can drive differentiation of mesenchymal
stem cells. Taken together, our results indicate that small size, ease of custom synthesis, thixotropic
nature makes these amyloid-based hydrogels ideally suited for biomaterial/nanotechnology applications.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Self-assembly of biomolecules plays an important role in living
organisms. For example, protein polymerization by actin and
tubulin directly controls cell shape and other vital cellular functions
[1,2]. The extracellular matrix, a composite mixture of various self-
assembled biomaterials such as collagen, elastin, laminin, fibro-
nectin and proteoglycans [3e5], can directly control cell adhesion,
proliferation and tissue organization [6e8]. Guided by protein/
peptide self-assembly in nature, artificial self-assembling systems
have been designed, which can mimic important biological
functions [9e11]. In this context, protein/peptide based hydro-
gelators have found wide applications in tissue engineering (2D/3D
cell culture) and drug delivery [12e17]. Contrary to protein gels,
where synthesis, manipulation and control of the self-assembly for
desired supramolecular formulation is challenging, small peptide
gels allow ease of tunability of their functional properties as per
desired applications [17]. Such smartly designed small peptide gels
were found to have significant applications both in nanotechnology
and tissue engineering [11,18e20]. For instance, self-assembly of
peptides with alternative charge and hydrophobic residue was
shown to form materials that can serve as a substrate for neurite
outgrowth and synapse formation for the application in tissue
repair and tissue engineering [21,22].

Amyloids are self assembled protein/peptide aggregates that
have been implicated in the pathogenesis of many human diseases
including Alzheimer's and Parkinson's disease [23]. Intriguingly,
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recent studies have suggested that amyloid fibrils are less toxic
compared to their corresponding oligomers [24e26] and was pro-
posed that amyloid formation could be defense mechanism of the
cellular machinery against oligomer cytotoxicity [27,28]. Structur-
ally, amyloids are composed of highly repetitive cross-b-sheet
structure, possess high stability and tensile strength; their physi-
cochemical properties can be tuned by environmental conditions
and/or by amino acid substitutions [29,30]. These beneficial fea-
tures of amyloids have been used in nature to perform various
native functions for the host organism [23,31]. Examples of such
functional amyloids include component proteins in bacterial bio-
films like curli [32], adhesins [33] and prion amyloids [34,35] in
yeast. Moreover, recent reports have also demonstrated that pep-
tide/protein hormones form amyloids like structures for its storage
in pituitary glands [36]. Collectively, these examples of functional
amyloids, together with structural plasticity and reversible nature
of amyloid under certain conditions [36] highlight the potential of
amyloids in development of nanostructured biomaterials.

Furthermore, the self-assembly of protein/peptides into amy-
loid fibrils have been found to be useful as smart materials for
various biomedical and technological applications [30,37e39]
including development of nanowires/opto electronics [40e46],
biosensors [47e49], drug delivery depot [50e52] and developing
scaffold for tissue engineering [53e58]. In our current study, we
present a class of short peptides, which forms hydrogels via self-
assembling into nanoscale amyloid fibrils, which support cell
culture and stem cell differentiation. Previous studies with pro-
tein/peptide based amyloid hydrogels have shown their applica-
bility in developing scaffolds that can support cell adhesion and
spreading [53,54,56e59]. However, the applicability of amyloid
based hydrogels as scaffolds for stem cell differentiation into
particular lineage (in our case neuronal) has not been explored
much. Here, we studied themechanism of amyloid based hydrogel
formation and used their self-healing property in developing
scaffolds for 2D, 3D cell culture and stem cell differentiation.

2. Materials and methods

2.1. Preparation of hydrogel

The peptide solutions were prepared by suspending the peptide powders
(P1eP8) into a clean and dry glass vial at a concentration of 6 mg/ml in 20 mM
sodium phosphate buffer, pH 7.4. This suspension was heated over a spirit lamp till
the entire peptide was dissolved completely; the solution thenwas left to cool down
at RT. The solution was allowed to stand for ~15 min without disturbance and the
glass vial was inverted to test the gel formation (tube inversion test). Similarly, for
preparing gels with varying stiffness, different concentrations of P5 peptide (6, 12,
48 and 60 mg/ml) were dissolved in 20 mM sodium phosphate buffer, pH 7.4 as
previously described. For salts dependent study, 6 mg/ml of P5 peptides were dis-
solved in presence and absence of 100, 200, 300, 400 and 500 mMNaCl and the gels
were prepared as described previously.

2.2. MTT assay

For cytotoxicity study, MTT assay was performed as described previously [60]
with slight modification. Briefly, neuroblastoma cell line SH-SY5Y were cultured
and maintained in DMEM media with 10% FBS and with 100-units/ml of penicillin
and 100-mg/ml of streptomycin at 37 �C in a 5% CO2 incubator. For testing cyto-
compatibility of amyloid gels, 20 ml of each peptide gel (6 mg/ml) was casted inwells
of 96 well plate and SH-SY5Y cells of density 4 � 104 cells were seeded in each well
and were incubated for 24 h. After the required incubation with the gels, the MTT
reagent at a concentration of 0.5 mg/ml per well was added to cells and incubated
again for 4 h. Culture mediumwas then removed and the reduced MTT reagent was
dissolved by adding 100 ml solubilization solution containing 50% DMF and 20% SDS,
pH 4.7 and incubated overnight. After incubation absorbance was taken at 560 nm
using a microplate reader (Thermofisher). All experiments were done in triplicates.
Absorbance at 690 nmwas taken for background correction. Only gels andMTTwere
used as control. Ab 40 fibrils were used as negative control of cell viability.

2.3. 2D and 3D cell culture and stem cell differentiation

For two dimensional (2D) cell culture, mouse fibroblast cell line L929 and
neuroblastoma cell line SH-SY5Ywere used for studying the adhesion and spreading
of cells on different peptide gels. SH-SY5Yand L929 cells were maintained in DMEM
(HIMEDIA, India) with 10% heat inactivated FBS and 100 units/ml penicillin and
100 mg/ml streptomycin. The cell attachment was analyzed after 24 h of cell culture.
The spreading area and circularity analysis of cells on each peptide gels were
quantified using image J software (NIH, Version 1.47). Atleast 50 cells were analyzed
for each condition.

The 3D cell culture was performed with L929 and SH-SY5Y cell lines. Briefly, the
P5 peptide gel at a concentration of 12 mg/ml was prepared and was vortexed to
form the sol. 50 ml of sol was then mixed with 50 ml of DMEM with cells (density
1 � 104) and was placed onto treated coverslips (with aminosilane and 0.5% glu-
tearaldehyde). On gelation, additional growth media was provided. The final gel
concentration was maintained to 6 mg/ml. The cultures were maintained in a 37 �C
incubator with a humidified atmosphere of 5% CO2 and analyzed for the viability
using calcein AM staining. To do so, after 48 h of incubation of the cells within the
gel, media was removed and cells were washed with PBS buffer. Then, 1 mg/ml
calcein (Invitrogen, USA) solution prepared in PBS buffer was added to the cells
within the gel and incubated for 5 min. Excess calcein solution was then removed
and equal volume of PBS was added and cells were imaged using confocal micro-
scopy (IX 81, Olympus).

For stem cell attachment and its differentiation on the gels, human mesen-
chymal stem cells (hMSCs) that were isolated from bone marrow (Stempeutics,
India) were maintained in KnockOut DMEM (GIBCO) with 10% FBS and 2 mM Glu-
tamax (GIBCO) and 0.25% penicillin and streptomycin. All cells were cultured and
maintained at 37 �C in a 5% CO2 incubator. The cell monolayers were then trypsi-
nized and pelleted by centrifugation at 1500 rpm for 3 min. These cells (density of
1 � 104) were then resuspended in the growth media and added directly on the
surface of peptide hydrogels layered on the treated (with aminosilane and 0.5%
glutaraldehyde) coverslips. The cell attachment was analyzed after 24 h of cell
culture. The spreading area and circularity analysis of cells on each peptide gels were
performed using image J software (NIH, Version 1.47). Atleast 50 cells were analyzed
for each condition.

For studying stiffness dependent hMSC differentiation on peptide gels, gels
with different elastic modulus were prepared by varying peptide and salt con-
centrations as previously described. hMSCs of cell density 1 � 104 were seeded on
these gels that was casted on treated coverslips. The morphological changes of
these cells were monitored daily and imaged on day 1 and day 7. Morphological
analysis of cells in each condition was done with image J (NIH, Version 1.47)
wherein at least 50 cells were analyzed for each condition. For quantifying bIII
tubulin staining, tubulin stained cell images were analyzed for at least 50 cells
using image J (NIH, Version 1.47).

2.4. Quantitative real time PCR (qPCR)

qPCR is routinely used for identification and quantification of gene expression
during cell differentiation. hMSCswere cultured at a density of 104 per well on P5 gel
in a 24 well plate as described for 2D cell culture. After seven days of culturing,
hMSCs cultured on glass and P5 gel were pooled from 3 different wells for each
different condition by trypsinisation. Further TRIzol (Invitrogen) were added and
mixed with the cells. The whole mixture was then passed through a 24G sterile
needle 8e10 times for complete cell lysis. The cell lysate was then treated with
chloroform to remove proteins, followed by RNA precipitation by isopropanol and
nucleic acid carrier glycogen. The extracted RNA was quantified spectrophotomet-
rically using ratio at 260 nm and 280 nm (Nanodrop spectrophotometer, Thermo
Scientific). The total RNA was then reverse transcribed to cDNA with ProtoScript®

First Strand cDNA Synthesis Kit (NEB, USA) using random hexamers and Oligo(dT)20
primers according to the manufacturer's protocol. The cDNA obtained was used for
qPCR analysis on Illumina Eco qPCR system using SYBR®Green mastermix (Ambion,
USA). The SYBR green primers (SigmaeAldrich, USA) used for qPCR study were pre-
designed and validated.

2.5. Statistical analysis

The statistical significance was determined by one-way ANOVA followed by
NewmaneKeuls Multiple Comparison post hoc test; *P < 0.01; **P < 0.001.

3. Results and discussion

3.1. Peptides based on amyloid b-protein sequences form nontoxic
hydrogels

To design amyloid-based hydrogels, we chose the high aggre-
gation and b-sheet prone C-terminal amyloid b-protein (Ab42)
sequence (associated with Alzheimer's disease) [61] (Fig. 1AeC).
The C-terminal of Ab, Ab(37e42) has previously been shown to
form b-sheet zipper structure of amyloid by X-ray diffraction
studies [62]. Moreover, the two C-terminal residues (IleeAla) have
been reported to increase the aggregation of Ab42 over Ab40



Fig. 1. Design and characterization of amyloidogenic peptide hydrogels. A) The peptide sequences of Ab40 and Ab42. The shaded portion showing the plausible b-sheet regions of
Ab42/Ab40 fibrils. B) Fibril structure of Ab42 showing C-terminus in green color (PDB code used 2BEG). Crystal structure of amyloid microcrystal derived from Ab(37e42) showing
b-sheet zipper formations (in blue). The structure is shown according to ZipperDB [62]. C) Designed peptides based on C-terminal of Ab42. D) Gel formation of the designed peptides
using gel inversion test showing gel formation by Fmoc peptides. E) Rheological characterization of the peptide gel P5. Both storage modulus (G׳) and loss modulus (G ׳׳ ) were found
to increase with frequency. F) Morphology of P5 gel imaged using AFM. G) MTT assay of cells grown on different amyloid scaffolds showing cell viability of >80% on the different
peptide hydrogels. Ab40 fibrils were used as negative control in cell viability assay.
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significantly [63,64]. We propose that rapid intermolecular
hydrogen bond formation by designed amyloidogenic peptide se-
quences (designated as P1eP8 (Fig. 1C)) give rise to amyloid fibril
network, which subsequently form hydrogel via entrapment of
water. We found that most of the Fmoc peptides formed gels in
20 mM phosphate buffer, pH 7.4 (Fig. 1D and Fig. S1). However,
none of the unprotected peptides showed any gelation. The visco-
elastic nature of these amyloid hydrogels was assessed using small
deformation oscillatory rheology. Rheological characterization
revealed that at lower frequency, the storage modulus G0 is higher
than that of the loss modulus G00 (Fig. 1E) by approximately one
order of magnitude indicating the formation of hydrogels. However
at higher frequency the loss modulus increases and coincides with
the storage modulus indicating a phase transition to sol state
(Fig. 1E). These hydrogels have low storage modulus below 10 Hz
(at a concentration of 6 mg/ml) (<0.5 kPa) (Fig. 1E and Fig. S2)
illustrating their high compliance. AFM and FEG-SEM of these gels
revealed formation of dense nano-fibrils network (Fig. 1F and
Figs. S3, S4), which are responsible for gel formation. The data
suggest that in Fmoc protected peptides, the intermolecular pep
interaction of the Fmoc group facilitates peptides to come closer
resulting in successful self-assembly and amyloid fibril formation.
The cytocompatibility of these gels were tested using cells and
in vivo (in rats using P5 gel). Ab40 fibrils were used as a control in
cell viability assay, which is known to be cytotoxic [65,66]. None of
the gels showed any potential toxicity to SH-SY5Y cells; also, P5 gel
did not cause any toxicity in the rat subjects (Fig. 1G and Fig. S5).

3.2. Amyloid nanofibril formation leads to hydrogelation

Since the designed peptides were based on the high aggregation
prone C-terminal sequence of Ab42 (associated with Alzheimer's
disease), we hypothesize that the fibril network responsible for
gelation possessed amyloid-like character. To probe the amyloido-
genicity of the fibril networks, CR and ThT binding studies were
performed. Both CR and ThT are known to bind the amyloid form of
the protein/peptide aggregates and not to their monomeric coun-
terparts, and were hence used for amyloid detection in vitro and
in vivo [36]. ThT generally exhibited an elevated fluorescence signal
at 480 nmwhen bound to amyloid fibrils upon excitation at 450 nm
[67]. All gels produced high ThT fluorescence at 480 nm (Fig. 2A and
Fig. S6). However, when peptides were solubilized in buffer by
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heating and subsequently diluted (without gel formation), signifi-
cantly less ThT fluorescence was observed, suggesting that the fibril
network formed for gelation possessed amyloid nature in contrast
to soluble peptides (Fig. 2A, Fig. S6).

To further confirm the amyloidogenicity, CR dye binding was
performed by CR UV absorption [68] and CR birefringence assay
[69].When peptide solutions (6mg/ml) containing 360 mMCRwere
heated upto 80 �C (sol state) and gradually cooled for gel formation,
an increase in CR absorption and red shift of lmax occurred below
50 �C for all gels suggesting that self-assembly and gelation are
results of higher order assembly of amyloid fibrils (Fig. 2B, Fig. S7).
Consistent with these findings, an apple green birefringence was
also observed for CR bound gels under cross-polarized light (Fig. 2C
and Fig. S8) further confirming the amyloid nature of the fibril
networks [69]. After establishing the amyloidogenic nature of the
gel network, we used FTIR spectroscopy to check whether the
peptides in gel state were composed of b-sheet-rich structure [70].
The FTIR spectra of the powder form of all Fmoc peptide showed
FTIR peaks in the range of 1640 cm�1 to 1650 cm�1 (amide-I band)
corresponding to random coil conformation (Fig. S9A). However,
the FTIR spectra of all gels showed peaks in the range of 1639 and
1619 cm�1 indicating b-sheet formation (Fig. 2D and S9B).

Since the Fmoc unprotected peptides were unable to form gels,
we hypothesize that intermolecular interaction mediated by Fmoc
could be one of the driving forces for gelation. To directly probe
this, temperature dependent gelation was studied for all gels using
1H NMR spectroscopy. At 80 �C, all peptides showed 1H chemical
shift of the Fmoc group in the region of (7.8e8.4) p.p.m. With
decreasing temperature, NMR peak intensity of the 1H of Fmoc
group gradually decreased with the change of chemical shift to-
wards the more shielded region (Fig. 2E and Fig. S10). For tem-
peratures less than 60 �C, multiplicity of the individual peaks of
Fmoc group were merged and all Fmoc peaks disappeared at
temperatures below 40 �C, indicative of association of Fmoc groups
Fig. 2. Gelation of amyloidogenic peptides. A) ThT binding of P5 gel showing higher ThT
temperatures showing higher CR below 50 �C, suggesting self-assembly and gelation is a resu
CR bound to the dried P5 gel under bright field (left) that showed greenish-yellow birefringe
of P5 gels showing peaks at 1639 and 1619 cm�1 indicative of b-sheet structure. E) Temperat
of Fmoc groups were found to merge at temperatures below 60 �C, which subsequently disa
gelation. F) Temperature-dependent fluorescence of Fmoc peptide showing gradual decreas
stacking during gelation. (For interpretation of the references to color in this figure legend
during gelation (Fig. 2E and Fig. S10). To further probe the aromatic
p-stacking interaction between Fmoc groups, temperature depen-
dent fluorescence study of P5 gel was performed during gelation.
The intensity of intrinsic Fmoc fluorescence decreased during
gelation (Fig. 2F), suggesting the involvement of FmoceFmoc
interaction [71].

3.3. The thixotropicity of amyloid hydrogels

One of the most interesting property of these hydrogels was
their thixotropic (i.e., self healing) nature [72e74], i.e., reversible
breaking of the gel under mechanical stress and re-forming under
static conditions [72,74]. Self-healing property of amyloid based
hydrogels was also reported previously by Mezzenga and co-
workers [75]. In our current study, all Fmoc peptide gels converted
to solution state (sol) after vortexing for 5 min and transformed
back to their gel state upon keeping them undisturbed for
~10e15 min at room temperature (Fig. 3A). The thixotropic nature
of the gels was experimentally confirmed with stress-strain
rheology experiments, wherein peptide gels were found to
readily transform into sol after applying high shear stress
(g ¼ 100%; u ¼ 10 rad s�1), yielding a drop in the storage modulus
(G0) to a value below the loss modulus (G00). However, when the
strain amplitude was decreased (g ¼ 0.5%) at the same frequency,
the G0 value was instantly increased to its initial value and trans-
formed into a semi-solid (gel) state (Fig. 3B and Fig. S11). We pro-
posed that interactions mediated by sticky hydrophobic surfaces of
amyloid fibrils [60,76] may contribute to the quick recovery of the
fibril network formation required for gel formation. If this hy-
pothesis holds true, then molecules that bind to the exposed hy-
drophobic surfaces of the fibrils would inhibit the fibril network
formation and gelation. To probe this, gel recovery time of P5 sol
was examined in absence and presence of varying concentration of
fluorescent dye Nile Red (NR), which is known to bind to the
binding compared to solution (sol) state. B) Congo red (CR) binding of P5 at different
lt of higher order assembly of amyloid fibrils. C) Congo red (CR) birefringence of P5 gel.

nce under cross-polarized light (right) indicating amyloid state of P5 gel. D) FTIR spectra
ure-dependent NMR spectra showing 1H chemical shifts of Fmoc group. 1H NMR peaks
ppeared at temperature <40 �C, suggesting aromatic p stacking of Fmoc groups during
e in Fmoc fluorescence with decrease in temperature suggesting inter molecular pep
, the reader is referred to the web version of this article.)



Fig. 3. Mechanism of thixotropic behavior and gel formation. A) Effect of nile red (NR) on thixotropicity of P5 hydrogels. Gel recovery time after vortexing (sol state) of P5 hydrogel
in presence of NR was longer compared to P5 alone sample. B) Stress-strain rheology of P5 gel. Increase in shear stress (g ¼ 100%; u ¼ 10 rad s�1) led to the transition from gel to sol
suggested by the decrease in storage modulus (G

0
) lower than loss modulus (G00). Upon decreasing the shear stress to 0.5%, G0 value instantaneously increased indicating sol to gel

transition. C) The NR binding of P5 solution made by vortexing the P5 gel showing blue shift and an increase in the NR fluorescence intensity. D) ThT binding of P5 solution (made by
vortexing P5 gel) in presence and absence of NR showing no significant effect of NR on the ThT binding to P5 solution. The data suggest that amyloid fibrils of P5 gels are still intact
even after binding to NR. E) Epifluorescence microscopy image of NR binding to individual P5 filaments. Inset showing non-uniform NR intensity along the long axis of selected
filaments. Scale bar is 5 mm. F) Gel recovery time of P5 gels after vortexing in presence of various NR concentrations showing increase in gel recovery time in presence of higher NR
concentration. G) Proposed mechanism of gel formation and its thixotropicity. In presence of NR amyloid fibrils were formed but lacks required network for gelation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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exposed hydrophobic surfaces of protein/peptide aggregates
[60,77]. The NR was able to bind P5 sol (Fig. 3C) and delayed the gel
formation (Fig. 3A) without interfering the amyloid fibril formation
(similar extend of ThT binding as shown in Fig. 3D). Further, the NR
imaging of spin casted P5 gels using epifluorescence microscopy
(Fig. 3E) showed filaments of various lengths. Interestingly, the NR
intensity was non-uniform along the fibrils axis, which also sug-
gests the presence of non-uniform exposed hydrophobic surfaces
across the long axis of fibrils (Fig. 3E inset). With increasing NR
concentrations from 25 mM to 200 mM, the gelation time also
increased from 60 min up to 800 min as compared to the ~15 min
recovery time in untreated gels (Fig. 3F), suggesting that NR could
interfere with gelation of amyloid hydrogels by blocking the
exposed hydrophobic sites of the amyloid fibrils and making them
less sticky (Fig. 3G). It is also possible that the binding of NR on
amyloid fibrils could change its linear charge density and thereby
affecting the gel formation. To probe this, we measured the zeta
potential of the diluted P5 gel in presence and absence of NR. The
zeta potential of 20 mM amyloid fibrils alone showed �30 mV,
indicating the stable nature of these fibril solutions [78,79].
However, addition of increasing concentration of NR did not change
the zeta potential values significantly (Fig. S12). For instance, in
presence of 100 mM of NR, 20 mM P5 amyloid fibrils showed zeta
potential of �28 mV. This indicates that the addition of NR, a
neutral dye, to amyloid fibrils does not affect the linear charge
density of amyloid fibrils. This data further support the hypothesis
that, NRmediated lag in gel recovery could be due to the blocking of
exposed hydrophobic sites of the amyloid fibrils.

We also studied the thixotropicity and amyloidogenicity of two
commercially available gels (Fmoc-YA and Fmoc-FF) as controls.
Fmoc-FF hydrogel showed CR binding (Fig. S13A) without any
thixotropicity and Fmoc-YA gels showed neither amyloid charac-
teristics (lack of CR binding and absence of b sheet characteristic
peak in FTIR) (Fig. S13BeC) nor thixotropic behavior. The lack of
thixotropicity by Fmoc-FF hydrogel might be attributed to its
higher mechanical strength (>2 kPa) (Fig. S13D) due to extensive p
stacking of Fmoc and aromatic Phenylalanine (F) amino acid
[18e20]. Therefore, the delicate balance between p-stacking and
amyloidogenicity of the fibrils is very likely governs the thixo-
tropicity of these gels.
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3.4. Amyloid gels promote cell attachment

To assess the suitability of the peptide gels as biomaterials,
initial experiments of cell attachment and spreading on the surface
of the gels (i.e., 2D culture) were conducted with SH-SY5Y neuronal
and L929 fibroblasts cells. Though both cell types were able to
attach and spread on different gels (Fig. 4A and Fig. S14), subtle
differences in spreading area and cell shape (quantified by circu-
larity) were observed (Fig. 4B). Compared to glass, L929 cells spread
significantly higher across all the gel surfaces (except P4) and were
more spindle-shaped (Fig 4B). In contrast, SH-SY5Y cells spread
maximally on glass substrates. However, cells were more elongated
on P2 and P4 gels (Fig. 4B). SH-SY5Y cells grown on all these am-
yloid gels expressed bIII- tubulin (neuronal marker) suggesting that
Fig. 4. 2D cell culture using amyloid hydrogels. A) Phase contrast images of attached cells of
all images are 100 mm. B) Spreading area and circularity of both L929 and SH-SY5Y cells calc
gels surface. “**” indicates statistical significance (P < 0.001). C) SEM image depicting cell a
incubation respectively. Scale bars are 1 mm (top) and 10 mm (bottom) respectively. D) Sprea
spreading of cells on different peptide gel surfaces. “*” indicates statistical significance (P <
and P5 gel surfaces. The actin filaments of the cells were stained with phalloidin (red) and n
references to color in this figure legend, the reader is referred to the web version of this a
these hydrogels support cells of neuronal lineage (Fig. S15). The
SEM study showed that SH-SY5Y cells successfully attached on the
nanofibrils of hydrogel after 1 h of incubation upon the P5 gel and
after 24 h, cells exhibited a well spread morphology (Fig. 4C). The
studies imply that the nanofibrous structure of amyloid hydrogels
support cell adhesion and cell spreading.

After establishing 2D, we further tested the suitability of present
class of gels for culturing stem cells. We found that all gels are able
to support the attachment and spreading of human mesenchymal
stem cells (hMSCs) (Fig. 4DeE and S16). After 24 h in culture, hMSCs
grown on P2 and P4 gels exhibited maximal spreading followed by
cells on P7 and P5 (Fig. 4D). Further, low circularity of hMSCs on P5
gels indicated that these gels induced anisotropic cell spreading
and cell elongation (Fig. 4D). In contrast, hMSCs on control gels
SH-SY5Y cells and L929 cells grown for 24 h on glass substrates and P5 gel. Scale bar for
ulated using Image J software showing different spreading of cells on different peptide
dhesion and spreading of SH-SY5Y on P5 hydrogel after 1 h (top) and 24 h (bottom) of
ding area and circularity of hMSC calculated using Image J software showing different
0.01). E) Confocal microscopy images showing morphology of hMSCs cultured on glass
ucleus with DAPI (Blue). Scale bar for both images are 50 mm. (For interpretation of the
rticle.)
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(Fmoc-FF and Fmoc-YA) exhibited morphology similar to that on
glass substrates with increased spreading area and maximum
circularity (Fig. S17). Taken together, these results of cell attach-
ment as well as adhesion with amyloid hydrogel indicate the uti-
lization of this hydrogel as prospective biomaterials.
3.5. Mesenchymal stem cell differentiation using amyloid hydrogels

Since these hydrogels are soft gels (�0.5 KPa), it could be used as
scaffold for stem cell differentiation into neuronal lineage. The cell
adhesion of SH-SY5Y on P5 hydrogel, where the cells were able to
maintain the neuronal morphology further supports this assump-
tion. Further, several studies have demonstrated the profound in-
fluence of microenvironments and their stiffness on stem cells fate,
with soft brain-mimetic substrates shown to induce neuronal dif-
ferentiation [80].

The stiffness of these amyloid gels was modulated for stem cell
differentiation by independently varying the peptide concentration
and the salt concentration. The stiffness of the P5 gels increased
exponentially upon increasing the peptide concentration (Fig. 5A).
The storage modulus of each concentration was then extrapolated
to zero frequency and the G0 values obtained were plotted against
the peptide concentration [81] (Fig. S18). Consistent with previous
reports, the storage modulus of our Fmoc based peptide gels also
obeyed a power law (G ~ Cn) function against peptide concentra-
tion. However, the exponent “n” of the power law equation for the
present class of peptide hydrogels was found to be less (n ¼ 1.7)
(Fig. 5A) compared to previously reported protein fibrillar gels
(n ¼ 2.5) [81]. Although similar power law was also reported for
other Fmoc derived peptide hydrogels [82,83]. The low power law
for concentration dependent rheology for Fmoc peptide gel
compared to protein gel could be that, in protein amyloid hydro-
gels, gel formation is mediated by numerous H-bonding, charge
Fig. 5. Stiffness of gels and stem cell differentiation. A) Mechanical strength of P5 gels made
extrapolating G׳ at u ¼ 0) increased exponentially with peptide concentrations. B) Phase con
1 day and 7 days of culture. Scale bar ¼ 100 mm. C) bIII tubulin (green) staining of hMSCs gr
staining for nucleus are shown in blue. Scale bar is 50 mm. D) Gene expression profile of hMS
Tubulin (bIIIT) were upregulated and astrocyte marker GFAP was down regulated.
interaction and other non covalent interactions. Therefore these
physical interactions are significantly increased with higher protein
concentration resulting in enhanced storage modulus. However in
Fmoc di/tripeptides, due to the less number of residues present, the
number of physical interactions (H-bonding, hydrophobic and
ionic) are less. Therefore, upon increasing the concentration, the
storage modulus of such gels would not increase in a similar
manner to protein gels.

The hMSCs cultures in selected P5 gel showed that the softest
gels (6 mg/ml) led to maximal spreading and elongation of hMSCs
(Fig. 5B and Fig. S19) with higher bIII- tubulin expression after
seven days in culture, indicating differentiation of hMSCs to a
neuronal lineage (Fig. 5C and Fig. S20). The neuronal differentia-
tion of stem cells on P5 gels was further confirmed by RT-PCR,
where cells exhibited enhanced expression of various neuron
specific markers (Fig. 5D). In contrast to concentration dependent
modulation, the stiffness of the P5 gel only showed slight increase
by increasing the salt concentration (Fig. S21A) due to the charge
neutralization of C-terminal COO� group, which minimize the
inter-peptide repulsion. These gels (fabricated via salt modula-
tion), however, exhibited similar cell morphology (Fig. S21B-D),
which suggests drastic changes in stiffness are necessary to
change the lineages for stem cell differentiation. Alternatively, P5
gels when in contact with growth media during long term
culturing could lead to dilution of the salt content from the gel
causing a decrease in stiffness of the gel to <1 KPa inducing dif-
ferentiation of hMSC to neuronal lineage.
3.6. 3 Dimensional (3D) cell culture using thixotropic amyloid
hydrogels

We showed that the present class of amyloid hydrogels is
thixotropic and upon vortexing can convert to solution state. This
of various peptide concentrations (6e60 mg/ml). Storage modulus of gels (calculated by
trast images of human mesenchymal stem cells (hMSCs) cultured on different gels after
own on various P5 gels. Cells grown for 1st day and 7 days in culture are shown. DAPI
Cs after 7 days of culturing on gels and glass. On P5 gels, neuronal markers ENO and bIII



Fig. 6. 3D cell culture using amyloid hydrogels. A) Schematic depicting entrapment of
cells inside thixotropic peptide gels. B) 3D cell culture using P5 gel showing cell
viability of both SH-SY5Yand L929 cells indicated by calcein AM staining (green) inside
the 3D gel matrix. Scale bars are 50 mm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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solution (sol) can pass through filters with a pore size of 0.22 mm
and hence can be easily sterilized for in vivo applications. This
thixotropic nature of amyloid gels can be successfully utilized for
constructing 3D cell culture system. For 3D cell culture, both L929
and SH-SY5Y cell suspensions were mixed with the P5 solution
(made by vortexing the corresponding gel) and were allowed to
form gel (Fig. 6A). The viability of entrapped cells was evaluated
after 48 h by calcein staining. Confocal imaging of 3D gels after 48 h
demonstrated that cells entrapped within the gels were viable
(Fig. 6B). However in comparison to the 2D culture, cells entrapped
in the hydrogel were found to spread less. Nevertheless the highly
compliant nature of amyloid hydrogel allows the cells to exert
forces on the scaffold walls to assume spreadmorphology similar to
cells in natural ECM matrix.

4. Conclusions

In summary, we have developed amyloid nano-fibril based
hydrogels for 2D/3D cell culture and stem cell differentiation. We
have demonstrated that these hydrogels are composed of amyloid
nano-fibrils, which are nontoxic and form a 3Dmeshwork. Detailed
mechanistic study revealed that amyloid fibril formation, along
with the pep interactions of the Fmoc group plays a crucial role in
hydrogel formation. We further showed that these hydrogels are
thixotropic in nature, which might arise from the sticky hydro-
phobic surfaces of the amyloid fibrils. Thixotropicity is a favorable
trait for biomaterials that can be used for 3D cell culture systems
and also in the design of in situ implants. Thus, in contrast to the
existing protein and peptide hydrogels, amyloid based hydrogels
are advantageous not only due to their thixotropicity, but also due
to tunability of the gel properties by altering the amino acid
sequence and/or environmental conditions. Detailed studies of one
of the representative hydrogels (P5), demonstrates their utility in
driving neuronal differentiation, possibly by providing fibril-
mediated contact guidance. Our study thus demonstrates the
versatility of amyloid hydrogels as a novel class of biomaterials with
widespread possible applications including 2D and 3D cell culture,
scaffolds for stem cell differentiation, drug delivery systems and
artificial implants.
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