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Amyloid-Based Albumin Hydrogels

Carolina Diaz* and Dimitris Missirlis*

Amyloid fibrils may serve as building blocks for the preparation of novel
hydrogel materials from abundant, low-cost, and biocompatible polypeptides.
This work presents the formation of physically cross-linked, self-healing
hydrogels based on bovine serum albumin at room temperature through a
straightforward disulfide reduction step induced by tris (2-carboxyethyl)
phosphine hydrochloride. The structure and surface charge of the amyloid-like
fibrils is determined by the pH of the solution during self-assembly, giving rise
to hydrogels with distinct physicochemical properties. The hydrogel surface
can be readily functionalized with the extracellular matrix protein fibronectin
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Albumin is the most abundant plasma
protein and an attractive building block
for constructing hydrogels. Albumin is ap-
proved by the US Food and Drug Adminis-
tration (FDA) for use in clinical practice; it
is readily available, inexpensive, and can po-
tentially be harvested from patients to cre-
ate personalized, autogenic materials, mini-
mizing risks of immunogenicity. Hence un-
surprisingly, it has been previously consid-
ered by many as the building block for creat-

and supports cell adhesion, spreading, and long-term culture. This study
offers a simple, versatile, and inexpensive method to prepare amyloid-based
albumin hydrogels with potential applications in the biomedical field.

1. Introduction

Hydrogels are a class of materials with wide-ranging applica-
tions in the biomedical field as coatings, implants, or scaffolds
for organoid development.'-) Their success is owing to a num-
ber of attractive properties such as their high water-content,
malleable structure, and tunable mechanical properties, which
match those of the various soft tissues.[*] These properties are
beneficial for cell adaptation/differentiation and/or integration
with cells/living tissue. In general, hydrogels consist of a cross-
linked macromolecular network, which entraps a large volume
of water depending on the cross-linking density as well as the
hydrophilicity of the material used.’) The materials are typically
based on synthetic or natural (bio)polymers, while the network
is formed through physical or chemical cross-links among the
building blocks.
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ing albumin-based hydrogels.[*'! In most
cases however, the use of chemical reagents
to either chemically modify the albumin,
or induce cross-linking of side chains, in-
troduces concerns related to cytotoxicity, re-
producibility, and undesired side products.
An alternative approach that we explored in this study, is to de-
nature albumin and drive its assembly into amyloid-like fibrils,
which would then physically interact to create a free-standing hy-
drogel material.

The assembly of amyloid fibrils and associated plaques has
been extensively studied, mostly in the context of pathological
amyloid plaques forming in the brains of patients suffering
from neurodegenerative diseases.['”) However, functional and
beneficial amyloid fibrils have also been reported in living
organisms.['>1*] Tt is now accepted that most proteins may form
amyloid fibrils under certain conditions, albeit with variable mor-
phologies and intermolecular interactions.['>1415] Consequently,
a wide variety of proteins has been considered to fabricate bioma-
terials based on the amyloid state,['*2!] in an emerging field that
has been previously reviewed.?2] Despite the distinction be-
tween amyloid and amyloid-like fibrils still being debated, a con-
sensus exists for the presence of intermolecular beta sheet struc-
tures along their main axis, with the beta strands aligned per-
pendicular to that axis, and their identification through the use
of specific dyes, such as Congo red and thioflavin T (ThT).[1216.24]

In the case of serum albumin, assembly into amyloid-like fib-
rils was reported following denaturation induced by changes in
pH,[»] temperature, 2639 reducing agents,!'>3! or combination
of these parameters.'%1>253233] Each of the above parameters
have distinct effects on albumin folding and denaturation. There-
fore, differences in the morphology and structure of the result-
ing amyloid fibrils are expected, although this has not yet been
systematically studied. For example, in the case of pH, a tran-
sition from the so-called N-form at physiological pH 7.4 to the
F-form occurs at pH 4,[2%] below the isoelectric point of 4.7.
At pH values above 8, bovine serum albumin (BSA) adopts the
B (basic) form. While the aggregation of BSA as a function of
the combination of temperature and pH has been previously
reported, 25273234 the effect of pH on BSA structure upon disul-
fide reduction remains unknown.

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

In this study we present the fabrication of albumin hydrogels
through physical cross-linking of amyloid-like fibrils, assembled
following a straightforward disulfide reduction step at room tem-
perature. We have opted for utilizing tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP) as the reducing agent due to favor-
able kinetics and building on previous work that exploited this
agent to assemble amyloid-based films. In particular, the group of
Yang pioneered the above strategy to fabricate functional and/or
antifouling surface coatings.['>3°-8] Here instead, we have ex-
plored the possibility of preparing physically crosslinked hydro-
gels through albumin fibril assembly. Interestingly, the pH at
which protein denaturation had occurred following disulfide re-
duction had a pronounced effect on amyloid fibril structure and
resulting hydrogel properties. The surface of the formed hydro-
gels could be functionalized in a straightforward manner with the
extracellular matrix (ECM) protein fibronectin (Fn), supporting
cell adhesion, cell growth and demonstrating cytocompatibility.
The biomaterial presented here is therefore a promising candi-
date for further development. Comparisons with similar materi-
als and potential applications are discussed.

2. Results

2.1. Hydrogel Formation Induced by Disulfide Reduction of
Albumin

The native structure of bovine serum albumin (BSA) is stabi-
lized through 17 disulfide bonds. We first investigated whether
reduction of these disulfides leads to protein denaturation and
amyloid-like fibril assembly as previously reported.'>) When a
2% w/v BSA solution was heated at 90 °C in presence of the
reducing agent TCEP, amyloid-like fibrils were formed within
90 min as evidenced by atomic force microscopy (AFM) imag-
ing (Figure S1, Supporting Information). Instead, a 2% w/v BSA
solution heated at 90 °C without TCEP did not assemble into
amyloid-like fibrils even after 24 h (Figure S1, Supporting In-
formation). We hypothesized that increasing the concentration
of BSA could result in fibril association and/or entanglements
that would drive the formation of an amyloid-based hydrogel.
Indeed, 5 and 10% BSA solutions incubated with 40 mm TCEP
and heated under magnetic stirring at 90 °C gelled within min-
utes. We next examined whether gelation would also occur at
room temperature (RT), solely through addition of TCEP, within
a time period of 24 h. A lower temperature would minimize pro-
tein degradation and render the process more facile, convenient,
and economic. Gelation was observed for aqueous BSA solutions
treated with 40 pm TCEP with a concentration larger than 3%
(Figure S2, Supporting Information), indicating that the addition
of TCEP, without thermal denaturation, is sufficient for gelation.
The presence of the reducing agent was necessary for gelation;
simply lowering the pH to 3-3.5 in a 5% BSA solution was not
sufficient for gel formation within 24 h (Figure S2, Supporting
Information). Another deciding factor during protein denatura-
tion and amyloid fibril assembly is the presence of salts.[3**] In
preliminary experiments, we tested the effect of increasing ionic
strength, by adding 150 mm NaCl in the precursor mixtures, and
observed quick aggregation as evidenced by clouding of the so-
lution and precipitation. Therefore, we prepared all subsequent
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samples in water. Nevertheless, we note that a small amount of
salt was present since TCEP was provided as the HCl saltand 1 ~
NaOH was used to adjust the pH.

We next examined the combined effect of pH, BSA and TCEP
concentrations on gelation. Since addition of TCEP reduces the
solution pH, the pH was adjusted using 1 N~ NaOH for 5 and
10% BSA aqueous solutions. Of note, NaOH and TCEP were
added rapidly one after the other, since prolonged incubation
at basic pH after addition of NaOH led to inconsistent results,
most likely due to pH-dependent BSA denaturation.*!l After 24
h, samples were examined visually and a gel inversion method
was performed, to assess their transparency and gel formation,
respectively (Figure 1A-C). The ability for gelation and the optical
properties of the resulting gels varied in a non-trivial manner as a
function of TCEP, pH, and BSA concentration. The main obser-
vations can be summarized in the following points: 1) In the pH
range from 4.5 to 5, close to the isoelectric point of BSA (pIyg,
= 4.7-4.8), the solution turned quickly opaque, indicating aggre-
gation; 2) at very low (<2) or high (>10) pH values, there was no
gelation observed; 3) at pH values below the pl;g, the gels were
transparent when formed; 4) at pH values above the pl;g, the
optical transparency of the gels was lower and depended on both
pH and TCEP concentration: gels shifted from opaque to semi-
transparent as the pH increased up to a maximal value, above
which no gelation was observed. Increasing the TCEP concentra-
tion shifted this transition to higher pH values. However, above a
certain TCEP concentration, gels were always opaque. These ob-
servations indicated that the protein network responsible for gel
formation differed depending on both pH and TCEP concentra-
tion in a non-trivial manner.

In order to gain more detailed understanding of the process,
we focused on a single BSA concentration (5%) and first studied
the effect of pH for a fixed TCEP concentration of 40 mm TCEP
(red dashed line in Figure 1B). We performed rheology to deter-
mine the gelation kinetics and estimate the mechanical proper-
ties of the hydrogel. As shown for a typical kinetic curve after the
addition of TCEP (t = 0), the elastic (storage) modulus of the BSA
solution started to rise following a lag phase (Figure 2A). Pre-
liminary experiments showed that a plateau value for the elastic
modulus was reached after 24 h. Near the isoelectric point, the
lag time was the shortest (Figure 2B), but the resulting gels were
opaque, suggesting the presence of large aggregates. Further-
more, the hydrogels had significantly lower shear elastic moduli
compared to gels prepared at more acidic or more basic condi-
tions (Figure 2C). At acidic conditions (pH 3-4), the lag phase
was the longest (25 min; average of three measurements), and
the resulting gels were stiffer (Figure 2B,C). At basic pH (7.4), the
lag phase decreased to 14 min (average of three measurements)
and the shear modulus was the highest (Figure 2B,C). These re-
sults indicate that the gelation kinetics and final structure of the
protein network responsible for the free-standing gel is largely
dependent on pH and suggest that quick aggregation near plgg,
prevents the formation of a well-formed three-dimensional (3D)
protein network.

Using rheology, we also studied the effect of TCEP concentra-
tion for 5% BSA gels prepared at a constant pH of 3.6 + 0.2 (green
dashed line in Figure 1B). We postulate that the main effect of
varying TCEP concentration at a constant pH is the change in
extent of disulfide bond reduction and ensuing denaturation of
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Figure 1. TCEP-pH phase diagrams for BSA gelation at room temperature. A) Photographs of BSA solutions exhibiting four different conditions. From
left to right: no gelation of solution, transparent gel, phase separation, and opaque gel. The distinction between opaque and transparent gels was made
based on the ability to clearly see an object through the gel. B,C) Phase diagrams for (B) 5% and 10% (C) BSA solutions with pH on the y-axis and TCEP
concentration on the x-axis constructed on the base of conditions presented in (A). Dotted line at pH 4.7 corresponds to the isoelectric point of BSA.
Red and green dashed arrows are a guide to the eye to aid the discussion in the text.

A B 40 C 10000

= o
100001 £ 30 o . 8
~ ©
£ 20 8 < 1000 o
1000- 2 10 6 © °
— |
© 0 8 100
o 100 0 2 4 6 8 0 2 4 6 8
= H pH
10} p
zn 107 100 10000
5 D _w, E
£ &0 - g o
1 @ 60 £ 1000{ ©
= 40
g 20 8
0.1+ T T T T T T T T T T L - 8 100
0 60 12 180 240 0% 20 40 60 80100 0 20 40 60 80100
Time (min) TCEP (mM) TCEP (mM)

Figure 2. Rheological characterization of 5% BSA hydrogels as a function of pH and TCEP. A) Gelation kinetics were monitored using oscillatory rheology
at 1% strain and angular frequency of 1 Hz. The storage (G’) and loss (G”) moduli were measured every minute following mixing of TCEP with BSA (t =
0). The storage modulus started to rapidly increase following a lag phase (inset). B,C) Lag phase and plateau storage modulus, determined 24 h after
mixing TCEP (40 mm) with BSA (5%) as a function of solution pH. At pH values close to the isoelectric point, gelation occurred rapidly, but the resulting
gels were not as stiff, compared to gels prepared at acidic pH (3.6) or physiological pH (7.4). D,E). Lag phase and plateau storage modulus as a function
of TCEP concentration used for 5% BSA gels at pH 3.6. Increasing the TCEP concentration led to faster gelation. The plateau storage modulus increased
when increasing TCEP concentration from 20 to 40 mm, but remained similar for 80 mm TCEP. Each data point in (B—E) corresponds to an independent
experiment (N =2 or 3).

the protein. Accordingly, we expected that with increasing TCEP  to amyloid fibril formation and gelation above a concentration
concentration, the hydrophobic domains of BSA would be ex-  threshold.

posed more and faster, thus accelerating gelation. Indeed, the

lag time for gelation decreased with TCEP concentration (Fig-  2.2. Amyloid-like Fibril Formation of BSA upon TCEP Treatment
ure 2D). However, doubling the TCEP concentration from 40 to

80 mwm did not noticeably affect hydrogel stiffness (Figure 2E),  In order to establish the amyloid character of the assembled
suggesting that a molar ratio of TCEP to BSA of 53:1 is suffi-  structures and follow the kinetics of their formation we mon-
cient for optimal network formation. Our results so farareinline  itored the fluorescence of the ThT dye. ThT increases its flu-
with our hypothesis that TCEP acts by denaturing BSA, leading  orescence upon binding planar fibrillar assemblies formed via
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Figure 3. TCEP-induced denaturation of BSA leads to beta-sheet forming amyloid-like structures. A) Kinetics of ThT fluorescence increase after addition
of 20 mm TCEP to a 2% BSA solution (¢ = 0) at different pH values, and negative control (2% BSA without ThT). The mean values and standard deviation
from three independent experiments are presented. B) ThT fluorescence increase as a function of time after mixing 2% BSA with TCEP to reach indicated
TCEP concentrations at pH 3.6. Data were normalized and presented as fold-increase compared to the initial measurement immediately before TCEP
addition. The lines correspond to best fits for the equation y = yy — yoe . C) The values of ThT fluorescence 24 h after mixing TCEP with a 2% BSA
solution at pH 3.6, as a function of the final TCEP concentration. Data from one out of three independent experiments are presented. D) Normalized
FTIR spectra in the amide I region of BSA solutions in D,0, in absence or presence of TCEP at pD 3.6 or 7.4. The shift of the maximum band from 1648
to 1620 cm™! for pD 3.6 and 1630 cm™! for pD 7.4 indicated the shift toward a higher beta-sheet content. The arrow points to a shoulder peak at 1630
cm™!, indicative of antiparallel f-sheets. E) Circular dichroism spectra of a control aqueous BSA solution and BSA solutions incubated with TCEP at
different pH values. The BSA control exhibits two peaks at 208 and 225 nm, characteristic of a protein rich in alpha helical structure, while TCEP-induced
denaturation of BSA results in the attenuation of these two peaks and the emergence of one peak centered ~ 215 nm, typical of beta-sheet structures. The
secondary structure prediction of helical, f-strand, and irregular elements shown in the inset was calculated using the web-based server tool CAPITO.
F) Zeta potential measurements of 2% BSA solutions treated with 16 mm TCEP for 24 h at room temperature as a function of the solution pH. Each
data point corresponds to an independent experiment (N = 3 experiments).

beta-sheets and is an accepted marker of amyloid fibrils.*”) Since
ThT is cationic and thus its binding is sensitive to the pH of the
solution,[*?] samples were analyzed in buffered solutions at differ-
ent time points. Low concentration of BSA was used in this assay
in order to avoid gelation and thus allow pipetting. Initially we ex-
amined whether the kinetics and absolute ThT intensity differed
at acidic versus alkaline conditions. Upon TCEP addition to a 2%
BSA solution at room temperature, ThT fluorescence rapidly in-
creased, without any lag phase and reached a plateau within 1 day
(Figure 3A). In absence of TCEP, there was no increase in ThT
fluorescence within 24 h as expected. These results indicated that
amyloid-like fibril assembly was occurring as a result of TCEP-
mediated disulfide reduction. The increase of ThT fluorescence
was higher for pH 3.6 compared to 7.4, hinting at a more effi-
cient amyloid-like fibril assembly at the acidic pH (Figure 3A).
However, the intensity of ThT fluorescence is also influenced by
fibril surface chargel*? and therefore, it cannot be used as a quan-
titative measure of amyloid fibril assembly.

Next, ThT fluorescence was monitored as a function of TCEP
concentration for a 2% BSA solution at acidic pH. Both the
rate of ThT fluorescence intensity increase and the plateau value

Adv. Healthcare Mater. 2023, 12, 2201748 2201748 (4 of 14)

reached after 24 h depended on TCEP concentration (Figure 3B).
A threshold TCEP concentration of 2 mwm, which corresponds to
a TCEP:cysteine molar ratio of 0.19, was required for a noticeable
increase in ThT fluorescence intensity (Figure 3B,C). A plateau
intensity value for ThT fluorescence was reached above a TCEP
concentration of 16 mwm, which corresponds to a TCEP:cysteine
molar ratio of 1.5 (Figure 3B,C). Additionally, the rate of in-
crease of the ThT fluorescence was not increased above the 1.5
TCEP:cysteine ratio. This ratio was the same as the one deter-
mined from the rheology study (Figure 2E), indicating that it rep-
resents an optimal value for the formation of fibrillar beta-sheets
structures. Therefore, the corresponding TCEP:BSA molar ratio
of 53:1 was used for all subsequent experiments, unless other-
wise stated.

The shift in the secondary structure of the protein was ad-
ditionally monitored using Fourier Transform Infrared (FTIR)
and circular dichroism (CD) spectroscopy. Both methods con-
firmed the shift from a structure with predominantly alpha-
helical content to one with increased beta-sheet content (Fig-
ure 3D,E). The amide I' band monitored by FTIR spectroscopy
for 10% BSA solutions showed a clear shift from a maximum

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. BSA amyloid-like fibril structure differs depending on the pH used for their preparation. A) Tapping mode AFM images under ambient condi-
tions of BSA amyloid-like fibrils deposited on freshly-cleaved mica. A 2% BSA solution prepared with 20 mm TCEP at pH 7.4 was pipetted on the mica and
then rinsed with water. Fibrils were observed clustered at regions of the mica surface. A height profile corresponding to the dashed white line is shown
in the left, and the average height noted (mean and standard deviation from 50 measurements from two independent experiments). B) Tapping mode
AFM images under ambient conditions of BSA amyloid-like fibrils deposited on APTES-treated mica. In this case, the BSA/TCEP mixture was adjusted
to pH 3.6. The surface was homogeneously covered with short fibrils that were roughly twice as high compared to the ones prepared at basic conditions.

at wavelength number of 1650 cm™!, indicative of alpha helices,
to 1619 cm™!, demonstrating the formation of beta-sheets, char-
acteristic of amyloid-like fibrils (Figure 3D).[*}] The presence of a
shoulder peak at 1685 cm ™ additionally indicated the presence of
antiparallel intermolecular beta sheets (Figure 3D).[**] Consistent
with the FTIR data, the CD spectrum of untreated BSA showed
twin peaks at 208 and 220 nm, characteristic for proteins with
high alpha-helical content, whereas TCEP-treated BSA at both
pHs, showed a shift toward a shallower peak centered at 215 nm,
characteristic of beta-sheets (Figure 3E). In sum, the above data
confirm the amyloid-like structure of the gel network.

In order to visualize the structure of the amyloid-like fibrils,
we performed AFM imaging of TCEP-treated BSA solutions de-
posited on mica. First, we imaged BSA fibrils prepared at basic
conditions (pH 7.4), which readily adsorbed at the mica surface.
The surface of the mica was not homogeneously covered with
structures; instead, regions of interconnected short fibrils, sur-
rounded by empty mica areas were observed (Figure 4A). This
surface distribution, coupled with the lack of isolated fibrils on
the surface, suggested that upon BSA denaturation and fibril as-
sembly, the fibrils rapidly associated with each other and formed
a network. When we attempted to use freshly-cleaved mica to im-
age the sample prepared under acidic conditions (pH 3.6), the
protein formed a multi-layered aggregate on the surface. The sur-
face charge of mica is negative, and we assumed that the interac-
tion of the amyloid-like fibrils prepared at pH 3.6, which were

Adv. Healthcare Mater. 2023, 12, 2201748 2201748 (5 of 14)

below the isoelectric point, were the reason for this behavior.
Hence, the mica was coated with (3-aminopropyl)triethoxysilane
(APTES) prior to fibril deposition. Under these conditions, short
fibrils homogeneously covered the mica surface (Figure 4B). In-
terestingly, the average height of the fibrils prepared at different
pH was different: at acidic conditions, fibrils were roughly twice
as thick compared to the ones prepared at basic conditions (Fig-
ure 4A,B). The observation that amyloid fibrils prepared at pH
values below and above the pl;g, interacted differently with the
mica surface also suggests that their surface charge changes de-
pending on the pH at which they are assembled. Zeta potential
measurements confirmed this prediction and showed a reversal
from positive values when assembly occurred at pH values below
the pls, to negative charges above (Figure 3F). Overall, our com-
bined results demonstrated that while TCEP treatment induced
amyloid-like fibrils at both pH values, the structure of these fib-
rils was dependent on the pH in which denaturation and self-
assembly occurred.

2.3. The Dynamic Mechanical Properties of BSA Hydrogels
Depend on the pH Used during their Formation
Our results so far have demonstrated that the physical associa-

tion of denatured BSA fibrils resulted in self-standing hydrogels
under both acidic and basic conditions, albeit with differences in

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Rheological properties of BSA amyloid-based hydrogels depend on the pH used during gelation. A) Storage (G) and loss (G”) moduli for 5%
hydrogels prepared with 40 mm TCEP as a function of angular frequency. The frequency dependence of G’ for gels prepared at pH 7.4 was slightly larger
for those prepared at pH 3.6. Data from three different batches and standard deviation are presented. Red lines represent log(Y) = A + B X log(X). B)
Loss tangent (tané = G”/G’) as a function of angular frequency, calculated from data presented in (A). C) Storage modulus for 5% hydrogels prepared
with 40 mm TCEP as a function of strain. Gels prepared at pH 7.4 showed strain softening above a strain of ~ 5%, whereas gels prepared at pH 3.6
strain stiffening, before breaking at 30%. One of three independent experiments is shown. Inset shows magnified the region where strain stiffening is
apparent. D) Stress relaxation (normalized to maximum stress) after rapid application of 10% strain for 5% hydrogels prepared with 40 mm TCEP. The
mean of three independent experiments is presented; error bars (SD) are too small to be visible. Hydrogels prepared at pH 7.4 exhibited faster stress

relaxation compared to those prepared at pH 3.6.

mechanical properties (Figure 2) and fibril structure (Figure 4).
We next characterized in more detail the dynamic mechanical
properties of these hydrogels using rheology. The storage (elas-
tic, G') and loss (viscous, G”) moduli showed a low dependence
on the angular frequency, with the storage modulus being more
than one order of magnitude greater, validating that BSA hydro-
gels are viscoelastic solids (Figure 5A). The value of the loss tan-
gent, tan(6) = G”/G’, was consistently higher for gels prepared
at pH 7.4 compare to pH 3.6 (Figure 5B). The angular frequency
dependence of the storage modulus was also slightly higher for
hydrogels prepared at pH 7.4, with an average slope of 0.080 +
0.02 on a log-log scale (mean =+ standard deviation (SD) from 3
independent measurements), compared to a slope 0f 0.050 + 0.01
for those prepared at pH 3.6 (Figure 5A). These results indicated
a more elastic character for the hydrogels prepared at the lower
pH, despite their lower storage moduli.

Adv. Healthcare Mater. 2023, 12, 2201748 2201748 (6 of 14)

The linear viscoelastic regime was found to extend to strains
above 10% for gels prepared at pH 3.6, but was lower for gels pre-
pared at pH 7.4 (Figure 5C). Interestingly, the hydrogels showed
divergent behavior in response to increasing strain. Hydrogels
prepared at pH 7.4 showed strain softening (thixotropy), before
material failure (Figure 5C). On the other hand, gels prepared at
pH 3.6 showed a small degree of strain stiffening prior to abrupt
macroscopic damage over a threshold strain (Figure 5C). Finally,
due to the viscoelastic nature of the hydrogels and the physical
interactions holding the network together, stress relaxation was
also observed (Figure 5D). Again, a difference was observed de-
pending on the pH used: gels prepared at pH 7.4 exhibited faster
stress relaxation. Combined, these results suggest that gels pre-
pared at pH 7.4 are thixotropic, have a more viscous character,
and more quickly rearrange upon stress application, compared
to hydrogels prepared at pH 3.6.

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
HEALTHCARE
MATERIALS

www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

P=0.37
A 150 Y 150 B
el % pH7.4 -
g ) € 150
£ 100 1004 O Water £ -
2 50 50 O PBS 2 100{ 5 GuHcl
] = s e 3N
c
X o0 0=—0——10 2+ 150 mM NaCl § g 0 6N
— 2 olf
2 3
-50+ T . .50 . . 6 <
0 20 40 60 0 20 40 60 a 3
Time (h) Time (h) 3.6 7.4

Damage t=3h t=6h t=24h

S~
N )

Figure 6. Swelling behavior of BSA hydrogels depends on the pH used during preparation. A) Swelling of 5% BSA hydrogels (250 uL), prepared with
40 mm TCEP at pH 3.6 or pH 7.4, in Milli-Q water, PBS 10 or 150 mm NaCl over time. Mean and standard deviations from three independent experiments
are presented. B) The dissolution time of 5% BSA hydrogels (250 uL), prepared with 40 mm TCEP at pH 3.6 or pH 7.4, in presence of 3 or 6 M GuHCl
in PBS. Each data point corresponds to an independent experiment (N = 3). Data were compared using unpaired t-tests with Welch’s correction. C)
Self-healing demonstration for a 5% BSA hydrogel prepared at pH 3.6 with 40 mm TCEP. After 24 h, the hydrogel was damaged using a syringe needle
and its recovery was monitored over time. D) Two 10% BSA hydrogels, prepared at pH 3.6 with 80 mm TCEP, were cut into pieces and then placed in a

Teflon mold overnight. The hydrogel pieces were joined together and formed a hydrogel that could resist force application by tweezer pulling.

2.4. BSA Hydrogel Swelling Depends on Preparation Conditions

When exposed to aqueous environments, hydrogels may ex-
change water with their surroundings to reach an energetically
favorable equilibrium state. Whether hydrogels will take up or ex-
pel water depends on a combination of factors such as the initial
cross-linking density, the hydrophilicity of the hydrogel network,
as well as entropic factors.[**] BSA hydrogels prepared at pH 3.6
or pH 7.4 were exposed to different aqueous solutions and their
swelling behavior monitored over time. When BSA gels that were
prepared at acidic conditions were exposed to pure water, the gels
soaked up water over time, eventually losing their integrity after 1
day (Figure 6A). Intriguingly, the same gels exhibited shrinkage
when exposed to 10 mm PBS, reaching equilibrium after a few
hours, and almost no change in swelling when exposed to phys-
iological salt concentration (Figure 6A). The shrinkage of gels in
PBS, but not in 150 mm NaCl, indicated that the change in pH
triggered tighter association between individual fibrils. We specu-
late that this is due to the neutralization of charges on the surface
of fibrils when exposed to the buffer of pH 7.4.

BSA gels prepared at physiological pH value exhibited differ-
ent swelling behavior. There was low (<10%) swelling when gels
were immersed in water, even lower swelling (<5%) when im-
mersed in PBS and no change when immersed in 150 mm NaCl
(Figure 6A). This finding is consistent with the tighter inter-fibril
association suggested by the AFM imaging experiments, where
fibrils prepared at pH 7.4 assembled in clusters and did not dis-
perse over the entire surface (Figure 4A).

Adv. Healthcare Mater. 2023, 12, 2201748 2201748 (7 of 14)

Since amyloid self-assembly is a result of intra-protein beta
sheet formation, we hypothesized that in presence of the
chaotropic guanidinium chloride (GuHCl), the fibrils would dis-
solve and the hydrogel would break down. Indeed, addition of
6 M GuHCI in PBS led to quick dissolution of hydrogels pre-
pared at both acidic and physiological pH, while 3 M GuHCI ef-
fectively dissolved only gels prepared at pH 7.4 (Figure 6B and
Figure S3, Supporting Information). The kinetics of dissolution
were faster for the gels prepared at pH 7.4, indicating less stable
intramolecular bonds (Figure 6B). In both cases, the hydrogel ap-
peared to erode, instead of first swelling and dissolving, support-
ing a diffusion rate-limiting mechanism of individual fibril disso-
lution (Figure S3, Supporting Information). Another prediction
arising from the physical nature of amyloid fibril assembly and
non-covalent cross-linking of the fibrils was that hydrogels would
exhibit self-healing behavior.[“~*8] The ability of the BSA amyloid
gel to self-heal was verified by performing two experiments. First,
after damaging a transparent, 5% BSA gel using a syringe nee-
dle, the hydrogel recovered its original coherent structure over
time, showing no residual damage after 24 h (Figure 6C). Sec-
ond, a 10% BSA gel was prepared, cut into small pieces and then
brought together into a mold. After 24 h, it was possible to obtain
a recovered free-standing hydrogel (Figure 6D).

Overall, our results suggest that the BSA hydrogel network is
kept in place through physical cross-links and differences in de-
natured BSA conformation adopted during amyloid fibril forma-
tion as a function of the pH, largely determine the swelling and
degradation behavior of the resulting hydrogels.

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 7. BSA hydrogels allow for fibronectin adsorption and subsequent cell culture. A) Water contact angle measurements for 5% BSA hydrogels
prepared with 40 mm TCEP at pH 3.6, 7.4 or 9.0. There was no difference between using Milli-Q water or PBS for preparing the droplet. The contact
angles for 3 independent experiments are presented on top and images of aqueous droplets on the hydrogels from one of the experiments on the
bottom. B) The coating efficiency of adsorbed Fn on 5% BSA hydrogels prepared at pH 3.6 or 7.4 was estimated using a modified ELISA assay and the
monoclonal anti-Fn antibody PTH11, which recognizes the Fn central cell binding domain. A higher amount of Fn was adsorbed on hydrogels prepared
at pH 7.4. The average value from 2 independent experiments is presented. Lines correspond to fits of the equation y = A(1 — ™). C) Confocal z-stack
fluorescence microscopy images of fluorescent Fn adsorbed on 5% BSA hydrogels prepared at pH 3.6 or 7.4. Fn was adsorbed homogeneously over the
hydrogel surface and did not penetrate into the hydrogel interior. D) Phase contrast images of live U20S cells 24 h after seeding on 5% BSA hydrogels
prepared with 40 mm TCEP at indicated pH values, and tissue culture polystyrene (TCPS) as control. Cells adhered and spread only when hydrogels were
coated with Fn. Scale bars: 100 um. E) Epifluorescence microscopy images of live U20S cells stained with calcein (green) and dead U20S cells stained
with ethidium homodimer (red), 20 h after cell seeding. Cells were seeded on Fn-coated or uncoated hydrogels prepared at indicated pH or Fn-coated
glass as a control. F) Surface concentration of live U20S cells on different substrates 20 h post-seeding. G) Viability of U20S cells on different substrates
20 h post-seeding was calculated as the ratio of live to total cells. H) Confocal microscopy images of fixed U20S cells seeded for 5 h on Fn-coated glass
or Fn-coated 5% BSA hydrogels prepared with 40 mm TCEP at pH 3.6 or 7.4. The cells were immunostained against pY, which stains adhesion clusters,
and stained with Phalloidin-TRITC (F-actin) and DAPI (nucleus; DNA). Focal adhesions and stress fibers were evident inside cells on both hydrogels.
Data in (F) and (G) were analyzed using a Brown-Forsythe and Welch ANOVA statistical test, comparing all data sets with each other. Only p values from
statistically significant comparisons (p < 0.05) are plotted. Scale bars: 20 um.

2.5. The Surface of BSA Hydrogels can be Functionalized with increasing the pH to 9.0, which is expected to increase protein
ECM Proteins negative charges, led to a decrease in contact angles (Figure 7A).

The hydrophobic surface of BSA hydrogels prompted us to ex-
During the swelling studies, we noticed that when water came  amine the possibility of adsorbing biologically-active molecules
into contact with hydrogels, it often formed droplets with signif-  on their surface. To this end, we incubated BSA hydrogels pre-
icant contact angles. Measurements using water or PBS on 5%  pared at basic and acidic conditions with soluble fibronectin (Fn),
BSA hydrogels prepared at pH 3.6 revealed contact angles that  an ECM protein that promotes cell adhesion.[*)) An ELISA-type
were initially ~ 50° and slightly decreased over time (Figure 7A  assay using an antibody against the cell-binding domain of Fn
and Figure S4, Supporting Information). In contrast, when the = demonstrated a concentration-dependent increase in adsorbed
hydrogels were prepared at pH 7.4, the contact angles of hydro-  protein on the surface of hydrogels, reaching a plateau when a
gels were >120° denoting a hydrophobic hydrogel surface. We  coating concentration of 10 ug mL~! was used (Figure 7B). Inter-
hypothesized that the hydrophilicity of the surface is largely de-  estingly, the amount of adsorbed Fn was higher for hydrogels pre-
termined by the surface charge of the denatured protein. Indeed, =~ pared at pH 7.4, which exhibited higher contact angles. In order
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to examine the homogeneity of the protein coating, fluorescently-
labeled Fn was used to coat the hydrogel surface and confocal mi-
croscopy z-stack reconstructions were acquired (Figure 7C). The
results demonstrated that Fn covered homogeneously the hydro-
gel surface at the optical resolution examined, and did not pene-
trate into the interior of the hydrogel, presumably due to its large
(440 kDa) size.

2.6. BSA Hydrogels as Substrates for Cell Culture

Finally, we examined the possibility of using amyloid-based BSA
hydrogels as cell culture substrates and initially tested their cy-
tocompatibility and their ability to support cell adhesion and
spreading. The osteosarcoma cell lines U20S and NIH3T3, rou-
tinely used for adhesion and motility assays,°>°!} adhered on Fn-
coated hydrogels, but not on control uncoated hydrogels, irre-
spective of the pH used for their preparation (Figure 7D and Fig-
ure S5, Supporting Information). The few adherent cells were
not able to spread, even after 24 h of incubation (Figure 7D).
These findings indicated that pre-coating hydrogels with Fn was
necessary for cell adhesion, and showed that uncoated BSA hy-
drogels did not promote non-specific cell adhesions. U20S cells
were able to spread, migrate over the Fn-coated surface and di-
vide after cell seeding (Movie S1, Supporting Information). Cells
were viable over at least 1 week on the hydrogel confirming the
cytocompatible character of the hydrogels (Figure S6, Supporting
Information). In order to quantify cell adhesion and viability on
BSA hydrogels as a function of pH and presence of an Fn coating,
we counted the number of adherent living and number of dead
cells 24 h after cell seeding. Living cells were identified by stain-
ing with calcein, which is rendered fluorescent by metabolically-
active cells, while the nuclei of dead cells were stained red with
ethidium homodimer. U20S (Figure 7E,F) and NIH3T3 (Fig-
ure S5, Supporting Information) adhesion was higher when hy-
drogels were coated with Fn prior to seeding and similar to pos-
itive controls (Fn-coated glass), confirming visual observations.
Moreover cell viability was not compromised on BSA amyloid-
based hydrogels, irrespective on the pH at which they were pre-
pared (Figure 7E,G and Figure S5, Supporting Information). A
closer look on adhesion cluster formation and the actin cytoskele-
ton revealed that cells assembled robust stress fibers originating
from focal adhesions on hydrogels prepared at both tested pH val-
ues (Figure 7H). Overall, BSA hydrogels are a suitable substrate
for cell culture studies.

3. Discussion

In this study we present the facile and straightforward fabrica-
tion of cytocompatible, amyloid-based hydrogels at room tem-
perature through the addition of the reducing agent TCEP to
aqueous albumin solutions. Building on established work, which
showed that reduction of native disulfide bonds of albumin leads
to its denaturation and subsequent amyloid-fibril assembly,['>3¢]
we here describe how the physical interactions of such fibrils,
above a threshold concentration, result in hydrogel formation.
The presented approach complements a large body of litera-
ture based on short, designed peptide sequences and similar
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self-assembling principles.['®52] Engineered peptides developed
as hydrogelators typically rely on hydrogen-bonding along their
backbone to form amyloid-like fibrillar structures that constitute
the hydrogel network.['®! Alternatively, peptides have been modi-
fied with hydrophobic lipid tails to induce self-assembly into fib-
rillar structures based on hydrophobic interactions.[>*5] Both
strategies have been successful in creating hydrogels, but are
more expensive, require peptide synthesis/modification and the
resulting hydrogels are often less stable than the amyloid-based
hydrogels presented here. Further advantages of using albumin
are linked to its availability and biocompatibility: being the most
abundant plasma protein, it is available atlow cost in large quanti-
ties and can potentially be harvested from the blood of patients for
the fabrication of autogenous hydrogels. While our experiments
were performed with albumin from bovine sources, the high se-
quence homology with human albumin and previous work com-
paring the behavior of different albumins suggests that similar
hydrogels could be prepared by human serum albumin.[!*:5¢]

Previous albumin-based hydrogels were chemically modified
to introduce reactive groups on the protein for its subsequent
cross-linking into 3D networks.”!!l While such approaches
result in more robust hydrogels due to covalent bond forma-
tion, they are associated with extra reaction and purification
steps, concerns of side effects and extra costs. Amyloid-like fib-
ril formation of non-modified albumin was previously consid-
ered, but usually entailed a heating step that most likely causes
protein degradation, as shown for similar proteins undergoing
amyloidogenesis.l’] In this work we have investigated the for-
mation of BSA hydrogels through disulfide reduction at room
temperature. TCEP acts as the reducing agent, breaking some
of the 17 disulfide bonds present in BSA. The number of ex-
posed or partially buried disulfides depends on the pH of the
solution and only ~ 5 disulfide bonds have been reported to be
solvent-accessible and cleaved by TCEP, without the use of other
denaturants.®®%] While the exact number of reduced disulfides
was not determined in this study, the fact that above a certain
TCEP:BSA ratio there was no change in ThT fluorescence of the
amyloid fibrils (Figure 3), nor a shift in mechanical properties
of the hydrogels (Figure 2), supports the idea that the limiting
factor is disulfide accessibility. Following amyloid-based hydrogel
formation, TCEP was washed away; however, its use raised con-
cerns over possible effects of its remnants on living matter. The
performed cell experiments demonstrated no adverse effects on
cells, even in long-term culture. Moreover, the replacement with
alternative, biocompatible reducing agents such as glutathione is
a possibility that merits testing.

The assembly of high aspect ratio structures does not neces-
sarily designate amyloid fibril formation,[7%°%2] nor is there a
single type of amyloid fibril, as polymorphism was previously
shown in various systems.!*>**! Secondary structure characteriza-
tion of the fibrils prepared through TCEP-treatment of albumin
confirmed the presence of beta-sheet formation, which was fur-
ther corroborated by ThT fluorescence measurements, validat-
ing the presence of amyloid-like fibrils. However, the structure
of these amyloid-like fibrils was not unique, but instead was de-
termined by the pH of the solution during amyloid assembly. In
particular, fibrils formed at pH 7.4 had a negative surface charge,
were thinner and tended to interact more with each other as evi-
denced by AFM imaging (Figure 4). At acidic pH (3.6), below the
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isoelectric point of albumin, the surface charge of the fibrils
was positive and fibrils were thicker. A more detailed structural
analysis using X-ray scattering!!®>’! and/or electron microscopy
techniques!®! could provide the atomic-scale structure of the
formed fibrils in the future.

The formation of the 3D network from amyloid-like fibrils
above a threshold concentration occurred through physical inter-
actions. The hydrogels were stable following several washes with
PBS and remained intact for days in PBS or cell culture medium,
whereas incubation with 6 M of the chaotropic agent Gu-HCl re-
sulted in rapid (within minutes) gel dissolution. Moreover, the
self-healing behavior of the hydrogels (Figure 6) supports the con-
clusion that physical interactions are keeping the gel intact. The
nature of these inter-fibril interactions was not elucidated in this
work, but our data point toward major differences between the
nature of these interactions for the hydrogels prepared at differ-
ent pH values. For hydrogels prepared at acidic pH, the swelling
studies suggested electrostatic interactions being critical: hydro-
gels dissolved over time in presence of pure water, but not in
150 mm NaCl solution, which was expected to screen charges via
the Debye—Hiickel double layer of ions. This finding indicated
that the electrostatic repulsion between fibrils eventually drove
them apart from each other in an excess of solvent. This effect
should not be confounded with the effect of salt during amyloid
fibril formation: when NaCl was added in the precursor mixture,
albumin precipitated rapidly, causing phase separation and an
increase in turbidity, similar to what was previously reported in
literature.[®3] The use of different salts to distinguish the relative
contributions of charge screening versus ion binding to charged
elements of proteins could provide a more detailed understand-
ing of the inter-fibrillar interactions.*?) On the other hand, hy-
drogels prepared at pH 7.4 did not swell considerably in water or
PBS, indicating that hydrophobic interactions are more likely to
contribute in 3D network formation.

The differences in amyloid-like fibril structure and inter-fibril
interactions for hydrogels prepared at the different pH values
also translated into distinct mechanical properties of the result-
ing hydrogels. Hydrogels prepared at pH 7.4 exhibited shear thin-
ning, making them interesting candidates for injectable formu-
lations. When hydrogels were instead prepared at pH 3.6 the
hydrogel stiffened with increasing strain, before losing integrity
macroscopically. The recent appreciation that dynamic, viscoelas-
tic properties of the substrate control cell physiology, beyond
stiffness,!® makes BSA amyloid-based hydrogels a worthwhile
system to investigate toward that direction as well.

The surface of amyloid-based albumin hydrogels prepared at
physiological pH was hydrophobic, and exhibited a contact an-
gle of ~ 50° when prepared at pH 3.6. Importantly, incubation
with fibronectin for both conditions led to its physical adsorp-
tion on their surface, which enabled the adhesion and spreading
of cells on the hydrogels. The Fn coating was necessary for cell
adhesion, since cells cultured on uncoated hydrogels were un-
able to adhere. It is important to note that Fn was coated directly
on prepared hydrogels, and was retained after washing. When
hydrogels were washed prior to Fn addition, the amount of ad-
sorbed Fn decreased dramatically. We speculated that washing
might affect surface hydrophilicity; indeed, when the contact an-
gles were measured a few minutes after washing with PBS, the
surface was hydrophilic with a significant drop in contact angle
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(Figure S5, Supporting Information). The hydrophobicity of the
surface recovered with time in air, reminiscent of the behavior
of silicone elastomers upon surface oxidation.!®! This type of re-
cover further points to the dynamic, physical character of the hy-
drogel network.

Previous studies using amyloid fibrils have reported contra-
dictory findings in terms of cell adhesion. Some studies showed
that the resulting coatings were antifouling,**°°! while others
claimed that amyloid fibrils are permissive to cell adhesion, even
in absence of adhesive ligands.!®®%’] Our findings using two dif-
ferent cell types agree with the former result, and clearly demon-
strated that the hydrogels presented here do not support cell ad-
hesion without prior functionalization with Fn. A number of rea-
sons may be responsible for the conflicting reports. The thick-
ness of the coating might influence the ability of cells to sense
the underlying substrate. In studies that described cell adhesion
on amyloid fibrils, the fibrils were deposited directly on stiff sub-
strates, such as glass or mical®®®’]; here instead a viscoelastic hy-
drogel was formed, and in the case of the work from Hu et al.3¢]
a film of 30-130 nm was assembled. Different experimental pro-
tocols for amyloid assembly or adhesion evaluation could also in-
fluence the results. For example, in this work we removed non-
adherent cells 1 h after cell seeding; prolonged incubation of non-
adherent cells with the substrates might have enabled cells to
eventually adhere to the fibrils or even interact with the surface
in between these.

As a first step toward potential bio-applications of the amyloid-
based albumin hydrogels presented here, we showed that they
support cell culture over prolonged periods of time. Albumin hy-
drogels were so far considered for a number of applications to
serve as drug delivery depots, implantable materials or coatings.
Interestingly, albumin gels have also shown favorable antifoul-
ing and anti-bacterial properties. In one study, albumin was used
to prepare amyloid-based films as versatile coating that exhibited
protection against microorganisms and bacterial strains.[* Over-
all, the hydrogels presented here merit further investigation as
inexpensive, sustainable, versatile and tunable biomaterials.

4. Experimental Section

Materials: The reagents and antibodies used in this study are given in
Tables 1 and 2, respectively.

Hydrogel Formation: BSA was dissolved in Milli-Q water, filtered (0.22
um filter) and mixed with predetermined amounts of 1N NaOH or 1 N HCI.
A fresh 1 m solution of TCEP was prepared in Milli-Q water and mixed with
the BSA solution to give the desired concentration of BSA and TCEP. In the
case of heating, a glass vial was placed in an oil bath set at 90 °C under
magnetic stirring.

ThT Assay: For the ThT assay, 4 uL aliquots from the different BSA
samples (pH 3.6 and pH 7.4) were mixed with 196 uL of a 10 um ThT
solution in 10 mm PBS. The fluorescence measurements were carried out
using a SPARK Multimode Microplate Reader (TECAN) at 25 °C in a flat,
black 96-well plate. The excitation wavelength was set at 440 nm and the
emission was measured at 485 nm. ThT fluorescence was also monitored
during BSA fibril formation by incubating ThT (5 um) with a mixture of BSA
and TCEP directly in the 96-well plate. In this case, the pH of the solution
was kept at 7.4 through addition of 1 N NaOH.

Rheology:  All rheology measurements were performed on a Malvern
Kinexus rheometer. The precursor solution was prepared, and TCEP was
added last. The solution (500 uL) was then placed on the bottom plate and
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Table 1. Reagents used in our study.

www.advhealthmat.de

Reagent Abbreviation Supplier Cat. No.
Bovine serum albumin BSA Sigma A7030
Fibronectin Fn Sigma F1141-1MG
Fibronectin Hilyte 488 FFn Cytoskeleton FNRO2-A
Sodium hydroxide solution 1N NaOH

Tris (2-carboxyethyl) phosphine Hydrochloride TCEP Sigma C4706
Thioflavin T ThT Sigma T3516
Hydrochloric acid HCl Merck 109057
Phosphate buffer saline PBS

(3-Aminopropyl)triethoxysilane APTES Sigma-Aldrich 440140
4’,6-Diamidino-2-phenylindol DAPI Thermo Fisher D1306
Phalloidin-tetramethylrhodamine B isothiocyanate TRITC-phalloidin Sigma P1951
4% Paraformaldehyde PFA Santa Cruz Biotechnologies 30525-89-4
Triton X-100 — Thermo Fisher HFH10
Silicone oil AP 150 Wacker — Sigma 50384
Sodium deuteroxide solution NaOD Sigma 372072
Deuterium Oxide D,0 Carl Roth 6672.2
Guanidinium chloride Gu HCl Sigma G3272
Calcein-acetoxymethylester Calcein-AM Sigma 17783
Ethidium homodimer EthD Sigma 46043
Table 2. Antibodies used in our study.

Antibody Clone Application/Dilution Supplier Cat. No.
Anti-fibronectin P1H11 ELISA 1:5000 Millipore MAB1926
Anti-pY PY99 Immunofluorescence/1:100 Santa Cruz sc-7020
Anti-mouse 1gG AlexaFluor488 conjugate Polyclonal Immunofluorescence/1:150 Thermo-Fisher A11001
Anti-mouse HRP conjugate Polyclonal ELISA/1:2000 R&D HAF007

the top flat plate was used to compress the liquid so that the whole surface
was covered and a positive meniscus was formed between the plates (gap
between 1.3 and 1.4 mm). Immediately after, a kinetic measurement was
performed by measuring every minute the shear elastic and viscous mod-
uli in oscillatory mode, at a frequency of 1 Hz and 1% strain, for a total of
4 h. The temperature was set at 25 °C. The beginning of the measurement
was initialized within 1 min from TCEP addition. Next, a frequency sweep
(0.1-100 Hz) and strain sweep (0.1-10%) were performed. Silicone oil was
then applied to prevent evaporation and the sample was left overnight. Af-
ter 24 h, a frequency sweep (0.1-10 Hz) was performed.

Atomic Force Microscopy Imaging: For AFM imaging, samples were
prepared by diluting the BSA/TCEP mixtures with Milli-Q water to a final
protein concentration of 0.01% w/v. Then, 20 pL aliquots were deposited
on freshly cleaved mica for 1 min, rinsed with Milli-Q water and gently
dried with N, flow. For the acidic BSA/TCEP samples, mica surfaces were
coated with APTES. Therefore, freshly cleaved mica and 1 mL APTES in a
small open glass vial were placed inside a desiccator. Vacuum was applied
and the mica surfaces were left overnight inside the desiccator. AFM imag-
ing was carried out with a JPK Nanowizard 3 operated in air tapping mode
and with NSGO1 (NT-MDT) cantilevers having a resonance frequency of
~ 150 kHz.

Circular Dichroism Spectroscopy: The protein samples were diluted to
0.02% (m/v) in water and CD spectra at 25 °C were collected in quartz
cuvettes with 1T mm optical path length using a Jasco J-810 Spectropo-
larimeter equipped with a Peltier temperature-controlled cell holder. CD
spectra were measured in continuous scanning mode between 190 and
260 nm at a rate of 50 nm min~', with a step size of 1 nm, response time
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of 0.5 s, 1 nm bandwidth, and ten accumulations. The baseline scans were
subtracted from the protein sample spectra, which were subsequently
smoothed using the Means-Movement method with a convolution width
of 5. Secondary structure prediction from the measured spectra was per-
formed using the web-based server analysis tool CAPITO.[68]

FTIR Measurements: Attenuated Total Reflection (ATR) FTIR Spec-
troscopy was performed on a Shimadzu IR Tracer-100 FT-IR spectrometer
equipped with a MCT detector. 4 uL of a BSA precursor solution prepared
in D,0 was pipetted onto the surface of the prism and the spectral record-
ing was initiated. The TCEP solution was also prepared in D,O and pD was
adjusted with NaOD The spectra were obtained with the following param-
eters: resolution 2 cm™1, range from 1800 to 1400 cm™1, 100-512 scans
recorded, scanning velocity: 20 kHz, zero-filling factor: 4, apodization func-
tion: a Blackman- Harris 3-term. As a reference, D,0O cell was used.

Zeta Potential Measurements:  In order to measure the surface zeta po-
tential of BSA amyloid-like fibrils, 2% BSA solutions with 16 mm of TCEP
at different pH conditions were prepared. The samples were kept at room
temperature during 24 h. For the measurement, the protein samples were
diluted to 1:20 in Milli-Q water and collected into a DTS1070 capillary zeta
cell from Malvern. The surface zeta potential was determined using a Ze-
tasizer Nano ZS instrument.

Contact Angle Measurements: For contact angle measurements, 500
uL gels were formed for 24 h in a humidified atmosphere at room tem-
perature on a 24 x 60 glass coverslip. Measurements were performed
in the middle of gels, which presented a quasi-flat surface. The sessile
drop technique was used for optical measurement of the contact angle
using a Drop Shape Analyzer DSA25 (Kriiss, Germany). The volume of the
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droplets was 10 pL. The drop profile was fitted by an ellipse (tangent™")
function provided by the Kriiss ADVANCE software in order to get the con-
tact angle. The mean value from the left and right contact angles was used.
For the contact angle determination, two independent experiments were
performed.

Swelling Measurements:  For swelling measurements, 250 uL of the
BSA-TCEP mixture was deposited on a 24 x 24 coverslip glass for 24 h.
These glass-supported gels were weighted and then, were placed on a 6-
well plate. The gels were completely covered with the different solutions.
After certain time, the gels were removed from the wells, carefully dried
and weighted again. Two independent experiments were performed.

Self-Healing Measurements:  In order to verify the self-healing nature of
the hydrogels, two experiments were performed. First, a 5% BSA/40 mm
TCEP gel at pH 3,6 was polymerized into a glass vial for 24 h. Using a
needle (Stericanintramuskular G18), the gel was damaged. The needle was
removed and the hydrogel was left under static conditions during the next
24 h. Photographs were acquired at regular time intervals. For the second
experiment, a 10% BSA/80 mm TCEP at pH 3.6 was polymerized for 24 h.
The free-standing BSA gel was then broken into small pieces. These pieces
were brought together into a Teflon mold during another 24 h. Finally, the
gel was removed from the mold and manipulated with tweezers in order
to confirm the self-healing ability of the gel.

Protein Adsorption: ~ Bovine plasma fibronectin (Fn) was coated on BSA
hydrogels prepared 16-24 h before. The relative coating efficiencies were
calculated through a modified ELISA assay as previously described.[®9] Of
note, washing of hydrogels prior to coating dramatically reduced coating
efficiency. Additionally, pipetting on top of the gel should be avoided as
shear stress appeared to damage the hydrogel surface. For visualizing
Fn adsorption, BSA hydrogels were inverted on a droplet of fluorescently-
labeled Fn solution (10 ug mL™" in PBS) that was placed on parafilm. The
hydrogels were incubated for 1 h at room temperature and washed four
times for 5 min with an excess of PBS prior to imaging. Z-stacks from
the hydrogel interior to the PBS solution above were acquired on a Zeiss
LSM 880 laser scanning confocal microscope (LSCM) using a 20x/0.8 NA
objective (Figure 7C). For cell experiments, a 10 ug mL~" solution of non-
labeled Fn in PBS was used, and gels were washed four times for 5 min
with an excess of PBS prior to cell seeding.

Cell Culture:  U20S cells, a human osteosarcoma cell line, was bought
from the DMSZ-German collection of microorganisms and cell cultures
GmbH and gifted by the laboratory of Kai Johnsson (Max Planck Institute
for medical research, Heidelberg, Germany). U20S were cultured in Mc-
Coy 5A medium supplemented with 10% fetal bovine serum (FBS) and 100
U mL~" penicillin-streptomycin at 37 °C and 5% CO2. NIH3T3 cells were
purchased from ATCC and cultured in Dulbecco’s modified eagle medium
(DMEM; Gibco 41 965) supplemented with 10% fetal bovine serum (FBS)
and 100 U mL™" penicillin-streptomycin.

Cell Experiments: Cells were seeded on hydrogels at a cell density of
5000 cells per cm? in supplemented culture medium. After 1 h incubation,
non-adherent and loosely-attached cells were removed by exchanging once
the medium. For live-cell, time-lapse imaging, cells were transferred to a
Leica DMi8 microscope, equipped with an environmental chamber and
imaged using a 10x/0.32 NA objective. For immunofluorescence studies,
cells were fixed with 4% PFA in PBS for 10 min, 4 h after cell seeding.
Cells were then washed with PBS, permeabilized with 0.1% Triton X-100 in
PBS for 5 min, blocked with 1% BSA in PBS for 30 min and then washed
three times for 5 min with PBS. Primary anti-pY antibodies (diluted 1:100
in 1% BSA) were incubated for 1 h at room temperature or overnight at 4
°C. Cells were washed and incubated with secondary Alexa Fluor-labeled
antibodies (diluted 1:150 in 1% BSA) for 1 h at room temperature. DAPI
and TRITC-phalloidin were used to stain nuclei and filamentous actin (F-
actin). Images were acquired on a Zeiss LSM 880 laser scanning confocal
microscope (LSCM) using a 63x/1.4 NA oil-immersion objective (Zeiss).

Cell adhesion and viability on 5% BSA hydrogels prepared with 40 um
TCEP at pH 3.6 or pH 7.4 were quantified using the cell viability dyes cal-
cein and ethidium homodimer. Hydrogels were prepared on 20 x 20 cover-
slips that were previously treated in O, plasma (0.4 mBar, 150 W) for 5 min
to improve wettability. After hydrogel formation overnight, the coverslips
were transferred to 6-wells and hydrogels were incubated with 10 ug mL™!
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Fn in PBS or just with PBS as a control for 1h. Then hydrogels were washed
four times with an excess of PBS inside the wells and incubated with sup-
plemented cell culture medium for 10 min prior to cell seeding. Cells (5 x
103 cells per cm?) were seeded on the functionalized and control hydro-
gels, as well as on Fn-coated glass coverslips; after 1h, non-adherent cells
were removed following aspiration and addition of fresh culture medium.
Cells were incubated for 20 h. Then, cells were incubated with 1 um calcein
AM and 2 um ethidium homodimer in PBS for 30 min, transferred to the
Leica DMi8 microscope, equipped with an environmental chamber, and
imaged using a 10x/0.32 NA objective. 4-6 random field of views were
acquired for each sample. The number of live cells, identified by a strong
calcein AM fluorescent signal, and the number of dead cells, identified by
a strong ethidium homodimer signal were counted. Cell adhesion was ex-
pressed as live cells per cm? and cell viability was expressed as the number
of live cells/total (live + dead) cells. Three independent experiments were

performed.
Statistical ~ Analysis: ~ Statistical analyses were performed us-
ing Prism (version 9; GraphPad Inc.). Experimental data were

analyzed using a Brown-Forsythe and Welch ANOVA statistical test
or unpaired t-tests with Welch'’s correction as indicated in figure legends.
Exact p values are presented in graphs only when p < 0.05.
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