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Serum albumin is the most abundant protein in the circulatory system to transport fatty acids, metabolites
and drugs. In this study, a highly biocompatible protein hydrogel was prepared from bovine serum albumin
(BSA) via thermal treatment. A circular dichroism study indicates that thermally-induced partial unfolding of
the protein molecules exposes the buried hydrophobic groups in the core to the environment, thus leading
to the formation of fine stranded 3-D networks. By controlling the heating temperature and protein
concentration, the mechanical strength and structural stability of the as-prepared BSA hydrogel can be
facilely manipulated. The moderate denaturation of the protein within the hydrogel system allows
repetitive self-healing after damage when moderate heat was induced. The tensile strength and break
strain of fully healed protein hydrogel were recovered to almost 100% of the original strength and
elongation abilities. Additionally, the good biocompatibility of this hydrogel system was demonstrated

through in vitro cytotoxicity analysis first. Furthermore, in vivo experiments using immunocompetent
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acute inflammatory response, indicating excellent in vivo biocompatibility. These features indicate that
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1. Introduction

Hydrogels are three-dimensional networks of hydrophilic
natural or synthetic polymers."* Due to their high water
content, tissue-mimic physical and mechanical properties and
biocompatibility, hydrogels have the potency to be used in
numerous biomedical applications such as tissue repair,
reconstructive surgery, drug delivery and cell encapsulation.*®
Over the past decades, hydrogels have been extensively used in
drug delivery and tissue engineering due to their multiple
advantageous characteristics.”** In addition, biodegradable
hydrogels are specifically attractive for tissue engineering.
Biodegradable materials can provide supports during the
healing process with a degradation rate matching the rate of
new tissue formation.”"” Both synthetic and natural biode-
gradable hydrogels have been designed as cell and/or growth
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holds great potential in the field of biomedical engineering.

factor carriers for bone and cartilage regeneration and ortho-
pedic tissue engineering to improve defect healing and reduce
secondary site morbidity simultaneously.”>” Therefore, hydro-
gels with good biocompatibility and biodegradability are highly
demanded for a range of biomedical applications.

On the other hand, in most biological systems, damage or
failure could be automatically healed without any external
stimuli. Inspired by nature, self-healing hydrogels composed of
synthetic or natural materials have been witnessing rapid
development nowadays. Among various applications of self-
healing hydrogels, recent study using ultrasound to mimic
sonophoresis process provides a new strategy for controlled
drug release in which high-dose bursts of drug could be ach-
ieved by exposure of the hydrogel to ultrasound treatment and
these bursts could be lowered down to a low baseline via self-
healing of the hydrogel system after removal of ultrasound.®
In this way, self-healing hydrogels offer a new strategy to a drug
delivery system which can be systematically controlled with
both spatial and temporal release.

Up to date, natural biomacromolecules such as collagen,
gelatin, chitosan, hyaluronic acid and alginate have all been
utilized to fabricate biodegradable hydrogel due to their high
similarity to the extracellular matrix.'* However, bovine serum
albumin (BSA) is frequently employed as the model protein
released from different matrices rather than the building block
of the biodegradable networks. Serum albumin is a protein
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synthetized by the liver to transport fatty acids, metabolites and
drugs.”?* It is the most abundant protein in the circulatory
system.” It has been reported that various hydrogels could be
synthesized from BSA via thermal or chemical cross-linking
methods.>* To differentiate from previous work, herein
a thermal-induced BSA hydrogel system was systematically
investigated to elucidate the gelation conditions and mecha-
nism, and then its self-healing property was validated for the
first time by tensile test, followed by the evaluation of its
biocompatibility and biodegradability through in vitro and in
vivo studies. The as-developed self-healing protein hydrogel
system with good biocompatibility and biodegradability holds
great potential in the field of biomedical engineering.

2. Experiments
2.1 Chemicals and materials

BSA (=98%, agarose gel electrophoresis lyophilized, MW =
66 430 Da) and phosphate buffer saline (PBS) were purchased
from Sigma-Aldrich (MO, USA). Standard stock solutions of
Na,HPO, and NaH,PO, (20 mM) were mixed at an appropriate
ratio to prepare phosphate buffer solution (PB, 20 mM, pH 7.4).
One pouch of PBS pellet was dissolved in 1 | deionized water to
yield 0.01 M phosphate buffered saline with 0.138 M NaCl and
0.0027 M KCl at pH 7.4. All aqueous solutions were prepared
with deionized water (18.2 MQ cm) from a Millipore water
purification system.

2.2 Preparation of BSA hydrogel

BSA solutions in different concentrations (5-30%, w/v) were
prepared by dissolving different weight of BSA powder into
20 mM pH 7.4 phosphate buffer solution. The sol-gel phase
transitions of BSA solution with different BSA concentrations
were determined by dynamic rheological analysis.*® Each
sample was placed onto the object table and then slowly heated
from 20 to 100 °C at temperature intervals of 2 °C (maintained
at each temperature for 20 min).

2.3 Characterization

Attenuated total reflectance FT-IR spectra were obtained with
a Thermo Nicolet IR 560 system (Thermo Electron Corporation,
PA) in the range of 4000-800 cm ™. Each spectrum was taken as
the average of 128 scans at a resolution of 4 ecm ™. All the IR
spectra were analyzed using the software of Ominic from
Thermo Electron Corporation.

Circular dichroism (CD) spectra were acquired using Jasco
J-710 CD-spectropolarimeter (Jasco Analytical Instruments,
Japan) in the wavelength of 201-250 nm. 1% BSA solution were
diluted to 0.003% and then heated at different temperature (20-
100 °C) for 20 min to study the conformational changes of BSA
during the heating process.

Observations of morphologies and pore structures of the BSA
hydrogels in different concentrations were obtained by JEOL
6335 Field Emission Scanning Electron Microscope (FESEM) at
an acceleration voltage of 10 kV. All samples were lyophilized to
maintain porous structures of the hydrogels. Prior to SEM
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observations, specimens were cut by a razor and sputtered
coated with Au/Pd alloy for better resolution.

Mechanical measurements of the hydrogels were conducted
on TA instruments Q800. Compressive tests were performed
from a constant preload force of 0.01 N with ramp force of 0.5
N min~* up to 18 N at 37 °C. Hydrogel samples with 20%, 25%
and 30% BSA for compressive tests were prepared by incubating
at 80 °C for 20 min. All specimens were prepared in the form of
discs with 5 mm in diameter and 3 mm in length. Tensile tests
were performed from a constant preload force of 0.01 N with
ramp force of 0.05 N min ' up to 18 N at 37 °C. 30% BSA
hydrogels heated at different temperature were cut by two
parallel razors into thin films with dimensions as 6 mm length
x 4 mm width x 1 mm thickness.

Dynamic rheological measurements of the hydrogels were
conducted using an AR-G2 rheometer (TA Instrument) with
a 20 mm (dia.) parallel-plate fixture. Small oscillatory shear with
a strain amplitude of 1% and a frequency of 6.3 rad s~ was
applied to the sample. The storage modulus (G') and loss
modulus (G") were recorded as the temperature increased from
20 °C to 100 °C. At a given temperature, the sample was allowed
to equilibrate for 20 minutes before the G’ and G” values were
taken. Small amount of silicone oil was added to the rim to
prevent water evaporation during rheological measurements.

2.4 In vitro compatibility analysis

Human lung carcinoma A549 cells were used for cytotoxicity
analysis of the hydrogel. 30% BSA hydrogel in dry weight of
300 mg were soaked in 15 ml (2%, w/v) Dulbecco's Modified
Eagle Medium (DMEM) and cultured for 24 hours at 37 °C in the
incubator. After that, the 2% hydrogel extract solution with
DMEM was diluted to 0.2, 0.4, 0.6, and 1%, respectively. 0.1 ml
per well of the 5 x 10" cells per ml suspensions were seeded to
the wells of 96-well culture plates and then cultured in the
incubator for 24 h in order to make 5000 A549 cells per well
attached to the bottom of the culture plate. After the cell
medium was removed, 0, 0.2, 0.4, 0.6, 1, and 2% hydrogel
extract solution were used to fill the wells (3 wells for each
sample) and three wells with DMEM only as the blank. After
incubation for 24 h, the hydrogel extract solutions were
replaced by the fresh medium. Then, 10 pl of Cell Counting Kit-
8 (CCK-8) was added to each well. The absorption of each well at
450 nm was recorded after 1 h incubation by a microplate
reader, and the cell survival percentage was calculated accord-
ing to cell survival (%) = (Asample — Ablank)/(Ao — Aplank) % 100%,
where Agample; Ablank, and A, are the mean values of three
parallel absorptions in the extract solutions, blank, and culture
medium, respectively.

2.5 In vivo compatibility and biodegradation analysis

All studies were performed following the University of Con-
necticut Institutional Animal Care and Use Committee
approved protocol. In this investigation, 30% BSA aqueous
solution was incubated at 70 °C for 20 min to form the hydrogel.
After sterilization by autoclave, the hydrogel was ready for
injection. Two male immunocompetent C57BL/6 mice were
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anesthetized by isoflurane before injection. Hairs on the
implantation areas were removed by depilation and the naked
regions were cleaned with alcohol swabs. Then the specimen
was subcutaneously injected in two mice using a modified
18-gauge indwelling needle assembly. Inflammation is evalu-
ated based on appearance changes of the implantation sites
including reddening, swelling, and scab formation. After the
specimens were injected, the two mice were sacrificed after
34 days (short term) and 97 days (long term), respectively.
Tissues include skin, liver, pancreas, and spleen were collected
from both mice and fixed in 10% buffered formalin before
processed routinely and stained for histological examination.

3. Results and discussion
3.1 BSA hydrogel

The structural complexity at quaternary level makes BSA
a globular protein suitable for the heat-induced self-healing
hydrogel system. It has been known that by modification of
the delicate interplay between electrostatic, hydrophobic,
hydrogen bonding, and other interactions, the three-
dimensional structure of a protein can be changed.”**”
Thermal induced denaturation of BSA can lead to protein
conformational changes for gelation®***** (Fig. 1). Firstly,
heating induces part of the hydrophobic groups buried in the
protein core at ambient temperatures become exposed during
the initial protein unfolding.**** Then hydrophobic effect leads
to non-covalent interactions between unfolded protein mole-
cules to form fine stranded networks.?®3%3

CD is employed to analyze the conformational changes in
BSA during heating process. The CD spectra of BSA in PB after
heating from 20-100 °C are shown in Fig. 2. The characteristic
of the a-helix structure of BSA typically shows two negative
bands centered at 208 nm and 222 nm. With heating temper-
ature lower than 60 °C, it barely changes in the CD spectra,
indicating that the secondary structure of BSA is relatively stable
when the temperature increases from 20 °C to 60 °C. However,
the negative bands decrease considerably with temperature
higher than 60 °C. The changes in CD spectra reflect the

Fig. 1 (A) The right vial contains thermal-induced BSA (30 wt%)
hydrogel and the left vial contains 30% BSA solution in phosphate
buffer; (B) inversed vials contain 30% BSA solution (left) and thermal-
induced BSA hydrogel (right).
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Fig.2 CD spectra of 0.003 wt% BSA in 20 mM pH 7.4 PB solution after
incubated at different temperature (20, 30, 40, 50, 60, 70, 80, 90, and
100 °C, respectively).

decrease in the helicity of BSA, implying that high temperature
led to the un-folding of the protein molecules. The CD spectra
are usually presented in terms of mean residue ellipticity (MRE)
with unit deg cm” dmol ", which can be calculated as follow:**3*

observed CD (mdeg)

MRE =
10C,nl

Where C,, is the molar concentration of the protein; n is the
number of amino acid residues; and [ is the path length of the
cell in ecm.**** The a-helix content then can be estimated from
the MRE values at 208 nm according to the following equation:

—MRE,ps — 4000

o = helix (%) = | 3500 — 2000

x 100
Where MRE,g is the MRE value at 208 nm; 4000 is the MRE of
the B-form and random coil conformation at 208 nm; and
33 000 is the MRE of a pure a-helix at 208 nm.*

As the heating temperature increased from 20 °C to 60 °C,
the calculated a-helix content slightly decreased from 41.29% to
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0.35{— 10% BSA Hydrogel
—— 20% BSA Hydrogel
0301 30% BSA Hydrogel

0.25 1
0.20 1
0.15 +

Absorbance

0.10+
0.05

0.00 -
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 3 ATR-FTIR spectra of BSA powder and lyophilized thermal-
induced BSA hydrogel in concentrations of 10%, 20%, and 30%,
respectively.
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Fig. 4 (A) G’ and G” of a 30% BSA solution as the temperature was
increased from 20 °C to 100 °C with an increment of 2 °C and an
equilibration time of 20 min at each temperature. Strain amplitude: 1%;
frequency: 6.3 rad s, (B) Gelation temperature of BSA solutions at
different concentrations (10%, 15%, 20%, 25% and 30%) with a negli-
gible standard deviation (triplicate experiments).

40.08%. The negligible change in helicity of the protein indicates
that the secondary structure of BSA barely changes during the
heating process from 20 °C to 60 °C. This result is in accord with
the observation that the gelation temperature is above 60 °C in
Fig. 2. However, the o-helix content decreased dramatically from
37.26% to 32.56%, 28.73%, and 22.50% when the heating
temperature increased from 70 °C to 80 °C, 90 °C, and 100 °C,
respectively. The decreases in a-helix content reveal that heating
over 60 °C distorts the secondary structure of the BSA.
ATR-FTIR technique was also employed to study the gelation
mechanism of aqueous BSA solution. Fig. 3 shows IR spectra of
BSA powder and lyophilized BSA hydrogels with the same dry
weight (10 mg). During the thermal-induced denaturation of
BSA, mild changes in protein size and shape lead to some of the
hydrophobic groups in the protein core exposed to environ-
ment, and then hydrophobic effects play an important role for
aggregation of BSA to form networks as gel.** At the secondary
structure level, there is a partial loose of the o-helix and an
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increase in antiparallel B-sheet attributing to the formation of
non-native [B-sheet associated with aggregation.’**>%%3% At
a molecular level, the number of hydrogen bonds increases after
gelation and it increases with the increase of BSA concentration.
This claim is clearly supported by the increased intensity in
3000-3600 cm ' region, which attributes to increasing N-H
groups in appearance of carboxyl groups.® In addition, the peak
intensities of both amide I and amide II bands increased due to
the increased number of hydrogen bonds.* To further assess the
nature of the interaction within the network of the hydrogel,
30% BSA hydrogels were tested in different environment and the
results are shown in Fig. S1.f The thermal-induced BSA hydro-
gels were stable in acidic (1 M HCI) and physiological (20 mM
PBS at pH 7.4) conditions. However, the thermal-induced BSA
hydrogels immersed in basic condition (1 M NaOH) or in 8 M
urea were fully degraded with time, indicating that non-covalent
and probably hydrogen bonding is one of the primary mecha-
nisms in the hydrogel formation too. Additionally, hydrogel
samples submerged in 10% SDS turned into transparent and
swelled significantly, suggesting that hydrophobic interactions
also play a primary role in the gel network formation. Although
one cannot rule out the contributions from ionic interaction,
electrostatic interaction, etc., these results support that both
hydrogen bonds and hydrophobic interaction play important
roles in maintaining hydrogel network.

3.2 Gelation of BSA aqueous solution

BSA dissolved in PB at room temperature shows clear yellow
color. With the temperature increased, little change occurred in
the aqueous BSA solution until it reached the gelation temper-
ature. After incubating at gelation temperatures for 20 min,
transparent hydrogels with slight yellow color were formed.
With the temperature increased above the gelation tempera-
ture, turbidities were observed visually and the transparent
yellow color of the hydrogels gradually turned to opaque white
color. The sol-gel transition is irreversible and it maintained
the hydrogel structure when the temperature cooled back to
room temperature. The gelation temperature was measured by
dynamic rheological analysis. Storage modulus (G') and loss
modulus (G”) of different concentrations of BSA solutions were
recorded from 20 °C to 100 °C with an increment of 2 °C and
a 20 min equilibration time. As shown in Fig. 4A, at low
temperatures G” is larger than G, suggesting the “liquid-like”
behavior of the 30% BSA solution. As the temperature increases,
G’ gradually increases to a value larger than G”, implying that
the sample becomes more “solid-like”. Although the exact
crossover point between G’ and G’ may depend on the test
oscillation frequency, for simplicity, the “gelation temperature”
is defined as the temperature at which the G’ is congruent to G”.
As the BSA concentration increased, the gelation temperature of
aqueous solution decreased (Fig. 4B). BSA aqueous solution
with a concentration lower than 10% showed no sol-gel tran-
sition even heated at 100 °C. By adjusting BSA concentration
and the heating temperature, the transparency as well as the
mechanical properties of the hydrogel can be easily
manipulated.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 FESEM images of lyophilized BSA hydrogels with BSA concentration of 10% (a), 20% (b), and 30% (c), respectively.

3.3 Morphology of BSA hydrogel

The morphology of BSA hydrogel was observed by FESEM. In
order to maintain the structures of hydrogels, all freshly
prepared specimens were lyophilized for 24 h after frozen in
liquid nitrogen. The SEM images of BSA hydrogels prepared
with different BSA concentration (Fig. 5) demonstrated that the
network of the hydrogel consists of open and interconnected
porous structures. The pore sizes and crosslinking densities
varied with BSA concentration. In general, a lower concentra-
tion of BSA led to a larger pore size in the hydrogels. SEM image
of 10% BSA hydrogel sample displays a near layered structure,
while images of 20% and 30% BSA hydrogel show a compact
and porous structure. Overall, the pore diameter was in the
range of 1 to 20 um. This study indicates that the pore size,
porosity and interconnectivity of the hydrogel can be tuned by
adjusting the BSA concentration, thus endowing the flexibility
in the preparation of BSA hydrogel with controllable properties.

3.4 Mechanical analysis - compressive and tensile test

The mechanical properties of a biomaterial are a main concern
for many practical applications. Therefore, compressive anal-
ysis was carried out to explore the relationship between
mechanical strength and BSA concentration of the hydrogel,
while tensile tests were conducted to study how temperature

0.8

0.7 20% BSA Hydrogel
] 25% BSA Hydrogel

0.6 30% BSA Hydrogel

0 ‘ 20 I 40 ' 60 , 80
Strain (%)

Fig. 6 Stress—strain curves of compressive test for 20%, 25%, and 30%
BSA hydrogels formed at 80 °C, respectively.

This journal is © The Royal Society of Chemistry 2016

influences the mechanical strength of the hydrogel. Fig. 6
depicts the stress—strain curves for BSA hydrogels with different
BSA concentration prepared under the same temperature of
80 °C. These specimens exhibit similar stress-strain curves,
where approximately 60% strain change occurs as the stress on
the sample increases from 0 to about 0.2 MPa and slight strain
change as the stress increases above 0.2 MPa. The compression
displacement of 20% BSA hydrogel sample (82.05%) is higher
than 25% BSA hydrogel (78.43%) and 30% BSA hydrogel
(74.06%) samples. This can be ascribed to the structure and
porosity difference between hydrogels with different BSA
concentration. A comparison of stress-strain curves among BSA
hydrogels with different BSA concentration indicates that
hydrogels with higher BSA concentrations are stronger than the
ones with lower BSA concentration. In addition, the breaking
point of all samples cannot be observed up to 18 N.

Tensile characterization was further conducted using 30%
BSA hydrogels prepared at different incubating temperature
(70 °C, 75 °C and 80 °C) and the results demonstrates that
a higher incubation temperature leads to increased maximum
stress required to break the hydrogel but less elongation capa-
bility (Fig. 7). The fracture stress in 30% BSA hydrogels increases
about 16-fold (from 3.97 kPa to 63.77 kPa) with the incubation
temperature increasing from 70 °C to 80 °C, while the flexibility
of the hydrogel dropped dramatically. The specimen incubated

70
30% BSA Hydrogel at 70 °C
60+ 30% BSA Hydrogel at 75 °C
50 30% BSA Hydrogel at 80 °C
N
< 40 -
2 30
o
o0 20
104
0 T T T T T
0 50 100 150 200 250

Strain (%)

Fig. 7 Stress—strain curves of tensile test for 30% hydrogels formed at
70 °C, 75°C and 80 °C, respectively.
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Fig.8 (A) First-time self-healing of BSA hydrogel: BSA hydrogel (original) was cut to four pieces using a razor and then self-healed by keeping the
cut surfaces in contact for 60 min at 80 °C; (B) repetitive self-healing of BSA hydrogel: self-healed BSA hydrogelin (A) was cut again to four pieces
then self-healed by keeping the cut surfaces in contact for 60 min at 80 °C, demonstrating repetitive self-healing property.

at 70 °C can be elongated about 2.5-fold before fracture while the
specimen incubated at 80 °C can only stand less than 50%
elongation. These results suggest that the flexibility as well as the
strength of the hydrogel can be controlled by changing the BSA
concentration or the incubation temperature of the hydrogel.

3.5 Self-healing capability

Different from other denaturation methods by which a protein
completely unfolds, the size and shape of protein only mildly

perturbed in the as-developed thermal-induced denaturation.*
As a result, the multiple molecular interactions contributing to
thermal-induced gel formation can be employed for self-healing
purpose at the cut surfaces of the as-prepared BSA hydrogel. As
a demonstration, a rod-shaped BSA was cut by a razor into
multiple segments. By simply keeping the cut surfaces in
contact at 80 °C for 60 min the mechanical damage in the
hydrogel could be self-healed (Fig. 8A), and this self-healing
process is repeatable (Fig. 8B).

Fig. 9 BSA hydrogels incorporated with fluorescein and eosin Y disodium salt under white light (A) and UV light (B); BSA hydrogels with different
fluorophores cut into three pieces by a razor under white light (C) and UV light (D); self-healed blended BSA hydrogels under white light (E and G)

and UV light (F and H).
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Fig. 10 Load-strain curves for the as-prepared and the self-healed
hydrogels.

Similarly, the self-healing behavior after mechanical
damage recovery was observed in BSA hydrogels consisting of
different fluorophores. Fluorescein and eosin Y disodium salt
were incorporated in the precursor solution to prepare the
hydrogels, respectively. The hydrogel with fluorescein shows
yellow color under white light and green fluorescence under UV
light, while the hydrogel with eosin Y disodium salt shows red
color under white light and orange color under UV light (Fig. 9A
and B). The eosin Y concentration is too high to self-quench its
fluorescence, thus resulting in weak fluorescence. Both
hydrogels labelled with different fluorophores were cut by
a razor into three pieces (Fig. 9C and D) and blend for the
healing process described before when connecting the three
pieces of protein hydrogel into one. It shows that BSA hydrogels
consisting of different fluorophore can be combined by joining
two different cut surfaces (Fig. 9E-H). Strong attachment
between hydrogel pieces labelled with different fluorophore
was also observed (Fig. 9E-H) with clear demarcation. The self-
integration process of simply adjoining the cross-sectional
surfaces of different BSA hydrogels provides potential appli-
cations in design and fabrication of novel multi-segment

70
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Fig. 11 Stress—strain curves for as-prepared and self-healed

hydrogels.
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biomaterials with stimuli-sensitivity
controlled-release property.

The compressive tests were performed to study the mechan-
ical properties of the original and repaired hydrogels. Fig. 10
depicts the load-strain curves for original and repaired samples
after different healing times (20, 40 or 60 min) at 80 °C. All the
samples exhibit similar load-strain curves, a low rate up to
approximately 60% strain was observed when the loads on the
sample increased from 0.01 to about 3 N and then more rapidly
rate between 60% and 80% strain in the range from about 3 to 18
N. There is no sharp peak observed in all curves, indicating that
there is no huge disfigurement appeared in both original and
repaired hydrogels during compression. The maximum strain
slightly decreased from 86.81% to 86.71%, 84.75% and 82.87%
after the hydrogels were self-healed for 20, 40, and 60 min,
respectively. Increased hydrophobic interaction, hydrogen
bonding and a higher degree of denaturation of BSA induced by
thermal treatment during self-healing process may increase the
stiffness of the self-healed hydrogel, thus leading to the observed
slightly decrease of the maximum strain.

Tensile tests were performed to quantitatively evaluate the
self-healing properties of the original and repaired BSA hydro-
gels after different healing times (20, 40, and 60 min). The
healing process was performed as described before and the rod-
shaped samples were cut into films (6 mm length x 4 mm width
x 1 mm thickness) which also contained the healed surface in
the middle. Fig. 11 shows that stress-strain curves of the as-
prepared and self-healed hydrogels (healed with different
time) behave differently. Samples healed after 20 and 40 min at
80 °C can only recover 17% and 36% of break strength of the
original hydrogel, respectively. However, the tensile strength
and break strain of the sample healed for 60 min at 80 °C can
reach over 100% of the original strength and elongation abili-
ties and then subsequently broke along the same plane as the
original cut. The self-healing process could be attributed to the
reformation of the hydrophobic interaction and hydrogen
bonding between the available carbonyl oxygen and NH, groups
on the cut surfaces.

and programmed

Survival rate

0.2 0.4 0.6 0.8 1
Concentration (%)

Fig. 12 The survival rate of BSA hydrogel extract solution in different
concentration.
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3.6 Cytotoxicity analysis and histomorphometry near the
injection site

Invitro cytotoxicity tests were first performed to forecast in vivo
inflammatory responses.® The colorimetric assay was used to
evaluate the cell viability based on increase of absorption at
450 nm after adding CCK-8.*' Cytotoxicity tests were per-
formed before in vivo studies in order to explore if there is any
potentially dangerous chemicals in the hydrogel.** Thus,
cytotoxicity in vitro is a necessary step before tests in animal
models to minimize the acute phase in animals during in vivo
studies.*® The result of the in vitro cell viability assay (Fig. 12)
indicated that the survival rate varied with the concentration
of the hydrogel extract solutions. The average of cell survival
percentage and the standard deviation for each concentration
were generated from a sample size of n = 3. More than 90% of
the cells remained alive in all tests. Even when the cells were
exposed to the hydrogel extract solution with the concentra-
tion as high as 1%, nearly 90% cells were still alive, indicating
the low toxicity of the thermal-induced BSA hydrogel.

Fig. 13 Images of stained tissues of mouse sacrificed after 34 days:
skin tissue (40x) (A); spleen tissue (100x) (B); pancreas tissue (100x)
(C); liver tissue (100x) (D), respectively; and images of stained tissues
of mouse sacrificed after 97 days: skin tissue (100x) (E); spleen tissue
(100x) (F); pancreas tissue (100x) (G); liver tissue (100x) (H),
respectively.
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The immunogenicity of a biomaterial is crucial for its
success in in vivo biomedical applications. After the subcuta-
neous administration of the BSA hydrogel into immunocom-
petent mice, both short-term (34 days) and long-term (97 days)
investigations were performed to identify the histocompatibility
of the hydrogel. The inflammatory reactions were evaluated by
color change (reddening), swelling, and scab formation of
subcutaneous injection site.** Acute inflammation is the
immediate response after injection of a foreign material,
involving dilation of vessels and excess of blood.*** Therefore,
reddening was taken as the most important index to assess the
acute inflammatory reaction after injection. The results shown
in Fig. S27 suggest that the reddening due to bleeding during
injection disappeared after 1 day, indicating the negligible
acute inflammatory response for this material.

Histological examination results showed that a mild hyper-
keratosis on the epidermis with a moderate number of hair
follicles and adnexa in the dermis without other lesions was
observed in skin tissues (Fig. 13A and E). Fig. 14 shows that
there is a little hydrogel residue after 34 days of injection
(Fig. 14A), while no hydrogel left after 97 days (Fig. 14B),
demonstrating that this protein based hydrogel could be grad-
ually digested, offering an excellent biodegradable matrix.
Additionally, there were no significant lesions in liver (Fig. 13D
and H) and pancreas tissues (Fig. 13C and G). There were

Fig. 14 Skin tissue (100x) focusing on subcutaneous area in the
injection site after 34 days (A) and 97 days (B), respectively.
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numerous germinal centers forming the white pulp with
a marked lymphoid hyperplasia in the center in spleen tissues
(Fig. 13B and F). As the mice were immunocompetent, the red
pulp containing extramedullary hematopoesis with a mild
hemosiderosis could be considered as normal.

4. Conclusion

Thermal-induced BSA hydrogel was systematically investigated
in this study. By controlling the heating temperature and the
concentration of BSA, the mechanical strength of the
as-prepared hydrogel could be manipulated. With the help of
heating, the damaged protein hydrogel shows repeatable self-
healing property, which was reported for the first time.
Tensile tests were used to quantitatively evaluate the self-
healing efficiency, showing nearly 100% recovery. Both in vitro
and in vivo tests were systematically carried out to demonstrate
the good biocompatibility of the hydrogel. The in vivo study also
shows that the thermal-induced BSA hydrogel could be fully
degraded with negligible acute inflammatory response and
possesses excellent long-term biocompatibility. The biode-
gradable hydrogel contain self-healing property would bring
light into the design of new class of controlled-release drug
delivery system in which drug release could be manipulated
both spatially and temporally.
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