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In this paper, a novel thixotropic injectable hydrogel has been developed by blending regenerated silk
fibroin (SF) and hydroxypropylcellulose (HPC). Dynamic oscillatory rheology showed that the blends
gelled at 37 °C within 1 h, and the gelation kinetics and gel properties were controllable by tuning the
mix ratio of the blends. The gelation mechanism of such blends was elucidated from morphological
observations by confocal laser scanning microscopy (CLSM), structural characterization and

a molecular mobility study via Raman spectroscopy and quantitative *C-NMR spectroscopy,
respectively. The results suggested that the phase separation of the blends triggered the conformational
transition of SF from random coil to B-sheet, and thus resulted in the gel network formation through
the B-sheet crosslinks and the immobilization of the molecular chain in the dispersed phase. Moreover,
it was demonstrated that the blend hydrogel could protect encapsulated cells against high shear force
during injection, suggesting that the SF-HPC hydrogel is a promising vehicle for cell delivery. This
injectable hydrogel with thixotropic rheological properties was expected to potentially overcome the
problem of leakage of liquid precursors to neighboring tissues associated with the in situ formation of
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injectable hydrogels.

1. Introduction

With the intense research efforts in cell transplantation therapy
for treatment of various diseases and injuries, there is an
increasing need to develop materials for cell delivery, because
injecting cells suspended in a liquid medium often results in low
cell viability and unsatisfactory functional outcomes.’® One
promising material for such an application is hydrogel.*® Many
efforts have been devoted to implanting cell-encapsulated
hydrogels fabricated ex vivo into a body site such as bone and
cartilage defects to foster the tissue restoration.'*> However, the
possible large surgical wounds, poor implant fit and suscepti-
bility to infection due to incisions accompanying implantation
etc., restrained the application of these implanted hydorgels.®
As alternative to preformed hydrogels, injectable hydrogels
have been paid much attention over the past decade.™ Typically,
the injectable hydrogel is a free flowing solution before admin-
istration, and once injected, forms a solid hydrogel by in situ
chemical crosslinking or by a sol-gel physical phase
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transition.’>*® Since such hydrogels are formed in vivo after
injection, they can cause minimal surgical wounds and thus
reduce the possibility of infection, while easily fill cavities of
arbitrary shapes. However, the possible leakage of liquid
precursors to neighboring tissue or the blood stream might also
limit their application in some respects, even though fast gelation
kinetics and high precursor viscosity can minimize the extent of
the leakage.”

A recent trend in designing injectable hydrogels is focused on
the gels with thixotropic properties.?**” These hydrogels are in
the solid form before administration, but can shear-thin and
subsequently flow under a proper shear stress during injection.
After injection, the hydrogels quickly recover into the solid
form and are retained as depots at the site of injection.
Compared with the single component route,?** mixing two
components to create a preformed injectable hydrogel has
received more attention. Various combinations have been
employed, including oppositely charged colloidal particles
consisting of synthetic poly(D,L-lactic-co-glycolic acid),®
organic and inorganic composites, e.g., PEG and silica,** o-
cyclodextrin and triblock copolymer containing PEG block,*
and two biomacromolecues, i.e., two polysaccharides or two
proteins.?%*’

Bombyx mori silkworm cocoon silk, has been used as textile
fiber for centuries.?® As a natural protein material, silk fibroin
(SF) from Bombyx mori silk has been used in many other areas,
such as the biomedical, biomineralization and microdevice areas,
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ete. in recent decades.*=*! SF consists of heavy and light chain
polypeptides of ca. 390 kDa and ca. 25 kDa respectively.?* The
SF heavy chain is composed mainly of glycine (G), alanine (A)
and serine (S), which constitute the highly repetitive GAGAGS
amino acid motif contributing to the formation of a B-sheet
structure.?® SF can form hydrogels crosslinked by an intermo-
lecular B-sheet structure.**3* Because of the adjustable mechan-
ical properties and biodegradability related closely to the content
of B-sheet crystallinity, SF hydrogels are promising candidates
for biomedical applications.? Although low pH, high tempera-
ture, alcohol and shear stress are found to accelerate the gelation
process, the gelation time of SF is always a few weeks or months
under physiological conditions, which is too long for its appli-
cation.**3” On the other hand, hydroxypropylcellulose (HPC) is
a natural cellulose ether that has been approved for food addi-
tives and drug administration by the FDA.*® As a thermosensi-
tive polymer, HPC has lower critical solution temperature
(LCST), about 40-45 °C, above which it precipitates rather than
gels in water (Fig. 1).

In the present study, we developed a novel blend hydrogel
comprising SF and HPC. The blends gelled at 37 °C within 1 h
(Fig. 1) and the hydrogel showed thixotropic properties, which is
injectable. This blend hydrogel is unique in two ways from
previous thixotropic hydrogels: (1) given the fact that the natural
extracellular matrix (ECM) is a mixture of proteins and poly-
saccharides, our blend hydrogel should more closely mimic the
function of the ECM and thus be a suitable material for cell
delivery; and 2) the polysaccharide, i.e., HPC, has abundant
hydroxyl groups, which can be used to modify the polymer for
various purposes. According to the analysis of dynamic rheo-
logical measurements, confocal laser scanning microscopy
(CLSM), Raman and quantitative *C-NMR spectroscopy, we
assumed a possible gelation mechanism, while demonstrating
that the blend hydrogel could protect encapsulated cells against
high shear forces during injection, suggesting that SF-HPC
hydrogels may be applied as carrier materials in cell trans-
plantation therapy.

2. Experimental section
Materials

Hydroxypropyl cellulose (HPC) (M, = 100 000 reported by the
manufacturer, DS = 3.0, MS = 3.9 determined by means of
NMR spectroscopy according to Tezuka et al.*°) (DS: the degree

SF heavy chain containing 5263 amino acids
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of substitution, i.e., the average number of substituted hydroxyl
groups in the monomer unit; MS: the molar substitution, i.e., the
average number of oxyethyene moieties per monomer unit) was
purchased from Aldrich. Rhodamine B isothiocyanate (RITC;
Sigma), 5-carboxyfluorescein (Sigma), N,N'-dicyclohexyl carbo-
diimide (DCC; GL Biochem (Shanghai) Co., Ltd.) and 4-dime-
thylamiopryidine (DMAP; Shanghai Medpep Co., Ltd.) were
used as received.

Preparation of SF, HPC and SF-HPC blend aqueous solution

The degumming and dissolving process of Bombyx mori silk
followed established procedures.* The resulting SF solution (4—
5 wt%) was concentrated to 10 wt% according to the negative
pressure method described in our Chinese Patent (CN
201110000201.8).

HPC solution was prepared by dissolving HPC in deionized
water at a concentration of 10 wt%. The SF solution and HPC
solution were mixed in different proportions at 25 °C to obtain
blends with mixing ratios of 7/3, 5/5 and 3/7, which were named
SF-HPC30, SF-HPC50, SF-HPC70.

Rheological measurement

All rheological experiments were performed at 37 4 0.1 °C in the
strain-controlled mode using a Physica MCR 301 rheometer
(Anton Paar GmbH, Austria) using a cone-and-plate geometry
of 1° incline, 60 mm diameter (CP 60/1). To minimize evapora-
tion, a solvent trap was employed and a low viscosity mineral oil
was applied around the sample. Dynamic frequency sweep
experiments were performed in the range of 0.1-10 Hz at 5%
strain. To study the thixotropic properties of the hydrogel, strain
sweep in the range of 0.3-3000% and step strain sweep, 3000%
strain for 60 s followed by 1% strain, were run at 1 Hz.

Confocal laser scanning microscopy (CLSM)

CLSM observations were carried out on a Leica TCS SP5II laser
scanning microscope (Leica, German) in the fluorescence mode.
SF was labelled with rhodamine B isothiocyanate (RITC)
according to Nagarkar et al.,*' by adding a small amount of
a concentrated RITC solution to the SF solution 24 h before
blending with labelled HPC solution. The concentration of RITC
in the final blend solution was around 5 ppm.

SF solution

37°C, 1-2h

SF/HPC
solution

SF/HPC
hydrogel

HPC solution

Fig. 1 Schematic representation of SF-HPC hydrogel formation and the structural features of the two biopolymers.
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Fluorescein labelled HPC (HPC-Fluo) was synthesized
according to the literature procedures with minor modification.*
Briefly, 2.0 g of HPC, 0.20 g of DCC and 0.12 g of DMAP were
added to a 100 mL three-necked flask. Under protection of
nitrogen, 50 mL of dry DMF was then added using a syringe.
After all the reagents were dissolved, 15 mg 5-carboxyfluorescein
dissolved in 5 mL DMF was added using a syringe. The mixture
was stirred first at 0 °C for 1 h and then at room temperature for
24 h. The product was precipitated by addition of ethyl ether.
The resulting precipitate was recrystallized from methylene
dichloride/ether, and dried under vacuum to obtain the final
product.

To prevent syneresis, the blends of labelled SF and HPC were
allowed to gel in a sealed space at 37 °C. To minimize the
interference between the dyes, the fluorescein (excited at 488 nm)
emission filter was set between 500 and 540 nm whereas rhoda-
mine B (excited at 543 nm) emission was recorded between 620
and 660 nm.

Quantitative *C-NMR spectroscopy

Quantitative *C-NMR spectra were acquired with a DMX 500
spectrometer (Bruker, Switzerland) at a carbon frequency of
125 MHz using the inverse gated '"H decoupling technique. The
one-pulse experiments were performed with the 90° pulse length
of 6.3 ps. The delay before the application of pulse was 6 s and
the acquisition time was 619 ms. The spectral width was 210 ppm
with the number of data points 32k. The number of acquired
transients was 7000. All the spectra of SF-HPC solutions and
hydrogels were acquired at room temperature (25 °C) using the
deuterated water as the deuterium ‘lock’ for field stabilization.
The hydrogels were in situ formed in the sample tube at 37 °C for
at least 3 h.

Raman spectroscopy

Raman spectra of SF-HPC blend solutions and hydrogels were
recorded with a LabRam-1B Raman microscope (Dilor, France).
A He—Ne laser was used to give 6 mW of energy at 632.81 nm.
The samples for Raman spectra were frozen rapidly by plunging
them into liquid nitrogen and then freeze-dried for two days.

Cell culture and viability assays

1929 mice fibroblast cells were cultured in RPMI 1640 cell
culture media supplemented with 10% FBS and 1% penicillin—
streptomycin at 37 °C and 5% CO,. Cells were detached from
tissue culture flasks with trypsin, and resuspended in fresh
culture media. The cell suspension was added to the SF solution
and mixed with HPC solution, resulting in approximately 3 x 10°
cells mL~!, 7% SF and 3% HPC. The mixture was incubated at
37 °C for 3 h to allow gelation. The cell encapsulated hydrogel
was then loaded into a 1 mL syringe and injected through a 27
gauge needle onto a sample well with a coverslip bottom. The
viability of cells was determined using a Live/Dead Viability/
Cytotoxicity Kit (Molecular Probes, Invitrogen, Carlsbad, CA).
The staining solution containing 2 uM calcein AM and 4 uM
EthD-1 was added directly onto the gel and allowed to react for
45 min before observation with CLSM.

3. Results and discussion

Determination of the gel point and the rheological properties of
SF-HPC blend hydrogels

The dynamic moduli of SF-HPC30 were measured as a function
of frequency at various times during the hydrogel formation
process at 37 °C and are shown in Fig. 2. The SF-HPC solution
behaved as a viscoelastic fluid (sol) in the first 30 min, where the
loss modulus (G”) was higher than storage modulus (G'). Both G’
and G” increased with gel time. After 73 min, G’ became larger
than G”, and finally presented nearly frequency-independent
behavior in the entire frequency range tested, which was a char-
acteristic of solid (gel)-like behavior.

The frequency independence of loss tangent (tand), which was
proposed to be a gel point criterion by Winter and coworkers,*
was investigated to determine the sol-gel transition point in this
study. According to the criterion, G’ and G"’ exhibited power law
behavior and the tand showed frequency independence at the gel
point:

G(w)~G"(w)~w' (0<n<l) (1)
(' (w)/ G (w) = tand = tan(nm/2) 2)

, G"(w
G (w) = W = ST(1 — n)cos(nm/2)w" 3)

where n is defined as a viscoelastic exponent whose value lies
between 0 and 1. S is the so-called gel stiffness or gel strength
with dimensions of Pa s”.

The evolution of tané of such a sample with time (Fig. 3a)
shows that there was no clearly frequency-independent tané
during gelation. Thus, the tand method should be used within
a limited frequency range,***¢ i.e., 1-10 Hz in our case. Multi-
frequency curves of tand versus time passed through a common
point (Fig. 3b), which was defined as the critical gel point. For
the SF-HPC30 hydrogels, the gel point was found to be after 48
min at 37 °C. Using eqn (2) and eqn (3), the viscoelastic expo-
nent, n, was determined to be 0.84 and S, the gel stiffness at the
gel point, was estimated to be 1.3 x 1072 Pa s*%.
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Fig. 2 Storage modulus (G, filled symbols) and loss modulus (G, open
symbols) versus frequency SF-HPC30 at various time indicated during
sol-gel transition at 37 °C.
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Fig. 3 (a) The loss tangent (tand) versus frequency of SF-HPC30 at
various times during the sol-gel transition at 37 °C. (b) tané as a function
of time at various angular frequencies.

For the time just after the gel point, the G’ and G” curves
maintained their general shape and exhibited a crossover point at
which G’ and G were equal (e.g. the curves of 60 min and 73 min
in Fig. 2). This gave the possibility of building a pair of master
curves known as time-cure superposition, which is the superpo-
sition of viscoelastic functions for varying extents of gelation.
Since the near critical gels are self-similar, a change in the extent
of gelation results in a mere change in scale, but the functional
form of the viscoelasticity remains the same.*” Thus, time-cure
superposition enables us, not only to validate the critical gel
point determined above, but also to identify the critical scaling
exponents of the longest relaxation time and equilibrium
modulus, both of which characterize the molecular structure of
the gel networks.

By shifting the G’ and G’ curves through the characteristic
frequency, w. and the characteristic modulus, G., the master
curve for SF-HPC30 are shown in Fig. 4. Here, w, is defined as
the crossover frequency at which G’ = G”.*%* The master curve
spanning a wide frequency range (over four decades) character-
ized the viscoelastic relaxation of the SF-HPC hydrogel near the
gel point. When the frequency was above w,, the clusters trapped
within the network governed the viscoelastic behavior, resulting
a higher G than G'. In contrast, the network was responsible for
the viscoelastic behavior which is reflected in typical rheological
properties of ideal solid ay frequencies below w..>
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Fig. 4 Collapsed rheological master curve obtained by shifting G'(w)
(closed symbols) and G"'(w) (open symbols) through the characteristic
(crossover) frequency w. and the characteristic (crossover) modulus G..
Upper inset: G versus (t — t.)/t., which is the relative distance from the gel
point 7.. Lower inset: w, versus (t — t.)/t..

Near the gel point, the longest relaxation time, 7y and equi-
librium modulus G, are expected to obey a power law with the
relative distance from the gel point, e = (t — £,)/t,:

L e “
Ge ~ Gc ~ & (5)

The scaling exponents, y and z were determined to be 4.0 and 3.8,
respectively (insets of Fig. 4).

The gel parameters of SF-HPC hydrogels with different
weight ratios are summarized in Table 1. The gelling time (point)
gradually decreased with the increase in the proportion of SF in
the blends. The values of viscoelastic exponent z lay in the range
0.8-0.9, indicating that all the critical gels were generally very
soft and fragile.** The SF-HPC30 and SF-HPC50 hydrogels had
similar values of n, y and z, which approach the values predicted
by Rouse theory (n = 2/3, y = 4 and z = 8/3).5"*2 On the other
hand, the exponents obtained for the SF-HPC70 hydrogel were
distinctly different from those of the SF-HPC30 and SF-HPC50
hydrogels, and were in close agreement with the predicted values
from Zimm theory (n = 1, y = 8/3 and z = 8/3).°"%

Microstructure of SF-HPC blend hydrogels

Confocal microscopy was employed to gain insight into the gel
formation mechanism of SF and HPC blends. Besides the three-
dimensional structure, the distribution of these two biopolymers
within the hydrogels can be investigated at the same time, as SF
was labeled with rhodamine B (red) and HPC was labeled using
fluorescein (green).

Fig. 5 shows the confocal microscopy images of SF-HPC30,
SF-HPC50 and SF-HPC70. All three hydrogels displayed
a drop-matrix structure, that is, spherical droplets, with broad
size distributions, rich in one component dispersed in a contin-
uous phase rich in another component. It could be found that
HPC dominated the dispersed droplets in the SF-HPC30
hydrogel, whereas the droplets in the SF-HPC50 and SF-HPC70
hydrogels were rich in SF. Compared with the droplets in the
SF-HPC50 hydrogel which were up to 150 um in diameter, the
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Table 1 Gel parameters of SF-HPC hydrogels formed at 37 °C

Gel point
Hydrogel Ciotal (Wt%0) Mix ratio (SF/HPC) (min) n S (Pas”) y z
SF-HPC30 10 3/7 120 0.90 9.8 x 1072 2.5 2.8
SF-HPC50 10 515 90 0.79 1.8 x 107! 43 4.1
SF-HPC70 10 7/3 48 0.84 1.3 x 1072 4.0 3.8

droplets in the SF-HPC30 and SF-HPC70 hydrogels were
much smaller (below 50 um). In addition, some droplets in the
SF-HPC50 and SF-HPC70 hydrogels appeared to be partially
coalescent (Fig. 5e, Sh).

The morphology of the droplet-matrix structure indicated that
the gelation of SF-HPC was likely induced by a phase-separation
process via a nucleation and growth mechanism.?*** which may
be triggered by the enhanced intermolecular hydrophobic inter-
action between HPC chains upon heating to 37 °C. As phase
separation proceeded, the dispersed morphology coarsened by
either coalescence processes or by Ostwald ripening, ie. the
gradual dissolution of the smaller droplets into the larger ones.>?
The interaction between the dispersed phase promoted not only
the coarsening process, but the gel formation as well, and the
space-spanned gel network eventually terminated the coarsening

b

process. The kinetics of phase separation and gelation could be
tuned by changing the composition of the blend, and thus varied
the morphology of gel. Due to the trapped phase separation at
the initial stage, fewer droplets formed in the SF-HPC30 gel
with the fastest gelation kinetics (as shown in Table 1). However,
in the SF-HPC50 and SF-HPC70 gels, more droplets and
discernible coalescence accompanied by slower gelation kinetics
were observed, indicating more extensive coarsening of the phase
structure before gel formation.

Molecular mobility in the SF-HPC blend during sol-gel
transition

To further understand the gelation mechanism, quantitative *C
NMR measurements were performed as they provided the

Fig. 5 Confocal laser scanning microscopy (CLSM) images of the SF-HPC hydrogels. (a-¢) SF-HPC30, (d-f) SF-HPC50 and (g-i) SF-HPC70.
Fluorescein-labeled HPC emit green light (a), (d) and (g) while rhodamine B-labeled SF emit red light (b), (¢) and (h). The images (c), (f) and (i) are the
overlap of the two corresponding images. The arrows in (e) and (h) indicate partially coalescent droplets.
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possibility to investigate the molecular chain mobility of SF and
HPC (Fig. 6 and Fig. S17). For the SF-HPC30 blend, the inte-
gral of HPC resonance signals were significantly reduced in the
gel state compared with those in solution state. However, the
signal intensities of SF remained almost unchanged in both
the gel and solution states.

To quantify the differences in the intensity change of indi-
vidual resonances during the sol-gel transition, we calculated the
integral area ratio of HPC at 66-67 ppm, corresponding to the
CH carbon at the end of hydroxypropyl substituent,* and that of
SF at 50 ppm, corresponding to the C, carbon of Ala residue.*®
The ratio decreased from 0.91 to 0.20 in the sol-gel transition of
thr SF-HPC30 blend (Fig. 7), indicating a tremendous decrease
in the mobility of HPC molecular chains. It correlated well with
the distribution of HPC in the dispersed droplets in the gel state
(Fig. S5a—c) and suggested that the mobility of HPC molecular
chains was restricted in the phase-separated droplets during the
gelation process.

A remarkable increasing in the ratio was observed during the
gelation of the SF-HPC70 blend (Fig. 7), which suggested the
decrease of the mobility of SF molecular chains. It was
also consistent with the phase structure revealed by CLSM
(Fig. 5g-i). However, the integral ratios were similar in the
solution and the hydrogel of the SF-HPC50 blend (Fig. 7). We
suppose that molecular chains of the components in larger
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dispersed droplets might be less restricted, since the droplets in
the SF-HPC50 blend were much larger than other two blends,
i.e. SF-HPC70 and SF-HPC30 (Fig. 5).

Secondary structural change of SF in the SF-HPC blends during
the sol—gel transition

Raman spectra taken close to the gel point of SF-HPC blends
were collected to characterize the conformational transition of
SF during gelation. According to the literature, the amide I
bands around 1659 and 1667 cm™' are associated with random
coil and B-sheet conformations of SF, respectively.>’*® The SF—
HPC blend solution at 4 °C (to prevent gelation) showed a broad
and asymmetric peak at 1659 cm~! (Fig. 8, curve a), indicating
a predominantly random coil conformation along with a small
amount of other secondary structures of SF. Upon heating to 37
°C, the broadened peak and the presence of a minor peak near
1681 cm™' which was assigned to an intermediate conformation
between random coil and B-sheet,* indicated that the confor-
mation of SF began to convert from random coil to B-sheet in the
initial stage of gelation (Fig. 8, curve b). As the gelation proceeds,
it could be found that the B-sheet dominated the secondary
structure at the critical gel point (Fig. 8, curve c), suggesting the
increase of B-sheet content closely correlating with the gel
network formation. As incubation time extended to 120 min
(Fig. 8, curve d), the presence of the sharper peak around
1667 cm™! illustrated a more orderly arrangement of molecular
chains as well as the further increase in B-sheet structure of SF. In
addition, few other secondary structures were found in the
mature of hydrogel, which demonstrated that the B-sheet struc-
ture played a role in the crosslinking of the SF-HPC gel network.
It is easy to understand that the more content of B-sheets
structure in the blend hydrogel, the higher density of the cross-
links can be achieved.

Formation mechanism of SF-HPC blend hydrogels

Based on the discussion above, we proposed a possible hydro-
gelation mechanism of the SF-HPC blends. As shown in Fig. 9,
when the SF-HPC blend solution was heated to 37 °C, the
enhancement of intermolecular hydrophobic interactions
between HPC molecular chains triggered the phase separation of
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Fig. 8 Amide I region of Raman spectra of SF-HPC30: (a) solution at
4 °C, (b) solution at 37 °C (after 0 min of incubation at 37 °C), (c) near
critical gel (after 50 min of incubation at 37 °C) and (d) complete
hydrogel (after 120 min of incubation at 37 °C). Raman spectra of 10 wt%
SF and HPC solution are also shown as controls.

the blend via nucleation and growth mechanism, and finally led
to the formation of SF-rich domains. Correspondingly, the local
increase in SF concentration was likely to drive the conforma-
tional transition of SF from random coil to B-sheet, which
resembled the macromolecular crowding effect on protein
folding.**! As phase separation proceeds, the dispersed droplets
coarsen, along with the increase of intermolecular B-sheet
content till the hydrogel network forms. The significant increase
in the B-sheet content at the gel point compared to the sol state
indicated that B-sheets may act as crosslinks of the gel network.
The further increase in the B-sheet content beyond the gel point
resulted in a higher crosslink density and a larger modulus of the
hydrogel. This also explained why the gelling time was inversely
proportional with the concentration of SF (Table 1). Moreover,
since the B-sheet structure is not easy to break, the SF-HPC
hydrogel was thermo-irreversible. Besides, the hydrophobic
interaction and entanglement between molecular chains may also
contribute to the formation of hydrogel network. With the

blend solution

~_SF ~~_HPC
AAA B-sheet

Fig. 9 Schematic illustration of the mechanism of SF-HPC blend
hydrogel formation.

improvement of network, the coarsening of the dispersed drop-
lets was arrested by the mature gel network, so the mobility of
molecular chains in the dispersed droplets was severely restricted,
which eventually gave rise to the “freezing” of the formed phase
structure.

Thixotropic properties of the hydrogel and viability of injected
cells in the hydrogel

For future application purposes (e.g., delivery of cells), a mate-
rial that gelled between 10 and 60 min at the physiological
temperature was thought to be suitable in terms of handling in
vitro, providing sufficient time for cell loading on one hand and
ensuring gel formation is not too slow to cause cellular sedi-
mentation on the other hand.®> Thus, the the SF-HPC30
hydrogel with the gel point of 48 min (Table 1) was chosen to test
its injectability and its ability to act as a cell delivery vehicle.

Large amplitude oscillatory rheology confirmed the reversible
gel-sol-gel property of the SF-HPC30 hydrogel (Fig. 10). In
phase I, a strain sweep of 0.3-3000%, was performed on the
SF-HPC30 hydrogel. In the gel state, G' was larger than G".
Above the critical strain (about 30%), G’ decreased rapidly,
indicating a collapse of the gel to produce a quasi-liquid. In phase
11, 3000% strain was applied for 60 s to further liquefy the gel,
and then the strain amplitude jumped to 1% to monitor the gel
recovery. After the switch of shear strain from 3000% to 1%, the
blend immediately exhibited gel behavior with G’ significantly
higher than G” and recovered to around 80% of its initial elastic
modulus within 5 min. Since the B-sheet structure of SF was not
easy to break under the shear force, when the hydrogel fractured
into domains and was flowable during shearing, these domains
were still crosslinked through the B-sheet structure of SF, thus
they could pack together and reform a complete network once
shearing ceased. The mechanism of the thixotropic behavior of
SF-HPC blend hydrogels will be discussed in detail in the follow-
up work.

To evaluate the ability of our SF-HPC blend hydrogel to
protect cells during injection, 1.929 fibroblast cells were encap-
sulated in the SF-HPC30 hydrogel ex vivo and then injected onto
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Fig. 10 G’ and G’ of a SF-HPC30 hydrogel (incubated at 37 °C for 3 h)
on strain sweep (0.3-3000%) and subsequent step strain (3000% and 1%)
measurements.
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a well for confocal observation via a 27-gauge needle. After
injection, a live-dead assay was performed on the syringe-
delivered cells by staining the live cells green with calcein AM and
dead cells red with ethidium homodimer. The vast majority of the
1L.929 cells, over 95%, remained alive after injection (Fig. S2t)
and was not significantly different from that observed in the
uninjected gels (Fig. S3at). The negative control with cells killed
by methanol showed that the staining conditions are sufficient to
identify dead cells (Fig. S3bt). The 3D confocal image also
suggested that the cells were still evenly distributed within the
injected hydrogel (Fig. 11). Therefore, our hydrogels not only
encapsulated cells creating a homogeneous cell/gel construct,
regardless of delivery by syringe injection, but also enabled them
to survive under high shear stress during injection.

Conclusions

In this work, a novel blend hydrogel comprising SF and HPC
was developed. The blends gelled at 37 °C within 1 h and the
hydrogels were injectable as they showed thixotropic properties.
Based on the results from dynamic rheological measurements,
confocal laser scanning microscopy (CLSM), Raman, and
quantitative *C-NMR spectroscopy, a possible gelation mech-
anism was proposed. When the SF-HPC blend solution was
heated to 37 °C, the hydrophobic interaction between HPC
chains was enhanced and triggered the phase separation of the
blend, which induced the emergence of a SF-rich phase, and thus
initiated the conformation transition of SF from random coil to
B-sheet. As the phase separation preceded, the phase-separated
microstructure coarsened. Meanwhile, the B-sheet content of SF
increased, and ultimately, a percolated network formed. The -
sheet content of SF increased continuously after the gel point,
leading to the ripening of the gel network and the immobilization
of the dispersed phase and the molecular chains therein. It was
found that the composition of the blend greatly affected on the
kinetics of both phase separation and the gelation process, as
well as the final morphology and mechanical properties of the
hydrogel. Moreover, the hydrogel was demonstrated to encap-
sulate cells and to protect the encapsulated cells against high
shear force during injection. Thus, the injectable SF-HPC blend
hydrogel as a minimally invasive formulation may find applica-
tions in numerous biomedical fields, such as cell therapy and
drug delivery.

Fig. 11 3D reconstructed CLSM image demonstrating cell survival and
homogeneous distribution after injection in the SF-HPC hydrogel.
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