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ABSTRACT A novel, to our knowledge, technique was developed to control the rate of b-sheet formation and resulting hydro-
gelation kinetics of aqueous, native silk solutions. Circular dichroism spectroscopy indicated that vortexing aqueous solutions of
silkworm silk lead to a transition from an overall protein structure that is initially rich in random coil to one that is rich in b-sheet
content. Dynamic oscillatory rheology experiments collected under the same assembly conditions as the circular dichroism
experiments indicated that the increase in b-sheet content due to intramolecular conformational changes and intermolecular
self-assembly of the silk fibroin was directly correlated with the subsequent changes in viscoelastic properties due to hydroge-
lation. Vortexing low-viscosity silk solutions lead to orders-of-magnitude increase in the complex shear modulus, G*, and forma-
tion of rigid hydrogels (G* z 70 kPa for 5.2 wt % protein concentration). Vortex-induced, b-sheet-rich silk hydrogels consisted of
permanent, physical, intermolecular crosslinks. The hydrogelation kinetics could be controlled easily (from minutes to hours) by
changing the vortex time, assembly temperature and/or protein concentration, providing a useful timeframe for cell encapsula-
tion. The stiffness of preformed hydrogels recovered quickly, immediately after injection through a needle, enabling the potential
use of these systems for injectable cell delivery scaffolds.
INTRODUCTION
Many hydrogel materials, both synthetic and natural, have

been developed for tissue engineering (1) and drug/growth

factor release (2). Synthetic hydrogelating systems can be

classified into polymer-based (3), polymer-peptide hybrid

(4), and peptidic self-assembling hydrogels (5,6). Peptidic

hydrogel systems are promising synthetic materials, since

they generally show low immunogenicity and controllable

assembly kinetics, nanostructure formation, and hydrogel

mechanical properties (7,8). Natural, biopolymeric systems

generally show better compatibility for hosting cells and

bioactive molecules (4). Among naturally derived biomate-

rials, silk fibroin hydrogels are of interest for many biomed-

ical applications, such as bone-filling materials (9) and cell

encapsulation for three-dimensional cell culture (10).

Generally, several biological (cytocompatibility, cell

adhesion, and subsequent morphological changes, cell prolif-

eration, cell phenotype maintenance and in some cases, cell

proliferation and postinjection biodegradability of hydrogel

matrix) and some physical (bulk mechanical properties

as determined by the local and global structure) properties

of hydrogel scaffolds are considered to be crucial for cell

encapsulation/delivery applications. However, there are

additional and challenging materials criteria that should be

met before widespread use of these materials for cell delivery

applications (7,11). Ideally, hydrogelation kinetics should be

controlled precisely to enable homogeneous three-dimen-

sional encapsulation of cells and prevention of cell sedimen-

tation. Once homogeneous cell encapsulation is achieved, an

important practical consideration for injectable hydrogel/cell

scaffolds is the ease of application into the body with high
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spatial precision (7). For example, a shear-thinning hydrogel

material could be implanted by minimum invasion to the

delivery site, such as by injection through a needle. A hydro-

gel that shear-thins into a sol during injection could enable

more homogeneous delivery of the cells to the wound site

as compared to cell delivery in solution. In addition, it would

be important for the shear-thinned hydrogel material to

recover immediately to a stiff network after removal of

applied shear, facilitating localization of a uniform density

of cells at the delivery site.

Silk fibroin, the structural, self-assembling protein of silk-

worm fibers, is a high-molecular-weight block copolymer

consisting of a heavy (z370 kDa) and a light (z26 kDa)

chain with varying amphiphilicity linked by a single disulfide

(12): The heavy chain contains hydrophobic, repetitive oligo-

peptides rich in alanine and glycine amino acids interspersed

with small, more hydrophilic, charged and amorphous

regions that give the chain a polyelectrolyte nature. The

sequence of the light chain is less repetitive and has a high

content of glutamic and aspartic acid residues. Silk fibroin

has been processed into a variety of material formats, such

as films, electrospun fibers, three-dimensional porous scaf-

folds, microspheres and hydrogels, mainly for tissue engi-

neering and cell/drug delivery applications (10,13–20). Silk

hydrogels have been thoroughly studied for potential biotech-

nological applications due to their exceptional mechanical

properties, biocompatibility, controllable degradation rates,

and self-assembly into b-sheet-rich networks (21–25). Previ-

ously, self-assembly and concomitant hydrogelation of silk

fibroin was triggered in vitro at low pH, high temperatures,

or high ionic strength (16,17,19). However, silk gelation

was too slow under physiologically relevant solution condi-

tions for the realization of cell encapsulation applications.

Recently, an ultrasonication method was introduced that
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enables rapid and controlled hydrogelation of the silk fibroin

in physiological solution conditions for three-dimensional

human bone mesenchymal stem-cell encapsulation (10).

This method lead to the realization of new tissue engineering

applications in the absence of harsh solution conditions that

may be detrimental to cell behavior (10).

Silk fibroin is rich in random coil and a-helical content

when produced at high solution concentrations in the silk-

worm gland. The protein goes through a structural transition

into b-sheet-containing fibers during spinning due to elonga-

tional and shear forces and the concomitant changes in the

ionic concentration and pH (26–30). In addition to leading

to changes in protein structure, elongational and shear forces

have also been reported to affect the rheological properties of

aqueous silk fibroin solutions. For example, an anomalous

shear thickening followed by shear-thinning behavior was re-

ported at or above 4.2 wt % silk fibroin concentrations (31),

similar to that observed for associating polymers (32,33).

This behavior was related to the alignment and stretching

of polymer chains induced by the shear-rate gradient and

alternating rupture and recovery of the crosslinks. At higher

silk concentrations of ~25 wt %, a phase separation between

a white, tough material and the surrounding clear liquid was

reported at steady shear rates above 2 s�1 (28). This apparent

phase separation was attributed to shear-induced crystalliza-

tion into a b-sheet structure by stretching of fibroin molecules

due to the applied flow field and repulsion of bound water at

relatively low shear rates as compared to those within the

silkworm duct. Interestingly, Kojic and co-workers reported

that the mechanical response of the spinning extract of Neph-
ila clavipes spider depended strongly on the mode of applied

deformation (34): Steady shear experiments showed shear

thinning attributable to liquid-crystalline-like alignment of

silk protein chains, whereas extensional rheometry showed

transient stiffening of the spinning solution, providing impor-

tant information en route to matching the synthetic silk spin-

ning process to that in nature.

In this article, we present a novel, to our knowledge, and

very simple vortexing technique to employ the shear-

gradient-induced changes in silk fibroin structure and

solution viscoelastic properties to control the postvortex self-

assembly and hydrogelation kinetics for cell encapsulation at

lower protein concentration than those previously studied.

We collected circular dichroism (CD) spectroscopy and

dynamic oscillatory rheology data under the same assembly

conditions at the same time points after triggering hydroge-

lation by vortexing. Hence, isotemporal evolution of the

shear-induced changes in the overall protein structure due

to changes in molecular conformation and intermolecular

self-assembly could be correlated to concomitant changes

in viscoelastic properties due to vortex-induced hydrogela-

tion. In addition, we study the shear-thinning and recovery

behavior of vortex-induced silk hydrogels using rheology

to highlight the suitability of these materials as versatile

cell delivery scaffolds.
MATERIALS AND METHODS

Preparation of aqueous silk fibroin solutions

Silk fibroin aqueous solutions were prepared as previously described (35).

Briefly, Bombyx mori cocoons were boiled for 40 min in an aqueous solution

of 0.02 M sodium carbonate and then rinsed thoroughly with deionized

water. After overnight drying, the silk fibroin was dissolved in an aqueous

solution containing 9.3 M LiBr at 60�C overnight. The solution was dialyzed

against deionized water using Slide-a Lyzer dialysis cassettes (MWCO

3500, Pierce, Rockford, IL) for two days to remove the residual salt. The

final concentration of the silk fibroin was ~5.2 wt %. Lower concentration

silk solutions were prepared by diluting the 5.2 wt % stock solution with

deionized water.

Vortex-induced hydrogelation

In a typical CD spectroscopy or rheology experiment, 1 mL of silk solution

was equilibrated at 25�C in a vial kept in a water bath for 10 min and mixed

for predetermined times at 3200 rpm using a vortexer (Fisher Scientific,

Hampton, NH) to induce silk self-assembly and hydrogelation. Increasing

the vortex time increased the solution turbidity and eventually bulk phase

separation of a white and solidlike material was observed, especially at lower

protein concentrations. Both CD and rheology data were collected from

turbid solutions after removal of the solid phase.

Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectra were collected using an AVIV Biomedical

Model 410 CD spectrometer (Lakewood, NJ). After vortexing, aqueous silk

solutions were immediately loaded in a 0.1 mm quartz cell within a temper-

ature-controlled cell holder. CD wavelength scans between 210 and 260 nm

or time sweeps at 216 nm were collected at 25�C. Due to the high silk

concentrations, the high dynode voltages below 210 nm lead to erroneous

data. The CD spectrum of water collected immediately before each measure-

ment was used for background correction. The mean residual ellipticity was

calculated from

�
q
�
¼ q$M

10$c$l$n

�
deg$cm2

dmol

�
;

where q is the measured ellipticity (deg), M is the mean molecular mass

(g/mol), c is the protein concentration (g/cm3), l is the path length (cm),

and n is the number of residues. M and n for B. mori heavy chain were taken

as 391,563 g/mol and 5263, respectively (36) (Accession: P05790). For

protein concentration measurements, a 0.5 mL aliquot of silk solution was

dried at 60�C overnight and the solution concentration was calculated

from the weight of the dried film.

Dynamic oscillatory rheology

Dynamic oscillatory time, frequency and strain sweeps were performed using

an ARES strain-controlled rheometer (TA Instruments, New Castle, DE)

with 25- or 50-mm-diameter stainless steel parallel plate geometries at 0.5-

mm measuring gap distance. In a typical experiment, the silk solution was

applied slowly via a syringe on the rheometer plate to prevent shearing of

the sample immediately after vortexing. The normal force applied on

the sample during lowering of the top plate was limited to 0.1 N. A low

viscosity mineral oil and the solvent trap supplied by TA instruments were

used to prevent sample evaporation from the sides of the plate. Dynamic

oscillatory time sweeps were collected at a low strain amplitude (g ¼ 1%,

u ¼ 10 rad/s) to prevent possible sample manipulation due to applied shear

during measurements. Frequency sweeps were collected over a wide

frequency range (g ¼ 1%, u ¼ 0.1–100 rad/s) after each time sweep. To

observe the time evolution of the frequency dependence of viscoelastic prop-

erties, frequency sweeps were collected continuously over a narrower range
Biophysical Journal 97(7) 2044–2050
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FIGURE 1 (A) Far-UV CD spectra collected immedi-

ately after vortexing silk solutions for different durations,

tV. (B) Correlation between the time evolution of the

increase in [q]216 measured by CD and the shear storage

modulus, G0 measured by dynamic oscillatory rheology

during postvortex incubation. Rheology frequency sweeps

of (C) storage and (D) loss modulus collected at different

postvortex assembly times, tA, under the same assembly

conditions as in panel B. The frequency sweep data

collected from nonvortexed silk solution was also given

in panels C and D for comparison (þ).
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(g ¼ 1%, u ¼ 0.5–100 rad/s). At the applied shear amplitude, continuous

collection of frequency sweeps had no detectable effect on the measured

rheological properties. Strain sweep measurements were performed from

g ¼ 0.01–1000% (u ¼ 10 rad/s) at the end of each experiment to determine

the linear viscoelastic regime of the final hydrogel.

Injection studies

To study the injectability of vortexed hydrogels and the shear-recovery

behavior, vortexed silk solutions were either loaded into 1 mL syringes

immediately after vortexing and allowed to gel overnight, or were loaded

into syringes after overnight hydrogelation in vials. A 21-gauge needle

was connected to the syringe, and the hydrogel was injected through the

needle directly onto the rheometer plate. A frequency sweep was collected

over a wide frequency range (g ¼ 1%, u ¼ 0.1–100 rad/s) within 10 min

of injection of the sample.
RESULTS AND DISCUSSION

Vortexing triggers b-sheet formation

Fig. 1 A shows far-UV CD spectra collected from aqueous

native silk solutions with a protein concentration, 4¼ 1.3 wt

% at 25�C, immediately after vortexing for different times,

tV. Nonvortexed silk solution did not show any local minima

attributable to a-helical or b-sheet conformations within

the observed wavelength range (210 nm < l < 260 nm),

indicating that the molecular conformation is predominantly

random-coil in solution. Vortexing the silk solution for 2 min

(tV ¼ 2 min) lead to a detectable increase in the apparent

b-sheet content, as observed by the formation of a local

minimum at l¼ 216 nm in the measured mean residual ellip-

ticity values ([q]216). With increasing vortex time (tV ¼
5 min), the absolute value of [q]216 increased further, sug-

gesting an increase in the overall b-sheet content. The

increase in b-sheet content measured by CD was associated

with an increase in solution turbidity. The increase in

turbidity was presumably due to increasing concentration
Biophysical Journal 97(7) 2044–2050
fluctuations caused by the increased shear-gradient due to

vortexing (see Possible Hydrogelation Mechanism, below)

leading to the dispersion of micron-scale, b-sheet rich silk

macromolecule clusters in solution. At lower protein concen-

trations, longer vortexing times lead to the formation of bulk

phase-separated agglomerates.

Overall molecular conformation and viscoelastic
properties

Fig. 1 B shows the dependence of b-sheet content detected

by CD spectroscopy and the shear storage modulus, G0,
measured by dynamic oscillatory rheology on postvortex

assembly time, tA (25�C, 4 ¼ 2.6 wt % and tV ¼ 7 min).

Here, [q]216* was calculated by subtracting the [q]216 value

obtained from nonvortexed silk solution rich in random

coil content from the [q]216 value measured from the sample

to observe the evolution of b-sheet content due to silk self-

assembly. The time progress of [q]216* and G0 were very

similar, showing a gradual increase with increasing assembly

time. In a double logarithmic scale, G0 initially increased

gradually, followed by a rapid increase in G0 after tA z
100 min. This orders-of-magnitude increase in G0 may indi-

cate a percolationlike transition due to increasing connec-

tivity of b-sheet rich macromolecule clusters to form a

hydrogel network. Overall, a strong correlation was apparent

between the increasing b-sheet content due to changes in

molecular conformation and intermolecular self-assembly,

possibly leading to macromolecular cluster formation and

the subsequent increase in the elasticlike behavior, presum-

ably due to increasing intercluster interactions.

Fig. 1, C and D, show the time evolution of the dynamic

frequency sweeps of the shear storage (G0) and loss modulus

(G00) during postvortex self-assembly collected under the

same assembly conditions as in Fig. 1 B. Nonvortexed silk
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fibroin solution essentially behaved as a low viscosity, New-

tonian fluid within the measured frequencies (dynamic

complex viscosity, h* z 3 mPa s). There was a significant

increase in the elasticlike behavior immediately after vortex-

ing: Both G0 and G00 increased by orders of magnitude, with

G0 > G00 at all measured frequencies. G0 showed a weaker

frequency dependence than G00 (G0 f u0.16 and G00 f u0.22),

suggesting that the macromolecule clusters could essentially

behave as viscoelastic fluids displaying gel-like behavior

within the observed frequency range. The apparent gel-like

behavior may be attributed to the relatively large size of

the micron-scale macromolecule clusters. With increasing

assembly time after vortexing, there was a gradual increase

in both G0 and G00 which showed progressively weaker

frequency dependence, especially after the apparent percola-

tion transition of the clusters at t z 100 min. G0 and G00

became essentially frequency-independent within the mea-

sured frequency range after tA* z 1000 min of assembly

(G0 f u0.02 and G00 f u0.08), suggesting the formation of

a hydrogel network consisting of permanent intercluster

physical crosslinks (8).
Possible hydrogelation mechanism

Shear-induced gelation has been reported for polymers in

poor solvents (37) and amphiphilic, associating polymers

(32,33). For polymers in poor solvents, shear flow is

believed to increase the concentration fluctuations, which

may lead to the assembly of macromolecules in the absence

of excluded volume in a poor solvent (37). For associating

polymers, increased intermolecular interactions between

self-associating chains that undergo non-Gaussian stretching

due to flow were argued to lead to shear-induced gelation

(33). The silk protein is an amphiphilic, block copolymer

that consists of segments with predominantly hydrophobic

domains that are phase-separated in the nanometer scale

to enable solubilization in water (38). Based on overall

hydropathy of silk fibroin (in the absence of the nano-

phase-separated, folded molecular arrangement), water could

be considered as a poor solvent for this protein. For example,

viscoelastic characterization of silk fibroin solutions in

LiBr$H2O/H2O/C2H5OH mixed solvents showed that the

solution dynamic viscosity and flow activation energy

decrease, while dissolution time and the concentration of

LiBr necessary to dissolve silk fibroin increase with

increasing water content, suggesting that water acts as the

poor solvent in this solvent system (39,40). Therefore, a

shear-induced hydrogelation mechanism analogous to that

proposed for polymers in poor solvents and amphiphilic-

associating polymers could be operational in the vortex-

induced hydrogelation of the silk fibroin. Namely, vortexing

could increase the concentration fluctuations in the aqueous

silk solution, which could lead to self-assembly into clusters

and increased intercluster interactions in the absence of

excluded volume. It can be argued that the spatial heteroge-
neity of concentration fluctuations or a shear gradient may be

responsible for controlling the kinetics of native silk hydro-

gelation: The shear-gradient may cause non-Gaussian

stretching (unfolding) of silk fibroin molecular domains

and formation of macromolecule clusters rich in b-sheet

content due to increased exposure of hydrophobic domains

to water. Increasing size and concentration of b-sheet macro-

molecule clusters, and subsequent increase in the concentra-

tion and overall lifetime of intercluster crosslinks and the

physical entanglements between dangling fibroin chains,

could eventually lead a percolationlike transition into a

permanent, physical hydrogel network.
Controlling hydrogelation kinetics and final
hydrogel rigidity

Hydrogelation kinetics could be controlled easily by

changing the processing parameters, such as vortex time

(Fig. 2, A and B), postvortex assembly temperature (Fig. 2,

C and D), and silk concentration (Fig. 2, E and F). This

way, self-assembly and hydrogelation kinetics were adjusted

from minutes to hours to potentially enable homogeneous

encapsulation of cells in three dimensions; namely, cells

could be introduced immediately before the rapid gelation

due to the apparent percolation transition to prevent cell sedi-

mentation. It should be noted here that the shear storage

modulus (G0) values at the apparent percolation were in a

rather narrow range between 30 and 100 Pa (at 10 rad/s)

for most studied assembly conditions, giving a rough esti-

mate of the solution viscoelastic properties when the cells

could be introduced for homogeneous encapsulation.

Fig. 2, A and B, show the time evolution of G0 and the shear

loss modulus (G00), respectively, after vortexing the solutions

for different times, tV (25�C, 4 ¼ 5.2 wt %). There was

a noted increase in the initial G0 values immediately after

vortexing with increasing vortex time, presumably due to

increasing concentration of macromolecule clusters. More-

over, the apparent jump in G0 attributed to increasing cluster

connectivity shifted to shorter assembly times, i.e., tA*

decreased with increasing vortex time (tA* z 35, z 50,

z 100, and > 1000 min for tV¼ 11, 9, 7, and 0 min, respec-

tively). However, the increase in stiffness after tA* was

slower with increasing vortex time and the apparent equilib-

rium stiffness of the final hydrogel was essentially indepen-

dent of the vortex time. Therefore, vortexing provided

a useful means for controlling the assembly kinetics of the

native silk and did not significantly alter the final mechanical

properties of the self-assembled silk hydrogels.

Fig. 2, C and D, show the time evolution of rheological

properties at different assembly temperatures (4 ¼ 5.2 wt %,

tV ¼ 7 min). The self-assembly and hydrogelation kinetics

of vortexed silk solutions could easily be increased by

increasing the assembly temperature. A master curve of the

G0 data shown in Fig. 2 C could be constructed by normal-

izing the assembly time by a time shift factor, t0, indicating
Biophysical Journal 97(7) 2044–2050
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FIGURE 2 Controlling hydrogelation kinetics by vortex

time (A and B), assembly temperature (C and D), and protein

concentration (E and F) (see text for experimental details and

assembly conditions). Power law exponents in panel A were

obtained from fits to G0 data immediately after the apparent

percolation.
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that the self-assembly mechanism at different temperatures

may be similar within the studied temperature range (data

not shown). As a further note, an Arrhenius type plot showed

a linear dependence of the time-shift factor as a function of

reciprocal assembly temperature

ln ðt0Þ ¼
4801

T
� 11:2

(Fig. 2 D, inset). For comparison, the time evolution of G0

and G00 for the nonvortexed solution at 50�C were also given

in Fig. 2 A, which showed no detectable change in the visco-

elastic behavior after 1000 min, indicating the significant

effect of vortexing on hydrogelation kinetics.

Fig. 2, E and F, show the time evolution of the viscoelastic

properties for different silk concentrations (25�C for tV ¼
7 min). The final hydrogel stiffness was strongly dependent

on the initial protein concentration: For low protein concen-

trations (0.32 < 4 < 1.3 wt %) G0 f 41.5, while at higher

protein concentrations (1 < 4 < 5.2 wt %) G0 f 44 (data
Biophysical Journal 97(7) 2044–2050
not shown). The concentration dependence of network

stiffness of vortexed silk hydrogels in the high-concentration

regime resembles that in shear-induced gelation of amphi-

philic polymers in the entangled regime (G0 f 43.7) (32).

A much weaker theoretical concentration dependence

(G0 f 42.5) was observed for highly crosslinked, semiflexible

biopolymer chain networks (41). The initial G0 values after

vortexing apparently increased with decreasing silk concen-

tration. This observation could be attributed to the increasing

effect of vortex-induced concentration fluctuations and

formation of a higher concentration of macromolecule clus-

ters with decreasing protein concentration.
Hydrogel stiffness recovers after shear-thinning

Another important practical consideration for injectable

hydrogel/cell scaffolds could be the ease of application to

the body with high spatial precision, e.g., by injection through

a needle. We first examined possible shear-thinning behavior
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FIGURE 3 Strain sweeps (A and B) collected from

vortex-induced hydrogels with different silk concentrations

(arrows show apparent yielding). Frequency (C and D)

sweeps collected from the hydrogels before (open symbols)

and immediately after shear-thinning by injection through

a 21-gauge needle (solid symbols).
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in vortex-induced hydrogels formed on the rheometer plate.

Fig. 3, A and B, show the dependence of G0 and G00 on the

amplitude of the applied shear as a function of protein concen-

tration. All hydrogels display a linear viscoelastic regime and

apparently yield above the shear amplitude, gB (gB z 2%, z
40%, and z 10% for 1.3 wt %, 2.6 wt %, and 5.2 wt % hydro-

gels, respectively) followed by apparent shear-thinning.

Shear-thinning could be attributed to the rupture of dangling

chain entanglement crosslinks and breaking apart of clusters

from the hydrogel network at high shear amplitude. From

a practical viewpoint, shear-thinning of the hydrogel (e.g.,

during injection in vivo) could enable a more homogeneous

delivery of the cells in the shear-thinned sol to the wound

site as compared to cell delivery in solution (7). The apparent

decrease in gB from 2.6 wt % to 5.2 wt % could be due to

formation of a slip layer at the hydrogel/rheometer plate

interface at high shear for very stiff hydrogels leading to an

underestimation of gB.

To study possible recovery of crosslinks in vortexed hy-

drogels after shear-thinning, we compared frequency sweeps

collected before and immediately after directly injecting the

gels through a 21-gauge needle onto the rheometer plate

(Fig. 3, C and D). Injection through a needle was chosen

to demonstrate the possibility of injection of the hydrogels

in a minimally invasive manner to a delivery site. For all

hydrogels, there was significant recovery of stiffness imme-

diately after injection (for 4¼ 1.3 wt %, G0 recovered almost

to the preinjection value, while for higher protein concentra-

tions, G0 z 1/3 of the preinjection value). All hydrogels

essentially displayed frequency-independent shear modulus

immediately after cessation of applied shear due to injection.

It is unlikely that the shear-recovery of vortexed hydrogels
after shear-thinning is due to the disruption and reformation

of permanent, intermolecular b-sheet crosslinks. Therefore,

the presence of another crosslinking mechanism in addition

to the intermolecular b-sheet crosslinks could be hypothe-

sized similar to that proposed for b-hairpin peptide hydrogels

(7,8,11): For example, large, b-sheet rich clusters could slide

past each other during shear-thinning by the temporary

release of permanent, intercluster, dangling chain entangle-

ments at high shear amplitudes, which may re-form after

removal of shear, with no significant change in the overall

b-sheet content. Overall, considering the high stiffness

values and the frequency independence of viscoelastic prop-

erties immediately after injection, we would expect these

materials to facilitate localization of cells at the injection

site with high spatial precision.
CONCLUSIONS

In this article, we presented a novel, to our knowledge,

method to control the rate of b-sheet formation and resulting

hydrogelation kinetics of aqueous silk solutions to within

a timeframe that should enable homogeneous cell encapsula-

tion in three dimensions. The novel vortexing technique is

simple, yet versatile. Hydrogelation kinetics could be

controlled easily by changing the vortex time, assembly

temperature, and/or protein concentration. Vortex-induced

hydrogels shear-thinned during injection through needles,

while hydrogel stiffness recovered immediately after the

removal of applied shear. Physicochemical characterization

presented in this article will be further correlated with cell

behavior to study the applicability of these materials for homo-

geneous three-dimensional cell encapsulation, homogeneous
Biophysical Journal 97(7) 2044–2050
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delivery in vivo, and localization of hydrogel/cell scaffolds at

the injection site.
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