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ABSTRACT: Biomimetic scaffolds are desirable for 3D cell
culture, yet optically transparent, macroporous, polysaccharide
hydrogels have been limited. By incorporating soluble mono- and
disaccharide additives during cryogelation, we synthesized
biomimetic scaffolds and gained insight into the mechanism of
their formation. The mono/disaccharide additives affect the size of
ice crystal porogens and interact with polysaccharide polymers,
altering cryogel pore size and mechanical properties. Importantly,
gel transparency is maintained following removal of additives,
enabling their use as biomimetic extracellular matrices. We
demonstrate both optical transparency with 3D spatial control of immobilized bioactive growth factors using multiphoton
patterning and cellular response to immobilized ligands.

■ INTRODUCTION

Hydrogels have been engineered as extracellular matrix (ECM)
analogues to provide chemical and physical cues to recapitulate
natural cell growth.1 Hydrogel porosity enables adequate gas
and nutrient diffusion and affects cell adhesion and cell
secretion of ECM molecules, with optimal cell growth often
dependent on pore size.2,3 Many strategies have been pursued
to introduce pores into hydrogels.4 Cryogelation is particularly
attractive as porous hydrogels are formed by freeze/thaw
methods, which are effective and facile to perform. Pore
formation by ice porogens in poly(vinyl alcohol) cryogels has
been described in detail,5 and cryogels have been prepared with
both natural and synthetic polymers for biomedical applica-
tions;6,7 however, the lack of optical transparency has limited
their widespread use in cell culture.7,8 Several strategies have
been used to introduce transparency into porous cryogels
composed of synthetic polymers,9−12 but reports with trans-
parent, porous hydrogels comprising natural polymers have
been limited.11

Polysaccharide-based polymers, such as hyaluronan, are an
important class of biomaterials in tissue engineering, as they
form a major component of the native ECM and are often
bioactive. While polysaccharide cryogels have been reported by
several groups,6,13,14 gel transparency following the freeze/thaw
process has eluded the community.
Herein, we describe, for the first time, a broadly applicable

method to synthesize macroporous polysaccharide-based
cryogels, with tunable pore sizes that remain transparent
following freeze/thaw (Figure 1). Transparency and tunability

are key for 3D patterning and cell culture. We demonstrate this
methodology for chemically cross-linked cryogels composed of
hyaluronan (HA), which is expressed in various tissues and
tumor microenvironments,15,16 and demonstrate the broad
applicability of this strategy with cross-linked methyl cellulose
(MC, Figure S1), which is often used in suspension cell
culture.17

For HA cryogels, we demonstrate the effect of using multiple
simple carbohydrate additives on the optical transparency, pore
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Figure 1. Schematic representation to prepare transparent, porous,
chemically cross-linked HA−furan/bis-maleimide PEG hydrogels via
cryogelation.
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size, and mechanical properties. Importantly, these gels remain
transparent after the additives are removed (which differs from
other polyol-based optically clearing techniques where these
additives must be retained in the sample to maintain
transparency18,19), thus enabling facile visualization of cells
cultured therein and multiphoton biochemical patterning of
growth factors in defined 3D volumes. Unlike previous studies
where particulate sugar has been used as porogens in tissue
engineered scaffolds,20,21 here dissolved sugars interact strongly
with water molecules during the freezing process and affect the
structural organization of growing ice crystals and thereby ice
crystal size during recrystallization.22 Interestingly, the sugar−
water interaction has been used in cellular cryopreservation,23

protein formulation,24 and food storage,25 leading us to
hypothesize that cryogel formulation could be manipulated by
the specific sugar used.

■ EXPERIMENTAL SECTION
Materials. Dried sodium hyaluronate (HA) (289 kDa), was

purchased from Lifecore Biomedical (Chaska, MN, U.S.A.). Bis(N-
ethylmaleimide)−poly(ethylene glycol) (PEG-(mal)2, 3 kDa) was
purchased from RAPP Polymere GmbH (Tubingen, Germany). 4-
(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride
(DMTMM), dimethyl sulfoxide (DMSO), diisopropylcarbodiimide
(DIC), borane dimethylamine complex, triisopropylsilane and
maleimide−streptavidin, N-(2-hydroxy-ethyl)maleimide, and hyalur-
onidase (isolated from bovine testes, 890 U/mg) were purchased from
Sigma-Aldrich (St. Louis, MO, U.S.A.). Tetrakis(triphenylphosphine)
palladium was purchased from TCI America (Philadelphia, PA,
U.S.A.). Amino acids for peptide synthesis were purchased from
Anaspec (Fremont, CA, U.S.A.). Furfurylamine was purchased from
Acros Organics (New Jersey, NJ, U.S.A.). D-Galactose, D-glucose, D-
trehalose, and D-sucrose were purchased from BioRad. 2-(N-
Morpholino)-ethanesulfonic acid (MES) and 2-[(2-hydroxy-1,1-bis-
(hydroxymethyl)ethyl)amino] ethanesulfonic acid (TES) buffer were
purchased from Bioshop Canada Inc. (Burlington, ON, Canada). 5-
Dulbecco’s phosphate-buffered saline (PBS) was purchased from
Multicell Technologies Inc. (Woonsocket, RI, U.S.A.). AlexaFluor
488−hydrazide, AlexaFluor 546−maleimide, AlexaFluor 633−N-
hydroxy succinimide (NHS), AlexaFluor 488 Phalloidin, goat
antimouse AlexaFluor 633, Hoescht 33342, and 4′,6-diamidino-2-
phenylindole (DAPI) were purchased from Life Technologies
(Burlington, Canada). Dialysis membranes were purchased from
Spectrum Laboratories Inc. (Rancho Dominguez, CA, U.S.A.).
Collagen IV was purchased from Corning (Corning, NY, U.S.A.).
Recombinant human epidermal growth factor (EGF) was purchased
from PeproTech Inc. (Rocky Hill, NJ, U.S.A.).
General Preparation of HA−furan/PEG Cryogels. Furan-

modified HA/PEG−(maleimide)2 cryogels were prepared as pre-
viously described16 with the following modifications: For 800 μL of a
1.25% HA/PEG−cryogel, HA−furan (47% substitution, 10.0 mg, 1.0
equiv of furan) was dissolved in 166 μL of 10 mM MES buffer (pH
5.5). In another vial, PEG−(mal)2 (14.7 mg, 0.8 equiv of maleimide
relative to furans) was dissolved in 57.9 μL of 10 mM MES buffer (pH
5.5) and then mixed with the HA−furan solution. To enhance cryogel
transparency, a 1.34 M carbohydrate solution (one of D-galactose, D-
glucose, D-trehalose, or D-sucrose dissolved in 10 mM MES buffer
(pH 5.5)) was prepared and added to the HA/PEG solution and
diluted with 10 mM MES buffer (pH 5.5) to achieve the desired sugar
concentration. The gel solution was thoroughly mixed using a vortex,
followed by centrifugation to remove air bubbles. The solution was
then transferred into the desired vessels and incubated at 37 °C for 1
h. Gels were placed in a −80 °C freezer for 45 min, followed by
storage at −20 °C overnight. The gels were removed and thawed at
room temperature, and the freeze−thaw cycle (i.e, −80 °C freezer for
45 min, followed by storage at −20 °C overnight) was repeated
another two times. The free mono- and disaccharides were then
removed from the cryogels by extensive washing with PBS.

For cell experiments and pore size analyses, 30 μL of gel (prepared
with 0.96 M galactose or sucrose) was prepared in each well in a 96
well plate. For absorbance measurements and uncompressed
mechanical testing, 75 μL of gel were prepared in 96-well plates or
in 16-well glass chamber slides, respectively. For hydrogel swelling and
degradation studies, 100 μL of gels were prepared in pretared 1.6 mL
Eppendorf tubes. For photopatterning experiments, 100 μL of each gel
(prepared with 0.96 M trehalose or sucrose) was prepared in 8-well
glass chamber slides.

Absorbance Measurements of HA−furan/PEG Cryogels.
Cryogels were prepared in a 96 well plate, with 75 μL per well.
Each gel was prepared in triplicate and measured at 370 and 740 nm
on a Tecan Plate Reader. Gels were thoroughly washed with PBS prior
to performing absorbance measurements. Absorbance values of the
cryogels were recorded and converted to percent transmittance.

Pore Size Characterization. For pore size analysis, 30 μL of gel
was prepared in each well in a 96-well plate. Following cryogel
formation, the unreacted furans in the HA/PEG gel were reacted with
AlexaFluor 546−maleimide to enable visualization of the pore walls.
HA/PEG-cryogels were swelled in MES buffer (0.1 M, pH 5.5), and
maleimide−AlexaFluor 546 (2 ng dye/μL gel) was added and mixed
overnight at room temperature in the dark. The labeled gels were
washed extensively with PBS to remove unbound dye. At least three
gels were prepared for each formulation, and Z-stack sections of each
gel were imaged using an Olympus confocal microscope at 20×
magnification. Pore sizes were quantified at varying depths within a Z
stack (25, 100, 200, 300 μm) using ImageJ software.

Mechanical Compression Testing. The Young’s moduli were
determined for HA−furan/PEG cryogels that were washed and
preswollen in PBS, with diameters of 5 mm. Samples were placed
between two impermeable flat platens connected to a DAQ−Nano17
force transducer (ATI Industrial Automation) on a Mach-1 micro-
mechanical system (Biomomentum) and subjected to an initial tare
force of 0.01 N to even out surface defects, with the platen-to-platen
separation taken as the initial sample height. Uniaxial, unconfined
compression was performed at 37 °C at a deformation rate of 10 μm/s
until an applied strain of 20% was reached. The Young’s modulus was
taken as the slope of the resultant stress versus strain chart for each
sample. At least five separate gels were prepared and analyzed for each
gel formulation.

Fluorescence Measurements of HA−Furan/PEG Cryogels.
Cryogels were prepared in a 96-well black with transparent-bottom
plates, at 50 uL/well. Cryogel formulations were prepared using 1.0
mol equiv of maleimides relative to amount of furans conjugated to the
HA backbone. Each gel was prepared in triplicate. Unreacted furans in
the HA/PEG cryogels were reacted with maleimide−AlexaFluor 546
(5.0 μL of a 0.97 μM stock solution) and washed extensively with
methanol (3 times), followed by PBS (4 times), until fluorescence was
absent in the supernatant. An adsorption control was also performed
by first incubating maleimide−AlexaFluor546 in 0.1 N NaOH for 3 h
at room temperature to hydrolyze the base-sensitive maleimide groups
to prevent their conjugation to HA−furans; the same molar amount of
dye was added to the adsorption control wells. A standard curve was
performed by adding a known volume of maleimide−AlexaFluor 546
dye to each respective cryogel formulation. Fluorescence intensity was
measured by taking three images along the same Z-plane for each gel
(three gels per condition) and quantified using ImageJ Software.

Hydrogel Swelling. HA/PEG hydrogels and cryogels were
prepared (100 μL volume of gel) in a pretared 1.6 mL Eppendorf
tube, using the method described above. The 1.25% HA−furan gels
were prepared, with 0.78 M of each mono- or disaccharide. At least
four replicates of each gel condition were prepared. Gels were washed
and equilibrated in PBS at 37 °C for 24 h. At each desired time point,
the buffer was removed and the gels in each tube were weighed using
the same microbalance. Swelling data was reported as a ratio of gel
mass at each specific day to the initial equilibrated hydrogel mass.

Hydrogel Degradation with Hyaluronidase. Hydrogels were
prepared and equilibrated as described above for hydrogel swelling
experiments. Each gel (100 μL) was treated with 100 μL of
hyaluronidase (20 U in 100 μL, diluted in PBS) and incubated at 37
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°C overnight. At each time point, the hyaluronidase solution was
removed and the gels in each tube were weighed using the same
microbalance. A fresh solution of hyaluronidase (20 U in 100 μL
diluted in PBS) was added at each time point.
Chemical Modification of Growth Factors for Cryogel

Immobilization. Iodo−acetamide−EGF−AlexaFluor 488 was pre-
pared as previously described.16 Briefly, to a solution of recombinant
EGF (1.0 mg, 6.21 kDa, 0.16 μmol in TES buffer, pH 8.6, PeproTech),
four portions of sulfosuccinimidyl (4-iodoacetyl)aminobenzoate
(sulfo−SIAB, 2.0 mg, 4.0 μmol per portion) was added dropwise
every 2 h at room temperature. Unreacted sulfo−SIAB was removed
by extensive dialysis in TES buffer at pH 8.0. Electrospray ionization
mass spectrometry shows that an average of 3−6 iodoacetamide
moieties were conjugated to EGF. To fluorescently label IA-EGF,
carboxylic acids of IA-EGF were then reacted with DMT-MM and
AlexaFluor 488−hydrazine and mixed overnight. Unbound fluorescent
AF-488 was removed by extensive dialysis in PBS.
For recombinant EGF: ESI calcd [M + H]+ = 6218.74; found

6215.8. For IA-EGF: ESI calcd 3 IA, [M + H]+ = 7078.96; 4 IA, [M +
H]+ = 7365.71; 5 IA, [M + H]+ = 7652.46; 6 IA, [M + H]+ = 7939.21;
found 7076.6, 7363.5, 7650.5, 7937.4, respectively.
Biotinylated-CNTF−AlexaFluor 633 was expressed and modified as

previously described.26 Briefly, a biotin−ligase recognition sequence
and a hexahistidine sequence were incorporated into the C-terminus of
the expressed protein (27.98 kDa, ε = 33, 570 M−1 cm−1) to enable
site-specific biotinylation and purification with a Ni-NTA column,
respectively. Following biotinylation with a biotin ligase kit,
biotinylated-CNTF was extensively dialyzed in PBS. Electrospray
ionization mass spectrometry of biotin−CNTF shows a shift of +227
Da compared to unmodified CNTF, indicating conjugation of a single
biotin moiety. Biotin−CNTF was then fluorescently labeled by adding
AlexaFluor 633−NHS to react with the free amines of biotin−CNTF.
Unbound dye was removed by extensive dialysis in PBS.
For recombinant CNTF, ESI calc for [an−1]

+ = 27801.01, [bn−1 +
H2O]

+ = 27847.02; found 27798.0, 27846.0. For biotin−CNTF, ESI
calcd for [an−1]

+ = 28027.09, [bn−1 + H2O]
+ = 28073.10, [xn−1]

+ =
28104.09; found 28024.0, 28073.0, 28104.0.
Cryogel Preparation for Photopatterning. For photopatterning

experiments, HA−furan/bromo-hydroxy coumarin (Bhc) was pre-
pared as previously reported16 with the following modification:
following conjugation of Bhc−cysteamine to the HA−furan backbone
with DMT-MM, the mixture was treated with 2 equiv of K2CO3
(relative to moles of conjugated furans) overnight at room
temperature prior to dialysis in PBS and then distilled water.
Substitution of Bhc was quantified using 500 MHz 1H NMR.
Following lyophilization to afford a white amorphous solid, cryogels
were prepared as above. The unreacted furans on the HA backbone
were quenched by adding 10 mg/mL N-ethylhydroxy maleimide (0.2
mL) in 0.1 M MES buffer (pH 5.5) and incubated overnight at room
temperature. Gels were then washed with TES buffer (pH 8.6) to
remove and hydrolyze unbound N-ethyl hydroxymaleimides. Gels
were then incubated and washed three times with 0.1 M phosphate
buffer (pH 6.8). Iodoacetamide−EGF, maleimide−AF546, or
maleimide−streptavidin was then diluted in PBS (pH 6.8), and 100
μL was added to the gels and agitated for 2 h prior to photopatterning.
Confocal Settings for Photopatterning and Fluorescence

Imaging. All patterns were created using a Leica TCS-SP2 confocal
microscope (Leica Microsystems, Wetzlar, Germany) equipped with a
multiphoton Mai Tai broadband Ti−sapphire laser (Spectra-Physics)
using a 20× objective (NA = 0.4) and an electronic stage. The
multiphoton laser was set to 740 nm with an offset of 75% and a gain
of 35% for patterning.
Images were collected by using an inverted confocal microscope

(Olympus FV1000) at 10× or 20× magnification using the following
excitation and emission wavelengths: for AlexaFluor 488: Ex. 485 nm,
Em. 520 nm; for AlexaFluor 546, Ex. 560 nm, Em. 580 nm; for
AlexaFluor 633, Ex. 635 nm, Em. 680 nm.
Synthesis of ECM-Mimetic peptides. The cell adhesive peptides

Ac-GRGDS-PASSKG4SRL6KK(male-imide)G and(maleimide)-
GRKQAAS-IKVAV-SG4SRL6-KK(Alloc)G were synthesized using

standard Fmoc chemistry on a CEM solid phase peptide synthesizer.
The 0.1 M HOBt was added to the 20% piperidine deprotection
solution to prevent aspartamide formation.27 Fmoc-lys(Alloc)-OH was
first immobilized to Fmoc-Gly-Wang resin using manual solid phase
peptide synthesis and monitored using the TNBS test. For the RGD
peptide with C-terminal maleimide functionalization, further mod-
ifications were performed manually following automated peptide
synthesis. Following the final N-terminal Fmoc deprotection step, the
peptide (0.5 mmol) was acetylated using acetic anhydride (0.25 mL,
2.65 mmol) and diisopropylethylamine (0.91 mL, 5.3 mmol) in
dichloromethane (10 mL) at room temperature for 2 h. The
allyloxycarbonyl (alloc) group was removed using Pd(PPh3)4 (cat.)
and borane dimethylamine complex (60 mg, 1.0 mmol) in
dichloromethane, under N2(g) overnight at room temperature.
Maleimide propanoic acid (169 mg, 1.0 mmol) was then immobilized
to the peptide using the carboxylic acid activator diisopropylcarbodii-
mide (DIC, 0.3 mL, 2.0 mmol) in dichloromethane overnight. Finally,
the peptide was cleaved from the resin using 15 mL of the cleavage
cocktail: 8:1:1 (v/v/v) of TFA:H2O:triisopropylsilane. The peptide
was purified using C18 reversed phase HPLC (mobile phase: 15:85 to
50:50 (v:v) acetonitrile/water gradient over 30 min) and dissolved in
10% DMSO in 0.1 M MES buffer (pH 5.5) at a final peptide
concentration of 0.75 mM.

Cryogels were first equilibrated in 0.1 M MES buffer (pH 5.5), and
the peptides (3.75 μL of 0.75 mM peptide solutions) were added to
each gel and incubated overnight. The following day, gels were washed
extensively with PBS to remove unbound peptides.

Ac-GRGDS-PASSKG4SRL6RRKK(maleimide)G: ESI calcd for
C125H217N43O38 [M + H]+ 2929.64; found 2929.7. (Maleimide)-
GRKQAAS-IKVAV-SG4SRL6R2KK(Alloc)-G: ESI calcd for
C146H258N48O40 [M + H]+ 3324.96; found 3324.9.

Peptide Immobilization to Cryogels. Peptides were grafted to
the preformed cryogel via Diels−Alder reaction between the unreacted
furans on the HA backbone and the maleimide of the peptides.
Following cryogel preparation, the gels were washed extensively with
PBS to remove excess carbohydrates and unreacted polymers. Gels
were then equilibrated with 0.1 M MES buffer (pH 5.5). A total of 50
μL of desired peptide solution (56 μM in 0.1 M MES buffer pH 5.5)
was then added to each well and incubated overnight at 37 °C.
Peptides were washed extensively with PBS and then 0.1 M MES (pH
5.5). Maleimide−AlexaFluor 546 (50 μL of 0.5 μg/mL 0.1 M MES pH
5.5) was added to each well, reacted overnight, and then washed with
PBS.

Cell Culture of Human T47D Breast Cancer Cells. T47D cells
(ATCC, Manassas, U.S.A.) were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, and 10 μg/mL insulin at 37 °C with 5% CO2. Cells
were passaged using 0.25% trypsin for 3 min at 37 °C and inhibited
using RPMI-1640 media. A total of 2000 cells in 100 μL of media were
added to each well and incubated at 37 °C with 5% CO2. After the
cells settled in the gels for 45 min, another 50 μL of media
supplemented with Collagen IV (20 μg/mL) and IKVAV peptide (50
μM) was added. Media were changed every 3 d. After 7 d, cells were
fixed with 4% PFA for immunocytochemistry.

Immunocytochemistry. To fix cells cultured in cryogels, media
were first carefully removed using a pipet, and 50 μL of 4% PFA
(dissolved in PBS) was added for 1.5 h at room temperature. Gels
were then carefully washed with 200 μL of PBS (4 times, 10 min
each), and 10% FBS in PBS was used to block nonspecific interactions
for 1 h.

For T47D, 30 μL of AlexaFluor 488 Phalloidin (1/100 in 10% FBS)
and DAPI (1/500 in 10% FBS) were added for 3 h at room
temperature. Gels were then washed extensively with 1% FBS/PBS (4
times, 30 min each). Cells in the gels were imaged while still in the 96
well plates.

Statistical Analysis. All statistical analyses were performed using
GraphPad Prism version 6.00 for Mac (GraphPad Software, San
Diego, CA, U.S.A.). Differences among groups of three or more
treatments were assessed by one-way ANOVA with Tukey or
Bonferroni post hoc tests to identify statistical differences. An α
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level of 0.05 was set as the criterion for statistical significance. Graphs
are annotated with p values represented as *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001. All data are presented as mean ± standard deviation.

■ RESULTS AND DISCUSSION
Transparent HA cryogels are synthesized by reacting HA−furan
with bismaleimide−poly(ethylene glycol) (Mal2PEG) cross-

linkers in the presence of mono- or disaccharides (Figure 1).
Freezing this mixture produces ice crystals that act as porogens,
with chemically cross-linked HA-PEG pore walls forming in the
intergranular space between the ice crystals. We screened
monosaccharides (galactose and glucose) and disaccharides
(sucrose and trehalose) and hypothesized that the different
physicochemical properties of these carbohydrates (e.g.,
hydroxyl stereochemistry, partial molar compressibility, and
hydration number)22,28 would result in HA−cryogels with
different properties.
Cryogel transparency increased as carbohydrate concen-

trations increased (Figure 2A−C), yet cryogels formulated
without additional sugars are turbid, consistent with previous
examples of porous polysaccharide cryogels.6,14 Recently,
glycerol was reported to improve the transparency of
macroporous PEG and gelatin chemically cross-linked hydro-
gels by forming intermolecular hydrogen bonds with the
polymers.11 The authors proposed that this enhanced trans-
parency resulted in increased anisotropy of the PEG polymers,
thereby reducing light scattering. However, they did not
observe this clearing effect with polysaccharide gels likely
because glycerol does not interact as strongly with poly-
saccharides as it does with PEG and gelatin. Our inclusion of
simple carbohydrates may similarly improve transparency and
polymer anisotropy of polysaccharide cryogels through
carbohydrate−carbohydrate interactions with the HA backbone
during cryogelation. Such interactions are abundant in nature

and play important roles in many biological processes such as
cell adhesion and recognition.29,30

With our interest in designing ECM-mimetic scaffolds, we
sought to use these transparent cryogels for multiphoton

Figure 2. (A) Image of various cryogel formulations with carbohydrate
additives. % transmittance of cryogels at (B) 370 nm and (C) 740 nm.
Disaccharides and increased carbohydrate concentrations increased
cryogel transparency.

Figure 3. Carbohydrate additives alter the physical properties of HA
cryogels. Representative images of cryogels prepared using mono-
saccharides, (A) galactose and (B) glucose, and disaccharides, (C)
sucrose and (D) trehalose. (E) Pore size distribution and (F) median
pore size of each gel formulation. Cryogels prepared with disaccharides
had smaller pore sizes than monosaccharides. (G) Median pore size of
each formulation at specific Z-axis depths within the cryogels showing
no statistical differences between the Z-axis depths of each individual
formulation. All data are presented as mean ± standard deviation. P
values are represented as ***p ≤ 0.001 one-way ANOVA Bonferonni
post hoc analysis.

Figure 4. Bulk Young’s (elastic) modulus of HA/PEG gels measured
by bulk compression testing. (A) Addition of simple carbohydrates
increases stiffness of cryogels that underwent three freeze−thaw cycles
while addition of trehalose further increases stiffness to match that of
conventional nonporous HA hydrogels (p > 0.05). (All data are
presented as mean ± standard deviation, n ≥ 5). P values are
represented as *p ≤ 0.05, **p ≤ 0.01 one-way ANOVA Bonferroni
post hoc analysis. (B) Young’s modulus increases as the number of
freeze/thaw cycles increases. While cryogels did not form after the first
cycle, Young’s modulus clearly significantly increased between cycles 2
and 3 in cryogels formulated with 0.78 M trehalose (P values are
represented as ***p ≤ 0.001 t test post hoc analysis, n ≥ 5, mean ±
standard deviation plotted).
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confocal microscopy to immobilize bioactive molecules within a
precise three-dimensional volume. Although we have previously
shown that this technique can be used for conventional,
nonporous transparent hydrogels,16,31 it has not been described
for cryogels due to their lack of transparency in previous
formulations. Bromo-hydroxy coumarin (Bhc) is an effective
photocaging group that can be cleaved using two-photon

irradiation (at 740 nm), a technique that has defined Z-axis
control.31,32 We examined the transmittance of HA cryogels at
wavelengths relevant for the photocleavage reaction (370 and
740 nm, Figure 1B,C): gels formulated in the absence of
additional carbohydrates had low transmittance (∼35%)
whereas those formulated in the presence of increased
carbohydrate concentrations had higher transmittance (78 to
93% and 96 to 99% for 0.2 and 0.78 M additional sugars,
respectively). At 0.20 M, disaccharides improved the trans-
mittance compared to monosaccharides likely because dis-
accharides have more hydroxyl groups and occupy greater steric
volume than monosaccharides and thus have greater
interactions with the HA polysaccharide, resulting in improved
polymer anisotropy and thus greater optical transmittance.
Interestingly, at 0.78 M, the type of carbohydrate did not affect
the transmittance; the interactions between the simple sugars
and polymer backbone may be saturated, resulting in a nearly
transparent gel, with a cumulative average transmittance of 99.0
± 0.1%.
To better understand how cryogel formulation influenced

porosity, fluorescently labeled HA cryogels were prepared. We
sought to understand the role of carbohydrates on pore sizes by
examining multiple sugars. Formulations with monosaccharides
(Figure 3A,B) resulted in increased pore sizes relative to those
with disaccharides (Figure 3C,D). Figure 3E,F shows pore size
distribution and the average pore size of these various
formulations, respectively. The increased steric volume of

Figure 5. Unreacted furans following cryogelation in HA−furan/PEG
cryogels formulated with 0.78 M mono- or disaccharides. Unreacted
furans are conjugated with maleimide−AlexaFluor 546 and washed to
remove unbound dye; a higher amount of fluorescence means that
more furans are unreacted during cryogelation and, thus, have lower
cross-linking efficiency. Significantly fewer unreacted furans were
present following cryogelation with trehalose (white bar), translating
to a higher degree of cross-linking efficiency. All data are presented as
mean ± standard deviation. P values are represented as *p ≤ 0.05, one-
way ANOVA Tukey post hoc analysis, n = 3 gels per condition. A
calibration curve with AlexaFluor 546 was generated and used for each
set of cryogel formulations.

Figure 6. Stability of HA cryogels (A) swelling ratio of macroporous
HA cryogels and nonporous HA gels. Gels were equilibrated in PBS
for 24 h, and then the volume of the gel was measured at 37 °C in PBS
relative to pre-equilibrated volume. Cryogels (circles) exhibit similar
and minimal swelling, while nonporous hydrogels (square) swell by
approximately 25% after 10 days. Statistics were performed for various
formulations at each day using one-way ANOVA Bonferroni post hoc
analysis. * = nonporous hydrogels are significantly different than all
porous cryogels (p ≤ 0.05); ** = nonporous hydrogels are
significantly different than porous cryogels prepared with galactose,
trehalose, and sucrose and without sugar additives (p ≤ 0.01), *** =
nonporous hydrogels are significantly different than all porous cryogels
(p ≤ 0.001) (n = 4, mean ± SD plotted). (B) Degradation of HA gels
using hyaluronidase (20U). Porous cryogels (circle and triangle data
points) degrade faster than nonporous gels (square). Statistics were
performed for various formulations at each day using one-way
ANOVA Bonferroni post hoc analysis. P values are represented as
**p ≤ 0.01 and ***p ≤ 0.001 and show statistical significance between
each formulation on the same day.

Figure 7. (A) Schematic representation of photopatterning
maleimide−AlexaFluor 546 dye into HA cryogels. The photolabile
group bromo-hydroxy coumarin (Bhc) can be cleaved using
multiphoton confocal microscopy (740 nm) to liberate free thiols
that can then react with the maleimide fluorophore. (B) Bhc
immobilized to the HA−furan polymer backbone (blue fluorescence)
is photolytically cleaved from HA backbone at specific regions
(darkened rectangle). (C) The resulting uncaged thiols in the
patterned regions are conjugated to maleimide−AlexaFluor 546 dye
(red). (D) Overlay of HA-bhc pore walls (blue) and immobilized
mal−AF546 dye. Unbound fluorophores are removed by extensive
washing with PBS. (E, G) Photopatterning performed using turbid HA
cryogels prepared in the absence of any sugar additives (E: top view,
G: side view). No patterning is observed, and imaging is not possible
past the surface of the gel. (F, H) Patterning performed in the
presence of transparent HA cryogels showing patterning can be
achieved (red circular discs) with spatial-control and observed
throughout the gel (F: top view, H: side view). Scale bars represent
200 μm.
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disaccharides inhibits water addition to growing ice crystals
better than monosaccharides, resulting in smaller ice crystals
and subsequently smaller pores, corroborating previous
reports.23 Moreover, we examined the pore size at varying
depths (from 25−300 μm) throughout the gels and show that
the median pore sizes throughout these depths are not
statistically different for each respective formulation, demon-
strating uniformity of pore size with depth (Figure 3G).
While carbohydrates have previously been used as porogens

in hydrogels,20,21 it is important to note that our current
technique is completely different. Previous reports used
crystallized solid sugar particles to form pores, and inclusion
of these insoluble carbohydrate porogens increased pore size.21

However, herein we report that the soluble carbohydrate
additives themselves do not act as the porogens, but rather they
interact with, and decrease the size of, ice crystal porogens.
Although many studies have shown that macroporous gels with
pore sizes above 150−200 μm are useful for tissue regeneration
applications,3 other examples have demonstrated that smaller
pore sizes are also beneficial,4 including those used for cardiac33

and bone34 tissue engineering and ophthamological implants.35

Even conventional hydrogels (with very small pore sizes) that
are susceptible to enzyme degradation have been shown to
support cell invasion.36−38

We further investigated the effect of carbohydrate additives
on the Young’s (elastic) modulus of the cryogels (Figure 4A)
and found that addition of carbohydrates to porous cryogel
formulations significantly increased the Young’s modulus,

Figure 8. 3D photopatterning in porous HA cryogels immobilizes
growth factors in a defined volume. (A) Synthetic scheme for protein
conjugation. Confocal images of cryogels photopatterned with (B)
IA−EGF−AlexaFluor 488 and (C) Mal-streptavidin and biotin−
CNTF−AlexaFlor 633. Fluorescent patterns show irradiated volumes
and immobilization with fluorescent biomolecules, while dark regions
were not irradiated and lack protein conjugation. Scale bars represent
100 μm.

Figure 9. Imaging of T47D cells and HA cryogels using an inverted
confocal microscope. Cells cultured in turbid cryogels prepared
without sugar additives (A: top view; C: side view) cannot be
visualized, while cells cultured in transparent cryogels with 0.96 M
trehalose (B: top view, D: side view) can be readily visualized. Red =
HA-AF546 pore walls; blue = DAPI; green = phalloidin−AF488. Scale
bars = 200 μm.

Figure 10. Cell morphology of T47D breast cancer cells cultured in
HA cryogels. (A) Schematic representation of cells cultured on HA
cryogels resulting in formation of 3D multicellular spheroids.
Fluorescently labeled cryogels (red) immobilized with (B, C) RGD
peptides result in cell monolayers whereas cryogels immobilized with
(D, E) IKVAV peptides result in cellular spheroids. Scale bars
represent 200 μm. blue = nuclei (DAPI); green = actin (phalloidin−
AlexaFluor 488); red = HA gel pore walls (HA−furan−AlexaFluor
546).
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which is consistent with a previous report.16 Surprisingly (and
not previously observed or anticipated), addition of trehalose
significantly increased gel stiffness compared to other
carbohydrates, resulting in a modulus that was similar to
nonporous HA hydrogels (p > 0.05). We also show, consistent
with previous reports,14,39 that increasing the number of freeze/
thaw cycles during cryogel preparation results in increased gel
stiffness, Figure 4B. After one freeze/thaw cycle, gels prepared
with 0.78 M trehalose did not form a gel, while increasing to
two and three cycles resulted in Young’s moduli of 3.7 ± 0.5
and 6.6 ± 1.1 kPa, respectively. As another control, we
performed the cryogelation protocol using HA−furan only, in
the absence of any maleimide−PEG cross-linker, and observed,
not surpisingly, no evidence of cryogelation after three freeze/
thaw cycles.
Carbohydrates increase the molecular mobility of PEG

polymers in subzero conditions40 by disrupting their incorpo-
ration into the ice lattice and suppressing the local freezing
point of PEG molecules. We hypothesize that this increases the
reactivity of Mal2PEG toward HA−furan polymers under
cryogenic conditions thereby increasing cross-link density and
consequently stiffening the gels. Trehalose has an increased
ability to disrupt the 3D hydrogen-bonded network of water
molecules around ice crystals, as described by its lower partial
molar compressibility value compared to other carbohydrates
(−30.9 × 10−4 cm3 mol−1 bar−1 vs that for galactose, glucose,
and sucrose of −15.3, −15.9, and −17.3 × 10−4 cm3 mol−1

bar−1, respectively).28 Thus, there is increased solute entropy in
the intergranular space between ice crystals in trehalose
formulations, resulting in increased cross-linking efficiency
(and a higher modulus). We confirmed that of the mono- and
disaccharide-containing formulations, trehalose has the highest
degree of cross-linking (Figure 5).
Interestingly, while there is a difference in the cross-linking

efficiency of these various cryogel formulations, there was no
significant difference in their overall stability upon swelling at
37 °C in PBS for 1 week (Figure 6A). As a comparison,
conventional, nonporous HA gels swelled by ∼25% after 10
days. Thus, while trehalose retains a similar Young’s modulus
compared to conventional nonporous HA gels, these cryogels
are significantly more stable.
Next, we performed degradation studies of these gels using

hyaluronidase, an enzyme that degrades hyaluronic acid, Figure
6B. Cryogels prepared with carbohydrates (circle and triangle
data points) degraded faster than conventional, nonporous
cryogels (square data points); we hypothesize this to be due to
the macroporous nature of the cryogels, which enable diffusion
of the enzymes throughout the gel to achieve faster bulk
degradation of the cryogels.
To demonstrate the utility of this transparent scaffold, we

performed 3D photopatterning of bioactive molecules using
two-photon confocal microscopy, which has not been
previously achieved with macroporous polysaccharide cryogels
due to their lack of transparency. HA polymers were prepared
for photopatterning by further modifying HA−furan to install
the photoactive bromo-hydroxycoumarin (Bhc) moiety. 1H
NMR was used to detect the presence of Bhc (Figure S2).
Following cryogelation of Bhc-modified HA−furan cryogels,

photocleavage of Bhc liberates reactive free thiols that can react
with functional groups such as iodoacetamide (IA) or
maleimide (Figures 7A and 8A). To prevent maleimide groups
from reacting with free furans still present in the HA cryogels,
we first quenched the cryogels with N-hydroxyethyl maleimide

and then washed the gels to remove residual reagents, prior to
performing the photopatterning experiments. We demonstrate
that photopatterning can be achieved within transparent
macroporous gels. By using confocal microscopy, we show
that Bhc (which emits blue fluorescence upon excitation) is
photolytically cleaved from a specific region within the gel
(darkened rectangle in Figure 7B), while unpatterned regions
remain blue due to the presence of uncleaved Bhc. The free
thiols that are liberated following the photocleavage reaction
are then reacted with a maleimide−AlexaFluor 546 fluorophore
(Figure 7C, red rectangle). The presence of the immobilized
fluorophore overlaps with the darkened photopatterned regions
of the gel, confirming that photocleavage and subsequent
fluorophore conjugation has occurred, Figure 7D.
As a control, photopatterning experiments were performed

using turbid cryogels prepared in the absence of any sugar
additives (Figure 7E,G), which did not result in any patterning.
Moreover, we were unable to visualize Bhc-containing pore
walls past approximately 150 μm into the gels. In contrast,
patterning was successful at multiple depths and with spatial
control using transparent macroporous cryogels, and the
patterned regions were easily visible throughout the gel (Figure
7F,H).
Next, we demonstrate that this system can be applied to

conjugate bioactive molecules that are modified with different
reactive linkers (Figures S3 and S4, Figure 8A). As a proof of
concept, we used epidermal growth factor (EGF) modified with
iodoacetamide (Figure S3) and biotinylated ciliary neuro-
trophic growth factor (CNTF, Figure S4). Following
cryogelation of Bhc-modified HA cryogels, photocleavage of
Bhc liberates free thiols that react with either iodoacetamide
(IA)-modified epidermal growth factor (IA−EGF−AlexaFluor
488, Figure 8B, green) or Mal−streptavidin and sequential
conjugation with biotin−ciliary neurotrophic factor (biotin−
CNTF−AlexaFluor 633, Figure 8C, magenta) to create
fluorescent 3D rectangular patterns. The lack of fluorescence
surrounding the patterns indicates that growth factor
immobilization is precisely controlled along the X, Y, and Z-
axes in porous HA cryogels.
To gain some insight into the potential use of these HA-

based cryogels in cell culture, we examined cell viability and
response to immobilized ligands. As the cryogels are trans-
parent, cells were easily visualized using a standard inverted
confocal microscope, which is normally difficult to achieve with
conventional translucent or opaque cryogels, Figure 9. We
demonstrate that these transparent gels can be imaged to
greater depths (of 500 μm) than cryogels prepared in the
absence of additional carbohydrates. For the latter, the depth of
imaging is limited to approximately 150 μm, as was also shown
in Figure 7E,G.
We performed a control experiment to demonstrate the

improved imaging capabilities of our transparent cryogels. It is
important to note that these gels were prepared and imaged in
a 96 well plate using an inverted confocal microscope; the gels
did not need to be removed from the wells to be imaged,
thereby enabling live cell studies.
As proof of concept studies, we probed the formation of 3D

multicellular spheroid structures with breast epithelial cells. The
formation of these 3D structures is important for in vitro cancer
cell culture because the majority of breast cancers originate
from epithelial cells (known as carcinomas), which typically
form 3D spheroid structures in lobules and ducts.41 Finding a
defined scaffold structure in which to mimic this morphology in
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vitro is limited and has led to a gap between in vitro and in vivo
drug screening.42 To this end, we envisioned using our
macroporous cryogels as a platform to enable the formation
of 3D multicellular spheroid structures, Figure 10A.
When T47D cells, a luminal epithelial breast cancer cell line

known to form 3D spheroids,43 were cultured on HA cryogels
immobilized with the fibronectin mimetic peptide RGD, cells
spread out and adhered to the cryogels (Figure 10B,C) as is
typically observed in conventional 2D cell culture. In contrast,
substituting RGD with a laminin 1-mimetic peptide (IKVAV,
Figure S4) results in the desired 3D cell spheroid structures
(Figure 10D,E), similar to what is observed in vivo.
Importantly, this demonstrates that immobilization of appro-
priate biomimetic ligands to HA cryogels can be successfully
implemented to control cellular response.
The addition (and subsequent removal) of simple carbohy-

drates into chemically cross-linked HA cryogel formulations
increases gel transparency and alters pore size and mechanical
properties. The precise control of the 3D hydrogel morphology
and biomolecule immobilization enables precise control of the
cellular microenvironment and consequent cellular response.
Optical transparency of 3D hydrogels is critical to their utility in
tissue engineering applications where in vitro cell culture and
multiphoton confocal laser biomolecule patterning are enabled.
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