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Abstract: A new class of functional saccharide—peptide copolymer-based hydrogels was synthesized and
investigated as synthetic extracellular matrices for regenerative medicine applications. The polymer was
composed entirely of natural building blocks, namely, galactaric acid and lysine on the backbone, with
tyrosine grafted onto the side chain as a handle for enzyme-catalyzed hydrogelation. The resulting hydrogels
are degradable under simulated physiological conditions and exhibit minimal cytotoxicity on dermal fibroblast
and PC-12 cells. As a demonstration of the versatility of the system, the mechanical properties of the gels
can be independently controlled without changing the polymer chemical composition. Using an identical
copolymer solution, by simply allowing different lengths of cross-linking time, a series of hydrogels was
obtained with different mechanical moduli at constant chemical structure. The moduli of the resulting
hydrogels varied stepwise from 1.7, 4.1, 6.9, and 12.5 kPa to allow for systematic studies on the effects of
modulus on cell behavior. It was exciting to observe that a simple change in hydrogel physical properties
could induce a direct phenotypic change in cell adhesion and proliferation. Depending on the substrate
mechanical modulus, the cell morphology changed and proliferation rate differed by an order of magnitude
for different cell lines. These data suggest our saccharide—peptide hydrogels as promising synthetic

extracellular matrices for cell culture and tissue regeneration.

Introduction

Hydrogels are important materials for many biomedical
applications including drug delivery, biosensors, diagnostics,
cell culture, and tissue regeneration.' ® One exciting direction
in this area is to develop hydrogels as functional scaffolds that
possess the appropriate chemical, physical, and biological cues
so that they can interact effectively with living cells and
encourage the development of new tissues.” '' Many criteria
should be met for an effective scaffold for daily cell culture
expansion as well as for advanced biomedical applications. The
ideal scaffold should be biocompatible, nonimmunogenic,
pathogen free, and biochemically defined for reproducibility and
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support the regeneration of the specific tissue type. In addition,
for tissue regeneration applications, the mechanical property of
the scaffolds should be tunable to match various tissues in the
body having moduli ranging from 0.5 kPa in the brain, 10 kPa
in muscle, to >30 kPa found in the bone.'?

A variety of hydrogels derived from natural biopolymers,
including agarose, alginate, collagen, silk, fibrin, and hyaluronic
acid (HA),"*~? have been explored as synthetic extracellular
matrices (SECMs) for cell culture and tissue regeneration
applications. Advantages of naturally derived sECMs over

(12) Rehfeldt, F.; Engler, A. J.; Eckhardt, A.; Ahmed, F.; Discher, D. E.
Adv. Drug Delivery Rev. 2007, 59, 1329-1339.

(13) Krejchi, M. T.; Atkins, E. D. T.; Fournier, M. J.; Mason, T. L.; Tirrell,
D. A. J. Macromol. Sci., Part A: Pure Appl. Chem. 1996, A33, 1389—
1398.

(14) Vercruysse, K. P.; Marecak, D. M.; Marecek, J. F.; Prestwich, G. D.
Bioconjugate Chem. 1997, 8, 686—694.

(15) Dillon, G. P.; Yu, X.; Sridharan, A.; Ranieri, J. P.; Bellamkonda, R. V.
J. Biomater. Sci. Polym. Ed. 1998, 9, 1049-1069.

(16) Schense, J. C.; Hubbell, J. A. Bioconjugate Chem. 1999, 10, 75-81.

(17) Lee, K. Y.; Rowley, J. A.; Eiselt, P.; Moy, E. M.; Bouhadir, K. H.;
Mooney, D. J. Macromolecules 2000, 33, 4291-4294.

(18) Chevallay, B.; Abdul-Malak, N.; Herbage, D. J. Biomed. Mater. Res.
2000, 49, 448-459.

(19) Inukai, M.; Jin, Y.; Yomota, C.; Yonese, M. Chem. Pharm. Bull. 2000,
48, 850-854.

(20) Lee, K. Y.; Mooney, D. J. Chem Rev 2001, 101, 1869-1879.

(21) Marolt, D.; Augst, A.; Freed, L. E.; Vepari, C.; Fajardo, R.; Patel, N.;
Gray, M.; Farley, M.; Kaplan, D.; Vunjak-Novakovic, G. Biomaterials
2006, 27, 6138-6149.

(22) Shen, W.; Zhang, K.; Kornfield, J. A.; Tirrell, D. A. Nat. Mater. 2006,
5, 153-158.

(23) Lindblad, M. S.; Sjoberg, J.; Albertsson, A.-C.; Hartman, J. ACS Symp.
Ser. 2007, 954, 153-167.

10.1021/ja907097t CCC: $40.75 © 2009 American Chemical Society



Design of Saccharide— Peptide Hydrogels

ARTICLES

- : Jmg

Saccharide Peptide

Modular | 1) Polymerization
synthesis | 2) Fucntionaliztion Enzymatic

: : Gelation

Functional and Bioabsorbable
Saccharide-Peptide Copolymer

Safe and Versatile
Saccharide-Peptide Hydrogel

3

Synthetic ECM
for Tissue Engineering

Figure 1. Design of fully naturally derived saccharide—peptide hydrogels as synthetic extracellular matrix (SECM) for cell culture.

synthetic analogs include their innate biocompatibility and
biodegradability. However, extracted proteins and polysaccha-
rides from animals are often expensive and have batch-to-batch
variations.'®?° Furthermore, possible chronic immunogenic
responses, such as macrophage activation and chronic inflam-
mation, may result when used inside the body.>*** In addition,
the complex structures of natural biopolymers have often limited
their design versatility for fine structural modification to tailor
specific functions.

Synthetic polymer-based hydrogels, on the other hand, offer
great versatility in controlling chemical structure, molecular
weight, mechanical strength, and specific functions. This
provides an exciting opportunity to design and tailor macro-
molecular chemistry and material properties to satisfy specific
biomedical applications.'® However, many synthetic hydrogels
are composed of non-natural building blocks that are not
biocompatible or biodegradable, limiting their ultimate in vivo
biomedical applications. Among many synthetic systems,
poly(ethylene glycol) (PEG)-based hydrogels have received
particular attention recently due to their hydrophilicity, non-
toxicity, and protein-resistant properties.’**’ PEG hydrogels
provide an inert surface onto which signaling motifs for
adhesion, survival, proliferation, and differentiation can be
incorporated to control cell adhesion, migration, and differentia-
tion. Various chemistries have been developed for preparing
PEG hydrogels as both 2D and 3D sECMs for cell culture and
tissue engineering applications.*® % Despite the many excellent
features, PEG hydrogels exhibit poor cell viability without the
incorporation of adhesion ligands.?***** In addition, PEG
hydrogels have limited versatility because the PEG backbone
lacks sites for functionalization; therefore, the incorporation sites
for functional groups, such as adhesion ligands, are limited to
the termini of PEG. To address the limitations of PEG, hybrid
PEG and peptide or protein gels have been reported for tissue
engineering applications.*!

Another important family of synthetic hydrogels is based on
synthetic peptides and peptide-based amphilphiles that can self-
assemble into nanofibers in the presence of cells.** *® One
unique feature of these self-assembled hydrogels is their
dynamic nature in the cellular environment, and some of them
have been shown to be successful in neuronal differentiation.
One potential limitation of these self-assembled systems,
however, is that these self-assembled systems usually form
relatively “weaker” gels, making them less amenable for a high-
modulus environment such as in cartilage and bone repairs.

With the aim to combine the advantages from both natural
and synthetic systems, namely, the biocompatibility and bio-
degradability from natural components and the versatility from
synthetic chemistry, our group has been exploring new strategies
to design synthetically simple, highly functional, and biocom-
patible novel biomaterials from natural building blocks. We

previously reported our design and investigation of a novel
sacchride-derived side-chain ether polymer as a protein-resistant
material*’~*® and a family of cationic saccharide—peptide hybrid
copolymers as vectors for plasmid DNA transfection.’® Herein
we describe our recent development of a novel family of
hydrogels derived from anionic saccharide—peptide hybrid
copolymer-based hydrogels as SECMS for cell culture and tissue
engineering applications (Figure 1). Saccharides and amino acids
are abundant natural building blocks used in nature to construct
many important biological polymers including proteins, polysac-
charides, and glycoproteins. Natural ECMs are intricate networks
of proteins and polysaccharides that give mechanical, chemical,
and biological cues to direct cell function.’' We envision that
hydrogels constructed from natural saccharrides and amino acids
should not only more likely be safe (biocompatible, biodegrad-
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Scheme 1. Synthesis of Saccharide—Peptide Copolymer
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able, and bioabsorbable) but also possess high functionality and
versatility so that their structure and properties can be tailored.
Compared to other synthetic hydrogels, the saccharide—peptide
hydrogels described here may offer the following advantages:
(1) they are fully composed of natural building blocks and will
eventually degrade into natural, nontoxic, and bioabsorbable
metabolites; (2) the hydrogels can be formed by cross-linking
using a natural enzyme; (3) the hydrogels are highly functional,
which offers a unique versatility to incorporate signaling motifs
to control cell function; and (4) the modular synthetic strategy
offers the advantage to combine structural precision with
versatility, which offers the potential to independently control
the physical, chemical, and biological properties of hydrogels
for cellular studies. Specifically, in this paper we report our
design and synthesis of a representative saccharide—peptide-
derived hydrogel system as well as our investigation of their
biodegradability, hydrogel morphology, cytocompatibility, and
manipulation of their mechanical properties to control cell
phenotypic behavior.

Results and Discussion

Synthesis and Characterizations of Anionic Saccharide—
Peptide Copolymers. In this study, a highly water-soluble
anionic galactaric acid—lysine copolymer was first synthesized
that is composed of galataric acid and lysine on the main chain
with tyrosine moieties grafted onto the side chains to effect
hydrogellation by enzyme-mediated cross-linking using horse-
radish peroxidase (HRP). The copolymer carries anionic car-
boxylate groups for enhancing solubility in water while partially
mimicking natural ECM polysaccharides such as alginate and
HA that carry many anionic charges.'*'”'>?* The carboxylate
groups also served as convenient sites for further functional-
ization.

Interfacial condensation polymerization of an acetonide-
protected galactaric acid dichloride (1) and an ethyl ester of
L-lysine at the CCl/H,O interface afforded the hybrid copolymer

(51) Alberts, B., Johnson A., Lewis J., Raff M., Roberts K., Walter P.
Molecular Biology of the Cell, 4th ed.; Garland Science: New York,
2002.
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2 with high molecular weight (M, = 18.1k and PDI = 1.49)
(Scheme 1). It should be noted that due to the nonregioselectivity
of the polymerization reaction, a few possible isomeric repeat
units coexist in the copolymer 2, and for simplicity only one
representative repeat unit is shown in Scheme 1. Nevertheless,
this subtle structural heterogeneity is not critical for the current
hydrogel studies. The ester side groups in polymer 2 were then
hydrolyzed in LiOH solution to give polymer 3 with a carboxylic
acid group.

Synthesis and Characterization of Saccharide—Peptide-
Based Hydrogels. To allow for hydrogel formation, the linear,
water-soluble polymers then need to be functionalized with a
cross-linker. Ideally, gel formation should be viable in aqueous
solution under mild conditions so that cross-linking can be
carried out in the presence of cells. In addition, if a cross-linker
derived from a natural building block is used, we could avoid
the introduction of non-natural moieties that might have toxicity
concerns. With these considerations in mind, we have been
investigating a native cross-linking chemistry, i.e., oxidative
coupling of tyrosine (Y) for cross-linking proteins in nature,
for our hydrogel formation.>> Tyrosine is an ideal cross-linker
for our purpose because it is a naturally occurring amino acid,
it can be functionalized to the polymer with simple coupling,
and it can be efficiently cross-linked enzymatically. Other
mechanisms of enzymatic hydrogelation have been reported in
the literature.”>® As shown in Scheme 1, about 18% of the free
carboxylic acid groups on polymer 3 were coupled with
L-tyrosine-OMe to give tyrosine-functionalized polymer 4 via
a standard peptide coupling protocol using HATU (2-(7-aza-
1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate) as the coupling reagent. Global deprotection by TFA
solution finally afforded the highly functional copolymer § with
excellent water solubility.

For hydrogelation, polymer 5 was dissolved in 250 mM PBS
buffer at a concentration of 50 mg/mL, which was subsequently

(52) Elvin, C. M.; Carr, A. G.; Huson, M. G.; Maxwell, J. M.; Pearson,
R. D.; Vuocolo, T.; Liyou, N. E.; Wong, D. C.; Merritt, D. J.; Dixon,
N. E. Nature 2005, 437, 999-1002.

(53) Hu, B. H.; Messersmith, P. B. J. Am. Chem. Soc. 2003, 125, 14298—
14299.
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Scheme 2. Enzymatic Hydrogel Synthesis through Dityrosine
Cross-Linking
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cross-linked through HRP and H,0, to form dityrosine as cross-
linkers (Scheme 2). Hydrogels gelated by enzyme-mediated
cross-linking using HRP have been reported previously.”* >’
Tyrosine- and tyramine-conjugated polymer was able to co-
valently cross-link via HRP and hydrogen peroxide. Moreover,
dityrosine is a naturally occurring cross-linker utilized by nature
in proteins such as camodulin, lysozyme, myoglobin, hemo-
globin, insulin, RNase, and chymotrypsin,”® making this new
design of polymer totally natural. This avoids the introduction
of unnatural moieties such as acrylate and diacrylate that might
be cytotoxic if left unreacted.’® The gelation kinetics can be
controlled by experimental conditions such as the concentrations
of HRP and H,0,. To demonstrate the versatility of our system,
the mechanical properties of the gels were independently
controlled without changing other molecular parameters. A
series of identical solutions of polymer 5 were added the same
amount of HRP and H,0, to effect gelation. At different lengths
of gelation time (8, 13, 17, and 60 min), excess Na,SO; solution
was added to quench the cross-linking reaction, resulting in a
series of hydrogels having the same polymer structure and initial
density but different mechanical properties. Following charac-
terization of their chemical and physical properties, these
hydrogels were further used for our subsequent cell culture
studies.

To determine the cross-linking density in the resulting
hydrogels, the hydrogels were completely hydrolyzed by heating
in 6 N HCI solutions for 5 days. The digestion products of the
hydrogel samples with different gelation times (8, 13, 17, and
60 min) were analyzed by 'H NMR. The integrations of the
proton peaks in the aromatic range (6—8 ppm) were used to
calculate the percentage of tyrosines that form dityrosine cross-
links (Figure 2). Discrete dityrosine standard was also synthe-
sized according to the literature procedure to guide 'H NMR
spectral assignment.®® From the integration of the proton on
tyrosine (a;) and dityrosine (b, b,), the cross-linking percentage
of tyrosine (by/((a;/2) + b;)) has been calculated and is shown
in Figure 2. The percentages of tyrosine forming dityrosine
cross-links are 49%, 54%, 58%, and 68% for cross-linking times

(54) Lee, F.; Chung, J. E.; Kurisawa, M. Soft Matter 2008, 4, 880-887.
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Figure 2. 'H NMR spectra (the aromatic region) of the fully digested
hydrogels.

of 8, 13, 17, and 60 min, respectively. Apparently, longer cross-
linking time afforded gels with a higher cross-link percentage,
which, consequentially, led to higher modulus.

Degradability of the Saccharide—Peptide Hydrogels. Fol-
lowing successful syntheses of the saccharide—peptide hydro-
gels, we first investigated their general properties as hydrogel
scaffold materials, such as biodegradability, matrix morphology,
and mechanical properties, before carrying out cell culture
studies. Both the degradability and the degradation rate of SECM
are important for tissue engineering applications. Compared to
nondegradable material, matrix that can be degraded and be
replaced by the host tissue is preferred. Biodegradable SECM
would eliminate long-term immunoresponses as well as fibrous
capsule formation. The degradation rate should match that of
natural extracellular matrix production, so that similar mechan-
ical properties can be retained over time. The saccharide—peptide
copolymers are connected by peptide linkages, allowing for full
biodegradability under physiological conditions. To study the
rate of degradation, hydrogels were cross-linked in molds and
swollen in PBS buffer for 24 h. The buffer was then decanted,
and either 0.01 mg/mL trypsin solution in PBS buffer (pH 7.4)
or pure PBS buffer was added. Trypsin was chosen for the
degradation study because it is a common natural protease for
digesting proteins. At regular time intervals, hydrogels in a 37
°C incubator were patted dry and weighted in triplicate. The
swelling ratios were calculated by normalizing the swollen
weight after addition of trypsin or buffer with the initial weight
(WJ/W,). The degradation profiles of the hydrogel with and
without the presence of trypsin are shown in Figure 3. For
trypsin-facilitated degradation, the degradation profile began
with an initial increase in the swelling ratio, which resulted from
initial partial degradation of the hydrogels that led to increased
swelling by water. A similar phenomenon has been observed
for other synthetic hydrogels.’ "®* As degradation continued
with time, eventually the network started to lose short segments

(61) Dikovsky, D.; Bianco-Peled, H.; Seliktar, D. Biomaterials 2006, 27,
1496-1506.

(62) Hiemstra, C.; Zhou, W.; Zhong, Z.; Wouters, M.; Feijen, J. J. Am.
Chem. Soc. 2007, 129, 9918-9926.
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Figure 3. Swelling ratio (W/W,) profiles of cross-linked hydrogel (60 min
cross-linking time) prepared with 4% (w/v) polymer concentration in PBS
buffer with or without the presence of 0.01 mg/mL trypsin (n = 3).
Hydrogels (12.5 kPa) were kept in a 37 °C incubator and rotated at 50
rpm.

of degraded chains and the hydrated mass decreased. After 33
days, the hydrogel disintegrated and finally completely dis-
solved. In the absence of trypsin, our amide-based hydrogel
showed resistance to hydrolysis within the period of study, as
seen by the unchanging swelling ratio (Figure 3). Trypsin
significantly accelerated degradation of the polymer network,
indicating the biodegradability of the polymer network in a
natural environment exposed to many native protease enzymes.
This novel polymer structure exhibited a significantly longer
degradation time in the presence of trypsin than fibrinogen—PEG-
based hydrogel under the same enzyme concentration.®" Another
hybrid hydrogel, PEG—PLA (PEG-poly(lactic) acid), exhibits
complete degradation in 35 days in PBS buffer at a 10 wt %
concentration.®* Pure PEG hydrogel exhibits a longer degrada-
tion time than its PEG—PLA hydrogel analog due to the lack
of cleavage sites on the PEG chains.®> Overall, our saccharide—
peptide hydrogels exhibit a longer degradation time than other
PEG—peptide hydrogels but a shorter degradation time than pure
PEG hydrogels. The observed degradation rate is in the suitable
range for tissue engineering applications. It should be noted that
the degradation profile can be further tuned by the choice of
different peptide sequence, the concentration of polymer solu-
tions for hydrogelation, and the cross-linking density.
Equilibrium Swelling Ratios. Swellability, as characterized
by the equilibrium swelling ratio (ESR), is an important basic
parameter for hydrogels. We measured the ESR values for all
four hydrogel samples having cross-linking times of 8, 13, 17,
and 60 min, respectively. The data showed that the swellability
of the hydrogel has a moderate dependence on the cross-linking
density (Figure 4). ESR decreases as the cross-linking density
and modulus increase, and a total of 43% decrease in ESR was
observed between the least and the most densely cross-linked
hydrogels. This indicates a decrease in water uptake and a
moderate increase in polymer density at higher cross-linking
density. For comparison, other systems that utilize different
initial polymer concentrations to achieve an increase in me-

(63) Huang, X.; Zhang, Y.; Donahue, H. J.; Lowe, T. L. Tissue Eng. 2007,
13, 2645-2652.

(64) Martens, P. J.; Bryant, S. J.; Anseth, K. S. Biomacromolecules 2003,
4, 283-292.

(65) Rice, M. A.; Anseth, K. S. J. Biomed. Mater. Res. 2004, 70A, 560—
568.
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Figure 4. Equilibrium swelling ratios for hydrogels (calculated from the
weight of swollen hydrogels (W,) in PBS buffer (pH 7.4) and the weight
(Wyyy) of the corresponding lyophilized dry polymer).

chanical properties can have concentrations that differ by 100%
or more.*®%~% Fyrthermore, the difference in final polymer
density at equilibrium swelling in those systems is even larger
after taking the ESR difference into account. Comparatively,
our polymer system affords the opportunity to achieve hydrogels
of dramatically different mechanical stiffness but with a
relatively constant polymer density at the fully swollen state.

Morphology of the Saccharide—Peptide Hydrogels. Matrix
morphology is another important physical parameter of hydro-
gels. For eventual 3D cell culture and in vivo tissue repairing,
it is important for hydrogel matrices to have microporous
structures so that mass transfer through the matrices is efficient.
In this study, the morphology of our saccharide—peptide
hydrogels was visualized by scanning electron microscopy
(SEM) on freeze-dried hydrogels. Hydrogels were cross-linked
in molds with predetermined dimensions and then equilibrated
in PBS for 24 h. The freeze-drying procedure was shown
previously as an effective method to preserve the native
morphology of hydrogels.®>®*~7* Under normal drying condi-
tions, capillary forces would cause the microporous structures
to collapse so the native microstructures for hydrogels under
hydration would be perturbed during the drying process. For
freeze drying, the microstructures of the hydrogels were
preserved at —50 °C and sublimation under high vacuum would
leave the matrix morphology intact. As shown in Figure 5, our
hydrogels exhibit microporous features with an average pore
size above 10 um.

Mechanical Properties for the Saccharide—Peptide
Hydrogels. The mechanical properties of the matrices play an
important role in controlling cell behavior. The versatility of
our saccharide—peptide hydrogel system allows us to indepen-
dently control the cross-linking density and accordingly the
mechanical properties of the hydrogels without significant
change of other properties. This offers a unique opportunity to
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Figure 5. Representative SEM images of freeze-dried hydrogel prepared
in PBS buffer (pH 7.4) at 4% (w/v) polymer concentration (60 min cross-
linking time).

14 -

*
12 o

10 -+

8 4 *

6

*
4 4
24
8 13 17 60

Crosslinking Time [ min ]

Compressive Modulus [ kPa ]

Figure 6. Compressive modulus of hydrogels as determined by a MTS
machine (n = 3). Cross-linking time was controlled at 8, 13, 17, and 60
min (asterisks denote p > 0.05).

dissect the impact of the chemical and mechanical properties
on cell function in future studies. To demonstrate this versatility,
we prepared a series of saccharide—peptide hydrogels that are
identical in chemical structure, charge density, and initial
polymer density but differ only in the cross-link density and
the resulting modulus. As discussed previously, this was
achieved by controlling the cross-linking time (8, 13, 17, and
60 min) for identical polymer S solutions. The rheometry
experiment was first conducted to determine the gelation process
as a function of time (Figure S1, Supporting Information). It
was observed that gelation occurred shortly after the addition
of HRP, while the storage modulus (G”) continues to increase
with time. After 30 min, the modulus reaches the maximal value.
The aforementioned cross-link times were then selected to obtain
incremental increases in modulus. To correlate the hydrogel
mechanical property with the cross-link time, the compressive
modulus of hydrogels at different cross-link times were deter-
mined using MTS (Figure 6).

It was observed that the compressive modulus of the
hydrogels increased with increasing cross-linking time: ranging
from 1.7, 4.1, 6.9, and 12.5 kPa for cross-linking times of 8,
13, 17, and 60 min, respectively. This trend correlates well with
the tyrosine cross-link percentages quantified by 'H NMR.

The hydrogel moduli encompassed the range corresponding
to very soft matrices (1.7 kPa) for neuronal tissue to intermediate
stiffness (12.5 kPa) suitable for connective tissues. Instead of
varying modulus by changing polymer concentration, which
leads to changes in the density of the underlying substrate, we
demonstrate the ability of obtaining different modulus by
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Figure 7. Polymer cytotoxicities for fibroblast (dark blue) and PC-12
neuronal cell line (red) are shown with 5000 cells per well in 48-well plates.
Data are normalized to cell number without any added polymer. Comparable
morphology and number were indicated for up to 5 mg/mL of 18% tyrosine-
functionalized polymer 5 solution (n = 3) after 24 h of incubation.

allowing different times for cross-link formation. The ease of
tunability for our system allows for independent control of the
chemical structure and physical and functional properties of the
hydrogels. As a simple demonstration, in this study we
independently manipulate the mechanical properties of the
hydrogels to investigate its effects on cell adhesion and
proliferation (vide infra).

Cytotoxicity of Saccharide—Peptide Copolymers. Following
investigation of their basic chem-physical properties, we started
cell culture studies using the new hydrogels. In our initial
studies, we chose two representative cell lines, PC-12 neuronal
cell lines and NHDF dermal fibroblasts; one prefers a softer
matrix, while the other prefers a stiffer matrix. First, the
cytotoxicity of the anionic saccharide—peptide copolymers was
assayed by determining cell viability. The cell cytotoxicity assay
demonstrated excellent cytocompatibility for the saccharide—
peptide copolymer with fibroblasts and PC-12 cells in culture
for up to 5 mg/mL of polymer in solution, showing no significant
differences between cell number in the presence or absence of
the copolymer in solution (Figure 7). Given the polydisperse
nature of the soluble polymer, this result implies a high tolerance
to our polymers that even if the whole construct disintegrates
completely, its fragments poses minimal cytotoxicity. In addi-
tion, as shown in our further investigation (vide infra), fibroblasts
adhered on hydrogel surfaces to the same degree as on a standard
tissue culture surface that has been optimized for adherent-
dependent cell types. This demonstrates the cytocompatibility
and that our polymer system is suitable for cell culture studies.

Cell Adhesion and Proliferation on Saccharide—Peptide
Hydrogels. After confirming cytocompatibility, our saccharide—
peptide hydrogels were subjected to cell adhesion and prolifera-
tion studies. For initial studies, we focused on investigating the
impact of the mechanical properties of our hydrogels on cell
adhesion and proliferation. To dissect the impact of mechanical
stiffness on cell behavior from other parameters, we prepared a
series of hydrogels having identical chemical structures and
surface charges but with different modulus. The hydrogel
modulus ranges from very low (1.7 kPa) to intermediately stiff
(12.5 kPa). When seeded on hydrogel with 12.5 kPa modulus,
fibroblasts attached well and spread out, giving the same
morphology as those observed on tissue culture polystyrene
(Figure 8). When seeded on hydrogels with lower moduli, they
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Figure 8. Images of fibroblasts seeded on (A) tissue culture polystrene,
(B) 1.7 kPa gel, (C) 6.9 kPa gel, and (D) 12.5 kPa gel after 1 day of culture.
The corresponding proliferation data for fibroblasts on hydrogels of different
modulus is shown on day 6 (E). Fibroblast proliferation was observed on
the stiffest hydrogel with a modulus of 12.5 kPa.

remained rounded and would not spread, consistent with other
literature findings.”* The converse dependence on modulus was
observed with PC-12 cells that are neuronal in origin and prefer
softer matrices. When seeded on the 1.7 kPa hydrogel, PC-12
cells adhered well (Figure 9B), while minimal cell adhesion
was observed on the 12.5 kPa hydrogel (Figure 9C). PC-12
morphology was observed to be different on tissue culture
polystyrene and soft hydrogel, reflecting the 10° kPa difference
in the modulus of polystyrene and neuronal tissues.'>’> Matrigel,
a commonly used soft tissue culture matrix with a modulus of
~0.65 kPa, was used as an additional control for PC-12 culture
studies. PC-12 cells exhibit a similar morphology on Matrigel
and on our 1.7 kPa hydrogel, indicative of a similar degree of
cell support.”®~7® Despite the fact that Matrigel is a commonly
used natural ECM for cell culture, especially for neuronal cells,
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Figure 9. Images of PC-12 cell on (A) tissue culture polystyrene, (B) 1.7
kPa gel, (C) 12.5 kPa gel, and (D) Matrigel after 1 day of culture. The
corresponding proliferation data for PC-12 cells on hydrogels of different
modulus is shown on day 6 (E). PC-12 proliferated on the softest hydrogel
with a modulus of 1.7 kPa.

its complex composition (a mixture of natural polymers such
as fibronectin, collagen IV, heparin sulfate, and laminin and an
undefined mixture of growth factors from mouse sarcoma
source) makes it unsuitable for in vivo applications.”®®'
Cell proliferation follows the same trend as cell adhesion.
Cell proliferation was only observed on hydrogel that best
matched the modulus of the natural ECM for each cell line
(Figures 8E and 9E). These results agree with previous findings
that demonstrated fibroblasts have a maximal spread area on a
modulus of greater than 10 kPa®* while neurons prefer low-
modulus substrates.®>%* The fact that the cells were able to
proliferate on the desirable hydrogel of choice implied the
substrate was not only able to support adhesion but supported
the necessary activation of genes for proliferation. Depending
on the modulus, cell number can vary 10-fold over 6 days for

(74) Solon, J.; Levental, I.; Sengupta, K.; Georges, P. C.; Janmey, P. A.
Biophys. J. 2007, 93, 4453-4461.

(75) Paszek, M. J.; Zahir, N.; Johnson, K. R.; Lakins, J. N.; Rozenberg,
G. I; Gefen, A.; Reinhart-King, C. A.; Margulies, S. S.; Dembo, M.;
Boettiger, D.; Hammer, D. A.; Weaver, V. M. Cancer Cell 2005, 8,
241-254.

(76) Banwell, E. F.; Abelardo, E. S.; Adams, D. J.; Birchall, M. A.;
Corrigan, A.; Donald, A. M.; Kirkland, M.; Serpell, L. C.; Butler,
M. F.; Woolfson, D. N. Nat. Mater. 2009, 8, 596-600.

(77) Soofi, S. S.; Last, J. A.; Liliensiek, S. J.; Nealey, P. F.; Murphy, C. J.
J. Struct. Biol. 2009, 167, 216-219.

(78) Reed, J.; Walczak, W. J.; Petzold, O. N.; Gimzewski, J. K. Langmuir
2009, 25, 36-39.

17644 J. AM. CHEM. SOC. = VOL. 131, NO. 48, 2009

(79) Kleinman, H. K.; McGarvey, M. L.; Liotta, L. A.; Robey, P. G.;
Tryggvason, K.; Martin, G. R. Biochemistry 1982, 21, 6188-6193.

(80) Xu, C.; Inokuma, M. S.; Denham, J.; Golds, K.; Kundu, P.; Gold,
J. D.; Carpenter, M. K. Nat. Biotechnol. 2001, 19, 971-974.

(81) Li, Y.; Powell, S.; Brunette, E.; Lebkowski, J.; Mandalam, R.
Biotechnol. Bioeng. 2005, 91, 688-698.

(82) Yeung, T.; Georges, P. C.; Flanagan, L. A.; Marg, B.; Ortiz, M.;
Funaki, M.; Zahir, N.; Ming, W.; Weaver, V.; Janmey, P. A. Cell
Motil. Cytoskeleton 2005, 60, 24-34.

(83) Flanagan, L. A.; Ju, Y. E.; Marg, B.; Osterfield, M.; Janmey, P. A.
NeuroReport 2002, 13, 2411-2415.

(84) Banerjee, A.; Arha, M.; Choudhary, S.; Ashton, R. S.; Bhatia, S. R.;
Schaffer, D. V.; Kane, R. S. Biomaterials 2009, 30, 4695-4699.



Design of Saccharide— Peptide Hydrogels

ARTICLES

both fibroblasts and PC-12 with opposite trends. Uniquely, no
cell adhesion ligands were necessary for the adhesion and
selective proliferation of these cells. As a simple example, this
result has manifested the versatility of our saccharide—peptide
hydrogel system: although having the same polymer structure
and charge density and at similar polymer concentration, the
hydrogel can be controlled to exhibit different cellular responses
based on the mechanical modulus. This also illustrated the
complexity of cellular behavior that is dependent on small
changes in the underlying substrate and, in this case, presumably
the modulus sensing ability through onmuscle myosin II.
Through membrane-bound mechanosensors, e.g., integrins, cells
can “sense” the modulus of the underlying substrate. According
to the cellular tensegrity model,® cells exist in a state of
prestress through myosin II contraction on the actin cytoskeleton.
ECM adhesions and micrtotubules act as a counterbalance. Cell
recognizes outside forces through integrin binding, and depend-
ing on the microenvironment, cells reorganize their cytoskeleton,
reorganize focal adhesion on the surface of their lipid bilayer
membrane, and affect substream signal cascade.®® This in turn
modulates cell morphology,®’ differentiation,®” apoptosis,®®
migration,®>°° and proliferation.®*!

Despite many elegant studies probing the mechanical effects
of SECM on cell responses,”®*>%*%% due to the constraints of
chemical structures and the mechanisms for manipulating their
mechanical properties, it is challenging to independently change
the hydrogel mechanics without concurrently modifying other
properties. While many biomaterials exist with tunable modulus,
it is usually achieved through changes in polymer structures,
polymer density, or structure of cross-links,?32%-38:64.68.89.92.93
which often complicates the desired studies. Herein, we
demonstrated that without changing the structure of the polymer
backbone and cross-links, surface charge, or initial polymer
concentration, the mechanical properties can be systematically
controlled by cross-linking level. Whereas there is a moderate
increase in polymer density at increasing cross-linking density,
the overall change in polymer density is relatively small
compared to other synthetic polymer hydrogels. This provides
a unique opportunity to investigate the pure mechanical effects
on cellular responses with minimal perturbation of other gel
properties. Furthermore, the current hydrogels were prepared
from a single saccharide—peptide copolymer with ~18 mol %
tyrosine functionalization at 4% (w/v) polymer concentration.
Through moditying the tyrosine functionalization level, changing
the cross-linking mechanism, and varying the copolymer
concentration, a much larger range of mechanical properties can
be explored. In addition, given their high versatility and
functionality, biologically relevant ligands can be conveniently
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conjugated to the hydrogels to further optimize the properties
for tissue engineering applications.

Conclusion

In summary, we developed a versatile hydrogel system using
naturally occurring amino acids and saccharides as building
blocks. Specifically, the tyrosine-functionalized galactaric
acid—lysine copolymers were efficiently synthesized via inter-
facial condensation polymerization, and the copolymers gel
efficiently under physiologic conditions by enzyme-catalyzed
cross-linking. Using the same copolymer and at constant initial
polymer concentration, a series of hydrogels was prepared with
controlled cross-linking density and resulting mechanical prop-
erties by controlling the enzymatic cross-linking time. Quantified
by 'H NMR spectroscopy, the dityrosine cross-linking density
increases with the cross-linking time. MTS mechanical testing
confirms that the modulus of the hydrogels correlates well with
the cross-linking density. SEM images of the freeze-dried
hydrogels show that they exhibit microporous microstructures
with pore sizes over 10 um, suitable for cell culture and tissue
engineering applications. Cytotoxicity assay proves that the
saccharide—peptide copolymers are noncytotoxic at relatively
high polymer concentration. The sacchride—peptide hydrogels
are fully degradable under enzymatic conditions, and the final
degradation products are simple natural metabolites (amino acids
and saccharic acids).

Following the investigation of the basic hydrogel properties,
the saccharide—peptide hydrogels were further used in cell
culture studies where they induced a tailored cellular response
to different cell lines for hydrogels of constant structure but
different mechanical stiffness. As a simple demonstration of
the versatility of our hydrogel system, the hydrogel modulus
was manipulated by controlling the cross-linking density for
one single polymer structure at constant initial polymer con-
centration. This provides a unique opportunity to dissect
mechanical change from other factors and probe the impact of
pure mechanical change on cell responses. We were excited to
observe very different cell behavior for fibroblasts and PC-12
cells on hydrogels with different modulus for both cell adhesion
and proliferation, with 10-fold increases in the cell proliferation
rate on substrate that matched its native microenvironment.
These data suggest that cell response in culture depends
intimately on substrate modulus as well as the specific cell types.
This demonstrates the ability of our system to select for adherent
cell types based on mechanical modulus alone.

This study introduces a novel family of saccharide—peptide
hydrogel as safe, versatile, and functional SECMs for cell culture
and tissue regeneration purposes. In addition, this scaffold
represents a clean slate free of growth factors and animal
containments that can easily be purified and produced on a large
scale. Since it is composed of all natural components, there is
a high potential for further applications for tailored differentia-
tion of stem cell and angiogenesis. In further studies, we plan
to investigate the mechanisms by which our hydrogels influence
cell behavior and also conduct studies on a 3-D culture of stem
cells to investigate the ability of these novel materials to control
cell differentiation.

Acknowledgment. This work was supported by the National
Institute of Biomedical Engineering and Bioimaging/National
Institutes of Health Grant ROl EB006797. S.W.L. thanks the
California Institute for Regenerative Medicine (CIRM) for a
predoctoral training fellowship. We thank Prof. Adam Summers

J. AM. CHEM. SOC. = VOL. 131, NO. 48, 2009 17645



ARTICLES

Liao et al.

in the Department of Ecology and Evolutionary Biology for
assistance with MTS, Jian-Guo Zheng at the Materials Character-
ization Center for assistance with SEM, and Phil Dennison and
John Greaves in the Department of Chemistry for assistance with
NMR and MS. Z.G. acknowledges a Camille Dreyfus Teacher-
Scholar Award.

Supporting Information Available: Synthesis and character-
ization of monomers and polymers, experimental details for

17646 J. AM. CHEM. SOC. = VOL. 131, NO. 48, 2009

degradation and equilibrium swelling ratio, mechanical and
rheological measurements, and cell culture experiments. This
material is available free of charge via the Internet at http:/
pubs.acs.org.

JA907097T



