Manipulations in hydrogel chemistry control
photoencapsulated chondrocyte behavior and their

extracellular matrix production

Stephanie J. Bryant," Kevin L. Durand,"* Kristi S. Anseth'?
"Department of Chemical Engineering, University of Colorado, ECCH 111, Boulder, Colorado 80309-0424
2Howard Hughes Medical Institute, University of Colorado, Boulder, Colorado 80309-0424

Received 17 March 2003; revised 18 July 2003; accepted 6 August 2003

Abstract: In engineering a cell-carrier to support cartilage
growth, hydrogels provide a unique, largely aqueous envi-
ronment for 3-dimensional chondrocyte culture that facili-
tates nutrient transport yet provides an elastic framework
dictating tissue shape and supporting external loads. Al-
though the gel environment is often >90% water, we dem-
onstrate that slight variations in hydrogel chemistry control
gel degradation, evolving macroscopic properties, and ulti-
mately the secretion and distribution of extracellular matrix
molecules. Specifically, biodegradable poly(ethylene glycol)-
co-poly(lactic acid) hydrogels were fabricated via photopo-
lymerization. When chondrocytes were photoencapsulated
in these gels, changes in the poly(ethylene glycol)-co-poly-

(lactic acid) repeat unit ratio from 19 to 7 increased total
collagen synthesis 2.5-fold after 6 weeks in wvitro.
Furthermore, the ratio of collagen to glycosaminoglycans
varied from glycosaminoglycan-rich, 0.33 = 0.13, to collag-
en-rich, 4.58 + 1.21, depending on gel chemistry and in vitro
versus in vivo culture environment. By tuning scaffold chem-
istry, and subsequently, gel structure and degradation be-
havior, we can better guide tissue evolution and develop-
ment. © 2003 Wiley Periodicals, Inc. ] Biomed Mater Res
67A: 1430-1436, 2003
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INTRODUCTION

Cartilage is one of the few tissues found in the body
that has a limited capability to regenerate as a result of
injury, congenital abnormalities, or arthritis all of
which can lead to further degradation of the tissue and
excessive joint pain.! Many approaches have been ex-
plored over the years to develop surgical techniques to
heal damaged cartilage. However, current therapies
available to patients are laden with shortcomings and
to date no method provides a perfect solution. Tradi-
tional therapies include autogenic and allogenic im-
plants in which the former is limited by donor tissue
availability and donor site morbidity, whereas the
latter poses a risk for disease transmission. More re-
cently, subchondral penetration has been used to stim-
ulate a healing process, but the resulting tissue (fibro-
cartilage) that is formed is often mechanically inferior.
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The latest advance in cartilage repair is autologous
chondrocyte implantation, a promising therapy, but
its success is limited by the defect size and location.>”

A new potential therapy for cartilage repair, which
has led to a plethora of research activity, is tissue
engineering. Through this therapy, chondrocytes are
seeded on or encapsulated in degradable cell-scaf-
folds. However, the design of the cell-scaffold is chal-
lenging with many important considerations. In this
regard, we are interested in in situ forming pho-
tocrosslinkable and degradable hydrogels. Hydrogels,
in general, are highly hydrophilic, insoluble polymer
networks that swell in the presence of water and
mimic the highly aqueous environment of biological
tissues whereas photopolymerization enables in situ
scaffold formation providing a minimally invasive ve-
hicle for cell transplantation. Specifically, a liquid
macromer (or pre-hydrogel) solution can be combined
with cells and polymerized under mild cytocompat-
ible conditions to form a solid three-dimensional (3D)
network.

One particular hydrogel chemistry that has been
investigated as a scaffold for 3D culture of chondro-
cytes is photocrosslinkable poly(ethylene glycol)
(PEG).*® When chondrocytes were photoencapsulated
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in these PEG gels, the chondrocytes” phenotype and
function were maintained both in vitro and in vivo.%”
Furthermore, the degradation behavior of these gels
can be controlled by incorporating degradable link-
ages, such as poly(lactic acid) (PLA) or enzymatically
susceptible peptides, into the gels.®™°

Although these PEG-based gels are predominately
water, slight variations in the gel chemistry greatly
affect the gel structure, properties, and degradation
behavior,®!'! but the question remains as to the effects
of these changes on cell behavior and tissue evolution.
To investigate this issue, degradable PEG hydrogels
were fabricated from a triblock copolymer of PLA-b-
PEG-b-PLA endcapped with methacrylates.® Chon-
drocytes were photoencapsulated in these gels, and
the effect of the scaffold chemistry, particularly
changes in the PEG/PLA ratio, on the cell behavior
and extracellular matrix (ECM) type and distribution
was surprisingly dramatic. Even though these gels are
largely water, this work underscores the importance
of tailoring the gel chemistry with high fidelity to
engineer tissues with desirable and equivalent prop-
erties to their native tissue counterpart.

METHODS

Macromers

Triblock copolymers, PLA-b-PEG-b-PLA with methacry-
late end groups (PEG-LA-DM) were synthesized using PEG
(Aldrich) with molecular weights (MWs)of 4600 or 8000
g/mol.® The number of lactic acid units incorporated into
the PLA-b-PEG-b-PLA macromers was determined by 'H
NMR in which the area under the integral for the lactide
resonances (8 = 5.1 ppm, 3 = 1.3 ppm) was compared with
the resonance for the PEG backbone (methylene protons, 8 =
4.2). On average, 7 and 3 lactic acid repeat units were added
to each side of the 4600 and 8000 MW PEGs, respectively.
The macromers were purified by repeated precipitations in
ethyl ether.

Hydrogel preparation and characterization

The homopolymer hydrogels were formulated by dissolv-
ing the 4600-7 macromer in phosphate-buffered saline
(Gibco) to a final concentration of 10% (w/w). The copolymer
hydrogels were formulated using a 10% (w/w) macromer
solution consisting of 50 mol % 4600-7 and 50 mol % 8000-3
in phosphate-buffered saline. Previously determined cyto-
compatible photoinitiating conditions were used.'* A small
amount of concentrated photoinitiator, 2-hydroxy-1-[4-(hy-
droxyethoxy) phenyl]-2-methyl-1-propanone (Ciba-Geigy),
was added to the macromer solution to a final concentration
of 0.05% (w/w). The solutions were filter-sterilized with a
0.2-um syringe filter. The macromer solution was photopo-
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lymerized using a longwave ultraviolet lamp (UVP, model
XX-20) at an intensity of ~4 mW/ cm? for 10 min. Ho-
mopolymer and copolymer hydrogel discs (11 mm in diam-
eter and 2 mm in thickness) were degraded in chondrocyte
medium (see below) at 37°C on an orbital shaker. During
degradation, 2-3 discs were removed from the medium
every 12-36 h and weighed to determine the equilibrium
swollen mass. The discs were lyophilized to determine the
dry, polymer mass. The equilibrium volumetric swelling
ratio, Q, can readily be determined from the mass swelling
ratio (equilibrium swollen mass/dry polymer mass)."

Chondrocyte encapsulation and in vitro studies

Chondrocytes were isolated from the femoral-patellar
groove of a young calf (Research 87, Marlboro, MA).'* Iso-
lated chondrocytes were combined with the sterile macro-
mer/initiator solutions at a concentration of 75 X 10°
cells/mL and photoencapsulated under the cytocompatible
conditions described above. The resulting cell-hydrogel
constructs (5 mm in diameter and 2 mm in thickness) were
incubated at 37°C on an orbital shaker in a humid environ-
ment with 5% CO, in 12-well plates. The constructs were
cultured for 6 weeks in chondrocytes medium [Dulbecco’s
modified Eagle medium (Gibco), without phenol red, sup-
plemented with 10 mM HEPES, 0.04 mM L-proline, 50 mg/L
L-ascorbic acid, 0.1M Eagle minimum essential medium
non-essential amino acids (Gibco), 1% penicillin-streptomy-
cin (Gibco), 0.5 wg/mL fungizone (Gibco), and 10% fetal
bovine serum (Gibco)], which was replaced biweekly. Two
constructs were removed for histological analysis at 2 and 4
weeks. At 4 and 6 weeks, three gels were removed for
biochemical analysis.

In vivo implantation and harvest

Fifteen athymic female mice (nu/nu, 6 weeks old; Charles
River laboratories) were anesthetized with isoflurane, and
three subcutaneous pockets were created on the upper left
and right and lower left or right sides of each mouse using
aseptic techniques. Cell-hydrogel constructs were prepared
as described above and immediately placed into a subcuta-
neous pocket. For the in vivo studies, three experimental
conditions were used: 1. homopolymer hydrogels without
chondrocytes (control); 2. homopolymer hydrogels with
chondrocytes; and 3. copolymer hydrogels with chondro-
cytes. One cell polymer-construct at each experimental con-
dition was placed into each mouse. Incisions were closed
with staples, which were removed 1 week postoperation.
Five mice were euthanized with CO, inhalation at 2, 4, and
6 weeks. Control gels were completely degraded by 4 weeks.
Histology samples were taken from one mouse, and the
remaining four mice (12 constructs) were used for biochem-
ical analysis. All procedures performed were approved by
the University of Colorado at Boulder Institutional Animal
Care and Use Committee.
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Neotissue analysis

The constructs were weighed to determine their wet
weight, lyophilized for 24 h to determine their dry weight,
and then digested in a papain solution [125 pg/mL papain
type III (Worthington), 10 mM L-cysteine (Aldrich), 100 mM
phosphate, and 10 mM ethylenediaminetetraacetic acid at
pH 6.3] at 60°C for 15 h. Total glycosaminoglycan (GAG)
content was determined using the dimethylmethylene blue
dye method."® Total collagen content was determined using
the hydroxyproline assay'® in which hydroxyproline is as-
sumed to comprise ~10% of collagen.'” The GAG and total
collagen contents were normalized by the wet weight. For
the biochemical results, statistical analysis was performed
using a Student’s t test with a confidence level of 0.05. All
values are reported as the mean *+ standard deviation.

Cell-hydrogel constructs were fixated overnight in 10%
formalin, embedded in paraffin, and microtomed in 8-pm
sections following standard histological technique. The sec-
tions were stained with Safranin-O and fast green for nega-
tively charged proteoglycans (GAGs), which stain red, and
with the Masson’s trichrome stain for collagen, which stains
blue. Inmunohistochemical analysis was performed on sec-
tions from the implants using a labeled streptavidin-biotin
immunoenzymatic antigen detection system (UltraVision
detection system; NeoMarkers, Inc.). The paraffin sections
were digested with pepsin (1 mg/mL in 0.01N HCI) for 30
min at 37°C before applying the primary antibody, collagen
type II mouse monoclonal antibody (NeoMarkers, Inc.).

RESULTS AND DISCUSSION

In this study, two PEG MWs of 4600 and 8000
g/mol were investigated. Biodegradable PLA was
grafted to the PEG molecules to obtain ~7 lactic acids
per side on the 4600 MW PEG (4600-7) and ~3 lactic
acids per side on the 8000 MW PEG (8000-3). The
triblock copolymers, PLA-b-PEG-b-PLA, were end-
capped with methacrylate groups to form crosslink-
able macromers. Two degrading hydrogels were for-
mulated via photopolymerization 1. from 100% 4600-7
macromer to form homopolymer gels with a PEG/PLA
repeat unit ratio of 7, and 2. from 50 mol % 4600-7 and
50 mol % 8000-3 to form copolymer gels with an aver-
age PEG/PLA repeat unit ratio of 19. By copolymer-
izing macromers with different structures and chem-
istries in the presence of cells, the eroding gel
properties can be manipulated to guide and enhance
tissue formation. For example, fast-degrading
crosslinks create “open” space for macroscopic tissue
growth whereas slow-degrading crosslinks maintain
scaffold integrity and allow for tissue development.

A typical schematic for the formation and degrada-
tion of these photocrosslinked PEG hydrogels is
shown in Figure 1(a). These hydrogels are formed
through a chain polymerization reaction in which
photoinitiated radicals propagate through the carbon—
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Figure 1. (a) The ideal network structure of hydrogels

formed from PLA-b-PEG-b-PLA macromers, their degrada-
tion behavior, and degradation products after hydrolysis.
During degradation, the network structure evolves as the
crosslinks are broken. (b) The equilibrium water content
(volumetric swelling ratio) as a function of degradation time
where ¢ and M represent the homopolymer and copolymer
gels, respectively. PMAA, poly(methacrylic acid).

carbon double bonds within the methacrylate
endgroups on the macromer to form polymethacrylate
kinetic chains. These kinetic chains are connected via
PLA-b-PEG-b-PLA crosslinks to form a 3D network.
The length of the crosslink can be varied by changing
the MW of the macromer, and this change will influ-
ence the overall gel structure. During degradation in
aqueous medium at physiological pH, the ester bonds
within the PLA blocks of the crosslinker are hydrolyti-
cally cleaved. As the crosslinks are broken, the gel
swells imbibing more water and the equilibrium water
content (or equilibrium volumetric swelling ratio, Q)
increases.'® When an ester bond is cleaved on each end
of the crosslink, the crosslink is eroded from the hy-
drogel network and the gel loses polymer mass.

The PEG hydrogels were characterized in the ab-
sence of cells, and during degradation, the equilib-
rium volumetric swelling ratio for both gels increased
exponentially with degradation time as shown in Fig-
ure 1(b). In the homopolymer gels, Q increased from
15 to 70 just before gel dissolution, whereas Q was
initially higher at 22 in the copolymer gels and in-
creased to 120. A Q of 15 corresponds to a gel that is
>93% water, so these systems are highly swollen at all
stages of degradation. Furthermore, the exponential
increase in Q with time is evidence of pseudo-first-
order hydrolysis kinetics of the PLA blocks in the
network crosslinks,” which is attributed to the fact that
the gels are predominately water. Overall, the co-
polymer gels had higher Qs, and therefore, exhibited a
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TABLE I
Biochemical Composition of the Neotissue Formed in the Homopolymer (H) and Copolymer (C) Gels
In Vitro In Vivo
4 Weeks 6 Weeks 4 Weeks 6 Weeks
H C H C H C H C

Collagen 1.20 = 0.24 1.26 = 0.11 247 +0.22 1.46 = 0.80 3.25 +0.44 3.39 £0.75 5.81 = 0.66 6.06 = 0.53
GAG 292 + 045 40412 0.96 = 0.04 1.57 = 0.20 1.63 = 0.05 1.95 = 0.29 1.47 = 0.32 1.37 = 0.25
BCR 0.42 = 0.07 0.33 0.1 258 £0.13 0.92 = 0.40 2.00 = 0.31 1.78 = 0.52 414+ 1.16 458 =1.21

Collagen, percent total collagen content/wet weight; GAG, glycosaminoglycans content/wet weight; BCR, biochemical

composition ratio (total collagen/GAG contents).

lower crosslinking density.” As a result of this de-
creased crosslinking density, the copolymer gels de-
graded slightly faster (8 days) than the homopolymer
gels (10 days). It was not possible to fully characterize
gel degradation in vivo because of the infiltration of
host cells.

After characterizing the gels, isolated chondrocytes
were photoencapsulated in these gels and cultured
either in vitro or in vivo for up to 6 weeks. The resulting
neocartilaginous tissue produced by the chondrocytes
was measured by quantifying the main components of
native cartilage, that is, GAGs (the main component of
proteoglycans) and collagen molecules. The results are
summarized in Table I. Overall, the total collagen
content, normalized by construct wet weight, in-
creased, whereas the GAG content decreased, with
culture time and implantation time. The biochemical
data are also represented as a ratio, termed the bio-
chemical compositional ratio (BCR), of collagen to
GAG. This ratio was used as a unique measure to
demonstrate how changes in the local cell environ-
ment influence the compositional make up of the re-
sulting neotissue. With different polymer gel compo-
sitions under both in vitro and in vivo conditions, the
BCR increased significantly from 4 to 6 weeks, that is,
there was a greater increase in collagen synthesis com-
pared with GAG synthesis. In vitro, the differences in
polymer gel composition did not affect the BCR at 4
weeks, in which the cartilaginous tissue was rich in
GAGs, but by 6 weeks, the gels with a lower PEG/
PLA ratio had a BCR that was 2.8-fold higher (a col-
lagen-rich tissue). The gels in vivo guided the forma-
tion of a collagen-rich tissue with BCRs significantly
greater than their in vitro counterparts.

In addition to bulk biochemical characterization of
the neotissue, the spatial distribution of specific ECM
molecules was assessed by staining tissue sections for
GAGs and collagen. Representative micrographs from
2 and 4 weeks are shown in Figures 2 and 3, respec-
tively. First, the chondrocytes appear healthy and lo-
cated in a lacuna, characteristic of native cartilage.
GAGs were distributed throughout the gel constructs
in vitro with heavy staining within the lacunae in the
homopolymer gels, whereas in the copolymer gels, the

degree of staining in the lacunae varied from heavy to
light. Contrary to the in vitro results, the distribution
of GAGs was localized in the pericellular regions in
vivo. In both culture environments, collagen was local-
ized pericellularly; however, the pericellular matrix
was more elaborate in vivo. By 4 weeks in vitro, the
distribution of ECM appeared similar in both hydro-
gels with GAGs and collagen located throughout the
scaffold resembling that of native cartilage. In vivo,
nodules of cartilaginous tissue rich in GAGs and col-
lagen have formed which were surrounded by void
spaces (i.e., acellular regions with no tissue forma-
tion). The presence of type II collagen shown in Figure
4 confirms the differentiation of encapsulated chon-
drocytes and the formation of cartilage-like tissue in
vivo.

Interestingly, the degree of gel degradation can be
qualitatively assessed by the Masson’s trichrome stain,
which happens to stain the PEG polymer brown. This
artifact enables us to understand better the degrada-
tion behavior of the PEG hydrogels in the presence of
cells. A significant amount of polymer was present in
the copolymer gels compared with the homopolymer
gels at 2 weeks [Fig. 2(d,e)] suggesting that the scaf-
fold degradation is slower in the presence of cells, and
furthermore, is slower in the copolymer gels. This
observation is contrary to the gel characterization
studies in the absence of cells. In vivo, no polymer
staining was observed suggesting that the in vivo en-
vironment enhanced degradation.

Thus, this study demonstrates that the degradation
behavior of these PEG hydrogels depends on the pres-
ence of cells and culture environment. Simply charac-
terizing the gels in cell absentia may not be sufficient
and accurate for understanding gel degradation in
more complex environments. In general, a decrease in
macromer MW results in a more highly crosslinked
gel (increasing degradation time), whereas an increase
in the PLA block increases the probability that an ester
bond will be cleaved (decreasing degradation time).
Overall, when cells and growing ECM were present,
both gels degraded more slowly. However, the dom-
inating gel property with respect to degradation ap-
pears to be the crosslinking density in the absence of
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In Vivo

Figure 2. Histological analysis of chondrocytes photoencapsulated in homopolymer and copolymer hydrogels that were
cultured either in vitro or in vivo for 2 weeks. Safranin-O was used to stain proteoglycans red (a—c) and Masson’s trichrome
was used to stain collagen blue (d—f). Hematoxylin was used to stain nuclei black. Histological results for copolymer gels
cultured in vivo (data not shown) were similar to that observed for the homopolymer gels in vivo. The PEG polymer stains
brown using the Masson’s trichrome stain and P represents the polymer present in the cell-scaffolds. Original magnification,

200X.

cells (i.e., the copolymer gels with a lower crosslinking
density degraded first) and the PLA length in the
presence of cells (i.e., the homopolymer gels with a
longer PLA block degraded first).

To better understand this phenomenon, the water
content was examined in the cell-laden gels by ratio-
ing the wet weight to the dry weight (g). Quickly, it
becomes obvious that the water content in the cell
constructs (7 < 20) was considerably lower over the
duration of degradation compared with the gels alone
(14 = g = 115, where g is the mass swelling ratio). This
difference in the local environment (i.e., lower water

Figure 3. Representative histological micrographs of chon-
drocytes encapsulated in the homopolymer gels and cul-
tured in vitro and in vivo for 4 weeks. Safranin-O was used to
stain proteoglycans red (a,b) and Masson’s trichrome was
used to stain collagen blue (c,d). Hematoxylin was used to
stain nuclei black. Similar histological results were found in
vivo and in vitro for the copolymer gels (data not shown).
Original magnifications, 200X (a,c) and 400X (b,d).

content, cells, and ECM) surrounding the hydrolyti-
cally labile PLA blocks appears to significantly change
the hydrolysis kinetics. Furthermore, the in vivo envi-
ronment, which is known to accelerate cleavage of the
ester bonds,***' decreased the overall degradation
time significantly. As a result of the fast in vivo gel
degradation (i.e., <2 weeks), no differences in tissue
composition were observed as a function of gel com-
position.

Although these hydrogels contain <7% polymer,
small changes in the gel chemistry greatly affected the
gel degradation time, the biochemical composition of
the regenerated tissue, and the spatial distribution of
ECM components. For example, when the PEG/PLA
ratio was increased from 7 to 19, the concentration of
PEG and PLA in the hydrogels changed only slightly
by +0.9% and —0.9%, respectively. Gels, which exhib-
ited a lower PEG and higher PLA concentration (i.e.,
degrading more quickly), guided the development of
a collagen-rich neotissue whereas the neotissue devel-
oped in gels that degraded more slowly (i.e., a lower

Figure 4. Immunohistochemical staining for type II colla-
gen (shown in grayscale) after 4 weeks in vivo for the ho-
mopolymer (a) and copolymer (b) gels. Original magnifica-
tion, 400X.
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concentration of PLA) was comprised of similar
amounts of collagen and GAG. The in vivo environ-
ment containing many hormones, growth factors, and
other signaling factors significantly enhanced collagen
synthesis, which may be attributed, in part, to the
increased gel degradation, and in part, to its complex
environment.

During tissue development, proteoglycans and col-
lagen molecules are synthesized intracellularly and
excreted into the pericellular regions where they are
further developed before diffusing into the extracellu-
lar regions.”** Diffusivity within these crosslinked
gels is closely related to the network structure and,
with increased crosslinking density, the diffusivity de-
creases.”* It has been shown that the release of high
MW solutes can be controlled through the eroding
network structure.” Thus, the gel crosslinking density
may influence the release of the ECM molecules into
the extracellular regions. For instance, collagen fibers
are significantly larger than proteoglycans, and there-
fore, we would expect that the proteoglycans would
be able to diffuse more readily than the collagen mol-
ecules. In fact, we observe this at early culture time (2
weeks) in vitro [Fig. 2(a—d)]. If the distribution of
GAGs in vitro as a function of gel composition is
examined more closely, differences in GAG distribu-
tion are evident, particularly in the lacunae. Proteo-
glycans of many different sizes are synthesized by the
cells and secreted into the pericellular regions.* It is
likely that larger proteoglycans are unable to diffuse
into the extracellular regions of the gel because of the
gel’s crosslinked nature. This localization of proteo-
glycans and collagen pericellularly may well influence
cell expression and explain the differences in the over-
all tissue composition. The lower crosslinking density
in the copolymer gels may allow for increased diffu-
sion of larger proteoglycans. However, with increased
degradation, a critical network structure was reached
that promoted both proteoglycan and collagen diffu-
sion throughout the gels [Fig. 3(a,c)].

The evolution of tissue development from a spatial
perspective was also considerably different in vivo com-
pared with in vitro. First, both proteoglycans and colla-
gen molecules were localized in the pericellular regions
in vivo even though no polymer was present at 2 weeks.
The in vivo environment may promote the production of
larger proteoglycans and/or the aggregation of proteo-
glycans into aggrecan, and furthermore, promote in-
creased interactions between collagen and aggrecan mol-
ecules,” which may delay the release of these ECM
molecules. It is possible that a delayed response may
occur from the time when the network reaches a critical
mesh size for ECM diffusion to the time when the chon-
drocytes sense and respond to the change in the net-
work. By 4 weeks, an ECM had formed.

By altering the hydrogel chemistry only slightly,
significant changes in the type of cartilaginous tissue
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produced were found to vary from GAG-rich to col-
lagen-rich tissues. This feature can potentially be a
very powerful tool for developing an engineered tis-
sue in which the composition and organization are
key to restoring function. With further understanding
of how the gel chemistry influences tissue formation
both in vitro and in vivo, we can begin to develop more
sophisticated cell-scaffolds that guide the formation of
an organized and functional tissue.

The authors are grateful for fellowships to S. J. B. from the
National Science Foundation and the Department of Educa-
tion’s Graduate Assistantships in Areas of National Need.
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