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Medium Osmolarity and Pericellular Matrix Development
Improves Chondrocyte Survival When Photoencapsulated

in Poly(Ethylene Glycol) Hydrogels at Low Densities

Idalis Villanueva, M.S., Nikki L. Bishop, B.S., and Stephanie J. Bryant, Ph.D.

The ability to encapsulate cells over a range of cell densities is important toward mimicking cell densities of native
tissues and rationally designing strategies where cell source and=or cell numbers are clinically limited. Our
preliminary findings demonstrate that survival of freshly isolated adult bovine chondrocytes dramatically de-
creases when photoencapsulated in poly(ethylene glycol) hydrogels at low densities (4 million cells=mL). During
enzymatic digestion of cartilage, chondrocytes undergo a harsh change in their microenvironment. We hypoth-
esize that the absence of exogenous antioxidants, the hyposmotic environment, and the loss of a protective
pericellular matrix (PCM) increase chondrocytes’ susceptibility to free radical damage during photoencapsulation.
Incorporation of antioxidants and serum into the encapsulation medium improved cell survival twofold com-
pared to phosphate-buffered saline. Increasing medium osmolarity from 330 to 400 mOsm (physiological)
improved cell survival by 40% and resulted in *2-fold increase in adenosine triphosphate (ATP) production 24 h
postencapsulation. However, cell survival was only temporary. Allowing cells to reproduce some PCM before
photoencapsulation in 400 mOsm medium resulted in superior cell survival during and postencapsulation for up
to 15 days. In summary, the combination of antioxidants, physiological osmolarity, and the development of some
PCM result in an improved robustness against free radical damage during photoencapsulation.

Introduction

Tissue engineering holds great promise for replacing
damaged and=or diseased tissues with regenerated

healthy living tissues.1 One attractive approach to engi-
neering living tissues involves the encapsulation of cells in
3D hydrogels.2 Hydrogels are characterized by their high
water contents and tissue-like elastic properties making them
ideal environments for cell and tissue growth. In addition,
the gelation process is often mild permitting in vivo delivery
of cells. Hydrogels formed via photopolymerization are
particularly attractive because the process occurs on clini-
cally relevant time scales, allows for spatial and temporal
control over the polymerization reaction, and can be tuned to
obtain a range of macroscopic properties and degradation
profiles.3 Furthermore, synthetic and natural polymers have
been modified with polymerizable functionalities [e.g.,
(meth)acrylate] to create 3D environments suited for a range
of cell encapsulation and tissue engineering applications,
including encapsulation of osteoblasts,4 islets of Langer-
hans,5 chondrocytes,6,7 and mesenchymal stem cells.8

Photopolymerization of hydrogels occurs through a photo-
initiated free radical chain polymerization involving initiation,

propagation, and termination. The process is described by
Figure 1. For cell encapsulation strategies, the precursors in-
clude multifunctional macromolecular monomers (i.e., mac-
romers), photoinitiator molecules, and light. Upon exposure to
light, photoinitiator molecules absorb photons of light energy
and dissociate into radicals that initiate the polymerization
reaction to form growing kinetic chains. During propagation,
the rate of polymerization increases dramatically with con-
version as a result of diffusion-controlled termination kinetics
leading to autoacceleration.9 During autoacceleration, there is a
large increase in the concentration of propagating chains, that
is, macroradicals. Termination occurs through bimolecular
termination or chain transfer between two propagating chains.
Chain transfer may also occur with other solutes or molecules
present in the polymerization medium, including proteins
and=or molecules associated with cells.

For cell encapsulation strategies, the photopolymerization
conditions must be carefully chosen to minimize cellular
damage from free radicals associated with the initiating
radicals and propagating macroradicals. It is well known
that free radicals can damage cell membranes, nucleic acids,
and proteins that can ultimately lead to cell death.10–12 Sev-
eral studies have examined the cytocompatibility of different
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photoinitiators and their resulting radicals from exposure to
light.13–16 Earlier work by Bryant et al.15 demonstrated that
initiator chemistry, initiator concentration, and their resulting
radicals dramatically affected cell viability of NIH=3T3 fibro-
blasts. The initiating system, 2-hydroxy-1-[4-(hydroxyethoxy)
phenyl]-2-methyl-1-propanone) or Irgacure 2959� under low-
intensity UV light (365 nm), was determined to be cyto-
compatible. This initiating system has since been used to
encapsulate a number of different cell types in photo-
polymerized hydrogels without adversely affecting cell via-
bility or cellular functions.8,15,16

To develop a clinically relevant tissue engineering strategy
for cartilage regeneration, cell source and availability are
important considerations. In addition, one of the limitations
involving the use of primary chondrocytes is the fact that
chondrocytes are known to de-differentiate rapidly when
expanded in 2D cultures.17–19 Therefore, developing suc-
cessful strategies that employ low cell densities are attractive
from a clinical perspective.

Our lab focuses on encapsulating chondrocytes in photo-
polymerized poly(ethylene glycol) (PEG) hydrogels fabri-
cated from PEG dimethacrylate (PEGDM) macromers and
the Irgacure 2959 initiating system toward engineering
functional cartilage tissues. PEG hydrogels provide a 3D
environment that maintains the chondrocyte phenotype,
promotes cartilage-specific matrix synthesis, and when de-
signed to biodegrade leads to macroscopic tissue develop-
ment.6,20–22 Traditionally, to enhance matrix deposition, we
and others have employed high cell concentrations (*50�
106 cells=mL) when encapsulating primary chondrocytes in
hydrogels for cartilage regeneration.6,7,20–22 Toward devel-
oping strategies that employ low cell densities, unpublished
observations from our lab have found that when freshly
isolated bovine chondrocytes are photoencapsulated in PEG
hydrogels at cell densities similar to adult cartilage (i.e.,
*4�106 cells=mL), very few cells survived the encapsulation
process. This finding was particularly surprising because
other cell types have been successfully encapsulated in
photopolymerized PEG hydrogels at low cell densities, in-
cluding bone marrow stromal cells,23 endothelial cells,24 and
osteoblasts.4

Primary chondrocytes are obtained from enzymatic di-
gestion of cartilage tissue explants. The collagenase digestion
process dissolves the extracellular matrix (ECM) and strips
the cells of their pericellular matrix (PCM) resulting in a
suspension of isolated single cells.25–27 In addition, the iso-
lation process for chondrocytes is typically performed in
standard culture medium with osmolarities that are lower
than native cartilage resulting in a hyposmotic environ-
ment.28 We hypothesize that this harsh change in the mi-
croenvironment surrounding the chondrocyte enhances their
susceptibility to free radical damage associated with radicals
of the polymerization. These negative effects may be more
pronounced when low cell densities are employed due to the
higher concentrations of free radicals per cell.

Because free radicals are normally present in cells and
tissues, cells inherently have protective capabilities against
free radical damage. For example, the unsaturated bonds in
lipids that are present on the cell membrane are key targets
for free radical reactions and oxidative damage, which can
lead to adverse cellular functions and even cell death.10,29 To
prevent oxidative damage to the cell membrane, antioxidants
released by the cell and=or present exogenously serve to
quench and scavenge free radicals.29 The ECM may also have
potential to act as radical scavengers where previous studies
have reported the ability of collagen type I to scavenge
radicals in vitro.30 Furthermore, the change in the osmotic
environment during the isolation can result in rapid cell
swelling that can deplete the cell of important osmolytes,
such as potassium, which has been shown to inhibit free
radical formation in other cell types.31 Therefore, the loss of
PCM, the hyposmotic environment, and the absence of ex-
ogenous antioxidants may act to increase the chondrocytes
susceptibility to free radical damage.

Therefore, this study explores the role of the encapsulation
medium and the importance of a PCM on cell survival and
function during photoencapsulation of primary bovine chon-
drocytes in PEG hydrogels. Specifically, we examine several
different media including (i) a basic phosphate-buffered saline
(PBS) solution, which does not provide any protective com-
ponents against radical damage, (ii) PBS supplemented with
medium nutrients, which include exogenous antioxidants,
such as ascorbic acid and serum, which has antioxidant cap-
abilities,32 (iii) standard culture medium, which contains nu-
trients and serum, and (iv) media with varying osmolarities.
To assess the importance of a PCM, isolated chondrocytes
were allowed to reform some of the PCM before encap-
sulation. To assess cell survival, we assessed cell viability
semiquantitatively with fluorescence microscopy and meta-
bolic activity quantitatively by ATP production. Chondrocyte
function was assessed through proteoglycan production. Our
findings indicate that a combination of physiological osmo-
larity and restoration of some of the PCM is necessary to
maintain chondrocyte survival during photoencapsulation
when low cell densities are employed, and this environment
promotes cartilage-specific matrix deposition in long-term
culture.

Materials and Methods

Synthesis of PEGDM

PEGDM was synthesized by reacting linear PEG (3000
MW; Fluka, Milwaukee, WI) with methacrylic anhydride

FIG. 1. A schematic of the process for fabricating hydrogels
by photopolymerization, which are used in cell encapsula-
tion strategies. The photopolymerization process occurs via a
photoinitiated free radical chain polymerization involving
initiation, propagation, and termination. Photoinitiator mol-
ecules (In) absorb photons of light energy (hv) and dissoci-
ate into radicals (R�) (initiation). The initiator radicals react
with unreacted double bonds (C¼C) on macromolecular
monomers [e.g., poly(ethylene glycol) dimethacrylate] to
form growing kinetic chains (propagation). Termination oc-
curs through either bimolecular termination or chain transfer
between two propagating chains.
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(Sigma, St. Louis, MO) at a molar ratio of 1:10 using micro-
wave irradiation.33 The final product was purified by dis-
solution in methylene chloride followed by precipitation in
cold ethyl ether. The degree of methacrylate substitution for
PEGDM was 90% as determined through 1H NMR (Varian
VYR-500 MHz) by comparing the area under the integral for
the vinyl resonances (d¼ 5.7 ppm and d¼ 6.1 ppm) to that of
the methylene protons (d¼ 4.3 ppm) in the PEG backbone.

Chondrocyte isolation

Bovine articular cartilage (1–2 years; Arapahoe Foods, La-
fayette, CO=Sigma, St. Louis, MO) was removed within several
hours of slaughter under sterile conditions from metacarpal-
phalangeal joints of eight steers in two separate isolations. The
cartilage was washed in PBS supplemented with 1% penicillin
streptomycin (PBS-P=S; Invitrogen), diced finely, and digested
in 0.2% collagenase type II (Worthington Biochemical, Lake-
wood, NJ) in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) and 10% fetal bovine serum (FBS; Invitrogen) for
16 h at 378C. Isolated chondrocytes were washed in
PBS=PSþ 0.02% ethylenediaminetetraacetic acid (EDTA) to
deactivate the collagenase followed by centrifugation at
1200 rpm for 10 min. Cell viability was determined by the
trypan blue exclusion to be *97%.

Chondrocyte encapsulation

Immediately after isolation, chondrocytes were maintained
in PBS-P=S for *30 min at 378C. After which time, chon-
drocytes were recovered by centrifugation and gently mixed
with macromer solution at concentrations of 4, 10, or 50 mil-
lion cells=mL. The macromer solution consisted of 10% w=v
PEGDM, 0.05% w=w photoinitiator (1-[4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one, Irgacure 2959;
Ciba Specialty Chemical, Basel, Switzerland) in an encapsu-
lation medium. Encapsulation media included (Table 2) (i)
PBS, (ii) PBSþmedium nutrients (10 mM HEPES, 0.1 M non-
essential amino acids, 0.4 mM L-proline, 50 mg=L L-ascorbic
acid, 1% P=S, and 0.5 mg=mL of amphoterecin B (all from In-
vitrogen), (iii) basal medium (high-glucose DMEMþmedium
nutrients) supplemented with varying concentrations of FBS
(0–5%), (iv) standard chondrocyte medium (basal medi-
umþ 10% FBS), or (v) standard chondrocyte medium sup-
plemented with salts to adjust the medium osmolarity. Based
on the assumption that standard chondrocyte medium has an
osmolarity of 330 mOsm (per manufacturer), the addition of
salts (potassium chloride [2.6, 2.9, 3.3 mg=mL] and sodium
chloride [5.2, 5.9, 6.6 mg=mL]) will increase the medium os-
molarity to 400, 450, or 500 mOsm, respectively.28 The isolated
cells were mixed with PBS-P=S for 30 min at 378C before
combining with their respective macromer solution. The cell-
macromer solution was exposed to 365 nm light (*4
mW=cm2) for 10 min to form cylindrical hydrogel constructs
(5 mm in diameter and height). Postencapsulation, the cell–
laden constructs were cultured in standard chondrocyte me-
dium with the appropriate osmolarity.

Cell viability

At specified time points, PEG constructs (n¼ 3) were
sliced in half lengthwise, and chondrocyte viability assessed
using a LIVE=DEAD� membrane integrity assay (Invitrogen,

Carlsbad, CA), in which live cells fluoresce green and dead
cells fluoresce red. Three regions were randomly selected
from the cut side of the construct representing the edge and
interior regions of the gel. Images were acquired using an
inverted confocal laser scanning microscope (CLSM; Zeiss
LSM 510, Thornwood, NY) equipped with a 10�water im-
mersion objective. Percent cell viability was semiquantified by
counting manually live and dead cells in each image.

Metabolic activity assay based on ATP production

At specified time points, PEG constructs (n¼ 5–8) were
removed and immediately frozen in liquid nitrogen. PEG
constructs were crushed using a tissue homogenizer in 200mL
of lysis buffer (20 mM Tris, 2 mM EDTA, 150 mM NaCl, and
0.5% Triton-X-100 in DI water). The solution was transferred
into individual wells of a 96-well plate, combined with an
equal volume of the CytoTox-Glo� cytotoxicity substrate
solution (Promega, Madison, WI=Chemicon, Billerica, MA),
and incubated at 378C for 10 min. ATP production was mea-
sured following the manufacturer’s protocol by luminescence
(Fluostar Optima, BMG Labtech, Durham, North Carolina)
and normalized to gel wet weight.

Caspase-3=7 apoptosis assay

PEG constructs photopolymerized in PBS (n¼ 3) were
frozen in liquid nitrogen immediately postencapsulation and
crushed using a tissue homogenizer in 200 mL of lysis buffer
described above. Apoptosis was detected by measuring for
caspase-3=7 activity using the Apo-ONE� (Promega) assay
following manufacturer’s protocol. Cell pellets (n¼ 3) com-
prised of the same number of cells as in the PEG constructs
(320,000 cells) were used as the control. The cell pellets were
formed by centrifugation and cultured for 24 h.

PCM development and observation

Isolated chondrocytes (10 million=dish) were placed in
100 mm tissue culture dishes supplemented with 10 mL of
standard chondrocyte medium (330 or 400 mOsm) for 24 h to
allow the cells to deposit some of their own PCM before
encapsulation. Chondrocytes that did not attach to the sur-
face of the tissue culture dish were recovered, and viability
was assessed by the trypan blue exclusion test. The cells were
then encapsulated at a concentration of 4�106 cells=mL as
described above in standard chondrocyte medium (330 or
400 mOsm). The hydrogel constructs were cultured in their
respective culture media. The PCM was assessed imme-
diately postencapsulation by immunohistochemistry. The
PCM was also assessed immediately after encapsulation for
freshly isolated chondrocytes, that is, which were not pre-
plated, to assess whether there was any PCM present post-
isolation. Hydrogel constructs were cut in half and placed in
PBS supplemented with 0.5 units=mL Chondroitinase ABC
(Sigma) and 1% bovine serum albumin solution for 30 min
followed by treatment with mouse anti-chondroitin-6-sulfate
(clone MK302; Chemicon, Billerica, MA) (1:50) in DMEMþ
20% FBS for 1 h. Each construct was rinsed with Earle’s
balanced salt solution without phenol red (Invitrogen) and
placed in DMEMþ 20% FBS supplemented with goat anti-
mouse Alexa Fluor 546 (1:20) (Invitrogen) for 1 h. The cyto-
plasm of live cells was counterstained using 2mL of calcein
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AM (Invitrogen) for 30 min. Constructs were imaged by
CLSM with a 40�oil immersion objective. The cytoplasm of
live cells stains green and chondroitin-6-sulfate stains red
providing an indication of PCM development.

Matrix synthesis and deposition

To assess matrix synthesis, hydrogel constructs were
cultured in medium supplemented with 10 mCi=mL 35SO4

2�

(Perkin Elmer, Shelton, CT) for 24 h. The constructs were
removed, crushed using a tissue homogenizer, and digested
by papain (125 mg=mL papain [Worthington Biochemical],
10 mM of L-cysteine-HCl [Sigma], 100 mM of phosphate
[Sigma], and 10 mM EDTA [Biorad, Hercules, CA] at a pH of
6.3) for 16–17 h at 608C. Incorporation of [35SO4

2�] into newly
synthesized proteoglycans (cpm=g gel wet weight) was de-
termined using alcian blue precipitation.34 A sample size of 3
was used. To assess long-term matrix deposition, constructs
cultured for 1 day, 1 week, or 2 weeks were digested in papain.
Sulfated glycosaminoglycan (GAG) content was assayed by
dimethylmethylene blue dye35 in the papain digests. Total
DNA content was determined by Hoeschst 33258 (Poly-
sciences, Warrington, PA) in the digest.36 GAG production
was normalized to its corresponding DNA content at each
time point. A sample size of 6 was used.

Statistical analysis

Data are reported as mean� standard deviation. Single-
factor analysis of variance (ANOVA) was used, and a con-
fidence level of 0.95 was considered significant.

Results

Bovine articular chondrocytes were seeded at low, inter-
mediate, and high cell encapsulation densities (Table 1) in PEG
hydrogels in one of three encapsulation media: (i) PBS, (ii)
PBSþmedium nutrients, and (iii) standard chondrocyte
medium containing 10% FBS (Table 2). Cellular viability was
assessed by a membrane integrity assay, while metabolic ac-
tivity was assessed by ATP production. Before encapsulation,
cell viability was *97%. Upon encapsulation in photopoly-
merized hydrogels with PBS, cell viability was dramatically
reduced to 37% with low cell encapsulation densities (Fig. 2A).
However, incorporation of medium nutrients to the PBS or
employing standard chondrocyte medium enhanced cell sur-
vival resulting in cell viabilities that were twofold higher
compared to encapsulation in PBS. ATP production was sim-
ilar for PBS and PBS supplemented with media nutrients in
PBS, but was twofold higher in standard chondrocyte medium
(Fig. 2B).

For the intermediate cell encapsulation densities, cell via-
bility was markedly improved in PBS compared to lower cell
encapsulation densities. Cell viability (Fig. 2C) was signifi-
cantly higher when medium nutrients were incorporated
into the PBS and in standard chondrocyte medium. ATP
production (Fig. 2D) was twofold higher in the PBSþ
medium nutrients threefold higher in standard chondrocyte
media.

In the high cell encapsulation density, cell viability was
not affected by the encapsulation medium (Fig. 2E). How-
ever, ATP production (Fig. 2F) was *30% lower in the
PBSþmedium nutrients compared to PBS, while encapsu-
lation in standard chondrocyte media resulted in the highest
ATP production.

To assess the mechanism of cell death for chondrocytes
photoencapsulated at low densities and in PBS, caspase-3=7
activity was assessed (Fig. 3). As a control, chondrocytes
were cultured in a cell pellet, which served as a 3D control
to compare the 3D culture environment within PEG hydro-
gels. The mean relative fluorescence decreased by *50% for
chondrocytes encapsulated within PEG hydrogels when
compared to the cell pellet control, but was not statistically
significant.

Table 1. Cell Encapsulation Densities

for Chondrocytes Photoencapsulated

in Poly(Ethylene Glycol) Hydrogels

Description
Cell encapsulation density

(cells=mL macromer solution)

Low 4�106

Intermediate 10�106

High 50�106

Table 2. Recipes for Encapsulation and Culture Media

Encapsulation medium Medium recipea

PBS PBS, pH 7.4, 330 mOsm
PBSþmedium nutrients PBS supplemented with HEPES, nonessential amino acids, l-proline,

L-ascorbic acid, penicillin, streptomycin, and amphoterecin B
Basal medium DMEMþmedium nutrients
Basal mediumþ FBS DMEMþmedium nutrientsþ 0–5% FBS
Standard chondrocyte medium (330 mOsm) Basal medium supplemented with 10% FBS
Chondrocyte medium (400 mOsm) Standard chondrocyte medium supplemented with potassium

chloride (2.6 mg=mL) and sodium chloride (5.2 mg=mL)
Chondrocyte medium (450 mOsm) Standard chondrocyte medium supplemented with potassium

chloride (2.9 mg=mL) and sodium chloride (5.9 mg=mL)
Chondrocyte medium (500 mOsm) Standard chondrocyte medium supplemented with potassium

chloride (3.3 mg=mL) and sodium chloride (6.6 mg=mL)

aSee Chondrocyte encapsulation section for concentrations for the different medium components.
PBS, phosphate-buffered saline; FBS, fetal bovine serum; DMEM, Dulbecco’s modified Eagle’s medium.
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The effect of serum concentration on chondrocyte survival
was assessed under low cell encapsulation densities. Chon-
drocytes were photopolymerized in basal medium supple-
mented with 0%, 0.2%, 2%, 5%, or 10% FBS (Fig. 4). An
increase in FBS concentration resulted in higher cell vi-

abilities immediately postencapsulation ( p< 0.001). Simi-
larly, an increase in serum concentration led to higher ATP
levels ( p< 0.001, Fig. 4B).

To assess cell survival post cell encapsulation, chondro-
cytes encapsulated at low densities in standard chondrocyte

FIG. 2. The effects of cell density and encapsulation medium on cell viability (A, C, E) and adenosine triphosphate (ATP)
production (B, D, F) immediately after encapsulation in photopolymerized poly(ethylene glycol) (PEG) hydrogels. Three cell
encapsulation densities were studied: 4�106 cells=mL (low; A, B), 10�106 cells=mL (intermediate; C, D), and 50�106 cells=mL
(high; E, F). Three different encapsulation media were studied: phosphate-buffered saline (PBS, pH 7.4), PBSþmedium nutri-
nutrients, and standard culture medium. ATP production (ng) for each gel was normalized to its respective gel wet weight (g).
Percent cell viability (n¼ 3) and ATP production (n¼ 5–8) are given by mean� standard deviation; *p< 0.05, **p< 0.01, and
***p< 0.001.
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medium (i.e., containing 10% serum) were cultured for 0, 24,
or 48 h (Fig. 5). After 24 h of culture, cell viability decreased
by 30% and remained low after 48 h (Fig. 5A). Similarly, ATP
production was highest immediately after encapsulation, but
decreased threefold 24 h postencapsulation and remained
low after 48 h (Fig. 5B).

The effect of medium osmolarity on cell viability (Fig. 6A)
and ATP production (Fig. 6B) was assessed for chondrocytes
encapsulated in low densities and in standard chondrocyte
medium with osmolarities ranging from 330 to 500 mOsm.

After 24 h of culture postencapsulation, an increase in me-
dium osmolarity from 330 to 400 or 450 mOsm resulted in
40% higher cell viabilities with only *8% of chondrocytes
surviving under 500 mOsm medium. The 400 mOsm me-
dium resulted in the highest ATP levels, while 500 mOsm
chondrocyte medium resulted in the lowest ATP levels.

For the 400 mOsm chondrocyte medium, cell viability and
ATP production were assessed as a function of culture time
(Fig. 7A and B, respectively). Immediately after encapsula-
tion, cell viability was *80% and did not show a significant
change in viability after a 24-h culture period. After 48 h of
culture, cell viability decreased by *63%. Similarly, ATP
production was highest immediately postencapsulation and
did not significantly change after 24 h of culture. However,
after 48 h of culture ATP production decreased by 90%.

To assess the role of the PCM in mediating the negative
effects due to the photoencapsulation process, freshly isolated
chondrocytes, which were devoid of any PCM, were allowed
to reform some of their own PCM before encapsulation under
330 or 400 mOsm medium. Immediately postencapsulation,
the presence of a PCM was confirmed by positive staining for
chondroitin sulfate surrounding the chondrocytes (Fig. 8A).
Cell viability was high at *98% for both culture media im-
mediately postencapsulation. After 24 h of culture, cell via-
bility declined by *25% and *3% in the 330 and 400 mOsm
medium, respectively. At 0 and 24 h postencapsulation, ATP
production was higher in the 400 mOsm medium compared
to the 300 mOsm. However, for both culture media, ATP
production decreased significantly with culture time. We
additionally assessed the chondrocytes’ ability to function
and produce cartilage-specific matrix, specifically through
proteoglycan synthesis, when encapsulated with a PCM.
Proteoglycan synthesis was evident under both culture media
with the 400 mOsm medium resulting in 35% more matrix
deposition (Fig. 8D).

Long-term chondrocyte survival and function were as-
sessed under the best encapsulation condition where chon-
drocytes were preplated for 24 h and encapsulated in 400

FIG. 3. Caspase-3=7 activity for chondrocytes photo-
encapsulated in PEG hydrogels using PBS as the encapsu-
lation medium and for the low cell encapsulation density.
The relative fluorescence is directly associated with caspase-
3=7 activity where activity in chondrocytes encapsulated in
PEG hydrogel constructs was normalized to the activity of
chondrocytes cultured in a three-dimensional (3D) cell pellet
(control). The total number of cells was the same for both the
control and the samples. Data are given by mean� standard
deviation (n¼ 3).

FIG. 4. The effect of serum concentration on cell viability (A) and ATP production (B) immediately after photoencapsulation
in basal medium containing 0%, 0.2%, 2%, 5%, or 10% fetal bovine serum for the low cell encapsulation density. ATP
production (ng) for each gel was normalized to its respective gel wet weight (g). Percent cell viability (n¼ 3) and ATP
production (n¼ 5–7) are given by mean� standard deviation; *p< 0.05, **p< 0.01, and ***p< 0.001.
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mOsm chondrocyte medium (Fig. 9). The cell–laden con-
structs were cultured in the 400 mOsm medium for 1, 7, or 15
days. Cell viability (Fig. 9A) decreased by 21% after 7 days of
culture from day 1, but was not affected by longer culture
times of 15 days. Similarly, ATP production (Fig. 9B) de-
creased by 26% after 7 days of culture but no further changes
were found after 15 days. Total DNA content did not change
as a function of culture time (Fig. 9C). Chondrocyte func-
tion was assessed by matrix deposition for sulfated GAG (Fig.
9D). GAG content increased by *35% after 15 days of culture.

Discussion

In this study, we have shown that when freshly isolated
bovine chondrocytes are photoencapsulated in PEG hydro-

gels via free radical photoinitiated polymerization, their vi-
ability and metabolic activity are dramatically influenced by
the cell density employed during encapsulation, encapsula-
tion medium, and presence of a PCM.

When high cell encapsulation densities (10–50 millions
cells=mL) were employed, the percentage of cells that re-
mained viable immediately after encapsulation was greater
than 70% in the different encapsulation mediums. High cell
encapsulation densities of 50 million cells=mL have been used
successfully to grow cartilaginous tissue within similar pho-
topolymerized PEG and biodegradable PEG hydrogels.6,7,37

However, only *35% of chondrocytes survived when a low
cell encapsulation density and PBS were used. For cell en-
capsulation strategies involving photopolymerization, the
polymerization must occur in the presence of oxygen to

FIG. 5. The effect of culture time on cell viability (A) and ATP production (B) for chondrocytes photoencapsulated in PEG
hydrogels at the low cell encapsulation density using standard chondrocyte medium (330 mOsm). The constructs were
cultured for 0, 24, or 48 h in similar medium. ATP production (ng) for each gel was normalized to its respective gel wet
weight (g). Percent cell viability (n¼ 3–5) and ATP production (n¼ 5–8) are given by mean� standard deviation; *p< 0.05,
***p< 0.001.

FIG. 6. The effect of medium osmolarity on cell viability (A) and ATP production (B) for chondrocytes isolated, encap-
sulated at the low cell encapsulation density, and cultured for 24 h in chondrocyte medium at 330 (i.e., standard chondrocyte
medium), 400, 450, and 500 mOsm. Medium osmolarity was adjusted by the addition of potassium chloride and sodium
chloride. ATP production (ng) for each gel was normalized to its respective gel wet weight (g). Percent cell viability (n¼ 3)
and ATP production (n¼ 5–8) are given by mean� standard deviation; *p< 0.05, **p< 0.01, and ***p< 0.001.
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maintain cell survival. However, oxygen is a well-known
inhibitor of free radical polymerizations where radicals react
with molecular oxygen to produce a less reactive peroxy
radical.10,29 Oxygen radicals, however, can be highly toxic to
cells most notably through damage to cellular membranes by
lipid peroxidation, which can lead to numerous adverse ef-
fects, including altered membrane permeability and, if severe,
cell death via necrosis. The rapid cell death that occurred
during the 10 min encapsulation process, as measured by a
membrane integrity assay, indicates that cell death is likely
through necrosis. The 50% mean decrease observed in caspase-
3=7 activity also suggests necrosis.

For each encapsulation condition, the concentrations of
photoinitiator and polymerizable double bonds were simi-
lar, suggesting that the number of initiator radicals and
macroradicals generated during the polymerization process
was similar. Based on the percentage of viable cells and the
cell density at encapsulation, the number of cells that did not
survive the encapsulation process in PBS was similar for the
4 and 10 million cells=mL conditions (*220,000 cells=gel).
Interestingly, the total number of cells that did not survive
the encapsulation process for the 50 million cells=mL density
was approximately five times higher. During necrosis, dying
cells release a plethora of enzymes, which can trigger a chain
reaction of cell death. It is possible that this phenomenon
may have occurred due to the high cell concentration and
proximity of neighboring cells to a dying cell. Alternatively,
the higher cell concentration may increase the viscosity of
the solution enhancing the autoacceleration effect and lead-
ing to an overall higher concentration of macroradicals
during polymerization.38 Taken together, our findings indi-
cate that high cell encapsulation densities lead to signifi-
cantly more cell death when assessing total numbers of dead
cells, suggesting that either high cell density and=or alter-
ations in the polymerization reaction enhance cellular death
via free radical damage. Nonetheless, the number of cells
that remain viable under the high cell encapsulation densi-
ties is sufficient to promote macroscopic tissue develop-
ment.39

At the low cell concentration, the presence of medium
nutrients, which include ascorbic acid and HEPES, and se-
rum in a concentration-dependent manner, significantly im-
proved cell viability immediately postencapsulation. All of
these components have known antioxidant capabilities. For
example, ascorbic acid reacts directly with superoxides,
radicals, and singlet oxygen.29 The presence of HEPES was
found to reduce DNA damage during photoencapsulation of
plasmid DNA due to its radical scavenging abilities.40 Serum
has been shown to protect cells against damage due to oxi-
dative stress.41 In general, metabolic activity as measured by
ATP production mirrored cell viability with the exception of
when chondrocytes were encapsulated in the presence of
glucose and serum, precursors of cellular respiration, and
ATP production. As expected, ATP production was signif-
icantly higher in chondrocytes encapsulated in standard
culture medium compared to PBS supplemented with me-
dium nutrients even though cell viability was similar (i.e.,
Fig. 2). Nonetheless, cell viability and metabolic activity were
not maintained with culture time resulting in a 50% and 60%
decline in cell viability and ATP production, respectively,
after 1 day of culture. This finding suggests that the presence
of antioxidants in medium nutrients and serum minimize
acute cellular damage during encapsulation, but are insuffi-
cient at preventing radical damage and cell death.

As noted earlier, the typical isolation process for chon-
drocyte occurs in a hyposmotic environment and leaves the
chondrocyte deprived of any protective PCM. The hyposmotic
environment initially causes cell swelling, but through regu-
latory volume decrease mechanisms, chondrocytes are able
to respond quickly by counteracting cell swelling through
the removal of intracellular osmolytes, typically potassium
chloride and organic solutes.28 Prolonged exposure to non-
physiological osmotic environments and long-term loss of
osmolytes, however, can be detrimental to cells.28 This phe-
nomenon is often characteristic of many pathological condi-
tions, including osteoarthritis.42 We hypothesized that this
decrease in osmolytes associated with the hyposmotic envi-
ronment may increase the cells’ susceptibility to oxidative

FIG. 7. The effect of culture time on cell viability (A) and ATP production (B) for chondrocytes photoencapsulated in PEG
hydrogels at the low cell encapsulation density using chondrocyte medium at 400 mOsm, representative of the physiological
osmolarity of native cartilage. The constructs were cultured for 0, 24, or 48 h in similar culture medium. ATP production (ng)
for each gel was normalized to its respective gel wet weight (g). Percent cell viability (n¼ 3) and ATP production (n¼ 5–10)
are given by mean� standard deviation; *p< 0.05, **p< 0.01, and ***p< 0.001.
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degradation. After 24 h postencapsulation, cell viability and
metabolic activity was highest under physiological medium
osmolarity of 400 mOsm, while chondrocyte survival was
significantly compromised under hyposmotic and hyper-
osmotic media. However, by 48 h viability and ATP produc-
tion decreased markedly, suggesting that free radical damage
during encapsulation still occurred.

In native cartilage, chondrocytes interact directly with
their pericellular microenvironment to receive biomechanical
and biochemical signals.43 Freshly isolated chondrocytes,
although deprived of their PCM, are known to begin re-
forming a PCM within 24 h after their isolation.44 Here, we
demonstrate that after 24 h in monolayer culture, freshly
isolated chondrocytes have deposited pericellular chondroi-
tin sulfate, one of the major GAGs in aggrecan. Previous

studies have reported collagen type VI and keratan sulfate
deposition in the pericellular regions of chondrocytes 24 h
postisolation.44 The presence of some of the PCM compo-
nents improved cell viability when encapsulated and cul-
tured in a hyposmotic environment, which is likely due to
the antioxidant capabilities of many ECM molecules.31 The
combination of PCM and a physiological osmotic environ-
ment, however, resulted in superior cell survival after 24 h
postencapsulation. Chondrocyte function was also enhanced
by the isotonic culture environment as evident by increased
proteoglycan synthesis during the first 24 h of encapsulation
compared to the hyposmotic environment. Previous studies
have reported that a physiological osmotic environment for
chondrocytes results in the highest GAG production.45 Over
long-term cell cultures (of 15 days), cell viability, metabolic

FIG. 8. (A) Representative confocal microscopy images of chondrocytes and their surrounding pericellular matrix imme-
diately after encapsulation. The left image is a representative image of freshly isolated chondrocytes immediately after
encapsulation indicating the lack of pericellular matrix, The two images on the right are of chondrocytes that were cultured in
monolayer for 24 hours in either 330 or 400 mOsm culture medium to allow them to re-form some of their own pericellular
matrix prior to photoencapsulation at the low cell encapsulation density. The far right image (400mOsm) shows cells with
positive staining for chondroitin sulfate, a major glycosaminoglycan found in aggrecan. Original magnification is 40�oil. For
chondrocytes, which were pre-plated prior to encapsulation, their cell viability (B) and ATP production (C) were assessed
immediately after encapsulation (0 hr) and 24 hours post-encapsulation for the 330 or 400 mOsm medium. ATP production
(ng) for each gel was normalized to its respective gel wet weight (g). Proteoglycan synthesis (D) was assessed by 35SO4

2�

incorporation normalized to total DNA content during the first 24 hour of culture post-encapsulation in the 330 or 400 mOsm
medium. Percent cell viability (n¼ 3), ATP production (n¼ 5–8), and proteoglycan synthesis (n¼ 3) are given by
mean� standard deviation; *p< 0.05, **p< 0.01. Color images available online at www.liebertonline.com=ten.
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activity, and matrix deposition were maintained under these
encapsulation and culture conditions.

In summary, for chondrocytes that were photo-
encapsulated in low cell encapsulation densities in PEG
hydrogels, the combination of antioxidants, physiological
osmolarity, and the development of some PCM resulted in
an improved robustness against free radical damage during
photoencapsulation. Our findings indicate that primary iso-
lated cells, particularly chondrocytes, are more susceptible to
free radical damage. These findings may be important in
other tissue engineering applications where freshly isolated
cells are employed with photoencapsulation strategies at low
cell densities. Nonetheless, we report suitable encapsulation
conditions that maintain chondrocyte survival and function
at least for several weeks postencapsulation towards devel-
oping strategies that employ low encapsulation densities and
photopolymerization. Furthermore, the encapsulation con-
ditions identified here can readily be translated to in vivo
applications where cells can be delivered in a milieu of hy-
drogel precursors and antioxidants and photopolymerized
in situ. Once the cells have survived the photoencapsulation
process, the in vivo environment or in vitro culture conditions
mimicking the in vivo environment with physiological os-
molarities will promote long-term cell survival and tissue
production.
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