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Abstract: To deliver and retain viable repair cells in a sur-
gically prepared cartilage lesion, we previously developed
an adhesive in situ-gelling cell carrier by suspending cells
in a solution of hydroxyethyl cellulose (HEC), which was
then mixed with chitosan-glycerol phosphate to form a
chitosan-GP/HEC gel. The purpose of this study was to
elucidate the mechanism of gelation to maximally control
gel time and viability of encapsulated cells. We analyzed
the role of osmolality, pH, gelation temperature, gel shrin-
kage, and HEC. A chitosan-GP solution at pH 6.8 with
cytocompatible osmotic pressure (419 mOsm/kg) was
achieved by lowering disodium GP concentration from 370
to 135 mM. This solution was still thermogelling but only
at 738C. We next discovered that glyoxal, a common addi-
tive in ether cellulose manufacturing, was responsible for
chitosan gelation. Monolayer cells survived and proli-
ferated in up to 1 mM of glyoxal, however only a very

narrow range of glyoxal concentration in chitosan-GP/
HEC, 0.1–0.15 mM, permitted gel formation, cell survival,
and cell proliferation. Chitosan gels containing HEC re-
quired slightly less glyoxal to solidify. Chitosan-GP/HEC
loaded with viable chondrocytes formed an adhesive seal
with ex vivo mosaic arthroplasty defects from sheep knee
joints. In mosaic arthroplasty defects of live sheep,
bleeding occurred beneath part of the hydrogel carrier,
and the gel was cleared after 1 month in vivo. These data
indicate that chitosan-GP/HEC is suitable as an adhesive
and injectable delivery vehicle for clinical orthopedic
applications involving single use treatments that guide
acute cartilage repair processes. � 2007 Wiley Periodicals,
Inc. J Biomed Mater Res 83A: 521–529, 2007
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INTRODUCTION

Chitosan is a linear polysaccharide scaffold with
promising features as a cell delivery vehicle, prin-
cipally because chitosan is biocompatible, biodegrad-
able, and adheres to cells and tissues (reviewed
in Refs. 1 and 2). Chitosan contains b(1–4) linked
D-glucosamine and N-acetyl-D-glucosamine mono-
mers whose relative content and sequence are vari-
able. The primary amine on glucosamine imparts a

polycationic character and permits chitosan to be
solubilized at acid pH < 6.3 We previously showed
that disodium glycerol phosphate (GP) can maintain
chitosan solubility at neutral pH.4 These neutral sol-
utions of chitosan-GP are also thermogelling at body
temperature,4 signaling an enormous potential for
tissue-engineering applications.

An adhesive in situ-gelling, cell carrier has been
developed by mixing four volumes of a viscous
chitosan-GP solution with one volume of a hydro-
xyethyl cellulose (HEC) solution carrying a cell
dispersion.5–7 This gel supported cartilage matrix
deposition by primary articular chondrocytes and
was partly retained in full-thickness chondral defects
in living rabbits for 1–7 days.5,6 Commercial-grade
HEC induced chitosan-GP gelation within 10–30 min;
however, we subsequently found that medical-grade
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HEC failed to form chitosan-GP gels. Since commer-
cial-grade HEC is routinely surface-treated with
glyoxal to impede lumping,8 and glyoxal is known
to covalently cross-link chitosan fibers and micro-
spheres,9–12 we hypothesized that trace glyoxal
present in commercial HEC was responsible for chi-
tosan-GP/HEC hydrogel solidification. Here, we
examined the effect of HEC and glyoxal on gelation
kinetics, gel shrinkage, and cell viability using
several cell types. We then tested this system in a
novel cartilage repair application, where sheep
mosaic arthroplasty surgical defects were ‘‘grouted’’
with chitosan-GP/HEC hydrogel loaded with pri-
mary articular chondrocytes ex vivo and in vivo to
observe retention and residency of the gel carrier
and encapsulated cells.

MATERIALS AND METHODS

Materials

Free base ultrapure chitosan (between 76.3 and 82.6%
DDA) was from Bio Syntech (Laval, QC, Canada), with
<0.2% w/w protein and <500 EU/g endotoxin. Postauto-
clave molecular weight was determined by triple detector
GPC13 for 80.6% DDA chitosan (Mw ¼ 260,500 Da), used
for cell encapsulation. Pharmaceutical-grade HEC was
purchased from Anachemia Science (Spectrum HY112
HEC, Montreal, QC, Canada), and Hercules Aqualon
(NF250 HEC, Parlin, NJ). Commercial-grade HEC was pur-
chased from Sigma-Aldrich (Fluka HEC, Oakville, ON,
Canada) or Anachemica (Spectrum H1148 HEC, Montreal,
QC, Canada). Glyoxal (40% w/v), disodium b-GP (4.5–
5.0 mol H2O per mol Na2GP, Product No. G9891, cell-
culture grade), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), 1N HCl (cell culture grade),
Schiff’s base reagent, phosphate-buffered saline (PBS),
Dulbecco’s modified Eagle’s medium (DMEM), Minimal
Eagle’s Medium (MEM), dimethyl formamide (DMF),
sodium dodecyl sulfate (SDS), PKH26, and fetal bovine
serum were purchased from Sigma-Aldrich. Glutaralde-
hyde (25% w/v) was from Cedarlane (Hornby, ON,
Canada). Fluorescent dyes Hoechst 33258, Hoechst 33342,
calcein AM, and ethidium homodimer 1 were obtained
from Molecular Probes (Eugene, OR).

Preparation of chitosan-glycerol phosphate
solutions and characterization of pH,
viscosity, and osmolality

Chitosan was dissolved at 2% w/v in 70–80 mM HCl,
autoclave sterilized, then combined with 0.22-lm filter-
sterilized disodium b-GP to yield sterile solutions with
1.6% w/v chitosan and 100 or 135 mM GP, pH 6.6, or 6.8,
respectively. Solution viscosities were between 250 and
800 mPa s (258C, Brookfield viscometer LVDVIþ, Brook-
field Engineering Laboratories, Middleboro, MA). Os-
molality was measured by freezing point depression
(Advanced Osmometer Model 3D3, Advanced Instru-

ments, Norwood, MA) of chitosan-GP solutions diluted 1:4
(w/w) in ddH2O. Osmolality of the buffer alone was also
measured using stock solutions of Na2GP (750, 625, 500,
and 375 mM) in 50 mM HCl that were diluted up to
10-fold. Chitosan-HCl-GP solution density was determined
as 1.01 g/mL (100 mM GP) or 1.02 g/mL (135 mM GP),
from the mass of a 10-mL solution in a volumetric flask at
room temperature. Solutions densities with 117–750 mM
GP and 5–50 mM HCl varied linearly according to solution
density (g/L) ¼ 1000 þ 136 3 [Na2GP] (mol/L) since the
HCl contribution to density was negligible. The osmolality
of chitosan-HCl-GP or GP-HCl solutions was calculated
assuming ideality using the following equations where the
osmotic coefficient, F, was taken as equal to one in Eq. (5)
to represent an ideal solution:

[ddH2O](g/L) ¼ solution density (g/L) � Na2b-GP
(mol/L) (216 g/mol) � HCl (mol/L) (36 g/mol). (1)

Na2b-GP molality (mmol/kg) ¼ Na2b-GP mol/L/
([ddH2O] (g/L) 3 1000 mmol/mol 3 1000 g/kg). (2)

HCl molality (mmol/kg) ¼ HCl mol/L/([ddH2O]
(g/L) 3 1000 mmol/mol 3 1000 g/kg). (3)

Total molality (mmol/kg)¼3 3 Na2b-GP molality
(mmol/kg) þ HCl molality (mmol/kg). (4)

Osmolality (mOsm/kg)¼F3 total molality (mmol/kg).
(5)

The osmotic coefficient was then found as a function of
total molality by dividing measured osmolality by the
ideal value calculated with F ¼ 1 in Eq. (5). Note that the
factor ‘‘3’’ takes into account the disodium form of GP that
was used and that the contribution of chitosan was ignored
since it is expected to contribute around 0.1 mmol/L to
the total molality, taking an average 200 kDa molecular
mass. The contribution of hydrogen and hydroxyl ions
was similarly negligible near neutral pH where both are
less than 1 lM.

Preparation of test solutions of candidate
chitosan cross-linkers

All candidate cross-linkers (Table I) were dissolved in
either PBS or DMEM pH 7.4. All cross-linkers used for cell
culture were sterilized using 0.22-lm syringe filters. HEC
(Spectrum) was size-fractionated by ultrafiltration of
through a 1000 Da pore membrane (Spectrum Spectrapor,
Fischer Scientific, St Laurent, QC, Canada) followed by
lyophylization of each fraction. Aldehyde contaminant in
commercial HEC was verified by a positive reaction with
the Schiff’s base reagent, as shown by absorption at OD530

similar to 50 lM glutaraldehyde.

Preparation of HEC surface-treated with glyoxal

In separate flasks, 2.0 g of pharmaceutical-grade NF250
HEC (Table I) was dispersed in 25 mL of ethyl acetate
with moderate stirring. Then, 0.5, 1.0, or 1.4 mL 87.5 mM
glyoxal (100-fold dilution in ddH20 of a 40% w/v glyoxal
solution, 58 g/mol, density 1.27 g/mL, 8.75M) was added
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to each preparation with stirring such that the final
concentration of glyoxal would be either 22, 44, or 61 lmol
glyoxal per gram of HEC (0.13, 0.25, or 0.36% w/w,
respectively). After 24 h of reaction, the solvent was
evaporated yielding glyoxal-coated particles of HEC.
Gelation tests were performed by mixing four volumes
chitosan-GP and one volume glyoxal surface-treated HEC
resulting in a final composition of 12.5 mg/mL chitosan,
5 mg/mL NF250 HEC, and 0.1, 0.2, or 0.3 mM glyoxal.

Gelation tests via rheological measurements
or manual testing

Thermal gelation of chitosan-GP (1.5% w/v chitosan,
76.3% DDA, 135 mM GP, pH 6.8, 278 mPa s) was observed
by oscillatory measurements at 1 Hz with an incremental
increase of temperature from 20 to 808C at the rate of
18C/min, and the gelation temperature determined from
the intersection of G0 and G0 0 as described previously.14

Room temperature gelation tests were performed manually,
using four volumes chitosan-GP mixed with one volume
candidate cross-linker. All candidate cross-linkers (Table I)
were tested for their ability to induce chitosan-GP gelation,
including solutions of HEC (5–25 mg/mL), and/or glyoxal
(0.1–3 mM). Mixtures of chitosan-GP/cross-linker were
deposited as drops in a plastic petri to test for gel forma-
tion by manual tipping every minute. Similar gelation
times were obtained by rheology for selected conditions in
a 3-mL concentric cylinder measurement cell (C14) based

on the evolution of G0 and G0 0 at 258C with a Bohlin CVO
rheometer (Malvern Instruments, Southborough, MA).14

MTT assay for glyoxal cytotoxicity
towards monolayer L929 cells

L929 cells, a transformed fibroblast cell line derived from
mouse subcutaneous connective tissue, were purchased
from the American Type Culture Collection (NCTC clone
929, Catalog No CCL-1, ATCC, Rockville, MD). The MTT
metabolic assay15,16 was carried out in 96-well flat-bottom
cell culture plates seeded with 10,000 L929 cells in 200-lL
MEM with 10% FBS. The following day, media was aspi-
rated and cells were incubated for 2 or 18 h at 378C, 5%
CO2 with 100 lL of filter-sterilized glyoxal (0.01–100 mM,
6 wells/condition) in serum-free MEM with or without
5 mg/mL pharmaceutical-grade HEC NF250. Following
glyoxal exposure, each well received 10 lL of 5 mg/mL
MTT reagent for 3 h at 378C. Media was aspirated and the
formazan precipitates solubilized in 150 lL 50% DMF-20%
SDS17 and the absorbance directly read on an ELISA plate
reader at OD570.

Viability of cells encapsulated in chitosan
hydrogels and cultured for 1–4 days

HEK293 cells, a transformed epithelial cell line derived
from human embryonic kidney, were purchased from the
American Type Culture Collection (Catalog No. CRL-1573,
Rockville, MD). Primary or passaged calf chondrocytes

TABLE I
Candidate Cross-Linkers with Corresponding Abbreviations

Supplier, Product Number
Chitosan-GP

Gelation

A. Commercial-grade HEC
Sigma-Aldrich, Fluka 54290a Yes
Anachemia Science, Spectrum H1148 Yes

B. Autoclaved commercial HEC
Sigma-Aldrich, Fluka 54290 No

C. Commercial-grade size-fractionated HEC
Spectrum H1148 HEC or Fluka HEC, water-soluble fractionb Yes
Spectrum H1148 HEC >1000 Da No
Spectrum H1148 HEC Salt fraction, <1000 Da Yes

D. Pharmaceutical Grade HEC
Hercules, Aqualon NF250c No
Anachemia Science, Spectrum HY112 No

E. Pharmaceutical grade HEC surface-treated with glyoxal
(in-house) NF250-HEC-glyoxal (0.13% w/w) Yes
(in-house) NF250-HEC-glyoxal (0.25% w/w) Yes
(in-house) NF250-HEC-glyoxal (0.36% w/w) Yes

F. Glyoxal
Sigma-Aldrich,12,846-5 Yes

G. Pharmaceutical grade HEC mixed with glyoxal
NF250 HEC þ glyoxal Yes

H. Known by-products of HEC manufacture8

Ethylene glycol, Sigma-Aldrich, E9192 No
Polyethylene glycol, Sigma-Aldrich, 20244-4 No

aLots 408293/1 20800 and 355241/1 496.
bHEC was agitated with water for 5 min and the water-soluble fraction collected.
cCertified �0.05% w/w glyoxal content.
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were isolated from 2-week calf femoral patellar grooves by
enzymatic digestion as previously described.18 Single-cell
suspensions were rinsed in serum-free media prior to gen-
erating cell pellets of 2 million cells. Pellets were sus-
pended in 200-lL filter-sterilized cross-linker in DMEM
(12.5 mg/mL Fluka HEC, glyoxal, or glyoxal with 5 or
12.5 mg/mL pharmaceutical-grade NF250 HEC), and
150 lL transferred to a cryovial containing 600-lL chito-
san-GP solution. The solutions were vortex mixed for 10 s,
poured into a 30-mM tissue culture dish to form a pan-
cake-shaped sample that covered around 75% of the dish,
and allowed to solidify at 378C in a humidified 5% CO2

incubator. As a control, 2 million cells in cross-linker were
transferred to 30-mm petris for MTT assay at 1 or 4 days.
Hydrogels were rinsed thrice with DMEM for 10 min
before adding complete media (DMEM with 10% fetal
bovine serum). Hydrogels without cells were formed in
parallel as negative controls. Percent gel shrinkage was
determined by aseptic weighing of the total hydrogel and
preweighed petri mass before and after overnight culture.
After 18 h or 4 days of culture, vital calcein AM (live green
cells) and ethidium homodimer 1 (red dead nuclei) fluo-
rescent staining was conducted on a portion of the gel as
previously described.6 The remainder of the gel was sub-
mitted to MTT assay by adding 0.5 mg MTT/mL culture
media for 3 h following which distinct 15–50 mg of MTT
hydrogel samples were transferred to Eppendorf tubes,
crushed with a tapered pestle, extracted for 30 min with
isopropanol/0.04M HCl19 (12.5 lL/mg hydrogel), and
centrifuged to remove insoluble gel particles. One hundred
microliters of solubilized formazan substrate was trans-
ferred in triplicate into a 96-well ELISA plate, and the
OD570 read in a microplate reader. Gels with no cells had
negligible MTT signal. HEK293 and chondrocyte cell pro-
liferation in hydrogels was confirmed in selected samples
by increased DNA content using the Hoechst fluorimetric
assay5,6 (data not shown). All results were based on
the mean 6 standard deviation of four to five distinct gel
samples.

In situ chitosan hydrogel gelation in ex vivo
and in vivo sheep arthroplasty defects

All procedures were carried out according to institu-
tional ethics committee-approved protocols. For ex vivo
defects, a large (1.5 cm2) full thickness chondral defect was
created in the trochlear groove or medial femoral condyle.
Six drill holes were created in the defect and filled with
13-mm long, 4.5-mm diameter osteochondral grafts
obtained from the intercondylar notch or trochlear ridge
(respectively) and cut to length using appropriate surgical
instruments (MosaicPlasty Instrument Set, Acufex, Smith &
Nephew, Andover, NJ). The grafts were made congruent
with the surrounding joint surfaces. Articular surfaces
were kept humid with phosphate buffered saline. Articular
chondrocyte cell nuclei were fluorescently labeled by
immersing the entire mosaic arthroplasty defect in DMEM
with 0.2 lg/mL Hoechst 33342 for 30 min. Primary calf
chondrocytes were freshly thawed from �808C storage
and incubated for 30 min at 378C with calcein AM to label
live cells. A cell pellet containing 2.5 million calcein-

labeled chondrocytes was resuspended in 50-lL Fluka
HEC cross-linker, vortex mixed with 200-lL chitosan-GP
solution to yield a 10 million cells/mL cell density, then
injected into the spaces between the osteochondral grafts
and allowed to solidify in situ for 10 min at 378C in a
humidified cell-culture incubator. The grouted defect was
immersed upside-down in DMEM in a plastic petri to
acquire images of articular chondrocytes (blue nuclei) and
delivered primary chondrocytes (green cells) using an
inverted fluorescent microscope and digital camera with
Northern Eclipse software (Empix, Missisauga ON,
Canada). In live sheep (n ¼ 4), a full-thickness unilateral
1.5 cm2 defect was created in the medial femoral condyle.
Three drill holes were created and filled with osteochon-
dral plugs obtained from the trochlea. The defects were
kept humid with Ringer’s Lactated Solution, blotted with
sterile gauze, and then the intergraft spaces were loaded
with chitosan-GP/Fluka HEC gel. Defects were photo-
graphed before and after loading with hydrogel. The
arthrotomy was closed in sutured layers. The defects were
recovered after 1 month of repair, fixed in 10% normal
buffered formalin, decalcified, processed in paraffin, and
stained with Safranin O/fast green

Statistical analysis

The two-tailed Student’s t test was used to compare
MTT activity for different hydrogel cultures at two differ-
ent time points (n ¼ 4–5 distinct gel samples). Statistical
significance was taken when p < 0.05.

RESULTS

Thermal gelation of cytocompatible
chitosan-GP solutions

We previously reported that chitosan solutions
with 370 mM disodium GP, pH 7.2 can undergo
thermal gelation at 378C.4,14 The osmotic pressure of
375 mM GP in 50 mM HCl was measured to be very
hypertonic, at 957 mOsm [Fig. 1(A)]. The disodium
GP buffer behaved in a close to ideal fashion, since
osmotic coefficients of serially diluted disodium GP
solutions ranged from 0.88 at 37.5 mM GP to 0.78 at
375 mM GP [Fig. 1(A)]. Osmolality measured for
chitosan-HCl solutions was 304 mOsm with 100 mM
GP (pH 6.6) and 419 mOsm at 135 mM GP (pH 6.8).
These data were consistent with a negligible osmo-
lality of chitosan and with an osmotic coefficient of
0.87 for these chitosan-GP solutions [Fig. 1(A,B)]. By
rheological testing, thermal gelation of chitosan-GP
with 135 mM GP and 65 mM HCl (pH 6.8,
419 mOsm) only occurred upon reaching 738C
(Fig. 2). Thus, these chitosan-GP solutions containing
cytocompatible levels of disodium GP do not permit
sufficient neutralization of chitosan to allow thermo-
gelation at 378C.20 Altogether, these results indicated
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that solidification of chitosan-GP containing cyto-
compatible levels of GP at 378C required additional
cross-linking.

Glyoxal present in commercial HEC induces
chitosan-GP gelation

As previously observed,6,7,21 solutions of commer-
cial-grade HEC induced chitosan-GP gelation, with
faster gelation as the concentration of HEC increased
[A in Table I, Fig. 3(A)]. Autoclave-sterilized HEC
failed to induce chitosan-GP gelation (B in Table I),
suggesting that a heat-labile component of commer-
cial HEC was responsible for cross-linking chitosan.
Molecular weight fractionation of commercial-grade
HEC revealed that the desalted >1000 Da HEC frac-
tion failed to induce gelation, while the <1000 Da

small molecular weight fraction induced very rapid
gelation (C in Table I). By Schiff base tests, commer-
cial HEC from two different suppliers contained
aldehyde. Since aldehyde is converted to unreactive
acetal by heat,8 these data collectively suggested that

Figure 1. Osmolality and osmotic coefficients of the diso-
dium GP-HCl buffer system, and osmolality of chitosan-
GP solutions with cytocompatible pH and salt content. A:
Osmolality of the GP-HCl buffer was calculated for an
ideal solution (line) or measured (squares) for solutions
with variable GP (37.5–750 mM) and HCl (5–50 mM). Mul-
tiple values for a particular GP concentration on the x-axis
represent different quantities of HCl. The osmotic coeffi-
cient was calculated as the ratio of measured to ideal os-
molality (see Eqs. (1)–(5), Materials and Methods section).
B: Osmolality was calculated or measured for 1.5% w/v
chitosan solutions containing 100 or 135 mM disodium b-
glycerol phosphate (GP), and 63 or 78 mM HCl.

Figure 2. Thermogelation of a chitosan solution with
1.5% w/v chitosan (76.3% DDA), 65 mM HCl, and
135 mM GP, pH 6.8 occurred at 738C.

Figure 3. Gelation time of chitosan-GP as a function of
HEC or glyoxal concentration. A: Gelation time decreased
with increasing amounts of commercial-grade HEC (Fluka
HEC), and Pharmaceutical-Grade HEC (NF250 HEC) sur-
face-treated with different amounts of glyoxal (either
22 lmol glyoxal/g HEC or 44 lmol glyoxal/g HEC). B:
Gelation time decreased with increasing amounts of
glyoxal with or without NF250 HEC. NF250 HEC-glyoxal:
gelation time decreased for NF250 HEC surface-treated
with 44 lmol glyoxal/g HEC compared to 22 lmol
glyoxal/g HEC.
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a small molecular weight adehyde was responsible
for cross-linking chitosan-GP solutions.

Glyoxal is a dialdehyde routinely used to cross-
link HEC particles during industrial processing to
delay hydration and prevent lumping.8 Despite the
fact that glyoxal is not listed on the certificate of
analysis of commercial-grade HEC, we proceeded to
test the hypothesis that glyoxal was responsible for
chitosan-GP/HEC gelation. Pharmaceutical-grade
HEC (NF250 HEC), which was certified glyoxal-free,
failed to induce chitosan gelation (D in Table I).
NF250 HEC surface-treated with different concentra-
tions of glyoxal (NF250 HEC-glyoxal, E in Table I)
induced gelation in a glyoxal concentration-depend-
ent manner (Fig. 3). In addition, glyoxal alone
induced chitosan-GP gelation in a concentration-de-
pendent manner [Fig. 3(B); F in Table I]. Addition of
NF250 HEC to the glyoxal cross-linker solution
slightly accelerated the gelation time [Fig. 3(B); G in
Table I]. Gelation of acidic, pH 5.6 chitosan–HCl
solutions with glyoxal was much delayed, indicating
that GP was needed to raise the pH to allow neutral

chitosan amine groups to immediately react with
glyoxal.

Glyoxal cytotoxicity with or without HEC

To evaluate glyoxal cytotoxicity with or without
pharmaceutical-grade NF250 HEC in serum-free
media, we used L929 cells, a fibroblast cell line com-
monly used to assess biocompatibility. We were
unable to use HEK293 epithelial cells because they
detached from the petri in serum-free media (data
not shown). Glyoxal toxicity towards L929 cells was
seen at concentrations above 10 mM (2 h exposure),
or 1 mM exposure (18 h exposure) according to
mitochondrial activity assessed by the MTT assay
[Fig. 4(A)]. The uniformly higher MTT activity after
18 h of glyoxal exposure relative to 2 h of exposure
suggested that monolayer cells continued to prolifer-
ate in media containing �1 mM glyoxal. Addition of
pharmaceutical-grade NF250 HEC had no influence
on glyoxal cytotoxicity [Fig. 4(A)].

Figure 4. The effect of glyoxal concentration on monolayer cell cytotoxicity, and the effect of glyoxal concentration on
chitosan gel shrinkage, and cell viability and proliferation of cells encapsulated in the hydrogel. Five hundred seventy
nanometers is the absorbance wavelength of the MTT substrate and reflects cell mitochondrial activity. A: MTT activity of
monolayer L929 cells after a 2 or 18 h exposure to various concentrations of glyoxal with or without 5 mg/mL PG-HEC in
DMEM. B: Chitosan-GP gel shrinkage as a function of glyoxal and HEC concentration after culturing the gels in pH 7.2
media for 1–4 days. C: MTT mitochondrial activity of HEK293 cells encapsulated in chitosan-GP gels cross-linked with
variable glyoxal concentrations or with Fluka HEC. D: Similar viability was seen comparing glyoxal at 0.15 mM or Fluka
HEC containing glyoxal cross-linker for cells encapsulated in gels and subjected to vital calcein AM-ethidium homodimer 1 flu-
orescent staining. In contrast, significantly fewer viable cells (p < 0.0001) were detected in gels cross-linked with 0.2–0.6 mM
glyoxal compared to 0.15 or 0.1 mM glyoxal (C).
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We next determined the effect of glyoxal concen-
tration and HEC on viability of HEK293 cells encap-
sulated in chitosan-GP gels at 2 million cells/mL.
After placing the hydrogels in pH 7.2 culture media
for 1–4 days, chitosan-GP/glyoxal gels shrank
according to the level of glyoxal [Fig. 4(B)]. Gels con-
taining HEC and glyoxal shrank slightly less than
gels cross-linked with the same concentration of
glyoxal alone [Fig. 4(B)]. The MTT metabolic activity
of HEK293 cells in hydrogels, corrected for shrink-
age, revealed that gels cross-linked with 0.1–
0.15 mM glyoxal permitted cell survival and proli-
feration [Fig. 4(C)]. Gels formed with 0.2–0.6 mM
glyoxal showed a dose-dependent suppression of
viability and, at higher concentrations, proliferation
[Fig. 4(C)]. Addition of NF250 HEC had no protec-
tive effect on the encapsulated cells (data not
shown). Gels formed with Fluka HEC cross-linker
had similar cell viability [Fig. 4(D)], cell proliferation
[Fig. 4(C)], and gel shrinkage (31% 6 6%, n ¼ 5) as
chitosan hydrogels formed with 0.15 mM glyoxal
[Fig. 4(B)]. The high viability obtained with HEK293
cells encapsulated in chitosan-GP/HEC gels [Fig. 4(D)]
was similar to that previously obtained for primary
bovine chondrocytes.6 Altogether, these data sug-
gested that the role of HEC in cytocompatible chito-

san-GP gelation was to provide an appropriate level
of glyoxal cross-linker, which according to our data
corresponds to around 0.2% w/w glyoxal content in
Fluka HEC (as in E, Table I).

Adhesion and retention of chitosan-GP/HEC
in cartilage defects

To demonstrate feasibility of using the chitosan-
GP/HEC gel in an orthopedic application, ex vivo
sheep mosaic arthroplasty defects were constructed
and chondrocyte nuclei in the articular cartilage
stained blue with Hoechst 33342. Primary calf chon-
drocytes mixed into the chitosan-GP/HEC solution
were stained with calcein AM green vital dye and
injected into the spaces between the osteochondral
grafts. The gel solidified in situ, forming a uniform
seal with the interstitial spaces and delivering viable,
homogenously distributed chondrocytes (green) that
were closely apposed to the adjacent resident articu-
lar chondrocytes (blue) [Fig. 5(A–D)]. When the
chitosan-GP/HEC gel loaded with autologous chon-
drocytes was delivered to four distinct mosaic
arthroplasty defects created in vivo in the medial
femoral condyle of live sheep, bleeding from the

Figure 5. Delivery of live cells using chitosan-GP/HEC to ex vivo (A–D) and in vivo (E–H) mosaic arthroplasty defects.
A: An ex vivo trochlear mosaic arthroplasty defect with six implanted osteochondral cylinders was grouted between the
cylinders with chitosan-GP/HEC carrying 10 million chondrocytes/mL, allowed to gel for 10 min and then directly
observed on a fluorescence inverted microscope. B–D: Fluorescence microscopy showed articular chondrocytes resident in
the cartilage via Hoechst 33342 (blue nuclei) while the chondrocytes delivered in the chitosan-GP/HEC grout were labeled
green with calcein AM and were closely apposed to resident tissue. Mosaic arthroplasty defects were created in the medial
femoral condyle in vivo (E) and grouted with chitosan-GP/HEC gel. F: Five minutes postdelivery, bleeding was observed
beneath some regions below the solidified hydrogel. G and H: The gel was no longer visible after 1 month in vivo
either macroscopically (G), or histologically (H).
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graft site occurred, resulting in a partial blood inter-
face between the hydrogel and the bone base of the
defect [Fig. 5(E,F)]. After 1 month of repair, the
gel was no longer visible in the intergraft spaces
[Fig. 5(G,H)].

DISCUSSION

We have elucidated the gelation mechanism of a
liquid chitosan solution that maintains cell viability
after in situ gelation6 [Fig. 5(A)]. The gelation mecha-
nism of chitosan-GP/HEC depends on the presence
of GP buffer, to bring chitosan pH and osmotic pres-
sure to cytocompatible limits, and to furnish neutral
amine groups for aldehyde-based cross-linking. This
is in contrast to the endothermal gelation mechanism
of chitosan-GP containing higher levels of GP, which
depends on chitosan neutralization by heat-induced
proton transfer to GP allowing hydrogen bonding
and hydrophobic interactions to form a gel.20 It was
previously suggested that HEC cross-links chitosan-
GP solutions via hydrogen bonding,21 however these
experiments employed commercial-grade Fluka
HEC,21 which according to our data contains the
cross-linker glyoxal. Previous research has shown
that glyoxal at very high concentrations (400 mM)
can form covalent imine and hemiacetal bonds with
chitosan.9–12 Chitosan gels covalently cross-linked
with glutaraldehyde,22 as well as the chitosan-GP/
glyoxal gels described here, shrank in aqueous media
pH 7.4. These data suggest that the chitosan-GP/
HEC gels contain glyoxal-generated covalent link-
ages bridging two chitosan chains. The charge repul-
sion20,23 between chitosan chains would keep the gel
expanded until an equilibration with pH 7.2 culture
medium neutralized the chitosan chains and allowed
diffusion of GP out of the gel, resulting in gel
contraction proportional to the cross-link density
[Fig. 4(B)].

A large variety of chitosan hydrogels have been
developed for drug delivery via chitosan crystalliza-
tion with alkaline buffers, ionotropic or polyelectro-
lyte gelation, and chemical bonding with various
bifunctional reagents.1 However, vital cell encapsula-
tion requires a delicate interplay of parameters
during gel formation, including cytocompatible
water content, pH, ionic strength, osmolality, low
cross-linker toxicity, sufficient hydrogel porosity,
and restricted swelling or shrinkage, which perhaps
explains why only a limited number of chitosan
hydrogel systems have been successfully used to
encapsulate viable cells, including chitosan alkaline
precipitation,24 chitosan-GP thermogelation,7 chemi-
cal cross-linking between genipin and chitosan,7 and
the chemically cross-linked chitosan-GP/HEC gel

described here.4–7 Viable cells have also been suc-
cessfully encapsulated in chitosan derivatized with
acrylamide.25 Although 0.6 mM glyoxal cross-linker
formed more rapid and stiffer chitosan hydrogels,
the highest levels of viable cells were only obtained
when cells were encapsulated with 0.15 mM glyoxal.
These data are consistent with the observation
that glyoxal, a natural toxic by-product of advanced
glycation endproducts (AGE)26 can induce apoptosis
in lung epithelial cells after prolonged exposure at
very low concentrations (0.1 mM).27 Viability in the
chitosan-GP/glyoxal hydrogels described here were
higher than that seen for chitosan-alkaline precipi-
tates,24 and similar to that obtained for acrylamide-
derivatized chitosan gels.25 Compared to these latter
gels, however, chitosan-GP/glyoxal gels are gener-
ated with inexpensive and readily available compo-
nents with facile sterilization methods and demon-
strated in vivo biocompatibility.6,28

The chitosan hydrogel described here has been
optimized to deliver viable cells to articular cartilage
defects. The chitosan-GP/HEC gel adheres to and is
partly retained in full-thickness articular defects in
mobile, live rabbits.6 Although the gel adhered to in-
terstitial areas of mosaic arthroplasty defects in vivo,
the hydrogel was not retained for 1 month in vivo
(Fig. 5). These data reveal some limitations of large
animal cartilage repair models where load-bearing is
immediate and uncontrolled and furthermore suggest
that chondrocyte-based cell therapies using hydrogel
carriers may only function under strictly controlled
postoperative weight-bearing. Alternatively, the
hydrogel could be used to deliver cells or agents
that exert local, short-term therapeutic effects on
initial cartilage repair processes.

CONCLUSIONS

Chitosan-GP solutions, adjusted to cytocompatible
salt and pH levels, were thermogeling above 708C.
Addition of commercial HEC to these chitosan-GP
solutions resulted in hydrogel formation because of
covalent modification of chitosan by a glyoxal addi-
tive present in hydroxyethyl cellulose. Chitosan-GP
gels encapsulated optimally viable cells when the
glyoxal cross-linker was below the 1 mM cytotoxic
level. These findings permit improved control of gel
time and cell viability, for in situ delivery of cells or
other factors for a local therapeutic effect.

We thank Marc Lavertu, Matthew Shive, and Eric
DesRosiers for helpful discussions, and Mariana Anca for
viscosity and molecular weight determinations.

528 HOEMANN ET AL.

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a



References

1. Khor E, Lim LY. Implantable applications of chitin and chito-
san. Biomaterials 2003;24:2339–2349.

2. Berger J, Reist M, Mayer JM, Felt O, Peppas NA, Gurny R.
Structure and interactions in covalently and ionically cross-
linked chitosan hydrogels for biomedical applications. Eur J
Pharm Biopharm 2004;57:19–34.

3. Rinaudo M, Pavlov G, Desbrieres J. Solubilization of chitosan
in strong acid medium. Int J Polym Anal Char 1999;5:267–
276.

4. Chenite A, Chaput C, Wang D, Combes C, Buschmann MD,
Hoemann CD, Leroux JC, Binette F, Selmani A. Novel inject-
able neutral solutions of chitosan form biodegradable gels in-
situ. Biomaterials 2000;21:2155–2161.

5. Hoemann CD, Sun J, Chrzanowski V, Buschmann MD. A
multivalent assay to detect glycosaminoglycan, protein,
collagen, RNA, and DNA content in milligram samples of
cartilage or hydrogel-based repair cartilage. Anal Biochem
2002;300:1–10.

6. Hoemann CD, Sun J, Legare A, McKee MD, Buschmann MD.
Tissue engineering of cartilage using an injectable and adhe-
sive chitosan-based cell-delivery vehicle. Osteoarthritis
Cartilage 2005;13:318–329.

7. Roughley P, Hoemann C, Desrosiers E, Mwale F, Antoniou J,
Alini M. The potential of chitosan-based gels containing
intervertebral disc cells for nucleus pulposus supplementa-
tion. Biomaterials 2006;27:388–396.

8. Brandt L. Cellulose ethers. In: Ullmann’s Encyclopedia of
Industrial Chemistry. Weinheim: Wiley-VCH; 2002.

9. Freeman A, Dror Y. Immobilization of ‘disguised’ yeast in
chemically crosslinked chitosan beads. Biotechnol Bioeng
1994;44:1083–1088.

10. Gupta KC, Jabrail FH. Glutaraldehyde and glyoxal cross-
linked chitosan microspheres for controlled delivery of
centchroman. Carbohydr Res 2006;341:744–756.

11. Yang Q, Dou F, Liang B, Shen Q. Studies on cross-linking
reaction on chitosan fiber with glyoxal. Carbohydr Polym
2005;59:205–210.

12. Knaul JZ, Hudson SM, Creber KAM. Crosslinking of chitosan
fibers with dialdehydes: Proposal of a new reaction mech-
anism. J Polym Sci Part B: Polym Phys 1999;37:1079–1094.

13. Brugnerotto J, Desbrieres J, Roberts G, Rinaudo M. Character-
ization of chitosan by steric exclusion chromatography.
Polymer 2001;42:9921–9927.

14. Chenite A, Buschmann M, Wang D, Chaput C, Kandani N.
Rheological characterisation of thermogelling chitosan/
glycerol-phosphate solutions. Carbohydr Polym 2001;46:39–47.

15. Mosmann T. Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays.
J Immunol Methods 1983;65:55–63.

16. Carreno-Gomez B, Duncan R. Evaluation of the biological
properties of soluble chitosan and chitosan microspheres. Int
J Pharm 1997;148:231–240.

17. Hansen MB, Nielsen SE, Berg K. Re-examination and further
development of a precise and rapid dye method for mea-
suring cell growth/cell kill. J Immunol Methods 1989;119:
203–210.

18. Tran-Khanh N, Hoemann CD, McKee MD, Henderson JE,
Buschmann MD. Aged bovine chondrocytes display a dimin-
ished capacity to produce a collagen-rich, mechanically func-
tional cartilage extracellular matrix. J Orthop Res 2003;23:
1354–1362.

19. Hussain RF, Nouri AM, Oliver RT. A new approach for mea-
surement of cytotoxicity using colorimetric assay. J Immunol
Methods 1993;160:89–96.

20. Filion D, Lavertu M, Buschmann MD. Titration and
phase-separation of chitosan solutions related to thermosensi-
tive chitosan/glycerol-phosphate systems. Submitted for
publication.

21. Li J, Xu Z. Physical characterization of a chitosan-based
hydrogel delivery system. J Pharm Sci 2002;91:1669–1677.

22. Wang T, Turhan M, Gunasekaran S. Selected properties of
pH-sensitive, biodegradable chitosan-poly(vinyl alcohol)
hydrogel. Polym Int 2004;53:911–918.

23. Rinaudo M, Milas M, Le Dung P. Characterization of chito-
san. Influence of ionic strength and degree of acetylation on
chain expansion. Int J Biol Macromol 1993;15:281–285.

24. Zielinski BA, Aebischer P. Chitosan as a matrix for mamma-
lian cell encapsulation. Biomaterials 1994;15:1049–1056.

25. Cho JH, Kim SH, Park KD, Jung MC, Yang WI, Han SW,
Noh JY, Lee JW. Chondrogenic differentiation of human
mesenchymal stem cells using a thermosensitive poly(N-iso-
propylacrylamide) and water-soluble chitosan copolymer.
Biomaterials 2004;25:5743–5751.

26. Shangari N, Bruce WR, Poon R, O’Brien PJ. Toxicity of
glyoxals—Role of oxidative stress, metabolic detoxification
and thiamine deficiency. Biochem Soc Trans 2003;31:1390–
1393.

27. Kasper M, Roehlecke C, Witt M, Fehrenbach H, Hofer A,
Miyata T, Weigert C, Funk RHW, Schleicher ED. Induction of
apoptosis by glyoxal in human embryonic lung epithelial cell
line L132. Am J Respir Cell Mol Biol 2000;23:485–491

28. VandeVord PJ, Matthew HW, DeSilva SP, Mayton L, Wu B,
Wooley PH. Evaluation of the biocompatibility of a chitosan
scaffold in mice. J Biomed Mater Res 2002;59:585–590.

CYTOCOMPATIBLE GEL FORMATION OF CHITOSAN-GP SOLUTIONS 529

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a




