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Introduction

The methacrylate-conjugation of chondroitin sulfate
(CS) with glycidyl methacrylate (GMA) is a novel
strategy for producing photo-cross-linkable polysaccha-
rides that can generate biodegradable hydrogels by in
situ injection and light-induced polymerization. Since
CS is one of the major components of native cartilage,
responsible for the tissue’s compressive strength and
also capable of absorbing a large volume of water,2 we
hypothesize that CS-based hydrogels may be useful for
a number of biomedical applications. A “similar” reac-
tion of dextran with GMA in a homogeneous-phase
system (DMSO) was studied and reported by Hennink
et al.3* An unexpected transesterification, instead of
epoxide ring-opening, dominated the reaction. However,
in our study concerning the different solubility/miscibil-
ity of the water-soluble CS and the water-insoluble
GMA, a slow heterogeneous-phase reaction of CS with
GMA was designed and performed in aqueous medium
regardless of GMAs potential side-reaction with water.
By monitoring the methacrylate-conjugation with NMR,
a different reaction mechanism was discovered. Two
reactions, including a rapid reversible transesterifica-
tion and a slow irreversible ring-opening conjugation,
took place simultaneously. As the reaction proceeds,
there is a decline in the amount of transesterification
products, while the concentration of ring-opening prod-
ucts gradually increased with time. These reactions are
illustrated in Scheme 1.

Experimental Section

Materials. Chondroitin sulfate A sodium salt (CS; type A
70%, balanced with type C; from bovine trachea) was obtained
from SIGMA. Glycidyl methacrylate (GMA, 98%) was pur-
chased from Polysciences Inc., PA. Poly(ethylene oxide) di-
acrylate (PEODA, 100%, M, 3400) was purchased from Shear-
water Inc., AL.

GMA-CS Reaction. Eight groups of GMA—CS reactions
were carried out. For each reaction, CS (10 g, ~20 mmol of
disaccharide repeating unit) was dissolved in 100 mL of
phosphate buffered saline (PBS, pH 7.4), followed by addition
of GMA (3 g, ~20 mmol) while vigorously stirring at room
temperature for 1—15 days. The GMA—CS products from six
time points of the reactions were respectively collected by
acetone precipitation at days 1, 3, 5, 7, 10, and 15. The
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purification was performed by anhydrous acetone extraction
twice to remove all the compounds that failed to covalently
graft onto CS chains. The purified products were lyophilized
for 48 h. The spontaneous pH variation in the 15 days’ free
reaction system was monitored and recorded daily.> Two
parallel GMA—CS reactions were carried out under similar
conditions, but the system pH value of each was strictly
controlled to be constant at 8.5 and 3.0, respectively, with
NaOH and HCI. The final yield of each reaction was 7—8 g.

NMR Methods. NMR spectra were recorded with a Unity
Plus 500 MHz spectrometer (Varian Associates Inc., Palo Alto,
CA). For *H NMR in deuterium-d, (D-O, SIGMA), 50 mg of
CS—GMA was dissolved in 1.0 mL of D0, and the 2HOH peak
at 4.8 ppm was used as the reference. For 3C NMR in
deuterium-d,, the pulse length was 7 us, the acquisition time
was 1.300 s, and repetitions were 80 000 times at 50 °C.

Photo-Cross-Linking and Hydrogel Swelling Ratio.
The 1:1 (w/w) mixture of GMA—CS and PEODA (containing
10% GMA-CS, wl/v) was prepared in water. Under UV
irradiation at ~8 mW/cm?, the macromers were photopoly-
merized for 30 min by the initiation with Darocur 2959 (0.05%
w/w, cytocompatible UV photoinitiator, 2-hydroxy-1-[4-(hy-
droxyethoxy)phenyl]-2-methyl-1-propanone,® Ciba-Geigy). For
making each hydrogel construct, 75 uL of macromer solution
was added to a cylindrical hold. The photo-cross-linked hy-
drogels were equilibrated in PBS at 37 °C for 18 h. The
hydrogels’ equilibrated swelling ratio, Q, is calculated by Q ~
Wwet/Wary, Where Wy represents the hydrogel’s wet weight and
Wary represents the dry weight measured after lyophilization
for 24 h.

Results and Discussion

Free Reaction System. The NMR spectra of GMA-
CS are provided in Figures 1 and 2. The assignments
of the relevant NMR peaks are demonstrated by the
corresponding hydrogen/carbon labels in Scheme 1.
From Figure 1, two 'H NMR peaks (marked h1 and h2)
representing the two vinyl protons at dvinyi-n 6.03 and
5.61 ppm were utilized to determine the presence of
methacrylate groups on CS. After 1 day'’s reaction, the
introduction of hl and h2 in the 'H NMR indicated the
initial methacrylate-conjugation of CS, which was also
confirmed by 3C NMR (Figure 2) with vinyl-carbon
peaks (labeled C=) present at dc= 136 and 128 ppm.
Due to the lack of spectrometric evidences for glyceryl
spacers’ presence, and also due to the considerable
stability of the electronegative glycidol leaving groups
as reported by Hennink et al.,* by day 1 the transes-
terification, instead of epoxide ring-opening, dominated
the methacrylate-conjugation of CS via reversible cleav-
ing of the glycidol groups. The corresponding product
was compound 1, indicated in Scheme 1. However, from
days 3—15, the glyceryl methine protons at ocy 5.52
ppm (connected to sulfate, labeled h3) and 5.20 ppm
(connected to carboxyl ester, labeled h4)” began to
emerge on *H NMR with intensities increasing as the
reaction proceeded. Simultaneously, on the 13C NMR
spectrum of product—day 15, the vinyl-carbon peaks
were split into four: the original two peaks (peak C=)
were enhanced, and two new peaks (labeled C=*) were
present at oc— 121 and 143 ppm. These additional
peaks also implied the presence of the glyceryl spacer.
Further evidence by 13C NMR was the emergence of the
peak at dcx 63 ppm (labeled C#) that represented the
methylene carbon on the glyceryl spacer connected to
the methacrylate group.” Undoubtedly, the glyceryl
moieties originated from the ring-opening reaction on
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Scheme 1. Schematic lllustration for the Free Reaction of Glycidyl Methacrylate with Chondroitin Sulfate:
Competition of Ring-Opening and Transesterification?
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a The proton/carbon labels, h* and c¢*, are assigned for 'H and 3C NMR analysis provided in Figures 1 and 3C.

GMA's glycidyl residue. The two ring-opening products
are indicated in Scheme 1 as compounds 2 and 3.

The quantitative analysis was based on 'H NMR data.
The substitution efficiency of methacrylate-conjugation
is defined as the amount of methacryloyl groups per one
chondroitin sulfate disaccharide repeating unit, and
there are altogether 12 methine/methylene protons on
the disaccharide backbone. Thus, on each IH NMR
spectrum, the overall integral of the peaks representing
those protons (0cy 3.00—4.57 ppm) was normalized as
12, from which the kinetic curves of GMA—CS substitu-
tion efficiency are presented in Figure 3. According to
the discussion above, both the transesterification prod-
uct 1 and the ring-opening products 2 and 3 contributed
to the integral of the vinyl-proton peaks h1l and h2 ([h1]
and [h2]). Simultaneously, the ring-opening products 2
and 3 also have their characteristic glyceryl methine
peaks, respectively h3 and h4, with integral values [h3]
and [h4]. As the peaks h1—4 are all representing single
protons, the total substitution efficiency can be calcu-
lated as ([h1] + [h2])/2 {column 1 + 2 + 3 in Figure
3A}, in which the contribution of transesterification is
([h1] + [h2])/2 — ([h3] + [h4]) {curve 1 in Figure 3A}
and the contribution of ring-opening is ([h3] + [h4])
{curve 2 + 3 in Figure 3A}. Figure 3A indicates that
the transesterification is a kinetically rapid and ther-
modynamically reversible procedure. Within approxi-
mately 1 day, the reaction balance was reached and
~50% methacrylate-conjugation of the total 15 days’
substitution efficiency was achieved. While the ring-
opening procedure is kinetically slower, the behavior of
it in the first day was not obvious and the contribution
for methacrylate-conjugation was minimal. However,
the ring-opening procedure is based on a thermody-
namically irreversible mechanism. The reaction pro-
ceeds linearly and independently from other mecha-
nisms. After the transesterification balance was achieved,
the ring-opening behavior was gradually revealed,
which was continuously and irreversibly consuming the
common reactant GMA and made the transesterification

balance keep shifting in the reverse direction. Therefore,
the yield of transesterification was decreasing while the
ring-opening products gradually accumulated. At day
5, the contributions for total methacrylate-conjugation
by the two reactions became equal. By day 15, the ring-
opening reaction contributed to more than 80% of the
total substitution efficiency, but the products of trans-
esterification were reduced to less than 20%. Appar-
ently, the product of transesterification, compound 1,
was gradually “transformed” into ring-opening result-
ants, compound 2 or 3. The distribution of the two ring-
opening products 2 and 3 is demonstrated kinetically
in Figure 3B, which proceeded synchronously and
linearly with a constant [h3]/[h4] ratio {curve 2/3 in
Figure 3B} of ~0.7. The mechanism described above can
also be confirmed by the variation of the hl and h2 1H
NMR peak split. Figure 1 indicates that the largest hl
and h2 peak split took place on the spectra of days 5
and 7; accordingly, Figure 3A indicates that at days 5
and 7 the amounts of transesterification product and
ring-opening products are relatively closest to each
other. This agrees with the principle that the largest
components’ distribution makes the largest peak split.

Mechanistic Analysis with pH-Controlled Reac-
tions. The 'H NMR spectra of the products from pH-
controlled reactions with constant pH 3.0 and 8.5 are
provided in Figure 4A and B. The final reaction system
at constant pH 8.5 was homogeneous and clear, which
implied that all the water-insoluble GMA had been
consumed. On the H NMR spectrum for the constant
pH 8.5 system (Figure 4B), the vinyl-proton peaks h1—2
and the glyceryl methine proton peaks h3—4 (respec-
tively from products 2 and 3, marked in Schemes 1 and
2) were similarly very weak. However, three new
(groups of) peaks were found to be significant at 5.50,
5.18, and 2.5—2.7 ppm, which were respectively marked
as h5, h6, and h7. Peaks h5 and h6 also represented
the glyceryl methine proton connected to sulfate and
carboxyl ester, but without the presence of methacrylate
ester at the 3-site (demonstrated in Scheme 2).” That's
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Figure 1. 'H NMR spectra indicating the free methacrylate-conjugation of chondroitin sulfate. Curves from the top to the bottom,
respectively, represent CS—GMA days 1, 3, 5, 7, 10, and 15. The assignments of the NMR peaks and the components of the
testing samples are respectively demonstrated by the proton/carbon labels and the product labels marked in Schemes 1 and 2.

why the chemical shifts of h5 and h6 were respectively on a glycidyl residue.” The weakening of peaks h3 and
a little lower than those of h3 and h4. The h7 peak was h4 provided indirect evidence for the cleavage of the
the characteristic peak of the epoxide methylene proton methacrylate group from products 2 and 3; while the
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Figure 2. 3C NMR spectra indicating the free methacrylate-conjugation of chondroitin sulfate: CS—GMA day 1 (upper panel)
and day 15 (lower panel). The assignments of the NMR peaks and the components of the testing samples are respectively
demonstrated by the proton/carbon labels and the product labels marked in Schemes 1 and 2.

weakening of peaks hl and h2 directly indicated the
methacrylate group’s cleavage from products 2, 3, and
1. These spectrometric data revealed the serious hy-
drolysis (marked as procedures IV and V in Scheme 2)
of products 1, 2, and 3 in basic circumstances during
the 15 days’ reaction. The hydrolysis products of 2 and
3 were respectively 2' and 3', marked in Scheme 2. From
these results, the GMA—CS reactions at constant pH
8.5 could be demonstrated as in Scheme 2. In addition
to the slow and irreversible GMA—epoxide ring-opening
reaction, the basic conditions simultaneously enabled
the reactions of hydrolysis and reversible transesteri-
fication. When GMA and CS were mixed together under
basic conditions, the reactions of GMA—epoxide ring-
opening by the CS sulfate or carboxyl nucleophilic attack
(marked as procedure IIl in Scheme 2), GMA—-CS
transesterification (marked as procedure Il in Scheme
2), and GMA self-hydrolysis (marked as procedure | in
Scheme 2) started simultaneously. Procedure | resulted
in methacrylic acid (MA acid) and glycidyl alcohol (G
alcohol). Procedure Il resulted in product 1 and G
alcohol, but 1 was further hydrolyzed into CS, MA acid,
and G alcohol (marked as procedure 1V in Scheme 2),
which made the whole serial reaction continuously move
forward. Procedure 111 was slow and gradually produced

2 and 3, but 2 and 3 were eventually hydrolyzed into 2
and 3' (marked as procedure V in Scheme 2); subse-
guently, another reversible transesterification occurred
between the G alcohol (produced by procedures | and
1V) and 2’ or 3' to produce 2" or 3"—the glycidyl CS
(marked as procedure VI in Scheme 2). Peak h7 just
came from 2" and 3". As the reaction proceeded,
eventually the products 1, 2, and 3 were largely
hydrolyzed, while the products 2', 3', 2", and 3" were
accumulated in the system. As for the constant pH 3.0
system, Figure 4A only indicated the presence of the
two vinyl protons (hl and h2) grafted on the CS
backbone, without any signals of sulfate- or carboxyl-
neighboring methine protons. Under the controlled
acidic conditions, since both methacrylate hydrolysis
and GMA-CS transesterification declined, and the
nucleophilic capacity of the CS’s pendent sulfate/car-
boxyl groups was also largely weakened, the NMR result
implied that the GMA—CS conjugation proceeded mainly
via the GMA—epoxide ring-opening reaction due to the
saccharide-hydroxyls’ nucleophilic attack. The reaction
is illustrated in Scheme 2 as procedure VII, and the
resultant is marked as product 4.

In the free reaction system, the variation of the
system pH value was monitored as the reaction pro-
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Figure 3. Kinetic curves for substitution efficiency of the free
methacrylate-conjugation: (A) total substitution efficiency and
contributions by ring-opening and transesterification; (B)
individual contributions by the two ring-opening products (2
and 3) (marked in Schemes 1 and 2).

ceeded. The pH—time profile is exhibited in Figure 4C.
The solvent for the free reaction was PBS with an initial
pH of 7.4. Following the addition of GMA, the pH value
rapidly increased to a maximum of 8.5 within 1 day,
and then, due to the production of MA acid by the
methacrylate hydrolysis, the pH value began to de-
crease. After 3 days, the system reached acidic condi-
tions. After the day 5, the system pH value stabilized
at 6.4. The pH remained constant because the ac-
cumulation of MA acid caused the system to become
increasingly acidic, while the trend of hydrolysis reduced
this effect. Finally, the hydrolysis was self-declined.
According to the pH-—time profile, the reaction pro-
ceeded in basic conditions only for 2—3 days, while in
the following 10 days the reaction proceeded in a weak
acidic system. Therefore, the “pH 8.5-reaction-mecha-
nism” described above had directed the system behavior
for only 2 days. Within these 2 days, besides a large
number of unreated GMA—CS materials and some GMA
hydrolysis products, mainly product 1 from the fastest
GMA-CS transesterification (procedure Il), which had
not hydrolyzed (procedure 1V), remained in the system.
Since the ring-opening procedure 111 was much slower
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Figure 4. 'H NMR spectra indicating the methacrylate-
conjugation of chondroitin sulfate. Products from 15 days’
reaction at constant pH 3.0 (A); at constant pH 8.5 (B); and
from the free reaction system with the pH—time profile of the
15 days’ reaction system (C). The assignments of the NMR
peaks and the components of the testing samples are respec-
tively demonstrated by the proton/carbon labels and the
product labels marked in Schemes 1 and 2.

than the transesterification Il, plus the hydrolysis V,
little product 2 and 3 and minute amounts of products
2', 3, 2", and 3" were produced in the system, as
indicated in Figure 1, day 1. Following the system pH
decrease and stabilization at 6.4, the hydrolysis (I, 1V,
and V) declined, and the products 1, 2, and 3 were
largely liberated from hydrolysis consumption, by which
the accumulation of the ring-opening products 2 and 3
was enabled. However, the production of transesterifi-
cation (Il product 1 was getting negative because of the
pH-resistance for the forward reaction, as well as the
backward shift of the reaction balance due to the
continuous consumption of GMA and CS (as the com-
mon reactants of both GMA—CS transesterification and
GMA-—epoxide ring-opening) by the ring-opening reac-
tions Ill. The latter factor was discussed in the prior
section of this paper. All the reaction pathways de-
scribed above are illustrated in Scheme 2, and the
overall kinetics of the GMA—CS conjugation in the free
reaction system was also presented in the prior section.

GMA-CS Gelation. The results of photopolymeri-
zation indicated that only when the substitution ef-
ficiency of the CS methacrylate-conjugation reached 0.1
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Scheme 2. Schematic lllustration for the pH-Controlled Reaction of Glycidyl Methacrylate with Chondroitin
Sulfate: Completed Reaction Pathways?
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Figure 5. Kinetic curve for the swelling ratio of the 10%
GMA—-CS (free reaction product) co-gel with 10% PEODA.

(2 methacryloyl group per 10 CS disaccharide residues),
like that of CS—GMA days 10 and 15, could tangible
hydrogels be generated solely by the single component
of CS—GMA with the conditions of 8 mW/cm? UV
irradiation, 10 min, and 20% (w/w) macromer. To
kinetically study each macromer’s performance for
cross-linking, the comparable co-gels of CS—GMA/
PEODAS8® were prepared as described above, with which
the swelling ratios were respectively determined, and
the corresponding Kinetic curve was plotted as Figure
5. The trend of swelling ratio is in accord with the total
substitution efficiency of methacrylate-conjugation: the
gel made of more methacrylated CS—GMA macromer
possesses the lower swelling ratio because of the higher
density of methacryloyl cross-linking sites. This again

confirms the increase of the total substitution efficiency
exhibited in Figure 3A.

Conclusions

In comparison with the reaction conditions reported
by Hennink et al.,* those of our study have two major
differences: a heterogeneous-phase mixture and an
aqueous medium. The involvement of a protonated polar
solvent (as water might be the only good solvent for CS)
provided the thermodynamic promotion to the ring-
opening mechanism. The heterogeneous-phase condi-
tions due to the opposite solubility/miscibility of the two
reactants in solvents would mainly affect the kinetic
behaviors of the reaction—entirely slow the progress of
the reactions, by which the gap of different reaction
rates was magnified for easier detection, especially
during the initial period of the free reaction system.
Among the three main reactions in the free reaction
system, the reversible GMA—CS transesterification was
rapid and pH-dependent; the methacrylate hydrolysis
would decrease the system pH and self-decline; the
irreversible ring-opening of GMA—epoxide by attack of
CS’s nucleophilic pendent groups was slow and mini-
mally affected by the mild pH variation. Therefore, the
progress of the free reaction system was investigated
as the following. When large amounts of GMA were
added into a neutral aqueous solution of CS, all of the
three reactions described above occurred. The GMA—
CS transesterification (1) proceeded rapidly and reached
the balance in 1 day or so. The corresponding products
1 and G alcohol were produced. The system pH value
increased to 8.5. Subsequently, the system pH began
to decrease due to the slower methacrylate hydrolysis
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(1, 1V, and V) producing methacrylic acid, which gradu-
ally terminated the GMA—CS transesterification, and
also declined later on when the system pH value
dropped to 6.4. The slowest ring-opening reaction (111)
was relatively independent of the system pH variation;
however, in the initial days the ring-opening products
(2 and 3) were largely hydrolyzed, since the hydrolysis
procedure (V) was faster at that time. The real ac-
cumulation of the ring-opening products did not take
place until the hydrolysis began to slow. The later long-
term acidic conditions continuously minimized the
GMA—CS transesterification and methacrylate hydroly-
sis, but they had little effect on the ring-opening
reaction. Thus, the accumulation of the ring-opening
products was enabled. Simultaneously, as the common
reactants of both ring-opening reaction and transesteri-
fication, GMA and CS began to be primarily consumed
by the ring-opening procedure, which finally led the pH-
resisted transesterification to reverse.
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