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To create a new biodegradable hydrogel, 2-hydroxyethyl methacrylate (HEMA) was grafted on poly-
(o,,5-malic acid) (PMA) and ultraviolet (UV) photo-cross-linked. PMA was synthesized by polyconden-
sation ofL.-malic acid without catalyst. The effects of the polycondensation reaction time and temperature
on the polymer properties were studied. Increased temperature (in the rang@30i0) accelerated

intramolecular dehydration and depolymerization

side reactions, increasing the low molecular weight

fraction. The intramolecular dehydration was more sensitive to temperature than to reaction time. The
photo-cross-link was carried out in the presence of photoinitiator Irgacure 2959. The gel content increased
with increasing polymer concentration. The water uptake of PMA-based hydrogel ranged from 170% to

480% as the HEMA content varied from 12 to 4 mol %, respectively. The degradation behavior of PMA-

based hydrogel was investigated. The weight loss

of hydrogel was closely related to the HEMA grafting

content and polymer concentration. Hydrogel degradation was found to proceed simultaneously at the

surface and in the bulk of the hydrogels.

1. Introduction

Hydrogels are of great interest to biomaterials scientists
because of their hydrophilicity, biocompatibility, and three-
dimensional (3-D) microenvironment forming capabifity-
situ-forming hydogels have many biomedical applications
including tissue engineerinigeell-based biosensofs;oat-
ings? drug delivery? and cell transplantatioh.Various
techniques for in-situ formation have been investigatét.
Ultraviolet (UV) photopolymerization to form hydrogels
using acrylate and its derivatives has many advantages ove
others!>18offering fast curing rates at room or physiological

temperatures, the ability to place the gel in vivo without
surgical intervention, minimal heat production, and good gel
mechanical properties.

In tissue engineering, hydrogels are fabricated as scaffolds

for cell adhesion, spreading, and proliferation. Such scaffolds

must degrade as the engineered tissue is formed. droly(
hydroxyl acid)s (PHASs) such as poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), and polyfcaprolactone) (PCL)
are biodegradable and biocompatible, but their poor hydro-

philicity renders them unsuitable for direct use as hydrogels.

Many researchers have attempted to modify PHAs for
application in biodegradable hydrogels by copolymerization
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PEG segment can be eliminated by the kidneys when its
molecular weight is less than about 10 000 Da. Formation
of biodegradable hydrogels from these copolymers is feasible
only when the proportion of PEG to PHAs is high. Hydro-
philicity modification of PHAs by ring-opening copolym-
erization of malolactonate and lactones has been rep6rtéd,
but these copolymers are not water soluble and cannot form
hydrogels by cross-linking. Some researchers have investi-
gated other biodegradable hydrogels such as hyaluronic
acid?® poly(L-lysine) 26 and poly(phosphatéy;despite these
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Scheme 1. (a) Chemical Structure of Irgacure 2959, and (b) Synthetic Route of Poty-malic acid)-Based Hydrogel
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efforts the range of choices for synthetic biodegradable on poly(,5-malic acid) properties were investigated. 2-Hy-

polyester hydrogels remains limited.

droxyethyl methacrylate (HEMA) was grafted on palyg-

Poly(malic acid) is a biodegradable and water-soluble malic acid) (PMA) to provide photo-cross-linkable func-

synthetic polyestet®C It degrades by hydrolysis to malic

tionalities. The PMAg-HEMA was UV photo-cross-linked

acid, which is the medial product in the metabolism of in the presence of water and a photoinitiator to form
carbohydrates and is nontoxic to cells and tissues. Two hydrogel. Formulation effects and hydrogel properties, such

synthetic routes to poly(malic acid)s with different main-

as percent of gel content, hydrogel water uptake, and weight

chain structures have been reported. One is ring-openingloss during degradation, are reported. The degradation

polymerization of malolactonate to obtain pgiyfalic

acid)?®2° a long, complicated route with low yield. The
alternative, reported by Kajiyama et #lis polycondensation
of L-malic acid to yield polyg,5-malic acid). Though the
molecular weight of poly,5-malic acid) prepared by

polycondensation is typically low (less than 5000 Da), it is

a simple way to prepare biodegradable pelgtmalic acid)-

mechanism of poly{,5-malic acid)-based hydrogel is dis-
cussed.

2. Experimental Section

Materials. L-Malic acid,N,N'-dicyclohexylcarbodiimide (DCC),
and 2-hydroxyethyl methacrylate (HEMA) were purchased from
Aldrich and used as received. The photoinitiator Irgacure 2959 (1-

based hydrog.els. The preparation and degradation qf POIY-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-
(a,f-malic acid)-based hydrogel has not been previously one) (Scheme 1a) was purchased from Ciba. Tetrahydrofuran (THF)

reported.

and diethyl ether were dried by refluxing over sodium and distilled

In this paper we report the preparation and characterizationunder a nitrogen atmosphere. Phosphate-buffered saline was

of a new biodegradable hydrogel based on poj§{malic

purchased from Fluka.

acid). The effects of polycondensation temperature and time ~ Synthesis of PMA.A 50 g amount of.-malic acid was added
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in a 100 mL bottom-round flask with a magnetic stirrer. The
polycondensation was carried out under 0.1 mmHg vacuum with
nitrogen protection for several hours. Multiple reactions were
performed at temperatures of 110, 120, and 180 The polym-
erized products were dissolved in anhydrous THF and precipitated
in a large amount of diethyl ether. The diethyl ether was removed,
and the remaining white precipitate, PMA, was vacuum-dried at
room temperature for 24 h.

HEMA-Grafted PMA (PMA- g-HEMA). HEMA was grafted
onto PMA in proportions ranging from 4 to 12 mol %. The
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procedure described here is for 4 mol %. A 0.52 g amount of Table 1. Polycondensation ot -Malic Acid
HEMA and 1.24 g of DCC (1:1.5) were added in a 100 mL bottom- ] molecular weight .
rounded flask with 11.8 g of dried PMA and 60 mL of anhydrous temp time . . ; vield
i - i entry (°C) (h) M2 MP My ML MJ/ME My/MP (%)
THF. The mixture was magnetically stirred at room temperature
for 24 h, and white precipitates appeared in the mixture. The mixture 1 11015 570 1150 900 1640  1.58 1.43 20
) . . . 2 110 24 700 1540 1150 2290 1.64 1.49 29
was filtered; the filtrate was condensed and precipitated in a large 5 110 36 760 1640 1350 2330 1.78 1.42 46
amount of diethyl ether. The purified PMg-HEMA was vacuum- 4 110 48 990 1830 1840 2560 1.85 1.40 47
dried at room temperature for 24 h. 5 110 60 1210 2280 2376 3150 1.97 138 53
UV Photo-Cross-Linking. PMA-g-HEMA was dissolved in 6 110 70 1380 2250 2800 3220 203 143 51
distilled water with 2 wt % (to polymer weight) photoinitiator ! 12024 1000 1870 2330 2510  2.32 1.34 43
polymer weight) p 8 120 48 830 2040 2370 2670 2.85 131 49
Irgacure 2959. The PMA-HEMA solution was degassed and 9 120 72 810 2010 2420 2650 2.99 1.32 39
purged with nitrogen three times. The PMAHEMA solution was 10 130 24 730 2200 2130 3000 2.92 1.35 43
photo-cross-linked to form a hydrogel under 365 nm UV irradiation 11 130 48 690 2150 2070 2830 3.01 131 35

with intensity 16 mW/cra for 90 s. The photo-cross-linking UV
lamp was PK102 frm | & J Fisnar Inc.

Percent Polymer Gel Content.The percent polymer gel content
was determined as the dry weight ratio of PMA-based hydrogel
after water extraction of unreacted polymer to the initial P&A-
HEMA polymer used. The hydrogel was put into a 100 mL beaker
with 50 mL of distilled water and violently stirred for 30 min to
break the hydrogel into particles. The mixture was filtered and
washed twice with distilled water. The particles were vacuum-dried
and weighed to calculate the percent polymer gel content. Five

aGPC results including all peakGPC results of the main peakYield
after precipitation in diethyl ether.

heated to 120C, then cooled te-30 °C, and heated again to 120
°C with 10 °C/min heating and cooling rates in a nitrogen
environment. Freeze-drying was carried out in a Christ freeze-dry
machine (Alphal-2) at-60 °C and 0.012 mbar pressure. The
morphologies of dry hydrogel samples were observed with SEM
(Joel JISM-5600 at 10 kV). Pictures of hydrogel samples were taken
with a Canon digital camera (Canon A80).

parallel samples of each hydrogel were measured to calculate the

average values.

percent polymer gel content
weight of dried hydrogel after extracti%O
weight of initial dried polymer

Water Uptake Measurement.The hydrogel was washed with
distilled water to remove the un-cross-linked PMAIEMA and
dipped into distilled water for 10 min. Free water on the surface of
the hydrogel was absorbed with filter paper, and the gel was then
weighed. The hydrogel was then freeze-dried and again weighed.

3. Results and Discussion

The synthetic route of PMA-FHEMA is presented in
Scheme 1b. The first step was to synthesize pgfi{nalic
acid), which was carried out by polycondensation-oialic
acid without catalyst. This reaction is much simpler than the
alternative, ring-opening polymerization of malolactonate to
yield poly(malic acid). As there was no selection &oor
type ofL-malic acid units in aggregation, bothandg types
were reacted randomly in polycondensation, denoted by units,

Five parallel samples of each hydrogel were measured to calculatey, o’ andp,f, respectively, as described in the figure inset.

the average value. The water uptake was calculated as

water uptake percent
wet hydrogel weight- hydrogel dry weight
100x -
hydrogel dry weight

Hydrogel Degradation. Each photo-cross-linked hydrogel sample
was put in a 50 mL beaker with 20 mL of pH 7.4 phosphate buffer

solution (PBS). The beakers were put in a shaking bed and agitated

at 50 cycles/min at 37C. The PBS was changed every 24 h. The

HEMA was grafted on the pendant groups of palyf-malic
acid) and UV photo-cross-linked in the presence of water
and a photoinitiator to form PMA-based hydrogel.

The molecular weights of polg(s-malic acid)s produced
under various reaction parameters are shown in Table 1. As
all the GPC spectra of poly(s-malic acid) were multiply
peaked, we analyzed the GPC results to produce two
measures of molecular weight and polydispersity: one

degraded hydrogel samples were washed three times with distilledincludes all the peaks, and the other considers the main peak
water; then they were freeze-dried and weighed. Five parallel Only. We select the second measurement, which is derived
samples of each degraded hydrogel were measured. The weighfrom the main and high molecular weight fragment, to
remaining was calculated as discuss the effects of temperature and time on polyconden-
sation reaction outcomes. The polycondensation-wfalic
acid was performed at reaction temperatures and times
ranging from 110 to 130C and 15 to 72 h, respectively.
Characterization. The solvent forH NMR measurement was ~ The M,, My, and polydispersity (using only the main peak)
D,0 with 0.5% tetramethylsilane as the internal standdddNMR of poly(o,5-malic acid) under these conditions range from
spectra were recorded on a Bruker DMX-300 spectrometer, working 1150 to 2280, 1640 to 3220, and 1.31 to 1.49, respectively.

at 300.130 MHz. FTIR spectra were recorded on a Nicolet 560 The yield after precipitation in diethyl ether is from 20% to
spectrometer over the wavenumber range 400 cnt'. Number- 53%.

and weight-average molecular weighkd,(and M,,, respectively) In the 110°C series PMA samples bothl, and M
n w

and the polydispersityMy/M;) were determined by gel permeation - S . . .
chromatography (GPC) with respect to polystyrene standards. GPCgeneraI_Iy increase with lncreasmg polyqondgnsat!on .tlme.
was performed on an Agilent 1100 Series and analyzed with-GPC The _Welght-average molecular Welgm\() in this series is
SEC (size exclusion chromatography) data analysis software. maximal at the longest tested reaction time, 70 h; we cannot
Samples were analyzed at 26 with tetrahydrofuran as eluent at  fule out that it may increase further at longer reaction times.
a flow rate of 1.0 mL min’. Differential scanning calorimetry ~ The yield increases roughly linearly to 46% at 36 h, after
(DSC) was performed on a TA System Q10; the sample was first which it plateaus at around 50%. The yield trend with time

degraded hydrogel dry weight

weight left percent= 100¢ initial hydrogel dry weight
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Figure 2. GPC spectra ofi-malic acid polycondensation at 120 0.25
for different times: (A) 24 h (entry 7), (B) 48 h (entry 8), and (C) 72 h
(entry 9).
. . 0.00
is accounted for by the sequential nature of polycondensa-s
tion: the low molecular weight fragments formed early in =
the reaction are more soluble in diethyl ether, suppressingd ©2°7
the yield, while the higher molecular weight fragments %
. . (3]
formed at longer reaction times are less soluble. In the 120 -0.50 PMA
and 130°C series the changes bf,, My, anq polydispersity PMA-g-HEMA
are not as regular as those of the 2@0series. The weight- 0.75 4
average molecular weightk,) in the 130°C series decreases
at the longer tested reaction time. These results show that 0
-t T T d T T T T T T 1

the polycondensation reaction outcomes are sensitive to both 30 0 30 60 %0 120
the reaction temperature and duration.

To study the effect of temperature on the reaction, a series
of polycondensations was carried out at different tempera-
tures for 48 h. The GPC spectra are shown in Figure 1. Thethan the main peak, indicating that at this temperature side
low molecular weight fragment peak at 110 (entry 4) is reactions, which reduce molecular weight, are accelerated
very small, enlarges when the temperature was increased ta@reatly. The possible side reactions of polycondensation are
120 °C (entry 8), but is still much smaller than the main depolymerization and intramolecular dehydration-ohalic
peak. At 13C°C, it enlarges significantly to be much higher acid3° From the spectra of Figure 1 we conclude that side

Temperature (°C)
Figure 5. DSC spectra of PMA (entry 6) and PMg-HEMA (12 mol %).
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Figure 6. Pictures of PMAg-HEMA (12 mol %) hydrogel: (A) 50 wt % polymer, (B) freeze-dried A, (C) SEM surface of B, (D) SEM cross-section of
B, (E) 20 wt % polymer, (F) freeze-dried E, (G) SEM surface of F, and (H) SEM cross-section of F.

reactions are greatly accelerated as the polycondensatiordiscussed above. The side reactions continue between 24 and
temperature increases from 110 to 180 48 h but seem to saturate beyond 48 h. The side reactions

Reaction time also affects the polycondensation. GPC of depolymerization and intramolecular dehydration of
spectra of PMA synthesized at 12G for 24, 48, and 72 h  L-malic acid are much more sensitive to reaction temperature
(entries 7, 8, and 9) are shown in Figure 2. All the spectra than to reaction time. Longer reaction time at lower tem-
have three peaks. The intensity of the low molecular weight perature is more favorable for synthesizing PMA with higher
peak increases with increasing time (at least between 24 andnolecular weight. PMA (entry 6) was used in subsequent
48 h) but not as dramatically as the temperature effect experiments.
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Figure 7. Water uptake of PMAg-HEMA hydrogels with HEMA grafting
contents of 12, 8, and 4 mol % plotted against polymer concentrations (20,
30, and 50 wt %).

T
50

H NMR spectra of PMA and its corresponding PMA-
HEMA (12 mol %) are presented in Figure 3. The peaks at
6.1, 4.4, and 1.5 ppm are assigned to protons in HEMA,
which are G=CH, (e), CH.CH, (c), and 3 (d), respec-
tively. The multipeaks at 3:03.2 ppm are the protons of
CHj; (b) in bothj anda typeL-malic acid units. The random
aggregation ot andg type ofL-malic acid in the main chain
and the small difference in the chemical environment of these
protons cause the signals of these protons to split into
multipeaks. The double peaks at 5.6 and 5.5 ppm are
attributed to the protons ofkCin the polyg.,5-malic acid)
backbone; the peak at 5.6 ppm/Agype (a), whereas that
at 5.5 ppm isa type (a&). The two peaks are of nearly
equivalent intensity, implying that the sequenceg-oénd
a-type units in the polymer are present in near-identical
ratios. The wide peak at around 4.7 ppm is attributed to both
to the 'H NMR solvent BO and the terminal hydroxyl
hydrogen. The small peaks at around 6.8 ppm are olefinic
hydrogen attributed to fumaric acid, which is an intramo-
lecular dehydration product. The intensity of this peak
increased more rapidly with temperature than with reaction
time, providing further evidence that the intramolecular
dehydration side reaction is more sensitive to temperature
than to time. From intensity ratios between £3H)) in HEMA
and H (& and &) in poly(a,5-malic acid) backbone, we
calculated the grafting content of HEMA and found it to be
nearly the same as that in the feeding dose.

FTIR spectra of the same PMA and PMAHEMA are
shown in Figure 4. The two spectra are nearly the same
except that a new shoulder at 1632 érappears in the PMA-
g-HEMA spectrum, which is the characteristic vibration of
C=C in HEMA. The wide band from 3500 to 2500 cfnis
the vibration of carboxyl groups; it weakens slightly after
HEMA grafting. The FTIR spectra confirm the grafting of
HEMA onto the pendant groups of PMA.

DSC spectra of PMA and PMA-HEMA are shown in
Figure 5. Both PMA and PMAX-HEMA are amorphous
polymers. The glass transition temperatuig$ ¢f PMA and
PMA-g-HEMA (12 mol %) are 50 and 42C, respectively.

Chem. Mater., Vol. 18, No. 17, 208851
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Figure 8. Polymer gel content of PMA-FHEMA (8 mol %) hydrogel
versus polymer concentration.
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Figure 9. Weight loss of PMAg-HEMA (8 mol %) hydrogel samples
agitated in PBS versus immersion time (the three curves are for different
polymer concentrations). The last point is the last measured time before
the hydrogel lost its shape.
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Figure 10. Weight loss of PMAg-HEMA (50 wt % polymer concentration)
hydrogel samples in PBS versus immersion time.

The Ty of PMA-g-HEMA is lower than that of PMA and
decreases monotonically with increasing HEMA content: the
Ty varied from 47 to 45C as the HEMA grafting content
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Figure 11. Shapes of freeze-dried hydrogel samples in degradation (12% HEMA and 50 wt % polymer content): (A) origin, (B) 3 days, (C) 5 days, and
(D) 7 days.

increased from 4 to 8 mol %, respectively. This trend is due and/or the centers of larger pores, macropores, or Véids.
to a weakening of hydrogen-bond interactions between Water uptake encompasses all three kinds of water in a
pendant groups caused by the grafting of HEMA. hydrogel. The water uptake of our PMAHEMA hydrogels

Hydrogels were formed by UV photo-cross-linking of is presented in Figure 7. The water uptake decreases with
PMA-g-HEMA water solutions. Pictures of the hydrogels increasing HEMA content. For example, the water uptake
are shown in Figure 6. Samples A and E are water-swollen iS @s high as 480% in the hydrogel with 4 mol % HEMA
PMA-g-HEMA (12 mol %) hydrogels with 50 and 20 wt %  content; it decreases to 440% at 8 mol % and to 380% at 12
polymer dry weight, respectively. Samples B and F are A mol %. The water uptake also decreased with increasing
and E after freeze-drying. C and G are SEM pictures of the Polymer concentration; for example, the water uptake of
surfaces of samples B and F, respectively. D and H are crossPMA-g-HEMA (12 mol %) is 380%, 260%, and 170% with
sectional SEM pictures of samples B and F. The shape ofcorresponding polymer concentration of 20, 30, and 50 wt
sample A is well preserved, and its surface is smooth. The %. The cross-linking density in a hydrogel is the average
surface of sample E is dented. Both samples A and E aremolecular weight between two cross-link sites and affected
transparent. After freeze-drying (Figure 6B and F), both in our hydrogels by HEMA content. High HEMA content
samples shrank substantially (10% and 40% volume shrink-increases the cross-linking density (as also observed in other
age, respectively) because of removal of water. SEM indi- hydrogels with pendant functionaliti€s*3, thus lowering
cates that both of the samples are porous in cross-sectionthe water uptake. When the polymer concentration increases,
but there are very few pores on the sample B surface (Figurethe polymer occupies more space in the hydrogel, again
6C) and some pores on the sample F surface (Figure 6G).decreasing the water uptake potential.

The number and size of pores in sample F were observed to When photo-cross-linking is carried out in a polymer water
be much higher than that of sample B because the watersolution it is hard to cross-link all the grafted HEMA. The
content in sample E (80 wt %) is much higher than that in fraction of PMAgQ-HEMA cross-linked into the gel was
sample A (50 wt %). determined by weighing the filtered gel particles after

Hydrogels can absorb a large amount of water into their 'femoval of soluble un-cross-linked polymer (Figure 8). The
cross-linked net structure. There are three kinds of water in Percent polymer gel content increases with increasing
hydrogels: primary bound water, secondary bound water, Polymer concentration from 42% to 55% to 62% at polymer
and free water. The primary and secondary bound water areconcentrations of 20, 30, and 50 wt %, respectively. We find
often combined and simply called the total bound water. The
total bound water is the water interacting with the polar, (31) Hoffman, A. SAdv. Drug Delivery Re. 2002 54, 3. _
hydrophilic, and hydrophobic groups in hydrogel. The free (32) Cadee, J. A de G E’&Zé‘eéag%ogf’ W.; den Otter, W.; Hennink,
water is assumed to fill the space between the network chaing33) Lee, W. F.; Chen, Y. 1. Appl. Polym. Sci2001, 81, 2888.
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Figure 12. SEM of degraded hydrogel samples (12% HEMA and 50 wt % polymer concentration): (A) surface of origin, (B) cross-section of origin, (C)
surface of 3 days, (D) cross-section of 3 days, (E) surface of 5 days, and (F) cross-section of 5 days.
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Figure 13. Model of bulk degradation mechanism.

the percent polymer gel content does not increase furthercross-linked network that is produced at high HEMA
even when the polymer concentration is as high as 70 wt %. concentration.

We interpret this plateau to be due to the limited mobility/ ~ The degradation of PMA hydrogels was carried out in PBS
restricted diffusion of the polymer chains in the densely at 37°C. The weight loss of hydrogels with 8 mol % HEMA
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Figure 14. Model of surface degradation mechanism.

grafting prepared in 20, 30, and 50 wt % polymer concentra- and cracks had enlarged in both the surface and cross-section
tions is shown in Figure 9. The 20 wt % hydrogel sample (Figure 12E and F). The whole sample became a three-
degraded completely in 2 days, but the 30 and 50 wt % dimensional porous scaffold.

hydrogel samples lasted for 3 and 5 days. The 20 and 30 wt Two types of degradation mechanisms have been reported
% hydrogel samples lost 60% and 45% of their weight within in biodegradable polymers: bulk and surface mecha-
the first 5 h, and the weight loss proceeded linearly thereafter. nisms3*3 The degradation of polyester occurs principally
The 50 wt % sample lost 56% of its weight within the first by the bulk mechanism; this is illustrated in Figure 13. When
20 h and degraded linearly thereafter. The weight loss atthe biodegradable polyester sample contacts with water, the
the last plotted points in Figure 9, about 80%, does not water penetrates into the sample. The polyester hydrolyzes
represent the completely degraded state of the samples as the presence of water both on the surface and in bulk. As
samples more degraded than this are like viscous liquids andthe degradation on the surface is slow and the diffusion of
could not be removed intact from the PBS media to be dried degradation products in bulk is also slow, the interior of the
and weighed. The rapid weight loss of the samples in the sample becomes acidic. With the self-catalysis effect, the
first several hours is probably due to diffusion of un-cross- inside degradation rate is much faster than that on the surface
linked polymeric chains from inside the hydrogel into the and a hole eventually appears inside the polyester sample.
PBS media. The greater the degree of cross-linking in the By contrast, the surface degradation mechanism is very
gel, the harder it is for unreacted polymer chains to diffuse different. The surface degradation occurs on the surface first
through the hydrogel net to the external environment; this and water penetrates inside at the same time. As the surface
is especially evident in the samples made with 50 wt % degradation is very fast, there is no acidity accumulation and
polymer concentration. self-catalysis. The surface degradation continues layer by

The degradation of hydrogels with 8 and 12 mol % HEMA layer till the sample is completely degraded (Figure 14). The
is shown in Figure 10. Both hydrogels had 50 wt % polymer degradation of polyanhydrides occurs via this mechanism.
concentration. The weight loss of hydrogel with 12 mol %  From the SEM results, we know that during the degrada-
HEMA is slower than that of hydrogel with 8 mol % HEMA.  tion of PMA-based hydrogels, pores appear throughout the
The degradation of 12 mol % HEMA hydrogel lasts for 7 sample interiors as well as on their surfaces. These pores
days, which is longer than the 5 days degradation time of enlarge and interconnect as the degradation proceeds. This
hydrogel with 8 mol % HEMA. The weight loss of hydrogel indicates that the hydrogels degrade in the bulk as well as
with 12 mol % HEMA is only 40% in the first 20 h. After ~ ON the surface. The penetration of water into and the diffusion
48 h, the degradation proceeds with linear weight loss. The Of degradation products out of PMA hydrogels occur much
increased HEMA content increases the cross-link density andmore rapidly than the corresponding processes in the
slows the diffusion of un-cross-linked and degraded chains degradation of biodegradable polyester because of the three-
and thus delays the onset of the linear weight loss regime.dimensional net structure of the hydrogel. There is little

The shapes of freeze-dried hydrogel samples (12 mol %aC|d|ty contrast between interior and exterior. The localized

HEMA) during the degradation process are shown in Figure self-catalysis effec_t is very weak or absent, so the bulk and
11. The samples enlarge greatly during degradation and dosurface degrade simultaneously.
so progressively with the passage of time. After 7 days of
degradation, this gel could not retain its scaffold shape in
freeze-drying and crumbled. SEM images of the same We prepared a novel biodegradable PMA-based hydrogel
degraded hydrogel samples are shown in Figure 12. In thewith tunable properties (i.e., biodegradation rate and water
original sample there were only cracks in the surface and
many small pores in cross-section (Figure 12A and B). After (34) Li. S. M. Vert, M. Biodegradation of Alphatic Polyesters. In
3 days of degradation, many small pores and cracks appeared  principies and ApplcationsScott, 6., Gilead, D., Eds. Chapmin &
in the hydrogel surface (Figure 12C). The pores and cracks Hall: New York, 1995.

also appeared in the cross-section at this degree of degrada® gh‘:’]".‘;e?zﬁgl‘ef; W J?%Yze\f\',ih/i'ércn;ngwﬁfé;;;g'fjgaéaggg g%f’erts’

tion (Figure 12D). After 5 days of degradation, the pores 1108.

Conclusion
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absorption) by UV photo-cross-linking of HEMA grafted tion and, for the formulations tested, ranges from 170% to
PMA. The hydrogel precursor polymer was synthesized by 480%. The degradation time of the hydrogels can be
direct polycondensation of-malic acid, which offers a  controlled from 2 to 7 days. The degradation of PMA-based
simple procedure for creation of biodegradable hydrogel hydrogels occurs simultaneously on the surface and in bulk.
precursor. The pendant carboxyl groups in PMA were
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