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PARTIALLY BIODEGRADABLE TEMPERATURE
AND pH SENSITIVE HYDROGEL
The invention was made at least in part with United States Government
support under United States Department of Commerce Prime Grant Award No. 99-
27-07400 pursuant to a subagreement with The National Textile Center. The

United States Government has certain rights in the invention.

Cross-Reference to Related Applications

This application claims the benefit of U.S. Provisional Patent Application
No. 60/440,355, filed January 16, 2003.

Technical Field
The invention relates to imparting temperature sensitive properties to

polysaccharide-based, .g., dextran-based, biomaterials.

Background of the Invention

Biodegradable hydrogels formed by photocrosslinking dex{ran-maleic acid
monoester hydrogel precursor are described in U.S. Patent No. 6,476,204, These
hydrogels are pH sensitive but are not temperature sensitive, i.e., their volume and
structure are not affected by temperature change.

Temperature sensitive hydrogels are known. The most widely studied of
these are poly (N-isopropylacrylamide) (PNIPAAm) hydrogels. These hydrogels
have been indicated to exhibit a lower critical solution temperature (LCST) at about

33°C. PNIPAAm hydrogels are non-biodegradable.

Summary of the Invention

Tt has been discovered herein that polysaccharide-maleic acid monoester
precursors, e.g., dextran-maleic acid monoester precursors, can be used in
conjunction with the ternperature sensitive hydrogel precursor N-

isopropylacrylamide (NIPAAm) as a co-precursor with the polysaccharide-maleic
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acid monoester not only functioning as the hydrogel precursor but also as the
crosslinking agent, to form partially biodegradable smart hybrid hydrogels, i.e.,
partially biodegrédable hydrogels that have decreased water retention with
increased temperature and increased swelling ratio with increased pH. This allows
release of an entrapped drug in the body (a) on increase to or near body temperature
especially where the lower critical solution temperature (LCST) is exceeded by
body temperature and (b) on an increase in pH in the hydrogel in the body. Thus
the smart hybrid hydrogels herein are sensitive to external levels of increased
temperature or to external levels of increased pH. The hydrogels are partially
biodegradable because the polysaccharide-maleic acid monoester formed
crosslinkages are biodegradable even though the poly(N-isopropylamide) chains are
not so the hydrogels disassociate over time in vivo. It has also been discovered that
by changing the feed composition ratios of the two types of precursors, the release
propertics of the hybrid hydrogels arc controllable and the LCSTs can be adjusted
to be at or near body temperature.

In one embodiment hérein, the invention is directed to a hydrogel that is
partially biodegradable and changes its shape and volume in response to change in
pH and/or in response to change in temperature, formed by a method comprising
photocrosslinking of dextran-maleic acid monoester and N-isopropylacrylamide in
a composition comprising from 10 to 75% by weight dextran-maleic acid
monoester and from 90% to 25% by weight N-isopropylacrylamide, with the total
of the dextran-maleic acid monoester and N-isopropylacrylamide being 100%.

In another embodiment the invention is directed to a hydrogel forming
system comprising a solution of from 10 to 75% by weight dextran-maleic acid

_monoester and from 90 to 25% by weight N-isopropylacrylamide based on the total
of the dextran malcic acid monoester and the N-isopropylacrylamide being 100%.

The term “hydrogel” is used herein to mean a polymeric material which

exhibits the ability to swell in water and to retain a significant i)orlion of water

within its structure without dissolution.
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The term “biodegradable hydrogel” is used herein to mean hydrogel formed
by cross-linking a polymer which is degraded by water and/or by enzymes found in
nature. The term “partially biodegradable hydrogel” is used herein because while
the dextran maleic acid monoester units biodegrade, the N-isopropylacrylamide
units do not. ‘

The term “hydrogel precursor” is used herein to mean polvmer or other
composition which in solution in a medium forms a hydrogel through
photocrosslinking.

The term “photocrosslinking” is used herein to mean causing vinyl bonds to
break and form cross-links by the application of radiant energy.

The lower critical solution temperature (LCST) of a hydrogel is the onset
temperature of the endotherms and is the temperature above which the hydrogel

collapses and the volume of the hydrogel shrinks dramatically.

Brief Description of the Drawings
FIG. 1is a graph of LSCT (°C) versus weight ratio of Dex-MA to

PNIPAAm and shows results of the working examples.

FIG. 2 is a graph of swelling ratio versus sample designation and shows
results of the working examples. ‘

FIG. 3 depicts water retention values versus time for the various samples
and shows results of the working examples.

FIG. 4 depicts water uptake values versus time for samples and shows
results of working examples.

FIG. 5 depicts swelling versus pH for samples and shows results of working

examples.

Detailed Description
In one case, the hydrogel is formed by photocrosslinking dextran-maleic

acid monoester (sometimes referred to as Dex-MA) and N-isopropylacrylamide in a
composition comprising from 20 to 65% by weight dextran-maleic acid monoester

and from 80% to 35% by weight N-isopropylacrylamide, and in another case, a
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composition comprising 25 to 40% by weight dextran-maleic acid monoester and
from 75% to 60% N-isopropylactylamide.

The N-isopropylacrylamide is readily obtainable commercially.

The dextran-maleic acid monoester is that described in U.S. Patent No.
6,476,204, the whole of which is incorporated herein by reference, and is a dextran-
maleic acid monoester in which the average degree of substitution of each glucose
unit of each a-D-glucopyranosyl of dextran by maleic acid ranges from 0.60 to 1.6
and which has a weight average molecular weight ranging from 40,000 to 80,000
on a dextran basis.

The term “degree of substitution” is used herein to mean the number of
hydroxyl groups in a glucose unit of &-D-glucopyranosyl moiety of dextran that
form ester group with maleic acid. Since each glucose unit contains three hydroxyl
groups, the maximum degree of substitution is 3.0. The average degree of
substitution connotes the average degree of substitution based on all the glucose
units in the molecules of hydrogel precursor.

The term “on a dextran basis™ is used herein to mean that the weight
average molecular weight referred to is that of the dextran starting material for
preparing the dextran-maleic acid monoester which provides the dextran moiety of
the dextran-maleic acid monoester. The weight average molecule weights referred
to herein are determined by gel permeation chromatogtaphy versus monodispersed
polystyrene standards. ‘

In one case the dextran-maleic monoester has an average degree of
substitution ranging from 0.85 to 0.95 and a weight average molecular weight
ranging from 65,000 to 75,000.

The dextran-maleic acid monoester precursors are readily prepared by
reaction of dextran with maleic anhydride in the presence of a Lewis-base catalyst.

The reaction of dextran with maleic anhydride is preferably carried out ina
dipolar aprotic solvent, e.g., N,N-dimethylformamide (DMF). LiClis preferably
included in the DMF reaction solvent to increase the solubility of dextran in DMF.
The LiCl does this by forming a salt with DMF and thereby increases the polatity of
the DMF.

The Lewis-base catalyst is preferably triethylamine (TEA).
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The reaction can be carried out, for example, at a mole ratio of maleic
anhydride to hydroxyl groups of dextran ranging from 0.3:1 to 3.0:1, a mole ratio of
triethylamine (TEA) to maleic anhydride ranging from 0.001:1.0 to 0.10:1.0,
reaction temperatures ranging from 20°C to 80°C and reaction times ranging from 1
hour to 20 hours or more. .

Preparation of dextran-maleic acid monoester hydrogel precursor having an
average degree of substitution ranging from 0.85 to 0.95 and a weight average
molecular weight ranging from 65,000 to 75,000 is described in 17.S. Patent Na,
6,476,204 at column 4, lines 13-29. Improvement of the methad described in U. S,
Patent No. 6,476,204 has been found to be obtained by using a
LiCl/dimethylformamide (50 wt %) solvent system, 0.06 moles of triethylamine to
one mole of maleic anhydride instead of 0.10 moles of triethylamine to one mole of
maleic anhydride and a reaction time of 16 hours instead of 8 hours.

We turn now to the preparation of the hydrogel from the dextran-maleic
acid monoester and N-isopropylacrylamide hydrogel precursors. This preparation
can be carried out as follows: The hydrogel precursors are dissolved in distilled
water in appropriate weight ratios to give the concentrations denoted above, to
make 10 to 30% (w/v) concentration solution, then photoinitiator, e.g., 2,2-
dimethoxy 2-phenyl acetophenone, i.e., DMPAP, (e.g., in amount of 2-10% (w/w)
of the hydrogel precursors), for example, in a solution in a protic solvent, e.g., N-
methyl pyrrolidone, tetrahydrofuran, dimethyl formamide or dimethyl sulfoxide, is
added to the solution, and photocrosslinking is carried out by UV irradiation, e.g.,
at room temperature, for 5 to 30 hours. Unreacted chemicals are then preferably
leached out of the resulting hydrogel. Drying of the hydrogel is preferably carried
out by immersing in hot water (50°C) for two hours to obtain shrinkage and drying
the partially shrunk hydrogel in a vacuum oven at 60°C for 5 to 15 hours, e.g.
overnight, ]

The hydrogels of the invention are temperature sensitive, i.e., increase in
temperature causes shrinking and water loss. ,

The hydrogels of the invention are pH sensitive, i.e., the swelling ratios of
the hydrogels increase with increasing pH. The term “swelling ratio” is used with
the definition set forth in U.S. Patent No. 6,476,204,
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The hydrogels herein are useful for the same purposes as are the hydrogels
of U.S. Patent No. 6,476,204. "The temperature and pH sensitivity and the ability to
change those by modifying feed composition allows for more control.

The lower critical solution temperature (LCST) of the hydrogels of the
invention increase with increase in percentage of dextran-maleic acid monoester
hydrogel precursor. When the hydrogels herein are used for biomedical
applications in humans, it is preferred they have LCST less than or near (e.g.,
within 2 degrees C of) body temperature.

The invention is supported by experiments and results and conclusions from
those that are set forth in a manuscript titled “Design and Synthesis of
Biodegradable and Intelligent Hydrogels” which is part of U.S. Provisional Patent
Application No. 60/440,355, ;Lhe whole of which is incorporated herein by refercnce

The invention is illustrated by the following cxamples:

Examples IV
For each example, the dextran maleic acid monoester was made up by

dissolving dextran, 2.0 grams, weight average molecular weight of 69,800
(obtained fro Sigma Chemical Company) with 5% branching, in a
LiCl/dimethylformamide (50 wt %) solvent system at 90°C under nitrogen gas.
After the dextran was clearly dissolved, the solution was cooled to 60°C and then
triethylamine was added in amount of 6 mol % to maleic anhydride to be added.
The solution was stirred for 15 minutes. Then, maleic anhydride was added slowly
to the solution in amount of 3.63 gm. The reaction was conducted at 60°C for 16
hours under nitrogen. The reaction product was precipitated with cold isoptopyl
aleohol, filtered, washed several times with isopropyl alcohol, and then dried at
room temperature in a vacuum oven. Dextran-maleic acid hydrogel precursor with
a degree of substitution of 0.9 was obtained, i.e., 0.9 hydroxyl groups form ester
groups with malic acid per dextran glucose ring.

Different weight ratios of dextran-maleic acid hydrogel precursor (Dex-
MA) and N-isopropylacrylamide hydrogel precursor (NIPAAm) as set forth in
Table 1 below were dissolved in distilled water to make 20% (w/v) concentration

solutions. The photoinitiator, 2,2-dimethoxy 2-phenyl acetophenone (5% (w/w) of
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the hydrogel precursors) was first dissolved in N-methyl pyrrolidone (NMP), then
mixed with the solution of the hydrogel precursors. The resulting homogeneous
transparent mixture was irradiated using a portable long-wave UV lamp (365 nm,
8W) at room temperature for 22 hours. The resuliant hydrogels were first
immersed in tetrahydrofuran (THF) at room temperature for 12 hours. During this
petiod, the THF was replaced with fresh THF periodically in order to leach out
unreacted chemicals. Then the hydrogels were further purified with distilled water
for at least 48 hours and the distilled water was replaced every several hours to let
the purified hydrogels reach equilibrium for characterization. The feed
composition of precursors and other chemicals are listed in Table 1 below where
the samples are all labeled DMN (D=dextran, M=maleic anhydride and
N=NIPAAm) and samples DMN1, DMN2, DMN3, DMN4 and DMNS3 respectively
constitute Examples I, I, IT1, IV and V, NIPAAm is the N-isopropylacrylamide
hydrogel precursor, Dextran-MA is dextran-maleic acid monoester hydro gel
precursor and NMP is N-methyl pyrrolidone and the percent conversion is the

weight percentage of the synthesized gel from monomers.

Table 1
Sample Identification

DMN1 DMN2 DMN3 DMN4 DMN5

NIPAAmM (mg) 160 130 100 70 40
Dextran-MA (mg) 40 70 100 130 160
H,0 (mL) 1.0 1.0 1.0 1.0 1.0
Photo-Initiator (mg) 10.0 10.0 10.0 10.0 10.0
NMP (ml) 0.5 0.5 0.5 0.5 0.5
Conversion (%) 48.6 54.7 58.6 60.5 62.1

While DMNS5 was obtained, its subsequent characterizations were not obtained
because il disintegrated and/or dissocated in a water medium quickly, usnally within 24

hours.
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For comparison purposes, a 100% poly(N -isopropylacrylamide) hydrogel was
synthesized and puritied as described in Zhang, X.Z., et al., J. Colloid Interface Sci 246,
105-111 (2002). Briefly, 100 mg NIPAAm was dissolved in 1.2 ml water in the
presence of 2.0 mg crosslinker, namely N,N"-methylbisacrylamide, using ammonium
persulfate as the initiator and N,N,N',N-tetramethylethylene diamine as the catalyst;
polymerization was carried out at room temperaturc for 50 minutes.

The LCST property of the hydrogel samples was determined by using
differential scanning calorimetry (TA2920 Modulated DSC, TA Instruments, USA).
All samples were immersed in distilled water at room temperature for at least 2 days to
reach a swollen state. About 10 mg swollen sample was placed inside a hermetic
aluminum pan, and then sealed tightly by a hermetic aluminum lid. The thermal
analyses werc performed from 25 to 55°C on the swollen hsldrogel samples under a dry
nitrogen atmosphere with a flow rate of 25 ml/min and 1 heating rate of 3°C/min. The
LCSTs of'the hydrogel samples determined as described above are shown in FIG. 1
which depicts the LCST as a function at the weight ratio of Dex-MA to PNIPAAm,
The data indicate that all the samples had a higher LCST than pure PNIPAAm (about
35°C) and that increase of Dex-MA percentage resulted in increased LCST (LCST of
PNIPAAm = about 35°C, LCS1 of DMN1=35.9%; LCST of DMN2=36.5%, LCST of
DMN3=38.1°C; and LCST of DMN4=39.1°C). This observed increasing LCST with
increasing Nex-MA percentage was also associated with a reduction in enthalpy values
(aH for DMN1=0.61 mJ/mg to AH for DMN4=0.14 mJ/mg).

The interior morphology of the hydrogel samples was determined as foll()\;vs:
The samples after reaching their maximum swelling ratio in distilled watcr at room
temperature were quickly frozen in liquid nitrogen and then freeze dried in a Vertis
Freeze Drier (Gardiner, NY) under vacuum at -42°C for three days until all water was
sublimed. The freeze-dried samples were each fractured carefully under liquid N,
temperature and the interior morphology of resulting pieces was studied with a scanning
electron microscope (Hitachi $4500SEM, Mountain View, CA). Before SEM
observation, the specimens were fixed on aluminum stubs and coated with gold. In
each case a honeycomb structure was observed but the pore structure changed from an
irregular round and loose shallow pores having wavy thin walls in PNIPAAm to a very

well defined honeycomb structure with sharp distinctive angles and 4 to 7 member ring

-10-
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rigid wall pores in the hybrid hydrogels. 'Ihe average pore size and pore number per

unit area are given in Table 2 below:

Table 2

PNIPAAm DMNI1 DMN2 DMN3 DMN4

Pore diameter (pum) ’15 x5 13£5 10+4 62 3+1
Pore number per 400 pm? 1.8 2.4 4.0 11.1 44.4

As indicated in Table 2, the pore size decreased with increase in Dex-MA content,

Maximum swelling ratios at room temperature were determined by immersing
samples in distilled water for 48 hours and measuring gravimetrically. Three
measurements were taken for each sample. The term “swelling ratio” is used herein to
mean weight of water in swollen gel per th dried weight of the gel before swelling.
The maximum swelling ratios obtained at room temperature, are set forth in FIG. 2. As
indicated in Fig. 2, maximum swelling ratio of the hydrogels decreased with increasing
Dex-MA content.

Temperature response kinetics were determined by measuring at 50°C
gravimetrically. The temperatures were selected to be well above the LCST of the
hydrogel so dramatic changes in volume and water content could be obtained in a short
time frame. Before the measurcments, the hydrogel samples were immersed in distilled
water at room temperature for 24h. The samples were then transferred to 50°C distilled
water bath. The weight changes of gels were recorded at regular time intervals. Water
retention values were determined to show the temperature sensitivity of the hydrogels.
Water retention values determined are set forth in FIG. 3. The water retention (WR) is
defined as 100 x [(W, - W,) / W, where W, is the weight of hydrogel at a given time
interval and the other symbols are the same as defined for swelling ratio at room
temperature, The data indicate that incorporation of PNIPAAm into dextran-based
hydrogels provides thermo-responsive capability not present before. The rate of
thermo-responsive capability varied with the composition ratio of Dex-MA to PIPAAm
precursors. Whereas a ;eduction in thermo-response extent was expected with
incorporation of Dex-MA, the opposite was determined to be the case for DMN 2,
DMN3 and DMN4. Sample DMN1 was considered to be an exception because of

11-
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bubbles supporting a dense skin layer on the surface which prevented water loss,
pethaps because of insufficient Dex-MA content.

Swelling kinetics of the hydrogels were defined in terms of water uptake (WU)
which was defined as 100 x [(W, - W) / W, where the symbols are the same as above.
Testing was carried out as follows: Swollen gel samples were first immersed in hot
water (50°C) for 2 h, then the shrunk hydrogel was furiher dried in a vacuum oven at
60°C overnight until the gel weight was constant. Then, the swelling kinetics of the
dried gel was measured gravimetrically at 22°C. Samples were taken from the hot
water at regular time intervals. After wiping off the water on the surfaces with
moistened filter paper, the weight of gels was recorded. Water uptakes were (hen
determined. The results are shown in FIG. 4. As shown in said Fig, 4, if the Dex-MA
content is high (DMN3 and DMN4), the hydrogels disintegrate in water quickly without
reaching maximum water uptake. For the other samples, as the percentage of the Dex-
MA increased, rale of water uptake increased.

The pH sensitivity of the hydrogels was determined by immersing hydrogels in
buffer solutions with pH values of 3,7 and 10. Soaked hydrogel was removed at a
predetermined interval, washed, surface water was wiped with wet filter paper and
weighing was carried out until stable weight was detected. Swelling ratio (as deﬁﬁed
above and measured as described above) results are set forth in FIG. 5. The data shows
increasing swelling ratio with increasing of pH.

The data demonsirates temperature sensitivity as well as pH sensitivity and that

the phase transition temperature (LCST) can be modulated to be near body temperature,
Variations

Variations of the above will be evident to those skilled in the art. Therefore, the

scope of the invention is defined by the claims.

-12-
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. Hydrogel that changes its shape and volume in response to change in pH and/or in response
to change in temperature, formed by photocrosslinking of dextran- maleic acid monoester and N-
isopropylacrylamide in a composition comprising from 10 to 75% by weight dextran-maleic acid
monoester and from 90 to 25% by weight N- isopropylacrylamide, with the total of the dextran

maleic acid monoester and N- isopropyacrylamide being 100%.

2. The hydrogel of Claim 1 which is formed by photocrosslinking dextran, maleic acid
monoester and N-isopropylacrylamide in a composition comprising from 20 to 65% by weight

dextran-maleic acid monoester and from 80 to 35% by weight N- isopropylacrylamide.

3. The hydrogel of Claim 2 where the dextran-maleic acid monoester has an average degree of
substitution ranging from 0.85 to 0.95 and a weight average molecular weight ranging from 65,000

to 75,000 on a dextran basis.

4. The hydrogel of Claim 3 which has a lower critical solution temperature which is less than

or near body temperature.

5. A hydrogel forming system comprising a sotution of from 10 to 75% by weight dextran-
maleic acid monoester and from 90 to 25% by weight N- isopropylacrylamide based on the total of

the dextran-maleic acid monoester and the N- isopropylacrylamide being 100%.

6. Hydrogel formed by photocrosslinking of dextran-maleic acid monoester and N-
isopropylacrylamide in a composition comprising from 10 to 75% by weight dextran-maleic acid
monoester to provide functionality for the hydrogel to change shape and volume in response to pH
change and from 90 to 25% by weight N- isopropylacrylamide to provide functionality for the
hydrogel to change shape and volume in response to temperature change, the total of the dextran-

maleic acid momoester and N- isopropylacrylamide being 100%.

13-
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