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ABSTRACT: In an effort to create an in situ physically
and chemically cross-linked hydrogel for in vivo applica-
tions, N-isopropylacrylamide (NIPAAm) was copolymer-
ized with poly(ethylene glycol)-monoacrylate (PEG-monoa-
crylate) and then the hydroxyl terminus of the PEG was
further modified with acryloyl chloride to form poly(NI-
PAAm-co-PEG) with acrylate terminated pendant groups.
In addition to physically gelling with temperature changes,
when mixed with a multi-thiol compound such as pentae-
rythritol tetrakis 3-mercaptopropionate (QT) in phosphate
buffer saline solution of pH 7.4, this polymer formed a
chemical gel via a Michael-type addition reaction. The
chemical gelation time of the polymer was affected by mix-
ing time; swelling of the copolymer solutions was tempera-

ture dependant. Because of its unique gelation properties,
this material may be better suited for long-term functional
replacement applications than other thermo-sensitive phys-
ical gels. Also, the PEG content of this material may render
it more biocompatible than similar HEMA-based precursors
in previous simultaneous chemically and physically gelling
materials. With its improved mechanical strength and bio-
compatibility, this material could potentially be applied as
a thermally gelling injectable biomaterial for aneurysm or
arteriovenous malformation (AVM) occlusion. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 106: 1201–1207, 2007
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INTRODUCTION

Thermo-sensitive polymers have received consider-
able attention in recent years due to their wide-
spread biomedical applications, which range from
drug release systems to implant biomaterials.1–3

Their characteristic temperature-driven sol–gel tran-
sition is advantageous in terms of implantation
because it allows the material, in fluid form, to fully
conform to its surroundings before gelling in vivo.2–4

Moreover, because these temperature-responsive sys-
tems are water-soluble, they can potentially act as
alternatives to in vivo-gelling materials/embolic
liquids3–6 that are traditionally delivered via water-
miscible, but toxic, organic solvents such as dimethyl
sulfoxide (DMSO), ethanol, and N-methyl pyrroli-
done (NMP).4,7 While these thermo-sensitive poly-
mers exhibit many desirable characteristics, they are

constrained by their tendency to creep under low
frequency stress, which renders them unsuitable for
applications that require long-term functional
replacement such as arteriovenous malformation
(AVM) or aneurysm occlusion.4 Thus, there is a
need to develop polymer systems that have the abil-
ity to address the mechanical limitations of these
temperature-responsive materials.

A proposed solution for preventing creep is to cre-
ate a polymer that does not exclusively form a phys-
ical gel, but rather will initially gel physically but
then cure with chemical cross-linking to reduce vis-
coelasticity. Whereas purely physical gels form net-
works based exclusively on secondary forces, and
purely chemical gels are created through chemical
bonding8,9 a hybrid material will be able to utilize
both mechanisms for network formation. One such
approach uses temperature-triggered gelation to
achieve physical cross-linking, and Michael-type
addition reaction for chemical gelation. While Cellesi
and Tirelli have already used this ‘‘in-tandem’’ ther-
mal gelation and chemical cross-linking for cell
encapsulation purposes,10 this approach may also be
used to create an in-situ gelling polymer that has
increased mechanical properties due to its ability to
both physically and chemically cross-link, and may
be applied as an in-situ forming implant.

Correspondence to: Brent L. Vernon, Ph.D (brent.vernon@
asu.edu).
Contract grant sponsor: National Institutes of Health;

contract grant number: GM065917.
Contract grant sponsor: Fulton School of Engineering at

Arizona State University.

Journal of Applied Polymer Science, Vol. 106, 1201–1207 (2007)
VVC 2007 Wiley Periodicals, Inc.



Previously, we have copolymerized N-isopropyla-
crylamide (NIPAAm) with hydroxyethyl methacry-
late (HEMA) such that it contained functional acryl-
ates that could react with compounds containing
thiol groups.7 The copolymer with acrylates was
designed so that physical cross-linking would be
triggered by the material’s lower critical solution
temperature (LCST), and chemical cross-linking
would occur over time from the interactions between
olefins and nucleophilic thiols via a Michael-type
addition reaction.7,11 The Michael-type addition reac-
tion is a particularly suitable mechanism for chemi-
cal cross-linking, not only because it proceeds
quickly at room temperature, but also because it
uses precursors with lower toxicity.12 In this study,
we copolymerized NIPAAm with poly(ethylene gly-
col) (PEG) monoacrylate and functionalized the co-
polymer with pendant acrylate groups on the end of
the PEG side chains so as to create a material that
has the ability to both physically and chemically
cross-link. Because PEG is highly biocompatible and
FDA-approved for use in pharmacological applica-
tions,13 this copolymer could ideally be applied as
an injectable in-situ gelling material whose mechani-
cal properties exceed those of purely physical gels
but still allow a temperature-triggered gelation.

EXPERIMENTAL

Materials

NIPAAm (Aldrich) was purified by recrystallization
from hexanes and dried under vacuum for 2 days.
2,20-Azobisisobutyronitrile (AIBN; Aldrich 98%) was
purified by recrystallization from methanol. Pentae-
rythritol tetrakis 3-mercaptopropionate (QT; Aldrich),
acryloyl chloride (Aldrich 96%), anhydrous 1,4-dioxane
(Aldrich), PEG-acrylate (Aldrich) with molecular
weight of 375, and tetrahydrofuran (THF, Aldrich)
were used as received. 0.1M phosphate buffer saline
(PBS) of pH 7.4 was prepared from 2.43 g monobasic
phosphate, 11.32 g dibasic phosphate, 3.33 g NaCl
dissolved in 1 L of distilled water. Other solvents
used in this experiment were of reagent grade and
used as received.

Synthesis of poly(NIPAAm-co-PEG)-acrylate

NIPAAm (15 g, 133 mmol) and PEG-monoacrylate
(2.6 g, 6.98 mmol) were combined with 200-mL THF
and AIBN (0.16 g, 0.98 mmol) at 658C for 20 h under
a nitrogen atmosphere to form poly(NIPAAm-co-
PEG). The copolymer was then precipitated in
diethyl ether, filtered and dried under vacuum for 3
days (Yield: 89%). The copolymer was then dialyzed,
frozen, and lyophilized. Acrylate addition to the

PEG chain on the poly(NIPAAm-co-PEG) was
accomplished by dissolving the copolymer (6.2 g) in
anhydrous THF, adding triethylamine (1.4 mL, 10.12
mmol), followed by drop-wise addition of acryloyl
chloride (0.43 g, 5.06 mmol, 1.1 wt % in THF).

Thermo-sensitive properties

The LCST of the polymer was determined with dif-
ferential scanning calorimetry (DSC). Polymer sam-
ples were dissolved at concentrations of 5 wt % in
0.1M PBS of pH 7.4 and heated from 0 to 808C at a
rate of 18C/min with a Multi Cell Differential Scan-
ning Calorimeter (Calorimetry Scientific Corporation,
CSC 4100). The control cell contained 0.1M PBS of
pH 7.4.

Gelation properties

Copolymer samples were prepared as 21 wt % solu-
tions in 0.1M PBS of pH 7.4; rheology was per-
formed with a TA Instrument Rheometer (AR 1000)
using a 4-cm parallel plate at a 0.5-mm gap for all
samples.

To assess temperature-dependant physical gela-
tion, rheometry temperature sweeps from 5 to 458C
were performed on poly(NIPAAm-co-PEG) and poly
(NIPAAm-co-PEG)-acrylate at a frequency of 1 Hz,
and oscillatory stress of 10 Pa (linear region). Gel
points, defined as the instant at which d 5 458 or
when G0 exceeds G00 (i.e., the solid phase becomes
dominant), were obtained.14

The effects of QT mixing time on the chemical ge-
lation time were determined via the following proce-
dure: poly(NIPAAm-co-PEG)-acrylate was combined
with QT at a 1 : 1 stoichiometric ratio (1 g copolymer/
5.46-lL QT) between the acrylate and thiol groups
and mixed between two 1-mL syringes connected by
a syringe junction for 10 or 20 s at a rate of 1 stroke
per second. About 0.6 mL of the mixed sample was
then placed on the rheometer and a 30 min time
sweep was performed at a temperature of 208C to
prevent physical gelation, frequency of 1 Hz, and os-
cillatory stress of 10 Pa. Frequency sweeps from 0.1
to 20 Hz were also performed on the NIPAAm
copolymers, with and without QT at various temper-
atures.

Swelling test

Poly(NIPAAm-co-PEG)-acrylate was mixed with QT
at 1 : 1 stoichiometric ratios between the thiol and
acrylate groups, immersed in a 378C water bath, and
allowed to gel for 24 h. The gel was extracted and
cut into cylindrical cross sections. A cross section
was then incubated in 0.1M PBS of pH 7.4 at a tem-
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perature of 48C. After 1 h, the sample was removed
from solution, and was weighed after removal of
excess surface water. The same procedure was per-
formed for samples in 0.1M PBS of pH 7.4 at tem-
peratures of 20 and 378C. Each polymer sample was
then lyophilized and weighed again. The swelling
ratio Qs was then calculated as (Ws 2 W0)/W0 3
100, Ws being the weight of the swollen polymer,
and W0 being the weight of the dried polymer.

Molecular identification

The composition of the copolymers was identified
through 1H NMR (Gemini 300 MHz). Polymer sam-
ples were dissolved in D2O.

Molecular weight

Molecular weight was determined using static light
scattering (Wyatt Minidawn, Santa Barbara, CA) in
conjunction with gel permeation chromatography
(GPC). GPC (Shimadzu, micro-styragel HR-5 col-
umn) was performed on the copolymers with THF
mobile phase and a flow rate of 0.8 mL/min.

Cytotoxicity

An indirect contact study was conducted to test cy-
totoxicity of the hydrogels. A sample of the poly(NI-
PAAm-co-PEG)-acrylate (16 wt %) was prepared sto-
ichiometrically in cell culture media and mixed with
QT between syringes for 30 s. Millicell culture plate
inserts (12 mm, Costar Corporation, 0.4 lm pore size
polycarbonate membrane filter (PIHP01250)) were
filled with 100 lL of the sterile pregelled solution.
The hydrogels were cross-linked inside of the Trans-
well inserts by exposing them to 378 for 1 h. The 3T3
cells were seeded into each well of a 24-well plate,
and then 0.5 mL of cell culture medium was added
to each well. The cells were cultured in this environ-
ment for 7 days and then Promega (Celltiter 96
Aqueous One Solution Cell Proliferation Assay) was
added after removal of the inserts. Three hours later
the media was aliquotted with a micropipette into
96-well plates, 120 lL at a time and then their ab-
sorbance was measured at 490 nm. For the control,
polyNIPAAm was used, along with wells that con-
tained no material.

RESULTS AND DISCUSSION

Poly(NIPAAm-co-PEG) was prepared by free radical
polymerization, using the scheme shown in Figure
1(A). When attempting to synthesize NIPAAm and
polyethylene-oxide (PEO)-methacrylate through free
radical polymerization, Virtanon et al. reported that

the reaction resulted in gel formation.15 During synthe-
sis of the NIPAAm-co-PEG polymer for this study, a
gel was formed during the reaction when dioxane was
used. However, when the materials were reacted in
THF, there was no such unwanted cross-linking. The
composition of the copolymer was confirmed by 1H
NMR. The mole ratio of NIPAAm and PEG was calcu-
lated from the integration ratio between the methyl
protons (6H)((CH3)2CHNHCO��) of NIPAAm and the
methylene protons (2H)(H OCH2CH2(OCH2CH2)n
OCH2CH2OCO��) of PEG appearing at 1.1 and 4.3
ppm, respectively, in Figure 2. Poly(NIPAAm-co-
PEG)-acrylate was synthesized by allowing terminal
OH groups of PEG to react with acryloyl chloride as
shown in Figure 1(A). The total conversion was calcu-
lated using the integration ratio of the 1-ethylene pro-
tons (3H) (CH2¼¼CH��COOCH2CH2O��)) of PEG-ac-
rylate at around 6.2 ppm, and (6H)((CH3)2
CHNHCO��) of NIPAAm at around 1.1 ppm and
the integration ratio of the methylene protons
(CH2¼¼CH��COOCH2CH2O��) of PEG-acrylate at
around 4.4 ppm and methylene protons (2H)
(HOCH2CH2(OCH2CH2)nOCH2CH2OCO��, CH2¼¼CH��
COOCH2CH2(OCH2CH2)nOCH2CH2OCO��) of un-
reacted PEG and reacted PEG at around 4.3 ppm.
The copolymers synthesized are found in Table I.
For poly(NIPAAm-co-PEG) at 95 : 5 feed ratio, the
real ratio was 94.9 : 5.1 and NMR data exhibited that
the ratio of PEG to PEG-acrylate was 1.6 : 3.5, giving
approximately a 69% conversion.

When poly(NIPAAm-co-PEG)-acrylate was mixed
with a multifunctional thiol compound, chemical
cross-linking occurred between the acrylate and thiol
groups through a Michael-type addition reaction.
The mechanism, in Figure 1(B), shows a nucleophilic
thiol attacking the double bond adjacent to the car-
bonyl forming a covalent bond between the two enti-
ties. Figure 1(C) shows the chemical cross-linking
network that is formed when poly(NIPAAm-co-
PEG)-acrylate is allowed to react with QT, which
contains four thiol functional groups. Poly(NIPAAm-
co-PEG)-acrylate itself is soluble in water at tempera-
tures lower than its LCST and in organic solvents
such as THF, acetone, and ethanol. However, when
an aqueous solution of poly(NIPAAm-co-PEG)-acry-
late is mixed with QT and allowed to cure chemi-
cally, it forms an opaque solid.

The LCST and the gelation temperature found
with rheology of copolymers 1 and 2 can be seen in
Table I. Although the addition of comonomers to
NIPAAm can result in large deviations from the typ-
ical LCST of PolyNIPAAm (328C),1,15 results from
this study indicate that the conditions and concentra-
tions under which PEG and PEG-acrylate were
added to NIPAAm minimally affect the copolymers’
LCSTs and gelation temperatures; both copolymers
demonstrated LCST properties at �308C (Fig. 3). Vir-
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tanen, et al synthesized NIPAAm graft PEO poly-
mers with similar weight percents and reported
LCST values that closely match those of our poly-
mers.15 GPC determined that the copolymers had a
molecular weight of 3.4 3 105 g/mol and polydis-
persity index (PDI) of 2.1.

The poly(NIPAAm-co-PEG) and poly(NIPAAm-co-
PEG)-acrylate copolymers themselves formed purely
physical gels at temperatures above their LCSTs.
From the rheology temperature sweeps in Figure 4,
it is evident that the gelation of copolymers 1 and 2
was temperature-dependent. At lower temperatures,

Figure 1 (A) Polymer synthesis scheme; (B) Michael-type addition reaction; (C) Chemical cross-linking network between
functionalized copolymer and QT.
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G00 was larger than G0; however, a sol–gel transition
occurred as temperature increased to 27 and 288C,
respectively, for the two copolymers, and the storage
modulus G0 became dominant, suggesting that a gel
formed due to temperature-triggered physical cross-
linking.

When copolymer 2 was mixed with QT at 1 : 1 ac-
rylate-thiol ratios and mixing time was varied at 10
and 20 s, the effect on gelation kinetics was evident,
seen in Figure 5. As expected, longer mixing times
resulted in faster gelation time, which can be attrib-
uted to the higher degree of homogenization result-
ing from longer mixing7; gelation occurred at 245 s
at 20-s mixing time, while for 10-s mixing time gela-
tion occurred at 411 s. When compared to the previ-
ously characterized poly(NIPAAm-co-HEMA)-acry-
late system, this polymer system had a slightly faster
gelation time for both the 10 and 20 s mixing times.
This behavior may be due to the better solubilizing
effects of PEG on the QT.

Swelling of the chemically cross-linked polymer
was found to be temperature dependent, as seen in
Figure 6. At 48C, the polymer gel demonstrated a
high degree of swelling, at 456%. However, as tem-
perature increased to 20 and 378C, the polymer gel
swelling decreased to 387 and 319%, respectively.
From previous studies, it was noted that other
thermo-sensitive polymer systems, such as poly(NI-
PAAm-co-HEMA)-acrylate demonstrated a high
degree of volume change with temperatures.7 This
copolymer, in contrast, swelled less at each tempera-
ture change relative poly(NIPAAm-co-HEMA)-acry-
late. Such swelling behavior can be attributed to
PEG’s affinity and ability to bind to water; because
the PEG arm is longer than HEMA, the polymer
forms a gel network with more space when mixed
with QT and is thus able to hold more water at vari-
ous temperatures. This results in a smaller extent of
shrinking, which then makes the polymer system
behave more like a hydrogel.

Figure 2 1H NMR spectra (solvent, D2O) of NIPAAm copolymers in various stages of synthesis. Top: poly(NIPAAm-co-
PEG)-acrylate. Bottom: poly(NIPAAm-co-PEG).

TABLE I
Synthesized Copolymers

N

Actual Compositions (mol %)
Rheology Gelation
Temperature (8C)a

LCST
DSCb (8C)

MW 3 105

(g/mol) PDINIPAAm PEG Acrylate

1 94.9 5.1 – 27.0 6 0.2 31.6 6 0.1 3.4 2.1
2 94.9 1.6 3.5 28.0 6 1.0 30.1 6 0.1

a Rheology was performed at 21 wt % concentrations in PBS.
b DSC was performed at 5 wt % concentrations in PBS.
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Comparatively, there are some differences in gela-
tion behavior between the poly(NIPAAm-co-PEG)-ac-
rylate system and the poly(NIPAAm-co-HEMA)-ac-
rylate system. The gel point of this poly(NIPAAm-
co-PEG)-acrylate system remained fairly consistent
before and after the addition of the terminal acrylate
pendant groups, whereas there was a larger drop in
gel temperature for poly(NIPAAm-co-HEMA)-acry-
late after the addition of acrylate. The decrease in
LCST of the poly(NIPAAm-co-HEMA)-acrylate sys-
tem is due to the substitution of the hydrophilic end
group (OH) of HEMA with the hydrophobic acry-
late; in contrast, the end group substitution of

hydroxyl group of PEG with the hydrophobic acry-
late does not change the gelation temperature of the
copolymer because inside ethylene oxide groups of
PEG are still available to hydrogen bond with water.
On the whole, while these two polymer systems
share similar cross-linking mechanisms, there are
subtle differences in behavior regarding the gel point
as well as swelling behavior.

The poly(NIPAAm-co-PEG)-acrylate crosslinked
with QT was tested for cytotoxicity, using an indi-
rect contact assay. The result of this study is shown
in Figure 7, and indicates that the cell numbers in
the media after 1 week of incubation with the physi-
cally and chemically cross-linked polymer were stat-
istically similar to those of both polyNIPAAm and
the control without polymers. Preliminarily, this

Figure 4 Rheology temperature sweep showing tempera-
ture-dependant physical gelation of both poly(NIPAAm-co-
PEG) [nG0; &G00] and poly(NIPAAm-co-PEG)-acrylate
[^G0; ^G00] at 21 wt % in 7.4 pH PBS (n 5 3).

Figure 5 Rheology time sweep showing time-dependant
chemical-gelation behavior based on different mixing times
(21 wt % in 7.4 pH PBS, 20C) (gel point, 20-s mixing 5 245
s; 10-s mixing 5 411 s) for poly(NIPAAm-co-PEG)-acrylate
mixed with QT for 10 s [lG0; *G00], or for 20 s [^G0;
^G00], or without QT [nG0, &G00].

Figure 6 Temperature-dependent swelling of poly(NI-
PAAm-co-PEG)-acrylate cross-linked with QT (pH 7.4);
swelling ratios after 1 h, n 5 3 at 4, 20, and 378C.

Figure 3 LCST determined by DSC at 5 wt % concentra-
tion in pH 7.4 PBS, (n 5 4) for poly(NIPAAm-co-PEG) (2)
and poly(NIPAAm-co-PEG)-acrylate (1).
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study shows that the material has favorable biocom-
patibility properties.

CONCLUSION

A simultaneously physical and chemical cross-link-
ing polymer was developed by modifying poly(NI-
PAAm-co-PEG) with acryloyl chloride and mixing it
with a tetrafunctional thiol compound. This system
demonstrates lower critical solution properties at
� 27–288C, which were confirmed by DSC and rheol-
ogy. Moreover, this system exhibits unique gelation
behavior; physical cross-linking is triggered by tem-
perature changes and chemical cross-linking can be
simultaneously achieved through a Michael-type
addition reaction between the acrylate groups and
the thiol groups in the tetrafunctional QT. For this
particular system, swelling is temperature-dependent,

and although it has a high degree of swelling,
volume changes are small in between temperature
changes. This combination of properties may render
this polymer useful as a biomaterial for in-situ
gelling applications, such as AVM or aneurysm
occlusion.

References

1. Alarcon, C. D. L. H.; Pennadam, S.; Alexander, C. Chem Soc
Rev 2005, 34, 276.

2. Vernon, B.; Tirelli, N.; Bachi, T.; Haldimann, D.; Hubbell, J. A.
J Biomed Mater Res A 2003, 64, 447.

3. Tian, F.; Zhang, B. Q.; Zhao, X. L.; Ji, W. H.; Li, X. W.; Cheng,
G. X.; Yao, K. D. Polym Int 2006, 55, 405.

4. Li, X.; Liu, W.; Ye, G.; Zhang, B.; Zhu, D.; Yao, K.; Liu, Z.; Xiz-
hong, S. Biomaterials 2005, 26, 7002.

5. Matsumaru, Y.; Hyodo, A.; Nose, T.; Ito, S.; Hirano, T.; Ohashi,
S. J Biomater Sci Poly Ed 1996, 7, 795.

6. Sheng, X. Z.; Liu, Z. Q.; Wu, L. B.; Tang, J.; Zhao, C. R.; Kong,
L. B.; Wang, Q.; Wang, C. D. Chinese Med J 2006, 119, 391.

7. Lee, B. H.; West, B.; McLemore, R.; Pauken, C.; Vernon, B. L.
Biomacromolecules 2006, 7, 2059.

8. Gutowska, A.; Jeong, B.; Jasionoswki, M. Anatomical Rec 2001,
263, 342.

9. Hoffman, A. S. Adv Drug Deliv Rev 2002, 54, 3.
10. Cellesi, F.; Tirelli, N.; Hubbell, J. A. Macromol Chem Phys

2002, 1466.
11. Heggli, M.; Tirelli, N.; Zisch, A.; Hubbell, J. A. Bioconjugate

Chemistry 2003, 967.
12. Mather, B. D.; Viswanathan, K.; Miller, K. M.; Long, T. E. Prog

Polym Sci 2006, 487.
13. Harris, J. M.; Chess, R. B. Nat Rev Drug Discov 2003, 2, 214.
14. Kavanagh, G. M.; Ross-Murphy, S. B. Prog Polym Sci 1998, 23,

533.
15. Virtanen, J.; Baron, C.; Tenhu, H. Macromolecules 2000, 33,

336.

Figure 7 Indirect contact assays on 3T3 cells using poly
(NIPAAm-co-PEG)-acrylate crosslinked with QT; cell count
after 7 days, n 5 3.

POLY(NIPAAm-co-PEG)-ACRYLATE 1207

Journal of Applied Polymer Science DOI 10.1002/app


