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Hydrogel brushes are materials composed of a water-swollen network, which contains polymer
chains that are grafted with another polymer. Using a thermally responsive polymer,
poly(N-isopropyl acrylamide) (polyNIPAM), as the graft component we are able to maintain
the critical solution temperature ( Tt ), independent of the overall composition of the material,
at approximately 32°C. The change in swelling at T, is a function of the amount of polyNIPAM
in the system. However, there is a much smaller change in the surface contact angles at T,j.
PolyNIP AM-based materials have generated considerable interest, as ‘smart’ substrates for the
culture of cells and here, we show the utility of hydrogel brushes in cell culture. Chondrocytes
attached to the hydrogel brushes and yielded viable cell cultures. Moreover, the chondrocytes
could be released from the hydrogel brushes without the use of proteases by reducing the
temperature of the cultures to below T to induce a change in the conformation of the
polyNIPAM chain at T,.;;. The importance of the crosslink hydrogel component is illustrated by
significant changes in cell attachment/cell viability as the crosslink density is changed.

Keywords: poly(N-isopropyl acrylamide); hydrogel; polymer brush; chondrocyte;
cell culture
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1. INTRODUCTION

Thermally responsive polymers, such as poly( N-isopropyl
acrylamide) (polyNIPAM), pass through a coil-to-
globule transition at a lower critical solution tempera-
ture (Te) (Heskins & Guillet 1968). The change from
the coil to the globule conformation produces a step
change in physical properties. These temperature-
dependent changes can be used to prepare stimulus
responsive devices that are of enormous interest in
tissue engineering (Nishida et al. 2004), controlled
delivery (Soppimath et al. 2002) and other areas
(Stayton et al. 1995). However, chemically crosslinked
hydrogel materials with grafted stimulus responsive
chains (hydrogel brushes) do not appear to have been
examined. This is surprising because, as grafted chains
respond to external stimuli, these materials should be
capable of combining the properties of the stimulus
responsive brushes with a network structure that
maintains its properties above and below T,.4. We
also envisage that below T, the brush architecture
will provide resistance to mnon-specific protein
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adsorption in much the same way that grafted
poly(ethylene glycol) (PEG) chains provide enhanced
biofouling resistance in many biotechnological
applications.

One area of application of polyNIPAM materials
that is growing in importance is their use as substrata
for the culture of cells in tissue engineering (e.g.
Yamato et al. 2001; Jeong & Gutowska 2002; Li et al.
2003; Shiroyanagi et al. 2003). The majority of work in
this area has been directed at cell expansion in
monolayer culture (Yamato et al. 2001; Shiroyanagi
et al. 2003). Here, the cells are cultured on polyNIPAM
coatings, above T of polyNIPAM. In this state, many
cells adhere and spread and can be cultured to form
confluent sheets. However, tissue engineering also
requires the rapid expansion of cultured cells in order
to generate sufficient numbers to seed a scaffold. Most
protocols commonly passage cells using a combination
of proteases and ethylenediaminetetraacetic acid
(EDTA) to detach a confluent cell sheet from poly-
styrene tissue culture plates. The addition of animal-
derived substances, particularly proteins, is undesirable
in the culture of cells for therapeutic purposes owing to
the obvious risks of disease transmission. Moreover,

This journal is © 2006 The Royal Society
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there is some evidence that detachment of cells from
surfaces with trypsin and EDTA may alter or even
damage a cultured cell population. Thus, evidence for
trypsin-induced changes in cultured cells has been
reported for keratinocytes (Umegaki et al. 2004),
epithelial (Reiners et al. 2000) and endothelial cells
(Lopes et al. 2001). Although there have been no
reports of specific trypsin-induced injury to cultured
chondrocytes, it is well known that they lose their
phenotype following prolonged expansion and that
there are related risks of in vitro growth selection and
accelerated ageing (Mayne et al. 1976; von der Mark
et al. 1977; Zimmermann et al. 2001; Parsch et al. 2002;
Veilleux et al. 2004). While it is difficult to separate the
factors responsible for phenotypic changes, the evi-
dence summarized above would suggest that proteases
used in cell passaging play a significant role.

Cells for therapeutic applications should ideally be
expanded without the use of substances that have the
potential to transmit disease and alter cell phenotype
and condition. Thermoresponsive surfaces offer a
promising alternative to conventional methods and
therefore deserve careful investigation. In addition,
recently published data suggest that the low-tempera-
ture removal of endothelial cells from plasma-polymer-
ized polyNIPAM does less damage to the extracellular
matrix proteins that are left behind than conventional
methods (Canavan et al. 2005). To date, the use of
polyNIPAM as a thermally responsive culture system
has concentrated on systems in which the globular
(hydrophobic) form of polyNIPAM provides an accep-
table surface for cell adherence and proliferation. In
most variants of the technique, the material lying below
the polyNIPAM layer is impervious. However, we
considered that a hydrogel layer lying beneath the
polyNIPAM layer would allow nutrients and growth
factors to perfuse to both sides of the cells. In this paper,
we examine the feasibility of culturing bovine chon-
drocytes on stimulus responsive hydrogel brushes and
releasing these cells by thermal switching through the
globule-to-coil transition. Previous work has shown
that polyNIPAM surfaces modified with a RGD-
containing peptide could be used to culture and release
chondrocytes (Kim et al. 2002). However, these random
hydrophilic modifications to the polyNIPAM sequences
also increase the T, towards the optimized tempera-
tures for cell cultures and this is expected to have a
detrimental effect on cell adhesion during culture.

In the system reported here, above T, polyNI-
PAM adopts a globular conformation and cell adhesion
is controlled by protein adsorption to both the
hydroxylic and the polyNIPAM components. However,
below T, polyNIPAM adopts an open chain confor-
mation and the material is converted into a hydrogel
brush. The open chain hydrogel brush state is expected
to be highly resistant to protein adsorption and non-
fouling in the same way that PEGylated surfaces are
non-fouling and non-adherent.

2. RESULTS

We chose to use poly(2,3 propandiol-1-methacrylate)
(polyGMA) as the hydrogel component. This material

J. R. Soc. Interface (2007)

has been shown by us and others (Haigh et al. 2000,
2002) to be generally resistant to protein adsorption
and cell adhesion. However, we believe that this is the
first report of the thermally induced modification of
a hydroxylic hydrogel. The only previous example of a
similar stimulus responsive material appears to be a
pH-responsive hydrogel brush recently reported by
Ohsedo et al. (2004) and we are unaware of any other
examples for the use of similar surfaces for the culture of
mammalian cells.

Stimulus responsive hydrogel brushes were made
using a macromonomer approach, i.e. an oligo(NTPAM)
was prepared by radical polymerization in the presence
of a carboxylic acid functional thiol chain transfer agent
(Rimmer et al. 1996) (see figure 1 for the synthesis
process). This material was then converted to a
macromonomer (MNIPAM) by reaction with chloro-
methyl styrene. The network brushes were then
produced by terpolymerization of MNIPAM with a
difunctional monomer, ethandiol dimethacrylate
(EDMA) and 2,2-dimethyl-[1,3]dioxolan-4-yl methyl-
ene methacrylate (GMAc). The polymeric residues of
GMAc were then hydrolysed to liberate the hydroxylic
repeat unit, 2,3 propandiol-1-methacrylate (GMA).
The use of GMAc in these preparations rather than
direct copolymerization with GMA is preferable owing
to difficulties in the purification of the latter. Distilla-
tion of GMA often results in spontaneous poly-
merization, whereas GMAc can be easily and
reproducibly purified by vacuum distillation.

The synthesis described above provides relatively
densely crosslinked gels. Assuming complete efficiency
of the crosslinking process, we estimate that, on average,
the number of monomers per crosslink, N, decreases
(with increasing MNTPAM concentration) from eight to
three in the most densely crosslinked series (7 wt%
EDMA), although the series with only 1 wt% EDMA
added has values of N decreasing from 61 to 25.

The T, of polyNIPAM sections of the hydrogel
brushes can be determined by observing the peak
temperature of endotherm associated with the desolv-
ation and coil collapse of the polyNIPAM segments.
Differences between the structure of water in these
hydrogel brushes and conventional copolymer networks
were qualitatively illustrated by our failure to observe
an endotherm using DSC from the T, process in most
of the examples of a set of random terpolymer hydrogels.
The latter were produced by radical polymerization of
EDMA, NIPAM and GMA. Figure 2 shows the T,,s of
the hydrogel brushes and clearly shows that the brush
architecture produces a constant value of the T
regardless of the overall composition of the material.
The use of the peak of endotherm in the DSC technique
probably over estimates the T..; when compared with
other methods. However, the results given here clearly
show the independence of T, of the polyNIPAM
segments from both the ratio of the monomer repeat
units and the degree of swelling, which is set by the
concentration of EDMA in the monomer feed. The onset
temperatures of the endotherm were 32°C in all cases.

Hydrogel brushes display unusual temperature-
dependent swelling behaviour. Figure 3a,b gives the
equilibrium water contents (EWC=mass of water/
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Figure 1. Scheme showing the synthetic route to a thermal stimulus responsive hydrogel brush.

mass of water and polymer) above and below T.;;.
Below T, the polyNIPAM segments act to increase
the EWC and increasing the fraction of polyNIPAM in
the system increases the EWC. In addition, as in
conventional swollen networks, increasing the crosslink
density (by increasing the fraction of EDMA in the
monomer feed) decreases the EWC. However, above
Terit, the polyNIPAM segments act as hydrophobic
units and the EWC decreases as the fraction poly-
NIPAM increases. One important consequence of this
behaviour is that, at T, the change in EWC increases
as the fraction of polyNIPAM increases. Thus, there are
larger changes in the degree of swelling at T, for
materials containing larger fractions of polyNIPAM
than those containing smaller fractions. We have also
observed this effect in random copolymer hydrogels
produced from terpolymerization of EDMA, NIPAM
and GMA. However, the random copolymer architec-
ture of these materials has a significant effect on T,
which is increased by incorporation of GMA to values
that are impractical for cell culture. The effect of this
phenomenon (the change in T, with terpolymer
composition) was that we were unable to find suitable

J. R. Soc. Interface (2007)

conditions for successful cell culture on these random
terpolymer hydrogels. Thus, one of the important
advantages of the use of hydrogel brush architecture
is that we are able to alter the degree of swelling, above
and below T, independent of T,.

In order to gain some physical understanding of the
behaviour of the gels and the effect of the polyNIPAM
grafted chains, we can estimate a Flory-Huggins
interaction parameter, x. Because x is a measure of
immiscibility, greater values indicate more water
exclusion. To obtain ¥, we use simple mean field
theory, which has long been used to analyse the swelling
behaviour of polymer gels, and with some success,
particularly in the case of solvent swollen gels where the
gel exhibits a more uniform swelling behaviour appro-
priate for a mean field analysis. Although there have
been many modifications to mean field theory, the most
commonly used are the affine Flory and the phantom
models (Russ et al. 2003, and references therein).
The phantom model is generally more successful for
the analysis of solvent swelling because it allows the
crosslinks some mobility. The affine model, however,
predicts a uniform (affine) change in the distance
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Figure 2. T..;s of the hydrogel brushes (determined from DSC
measurements). EDMA in monomer feed (wt%) filled circles,
1; filled squares, 4; filled triangles, 7 (data points fitted as a
visual aid only).
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Figure 3. EWCs of the network brushes (a) below T (20°C)
and (b) above Ty (60°C) (data points fitted as a visual
aid only).

between crosslinks, which is inappropriate for such
heterogeneous systems. The interaction parameter is
then calculated from the following equation:

I

X = NooB

¢—1In(l—¢), (2.1)

where I'=0.5 according to the phantom model for a
crosslinking functionality of 4; ¢ is the volume fraction
of gel; ¢, is the volume fraction of gel at its preparation
state; and the lattice volume is normalized to the size of
a water molecule. In fact, an analysis based on the affine
Flory model does not change the results significantly.
The results are plotted in figure 4 for the different
crosslinking densities as a function of polyNIPAM
concentration. We note that the environmental
response of gel is the greatest for the smallest cross-link

J. R. Soc. Interface (2007)

amount of NIPAM in monomer feed (wt. fraction)

Figure 4. x calculated from mean field theory plotted as a
function of polyNIPAM weight fraction above and below T,;;.

densities. The effect of the polyNIPAM is clearly visible
with the greatest difference in y for the larger crosslink
densities. The synthetic procedure applied here
means that the crosslinking density changes even for
a constant wt% of EDMA because we have added
polyNIPAM at the expense of GMA.

Contact angle measurements can be used to obtain a
relative measure of surface energy. Previous work has
shown that there are large changes (10-50°) in the
contact angle as polyNIPAM materials are progressed
through T, (Takei et al. 1994; Liang et al. 2000; Ista
et al. 2001; Gupta & Khandeka 2003; de las Heras
Alarcon et al. 2005). However, there are also reports of
quite small changes (less than 10°) in the contact angle
at T of surface grafted polyNIPAM (Akiyama et al.
2004; Cheng et al. 2005). The contact angle was
determined above and below T, using the captive
bubble technique with a goniometer. The results are
displayed in figure 5. Within each set of materials, the
contact angle increases as the materials are progressed
through T,;.. However, while the increases are consist-
ent with the concept of a switch from a hydrophilic to a
more hydrophobic state at T4, the differences are
relatively small (less than 10°). Thus, it is likely that as
the temperature is increased through 7., in aqueous
media, the polymer segments rearrange to present the
most hydrophilic interface possible. This means that
the hydrophilic fully solvated interface, which is
presented below T, is replaced by a hydrogel inter-
face composed mainly of the polyGMA segments, which
are hydrophobically modified with the globular poly-
NIPAM segments. The proposed structural reorgan-
ization that occurs around T, is illustrated in figure 6.

Bovine chondrocytes were cultured on the hydrogel
brushes. Figure 7a shows the viability of these cultures
as assessed by the degree of reduction of the vital dye,
Alamar Blue, by the cultured chondrocytes, which is a
measure of cellular activity and which, in turn, is
indicative of the number of cells in the culture. The data
are expressed as a percentage of the reduced form of the
dye per square millimetre of culture surface. The
reduction of Alamar Blue observed by chondrocytes
cultured on ultra-low attachment tissue culture plastic
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Figure 5. Contact angles of the hydrogel brushes measured
below T (20°C) and above T (60°C) (data points fitted as
a visual aid only).

is also shown in figure 7a. In these cultures, the
chondrocytes could not attach to the culture surface
and the level of activity is a reflection of the numbers of
cells loosely associated with the surface, which had
not been removed during media changes during the
5-day culture period. This group is representative of
the rate of Alamar Blue reduction which would be
observed if the chondrocytes did not attach to the
polymer surfaces.

The first observation to be made from these results is
that the chondrocytes are attached to all the hydrogel
surfaces, since all the cell/polymer cultures showed
greater reduction of Alamar Blue compared with the
ultra-low attachment tissue culture plastic control
(figure 7a). Further, addition of the polyNIPAM
segments to the hydrogels increased the reduction of
Alamar Blue (figure 7a). Addition of 25-60 wt%

J. R. Soc. Interface (2007)
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Figure 6. Schematic of the coil-to-globule transition in a
hydrogel brush. At T< T, the thermally responsive chains
are solvated and extended into the continuous phase. At
T > T, the thermally responsive chains are desolvated and
are in a globular hydrophobic state. The crosslink network
remains swollen above T;.

PNIPAM to gels crosslinked with 1 wt% ethylene glycol
dimethacrylate (EGDMA) significantly (p<0.001)
increased the reduction of Alamar Blue indicating a
larger cell number/activity. Addition of PNIPAM
segments to gels crosslinked with 4 or 7 wt% EDMA
did not show such a large effect on the rate of Alamar
Blue reduction although addition of the higher concen-
trations of PNIPAM (50-60 wt%) significantly showed
enhanced Alamar Blue reduction compared with gels
having no PNIPAM (figure 7a). The increase in Alamar
Blue reduction shows that the addition of PNIPAM
segments caused either an increase of cell activity on
the polymer surface or, more likely, the result of the
NIPAM segments enabling increased numbers of cells
to attach and /or proliferate to the polymers. This latter
hypothesis is supported by the increase in the number
of cells released from the hydrogels at room tempera-
ture as the amount of polyNIPAM in the hydrogels is
increased. The increase in cell attachment might
possibly have been mediated by increased protein
adsorption to the polymer surface as the amount of
polyNIPAM is increased.

From figure 7a, it can be seen that an increase in the
content of EDMA from 1 to 7%, which increases the
crosslink density of the network, has the effect of
decreasing the amount of reduced Alamar Blue and
hence reflects a reduction in the number of cells
attached to the polymer surface. This apparent
decrease in cell numbers/viability with increasing
crosslink density is an indication of the role that the
underlying hydrogel plays in the culture of cells on
these surfaces. Thus, decreasing crosslink density
should increase the exchange of nutrients and waste
products to and from the cells and this in turn should
increase the viability of the culture and aid the rate of
cell proliferation. Thus, the most successful chondro-
cyte cultures were carried out at the lowest crosslink
density (i.e. hydrogel brushes prepared with 1 wt%
EDMA) and the highest concentration of polyNIP AM.

The thermoresponsive nature of polyNIPAM in the
synthesized copolymer networks meant that they were
very sensitive to temperature changes and their opacity
made the microscopic examination of the polymer/
chondrocyte cultures difficult. Hence, microscopic
examination was only possible on cell cultures fixed
with p-formaldehyde. Phase contrast micrographs of
cells cultured on tissue culture plastic substrate
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Figure 7. (a) Effect of the weight fraction of PNIPAM and wt% EGDMA in the graft copolymer networks on the cellular
activity of bovine chondrocytes after 5 days of culture on the hydrogels compared to chondrocyte activity of cells remaining
on ultra-low attachment tissue culture plastic (designated control in the figure). (b) Effect of decreasing the incubation
temperature from 37°C to room temperature (i.e. below the LCST of the hydrogels) on cell attachment to the hydrogels
containing 1 wt% EGDMA. The open columns show the numbers of chondrocytes found in the culture medium (i.e. cells
unattached to the culture substrate) at 37°C. The hatched columns show the numbers of chondrocytes found in the culture
medium after cooling the cultures to room temperature. Results are given standardized to the area of the hydrogels or TCPS.
(c¢) and (d) Phase contrast micrographs of chondrocytes showing cellular attachment to cultured on 60NIPAM-g¢-40GMMA-r—
4EGDMA (figure 7¢) and TCPS (figure 7d). The cells were fixed in situ with p-formaldehyde after 48 h in culture to permit

observation by light microscopy.

(TCPS) and a material composed of polyNIPAM
(60 parts by weight), GMA (40 parts by weight) and
EDMA (4 parts by weight) are shown in figure 7c.
Once the chondrocytes had been cultured on the
networks, they were released by cooling the polymer to
room temperature and the numbers of free cells
determined by direct cell counting. Figure 7b shows the
results of these experiments carried out on the set of
hydrogel brushes that contained 1% w/w of EDMA. The
first observation to be made is that when comparing the
numbers of cells found in the culture medium at 37°C
(indicative of the numbers of chondrocytes not attached
to the culture substrate and present as suspension
cultures), fewer chondrocytes were observed in the
culture medium when cells were cultured on standard
TCPS than when any of the networks were used. The
highest number of chondrocytes found in the medium at
37°C was in cultures of cells with poly(GMA-co-EDMA).

J. R. Soc. Interface (2007)

Clearly, this substrate without modification was a poor
surface for the culture of chondrocytes; most of the cells
did not adhere to the substrate and were present as a cell
suspension in the culture medium. Modification with
polyNIPAM grafts increased chondrocyte attachment as
shown by a reduced number of cells present in the culture
medium at 37°C (i.e. a reduction in unattached cells).
Cooling the polymer/chondrocyte cultures to room
temperature released the cells from the gel surface, so
that increased numbers of cells were detected in the
samples of culture media taken at room temperature.
Microscopical examination suggested that no cells
remained attached to the surfaces of materials following
this temperature change. In contrast, cooling had little
effect on the adhesion of chondrocytes cultured on TCPS.
Nosignificant changes in the number of cells in the culture
medium were observed on lowering the temperature of
cell cultures on TCPS from 37°C to room temperature.
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3. DISCUSSION AND CONCLUSIONS

Hydrogel brushes are a relatively under-studied class of
materials. They are similar to the many examples of
surface-grafted brushes that have appeared in the
literature. However, since the underlying substrate
(the hydrogel) is crosslinked and swollen, they should
be expected to have very different properties to brushes
formed onto non-swollen surfaces. The hydrogel
brushes described here are thermally responsive and
can be used as stimulus responsive substrates for cell
culture. It was not possible to culture chondrocyte cells
on analogous random copolymer networks. One of the
motivations for examining the use of these materials as
substrata for cell culture was the possibility of culturing
cells at relatively high degrees of swelling, while
maintaining the temperature of the thermal coil-
to-globule transition. These relatively high degrees of
swelling above the critical coil-to-globule transition,
compared to similar polyNIPAM networks and grafted
surfaces, should allow for improved diffusion of
nutrients and matrix components, such as growth
factors. This concept was demonstrated by the obser-
vation that increasing the crosslink density of the
hydrogel decreased the viability of the culture. The
swollen nature of the hydrogel phase dominated
the changes in contact angle as the polyNIPAM phase
progressed through T,;;. In each material, the contact
angle increases consistently as the temperature of the
measurement was increased from 20-60°C. However,
although the change is significant, the increase in
contact angle is small. Interestingly, although we
observed differences in the magnitude of change in
contact angle, at T, the magnitude of the change
could not be correlated to the ability of the materials to
release cells into the media as the temperature was
decreased. Much larger effects are observed in the
degree of swelling obtained above and below T,;;.
Above T, the polyNIPAM segments are in a globular
and hydrophobic form and act to hydrophobically
modify the hydrogel phase. Therefore, increasing the
fraction of polyNIPAM produced a decrease in swelling.
On the other hand, below 7., the polyNIPAM
segments are extended into the solution and as the
fraction of polyNIPAM increases, swelling increases.
Thus, the change in swelling at 7. became more
pronounced as the fraction of polyNIPAM increased.
Kwon & Matsuda (2006) recently reported that
increasing the NIPAM fraction in poly(NIPAM-block-
PEG) linear block copolymers improved the viability of
chondrocytes. In the present work, we also found that it
was not possible to culture bovine chondrocytes on
poly(EDMA-co-GMA) hydrogels unless they were
modified by terpolymerization with the oligo(NIPAM).
Chondrocytes cultured on these materials adhered to
the substrate above T, but they were released below
T..it- Hence, these results suggest that the main factors
driving the release of the cells are probably increased
swelling and a switch to the more mobile open-chain
brush architecture at T, rather than the apparent
changes in the contact angle at T, This release
of the cultured cells, and presumably the release of
the associated extracellular matrix, is similar to the
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well-known ability of grafted water-swollen polymer
brushes (e.g. PEG brushes) to produce non-biofouling
surfaces. We also observed a clear effect of the crosslink
density on viability of the chondrocyte cultures.
Increasing crosslink density decreases the degree of
swelling. If we compare materials containing the same
fraction of polyNIPAM, we can conclude that decreased
swelling (increased cross-link density) decreased cell
viability. This decrease in cell activity could possibly be
associated with changes in the permeation charac-
teristics of the materials, i.e. lower degrees of swelling
may result in lower rates of permeation of nutrients,
waste products and biomolecules. However, further
work is necessary to test this hypothesis.

4. METHODS

4.1. Synthesis of poly(N-isopropyl acrylamide)
Macromonomers

Radical polymerization of N-isopropylacrylamide
monomer (NIPAM; 100 g, Aldrich, UK; recrystallized
from hexane) in ethanol (200 cm?, Fisher, UK; Labora-
tory Grade) in the presence of a,a’-azo-bis-isobutyro-
nitrile (AIBN; 1g, Aldrich, UK; recrystallized from
methanol) and mercaptopropionic acid (3 g, Aldrich,
UK; distilled) gave a polyNIPAM with a carboxylic
acid end group. The monomer solution was placed into
the reaction vessel and purged with dry nitrogen for 2 h.
Polymerization was initiated at 60°C under a dry
nitrogen atmosphere for a further 24 h. The polymer
was dried, dissolved in 1,4-dioxane (Aldrich, UK;
spectrophotometric grade), filtered and then precipi-
tated into diethyl ether (Fisher Scientific, UK; Labora-
tory Grade). The precipitate was washed three times
with clean diethyl ether before being dried overnight
under vacuum at 40°C. This process was repeated until
removal of impurities and residual solvent was
confirmed by "H NMR spectroscopy (-SCH,CH5COOH
2.4-2.6 p.p.m., ~-SCH5CH,COOH 2.65-2.8 p.p.m.,
(CH3),CH"— 3.85-4.05 p.p.m.). End group analysis
using the 'H gave a Mn=12000 g mol . MALDI
TOF mass spectrometry (using a Micromass TofSpec
2E instrument with 2,5-dihydroxybenzoic acid as the
matrix) showed that the end group mass was, as
expected, m/z 106.9. Each ion peak in the molecular
weight distribution was separated by the repeat mass of
polyNIPAM (m/z 113.1).

The resultant polyNIPAM was dissolved in
de-ionized water and caesium carbonate (Aldrich,
UK) was added to the solution under agitation until
evolution of carbon dioxide gas ceased. Then the
solution was dried using vacuum evaporation. The
oligo(NIPAM) was dissolved in acetone (Fisher, UK;
Laboratory Grade) and 1g Cs,CO3; was added. The
solution was purged with dry nitrogen for 2 h. An excess
of vinyl benzyl chloride was added into the reaction
vessel. The mixture was heated to 50°C for 24 h under a
dry nitrogen atmosphere. The reacted solution was
dried and the residue was dissolved in 1,4-dioxane
(Aldrich, UK; spectrophotometric grade) and filtered.
The product was precipitated into diethyl ether and
washed three times with diethyl ether before being dried
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under vacuum at 40°C. This process was repeated until
removal of impurities and residual solvent was confirmed
by "H NMR spectroscopy. The styryl end groups were
observed in the "H NMR spectrum (5.05-5.11 p.p.m.,
=CH; 5.20-5.23 and 5.25-5.28 p.p.m., -CH=5.68-5.70
and 5.74-5.79 p.p.m., C¢H, 7.1-7.4 p.p.m.). MALDI TOF
mass spectrometry showed that the end group mass
was, as expected, m/z 223.3.

Poly(NIPAM- graft- GMA-co-EDMA) networks were
synthesized from the radical polymerization of GMAc,
MNIPAM macromonomer and EDMA. The monomer
mixture and AIBN dissolved in 2-propanol were added
to a polymerization mould, which consisted of a 2 mm
thick polytetrafluoroethylene gasket sandwiched
between two pieces of commercially available poly
(ethylene terephthalate) film (Hifi Industrial Film Ltd,
UK; PMX 727, 100 pm, no slip). This in turn was
sandwiched between two glass plates, the mould being
held together by metal paper clips. Polymerization was
carried out at 60°C for 24 h. Upon completion, the
crosslinked copolymer network was removed from the
mould and washed in distilled IPA five times, over a
period of 3 days. The densities required to convert
weight fraction to volume fraction for the thermody
namic calculations of equation (2.1) are 1.051 g cm™*
(EGDMA, Aldrich information), 1.312gcm™?
(PGMA, measured using a density bottle), and 1.13
and 1.17 g cm ™ for polyNIPAM above and below Ty,
respectively (Seelenmeyer et al. 2001). The volume
fraction of gel in the preparation state is ca 0.7, where
small variations from sample to sample have no
significant effect on the results calculated from
equation (2.1).

4.2. Measurements

The water contact angle of copolymer networks was
determined using the captive bubble technique with a
Ramé-Hart contact angle goniometer equipped with a
Fostec AC1 light source. EWCs were determined
gravimetrically.

4.3. Isolation and culture of bovine
chondrocyte

Chondrocytes were isolated from all cartilages as
described previously (Crawford & Dickinson 2004).
Full-thickness hyaline cartilage was harvested from
bovine metacarpophalangeal joints of adult animals
(18-24 months) within 4 h of slaughter. Chondrocytes
were released by sequential proteolytic digestion at 37°C
for 30 min in trypsin (0.25% in PBS) followed by
incubation for 18-22 h with 0.2% bacterial collagenase
(Sigma, UK) in basic culture medium (Dulbecco’s
modified eagles medium (high-glucose formula
containing GLUTAMAX-1), containing 10 mM
HEPES, 10% FBS, non-essential amino acids,
100 units ml~ ! penicillin and 100 pg ml ™' streptomycin
sulphate). The isolated cells were seeded in tissue culture
plates (3X 10" cells cm?) and cell numbers expanded for
two to three passages in basic medium containing
10ng ml~' FGF-2 (PreproTech, UK). All reagents
were from Sigma Aldrich, UK unless stated otherwise.
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4.4. Chondrocyte culture on thermoresponsive
copolymers

Thermoresponsive copolymer networks were stored in
distilled isopropyl alcohol before use. For cell culture,
the polymers were washed in de-ionized water, 8 mm
discs cut and placed (1/well) into ultra-low attachment
24-well tissue culture plates (Corning, UK). The plates
were incubated at 37°C for 5 h in 1 ml of well-distilled
water. The water was replaced with pre-warmed basic
culture medium and incubated overnight at 37°C. The
medium was then removed from each well and 2 ml of
chondrocyte suspension in basic culture medium (pre-
warmed to 37°C) was added to each well. The plates
were incubated at 37°C. Throughout all the stages of
culture manipulation, the temperature of polymer and
medium was kept between 32 and 37°C.

4.5. Measurement of cell detachment

Chondrocytes were seeded onto the polymer as above
and incubated at 37°C for 24 h. A sample of medium
was taken from each culture at 37°C to determine the
numbers of cells unattached to the polymer surfaces at
37°C. Cell detachment was determined as follows. The
cell cultures were allowed to cool to room temperature
for 15 min. To determine the numbers of cells which
had detached from the polymer surface, samples of
culture medium were gently removed from each well
after the cooling period. The number of chondrocytes in
the samples of culture media taken before and after
cooling was then determined using a haemocytometer.

4.6. Statistical analysis

Statistical significance was determined by two-way
ANOVAR followed by a Bonferroni post-test using
GRAPHPAD v. 4.

4.7. Measurement of cellular activity by
Alamar Blue

Cell viability of chondrocyte cultures was monitored by
calorimetric assay (Fields & Lancaster 1993) using
Alamar Blue according to the manufacturer’s instruc-
tions (Biosource Europe S.A., Belgium). Polymers were
seeded with chondrocytes in the same manner described
earlier. After 5 days of culture, the culture medium was
gently removed (while keeping the cultures at 37°C)
and immediately replaced with pre-warmed fresh
culture medium at 37°C containing Alamar Blue. The
polymer/cell cultures were incubated for 2 h at 37°C.
Cell-free polymers were also incubated in the same way.
200 pul samples of culture medium were then removed
from all the wells and the levels of reduced and oxidized
Alamar Blue determined spectrophotometrically. Cell-
free polymers were also incubated with Alamar Blue
in the same way to determine any dye reduction in
the absence of cells. Cell viability was calculated as the
percentage of reduced Alamar Blue produced by the
chondrocytes and expressed as the percentage of reduced
Alamar Blue per square millimetre of culture surface.
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