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Poly(2-hydroxyethylmethacrylate) [poly(HEMA)] is a widely used biomaterial which does not allow cell 

adhesion and growth on its surface, limiting its use in biomedical applications in which cell cohesion 

is detrimental. We have prepared a poly(HEMA)-gelatin composite hydrogel using a sequential 

interpenetrating polymer network technique. The properties of this material were compared with 

poly(HEMA) freeze-dried sponges in terms of morphology, mechanical properties and 

biocompatibility. Moreover, in viva biocompatibility experiments highlighted the occurrence of cellular 

interactions on the surface of the poly(HEMA)-gelatin interpenetrating polymer network, which are 

usually absent when unmodified poly(HEMA) hydrogels are implanted in the same host organism. 

These tests also showed a progressive gelatin degradation from the surface to the bulk of the 

poly(HEMA)-gelatin specimens during short-term (7d) implantation. Finally, in vitro tests confirmed an 

improved ability of this composite to scaffold for the cells. 0 1996 Elsevier Science Limited. 

Keywords; Poly(2-hydroxyethylmethacrylate), gelatin, interpenetrating polymer network, 

biocompatibility, cell adhesion 

Received 29 November 1994; accepted 20 August 1995 

Prosthetic materials have to satisfy specific 
requirements to be implanted in a host organism 
without inducing adverse phenomena such as 
inflammation and toxicity-5. Generally it is thought 
that a biocompatible material must be inert in terms of 
protein adsorption and leucocyte activation. It has been 
shown that the interactions of proteins as well as cells 
on contact lenses lead to a poor toleration of the 
implant. However, in several cases a biocompatible 
material cannot be an inert material, in particular when 
adhesion and growth of tissue cells on its surface are 
required6. In the case of medical applications such as 
replacement of damaged tissue in which the integration 
of the prosthesis within the tissue is strongly required, 
it becomes important that the material scaffolds the 
cells to support the healing processes. Thus, many 
artificial materials, in which the high hydrophilicity 
matches a low protein adsorption and poor cell 
adhesion, have been modified to improve the cell 
attachment and proliferation on their surface. For 
example, in order to induce cell growth, poly(~- 
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hydroxyethyhnethacrylate)[poly(HEMA)] composite 
polymers have been obtained by blending 
poly(HEMA) with either hydrophobic materials such 
as methyl methacrylate (MMA) or natural molecules 
normally present in the extracellular matrix such as 
collagen7-14. 

Concerning the poly(HEMA)-collagen composite, it 
has been demonstrated that this new polymer retains 
the advantages of the starting compounds in a unique 
solution, avoiding both the inertness of poly(HEMA) 
and the undesirable proinflammatory effects of 
collagens-‘4. Previous studies15916 reported both in 

vitro cell proliferation and in vivo tissue regeneration 
in the presence of macroporous poly(HEMA) sponges 
impregnated with collagen. 

In this work we synthesized and characterized 
poly(HEMA)-gelatin (a collagen-derived material) 
composite hydrogels using a sequential 
interpenetrating polymer network method in which 
both the polymers were independently cross-linked by 
different and non-competitive cross-linking agents. 
The use of gelatin was suggested as a cheaper and 
more degradable material. 
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MATERIALS AND METHODS 

Chemicals 

2-Hydroxyethylmethacrylate (HEMA), ethylene glycol 
methacrylate (EGDMA), ammonium persulphate 
(APS), and sodium bisulphite (Na&05) were obtained 
from Aldrich-Chemie (Steinheim, Germany). KH,PO, 
and Na2HP0, were obtained from Carlo Erba (Milan, 
Italy). Gelatin from calf skin was supplied from Sigma 
(St. Louis, MO, USA). 25% glutaraldehyde was 
supplied from Fluka (Buchs, Switzerland). 96% 
ethanol was obtained from J.T. Baker B.V. (Deventer, 
The Netherlands). 

Cell culture materials 

Dulbecco-modified Eagle’s medium (D-MEM), fetal calf 
serum (FCS), phosphate-buffered saline (PBS), trypsin/ 
EDTA, penicillin/streptomycin, and tissue culture 
plastic plates (6 and 24 wells) were supplied by ICN 
Laboratories (Milan, Italy). Murine fibroblasts 3T3 cells 
were purchased from American Type Culture 
Collection (ATCC, Rockville, MD, USA). 

Film preparation 

Two different polymeric materials were prepared by 
polymerization of either HEMA or HEMA and gelatin 
following the procedure below described. 

Poly(HEMA) control 
An aqueous solution of 30% pure distilled HEMA (v/v) 
in phosphate buffer (KH,PO, 54mg Na2HP04 214mg 
per lOOm1, pH 7.4) with 1% EGDMA was degassed 
with an argon flow for 15 min. APS and Na2S20, were 
added as initiators of the radical polymerization in a 
concentration of 1.5% (w/w) with respect to HEMA. 
The mixture was poured in a sealed glass mould and 
kept in an oven at 45°C for 2 h. The resulting hydrogels 
were extensively washed in distilled water to eliminate 
the unreacted species and finally freeze-dried for 24 h. 
This material will be referred to as FDH (freeze-dried 
HEMA). 

Poly(HEMA)-gelatin interpenetrating polymer 
networks 

Films 0.5-3.Omm thick were prepared by following a 
sequential IPN technique (Figure 2). The FDH 
poly(HEMA) films, obtained by the above-described 
method, were incubated in 13% gelatin solution for 
20 h at 45°C in sealed vials. The gelatin solutions were 
prepared by dissolving the gelatin in phosphate buffer, 
pH 7.4, at 45°C in a three-necked round-bottomed flask 
connected with a refrigeration system in order to avoid 
water evaporation. 

Following the swelling, the samples were rinsed in 
warm distilled water (45°C) to remove the excess 
gelatin present on the polymer surfaces, cooled, and 
then incubated in phosphate-buffered glutaraldehyde 
solution, pH 7.4, for 7 h at room temperature to allow 
gelatin cross-linking. Different glutaraldehyde 
concentrations up to 0.25% (v/v) were tested to 
optimize gelatin cross-linking. After glutaraldehyde 
reaction, the resultant IPN composite polymers were 
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Figure 1 Flow-sheet of sequential poly(HEMA)-gelatin 
interpenetrating polymer network. 

washed several times, first in phosphate buffer and 
then in 1OmM NaBH4 or NaBHsCN solution, to remove 
and reduce the unreacted or partially reacted 
glutaraldehyde. Finally, the specimens were washed 
again in distilled water and dried by overnight 
lyophilization. This material will be referred to as IPN 
(interpenetrating polymer network). 

Glutaraldehyde-cross-linked gelatin films 
Gelatin films 3 mm thick were prepared from a 13% 
gelatin solution in phosphate buffer, pH7.4, as 
reported above. The solution was cooled at room 
temperature and the resulting gel was cross-linked by 
incubation in a 0.25% (v/v) glutaraldehyde solution in 
phosphate buffer, pH 7.4, for 7 h. 

Polymer characterization 

Thermomechanical analysis (TMA) was carried out on 
0.8mm thick samples with a TMA V5.1A DuPont 
2500 instrument. The FDH film was heated to 180°C 
at a rate of 10°C min~l. In the first scan a flat probe 
with a 2g force was utilized to compact the material 
when its Tg value was reached. A second scan was 
carried out at the same temperature conditions 
without the probe pressure, to follow the dilatometric 
behaviour of the material. These tests were performed 
to evaluate, respectively, the porosity achieved by the 
freeze-drying process and the Tg of the material. The 
mechanical properties were studied by an Instron 
mod. 4202 on wet dumbell-shaped materials. The 
gauge length was equal to 25 mm with a thickness of 
3 mm; the tests were performed at 25 mmmin’. 

A Hitachi Scanning Electron Microscope (SEM) was 
used to observe the fracture surface of dry samples. All 
the prepared films were coated with a thin layer of 
gold before the observations. 

The swelling experiments were performed by 
incubating 3mm thick freeze-dried samples in 

Biomaterials 1996, Vol. 17 No. 15 



Interpenetrated poly(HEMA)-gelatin composite polymer: M. Santin et a/. 1461 

phosphate buffer, pH7.4, at 37°C. The water content 
was defined as: 

swollen mass - dry mass 
dry mass 

x 100% 

Implantation 

The in viva tests were carried out by implanting ethanol 
sterilized sponges (10 mm diameter, 0.5 mm thickness) 
at interscapular level in male Wistar rats (ZOO-25Og). 

Each specimen of FDH and IPN was inserted in 
anaesthetized animals with broad non-toothed forceps 
to keep the implant impact. On no occasion did the rat 
cause any breakdown of its own wounds. The rats 
were decapitated 7d after implantation and the 
retrieved implants freed from their overlying loose 
connective tissue. Macroscopic observation of the 
implantation site was carried out to examine the tissue 
reactions and the disintegration of the composite 
polymer after a predetermined time from implantation. 
For microscopic investigation, specimens were washed 
and fixed with 2.5% glutaraldehyde solution in 
cacodylate buffer O.lM, pH7.4, for 12 h at 4°C. The 
samples were then rinsed three times with the same 
buffer, slowly dehydrated using increasing 
concentrations of ethanol (for 10min each in 30, 50, 
70% ethanol and 15min x 2 in 86% ethanol). At this 
stage, samples were immediately critical point-dried 
using COZ, mounted and sputter-coated with gold- 
palladium. Finally, the surfaces of the various 
implants were observed by SEM using a Hitachi 
Electron Microscope. 

In vitro assay 

3T3 fibroblast cells were cultured on the surfaces of 
ethanol-sterilized round-shaped films of both 
materials. The discs, trephined using a razor, were 
placed on the bottom of each well of a 24-well tissue 
culture plate and equilibrated in DMEM medium 
containing antibiotics (50 units mll’ penicillin and 
50 pgmll’ streptomycin) for 3 h before cell culturing. 
The wedged polymers efficiently sealed the edges of 
the culture wells so that no leakage of media was 
observed beneath the polymer disc. Moreover, 
microscopy showed, after a 24 h culture period, the 
absence of cells both on the under-side of the polymer 
and on the polystyrene. 

3T3 murine fibroblasts, suspended in complete 
DMEM medium with 10% FCS, were added to the 
wells at a concentration of 3 x lo5 cells. To allow cell 
growth, the fibroblasts were incubated at 37°C in a 
5% COZ in air at 100% humidity for 24 h. Finally, 
the cell population on all materials was characterized 
by SEM. Each of the polymer specimens (FDH and 
IPN) with adherent fibroblasts was removed from the 
culture wells, rinsed briefly with PBS, and fixed in 
cold 0.1~ cacodylate buffer containing 2.5% 
glutaraldehyde. After fixation for 3 h, samples were 
rinsed and dehydrated following the procedure 
described above. Photomicrography and viewing 
were performed using the same Hitachi Electron 
Microscope. 

RESULTS 

Film preparation 

Poly(HEMA) lyophilized films (3 mm) were saturated 
with gelatin for 20 h. The impregnation process reached 
a plateau after this period of time (Figure z), and the 
values of gelatin absorption, calculated by difference in 
hydrogel dry weights before and after the treatment, 
were 15-17% (w/w). In order to reduce the 
glutaraldehyde percentage in our biomaterial 
preparations, we have performed several experiments in 
which the glutaraldehyde amounts ranged from o to 
0.5% by volume. Figure 3 clearly shows that in the 
absence of glutaraldehyde the polymer composites 
underwent loss of the proteic component in a few hours, 
while the samples incubated with at least 0.25% (v/v) 
glutaraldehyde solution shown a constant weight for 
about 1 month. Furthermore, absorbance readings at 
280nm confirmed the absence of proteins in the 
incubation medium of 0.25% (v/v) glutaraldehyde- 
treated IPN specimens. Any increased glutaraldehyde 
amount (0.5% v/v) did not significantly affect the data 
concerning the stability of cros>-linked gelatin. 
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Figure 2 Time dependence of gelatin absorption. 
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Figure 3 Effect of glutaraldehyde cross-linking on the 
gelatin network stability. Percentage of gelatin loss of 
semi-interpenetrated, 0.125% glutaraldehyde-incubated 
IPN and 0.25% glutaraldehyde-incubated IPN samples 
during incubation in PBS at 37°C. 
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Polymer characterization 

TMA analysis showed a decrease in the FDH 
volume of about 55% when a 2g force was applied 
on the specimen (Figure 4~). The same sample, 
scanned again without pressure, regained volume 
when the temperature reached a 7’s value of 122°C 
(Figure 46). 

The stress-strain curves of the wet FDH, IPN and 
glutaraldehyde-cross-linked gelatin specimens are 
shown in Figure 5. 

IPN samples led to an improvement of the 
mechanical properties, as revealed by the increased 
values of both stress and strain at break. An increase in 
the elastic modulus was also observed (Table 1). 

By SEM analysis, freeze-dried IPN showed a 
macroporous structure in which the gelatin came out 
from the poly(HEMA) network pores in a leaf-like form 
(Figures 6a-d). Gelatin homogeneously invaded the 
freeze-dried poly(HEMA) sponge, partially filling the 
voids and remaining as a separate phase with respect 
to the synthetic counterpart. 

Swelling experiments (Figure 7) were carried out on 
FDH and IPN films of comparable dimensions to 
evaluate both the water uptake and sample stability. A 
fast water uptake was detected in FDH films which 
showed a maximum increase in weight (cu. 160%) a 

few hours after incubation in PBS. IPN regained water 

Table 1 Data from mechanical analysis on FDH, IPN and 
glutaraldehyde cross-linked samples 

E (KPa) gb WW ~~ (mm mm -‘) 

Phema 56.0 z!z 2.4 32.0 zt 1.2 0.95 & 0.13 
Gelatin 46.0 III 4.8 55.3 f 3.1 0.77 i 0.23 
IPN 80.0 +x 5.4 64.9 f 3.8 1.37 f 0.31 

I 1 

-50 0 50 loo 150 200 

temperature in “C 

Figure 4 TMA curves: a, I scan: b, II scan. 
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Figure 5 Stress-strain curves for gelatin, FDH and IPN. All 
the samples were tested in the wet state. 

more slowly and to a lesser extent, demonstrating the 
maximum increase in weight (cu. 120%) 2d 
postincubation. The degradation of both polymers was 
undetectable for at least 30 d. 

In viva experiments 

Both FDH and IPN samples were well tolerated by 
subcutaneous implantation in our experimental 
animals. Macroscopically, while the FDH samples had 
become encapsulated by a thin membrane and were 
removed very easily from the subcutaneous space with 
no apparent tissue ingrowth, the IPN samples were 
completely integrated into the tissue and, therefore, 
were more difficult to remove without excising the 
fibrous surrounding tissue attached to the pieces of 
polymer. 

By SEM analysis (Figures &I-C), it is possible to 
demonstrate the presence of a loose membrane 
surrounding the FDH implant surface (see the interface 
between tissue membrane and polymer in Figure 8b). 
Meanwhile, the membrane covering IPN specimens 
was strongly attached to the surface of the composite 
polymer; the fibrous capsule, once detached, revealed 
a granulation-like tissue beneath it (Figures 8&f). 

The FDH surfaces showed only a sparse scattering of 
cells with areas devoid of any cellular elements 
(Figure 8~). Clearly, there was no significant adhesion 
and growth of cells on polymer surfaces. However, the 
IPN implant surface was invaded by proliferating cells 
so that the polymer appeared almost totally integrated 
into the surrounding tissue (Figures 8e andf). 

Furthermore, in viva experiments showed that, over 
time, only the IPN composite materials implanted into 
the experimental animals underwent certain structural 
or morphological changes (Figures 9a-d). These 
alterations, depending particularly on the presence of 
gelatin in the starting polymers, are probably due to 
the occurrence of a certain degradative process in IPN 
samples. In fact, in addition to encapsulation, an 
inconsistent appearance of gelatin fragmentation of 
some peripheral IPN implant zones was also noticed 
(Figures 9a-6). These significant material alterations 
following implantation, in which almost all of the 
natural component of the composite polymer had not 
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Figure 6 SEM analysis of IPN films at several magnifications. 
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Figure 7 Swelling experiments at physiological conditions 
on FDH and IPN specimens. 

yet been completely eroded, are suggestive of erosion 
by enzymatic or free radical degradation. 

In contrast, the poly(HEMA) control was fairly stable 
against biodegradation and appeared to be intact 

throughout; no damage to its surface or structure could 
be detected (data not shown). 

In vitro cell proliferation 

In vitro experiments after 24 h showed the presence of a 
layer of 3T3 cells on the surface of the IPN films (Figure 
lob) with good cellular adhesion as well as spreading 
phenomena. There was poor adhesion and spreading 
of fibroblast cells on the poly(HEMA) control film 
(Figure 2 0~). 

DISCUSSION 

Film preparation 

The interpenetrating polymer network is a method 
commonly used in polymer science when composite 
materials have to be prepared horn two immiscible 
starting polymers. The final product consists of two 
networks independently cross-linked by chemical or 
physical bounds. In such a system, the ‘two phases are 
each continuous in space, such that each contacts all 
portions of the sample space’ 17. An interpenetrating 
polymer network can be obtained either by a 
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Figure 8 In viva experiments: tissue-polymer interactions. a-c, IPN; d-f, FDH. 

simultaneous method in which all the chemicals are 
mixed together and allowed to react, or by a sequential 
technique which requires swelling of a presynthesized 
network in a solution containing the second polymer 
to be cross-linked. In the second case a high porosity 
of the first network can be useful in order to reach 
satisfactory percentages of the second polymer in the 
resulting composite. For this reason, in aqueous 

systems such as hydrogels, freeze-drying can be a 
suitable procedure to efficiently strip out the 
entrapped water leading to the formation of 
macroporous sponges. Lyophilized poly(HEMA) 
hydrogels have already been prepared at high water 
percentages and their morphology, characterized by a 
high degree of porosity, has been evaluated16. In this 
work we synthesized a poly(HEMA)-gelatin 
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Figure 9 In viva experiments: bioresorption processes. a, general view; b and c gelatin degradation area: d, gelatin area with 
and without gelatin degradation. 

Figure 10 In vitro experiments: cell adhesion and spreading: a, FDH; b, IPN. 

interpenetrating polymer network by a sequential 
method (Figure Z) in order to minimize chemical 
interactions between the two polymers. In fact, 
chemical bonds easily occur when reactive species 
such as HEMA and EGDMA vinyl groups, 

glutaraldehyde aldehyde groups, and proteins react 
together. Such an event may lead to a heterogeneous 
polymer structure in which HEMA and EGDMA 
monomers and/or oligomers can react both with 
glutaraldehyde and with gelatin. In the adopted 
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sequential method, the high degree of porosity of 
freeze-dried sponges facilitated the penetration of 
gelatin throughout the poly(HEMA) network during 
the first step of the IPN preparation (Figures 1 and 6a- 
d), reaching a final percentage of gelatin of about 16% 

(w/w). We considered this value to be acceptable on 
the basis of other works” showing an enhanced cell 
interaction without calcification processes in 20% (w/ 
w) poly(HEMA)-collagen composite materials. The 
effect of the glutaraldehyde on the stability of the 
protein network was also considered. An evident 
increase in the composite stability (30 d) to the 
hydrolysis was detected when 0.25% (v/v) 
glutaraldehyde solution was utilized as the cross- 
linking reaction medium. The toxic effect of the 
unreacted glutaraldehyde was prevented by PBS and 
reducing agent washings of the prepared specimens. 

Polymer characterization 

The SEM morphological data, showing a macroporous 
structure of the FDH, are supported by TMA analysis 
(Figure 4~). The presence of gelatin in the FDH 
polymer network decreased the rate of swelling of the 
films but at the same time maintained the 
hydrophilicity of the final composite at high levels 
owing to the hydrophilic character of the protein 
(Figure 7). The presence of the gelatin throughout the 
poly(HEMA) sponges is an important target of the 
work in order to induce cell growth. While 
poly(HEMA)-collagen composites showed a 
heterogeneous structure due to the immiscibility of the 
two polymer components”, in the case of 
poly(HEMA)-gelatin interpenetrated polymer 
networks, a well-organized gelatin network was 
achieved in the specimen. 

IPN specimens obtained by poly(HEMA) sponges 
could not ensure high mechanical properties, limiting 
their utilization in replacing soft tissues. However, IPN 
films showed improved mechanical properties over 
both gelatin and poly(HEMA) sponges. 

In vivo and in vitro experiments 

Poly(HEMA)-gelatin IPN specimens appeared to have 
diverse biological characteristics in comparison with 
poly(HEMA) alone. In fact, IPN composite polymers 
seemed to retain the biological properties of the starting 
material, namely the tissue acceptability of poly(HEMA) 
and the cytocompatibility of gelatin. These data are in 
accordance with previous works in which 
poly(HEMA)-collagen blends were used& 10,11. 

Although the swelling experiments carried out at body 
temperature showed the high chemical stability of the 
IPN composite polymers until 30d, in viva tests 
highlighted a completely different pattern of 
degradation just after 7 d of implantation. In IPN 
materials, while poly(HEMA) is fairly stable to 
degradation in vivo, gelatin underwent a partial 
resorption. The gelatin present in the composite may 
promote a massive invasion of the cell from the 
surrounding tissue onto the IPN polymer. In particular, 
the immunocompetent invading cells are actively 
involved in the biological process of eliminating the 
foreign body, which is an undesirable hindrance for the 

tissue integrity. The leucocytes are able to eliminate the 
foreign gelatin material by an enzymatic’* or chemicallg 
(i.e. free radical) degradation. 

Therefore, the proteolytical enzymes produced by 
immune cells such as macrophagesr’ could degrade 
the IPN gelatin component. The fact that the 
poly(HEMA)-gelatin polymer implants were 
surrounded with a fibrous capsule, which usually 
represents a sign of the involvement of macrophages in 
the reaction of the organism against the composite, 
could be in favour of this hypothesis. 

Another explanation of this phenomenon may be the 
production of free radicals by immune cells such as 
polymorphonuclear leucocytes during the early 
inflammatory reaction to a foreign materiallg, which 
can induce hydrolysis of the polymer chemical bonds. 
Moreover, gelatin degradative products would enhance 
the early inflammatory response” and the relative 
production of free radicals by the host organism, 
making the composite prone to faster degradation. 
Finally, the in vitro experiments demonstrated 
improved properties of the gelatin modified 
poly(HEMA) in terms of cell adhesion and spreading. 

CONCLUSIONS 

Replacing defective human tissues with artificial 
materials is an important goal in medicine. It is widely 
recognized that biointeractive and bioresorbable 
polymers could be used as matrices for cell growth 
during the replacement of damaged tissues following 
injury and surgery’l. 

The basis of the success of the prosthesis require 
interactions between the surrounding tissues and the 
material surface resulting in a structural continuum 
between the host tissue and the material, which in 
turn allows for the tissue functionality to be regained. 
Our data demonstrated that such behaviour can also be 
induced in polymers, normally limiting biointeractions 
by making composite materials in which one of the 
components is prone to protein adsorption and cell 
adhesion. 

In this scenario poly(HEMA)-gelatin interpenetrating 
polymer networks show suitable features in terms of 
bioacceptability and cytocompatibility. These 
characteristics, together with the low cost of the single 
components, suggest the possible use of this new 
polymer in a wide range of biomedical applications. 
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