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2. INTRODUCTION

2.1. BACKGROUND

Gaining of soft tissue for the reconstructiordefects and injuries is a pivotal question
of plastic and reconstructive surgery. Thus, maiffgrént methods have been developed for
the harvesting of tissue for surgical interventiofbe subcutaneous balloon is known as the
first generation of tissue expanders. After impddioh into the subcutaneous layer this device
can be distended progressively, hereby leadingkio expansion Neumann, 1954. This
method was proven to be effective and it has tbeeebecome accepted and widely used
(Radovan, 1978; 198p Tissue expansion has revolutionized plastic eyrgn the last 30
years. Burns, trauma and sequelae of previous iguage the most frequent indicatior@upnha
et al., 2002, but the area of their application is increasihey are frequently used in breast
surgery since it has been shown that tissue exparadew the harvesting of quantitatively
deficient soft tissues and produce breasts with atural appearance after mastectomy
(Escudero et al., 199%7 Additionally, permanent expandable implants banvery useful in
breast aesthetic surgerBdrrino et al., 1998. Tissue expanders can be utilized to prevent
certain complications in orthopedic surgefyo(d et al., 1996 and also have indications in
gynecology Belloli et al., 1997; Wu et al., 2008

Although the application of tissue expanderadgsompanied by an acceptable failure
rate Farzaneh et al., 200§ it involves the risk of various complicationsdaimconveniences.
Regular control is required, which is time and emmtsuming. The overlying skin must be
pierced when the balloon is filled; this leads tainpand fear, especially in children. In
consequence of the design of the filling valve dmel balloon, damage to the expander is
frequent. Increasing pressure in the balloon mayltren tissue hypoxiaRjetila et al., 1988,
which may decrease the local perfusion, therebyingunecrosis and perforation. Infection,
leakage, migration, flap necrosis and wound sejpsradre further possible complications
(Hurvitz et al., 2005.

Hence, the development of a new generatiorsefii expanders was essential in order
to eliminate these disadvantages. The first skiifigi expander was described in the early 1980s
(Austad et al., 1982 This device was a permeable balloon containiggetosmotic NaCl
solution. However, the expansion period was togland was frequently accompanied by
rupture of the balloon, leading to tissue necro$isus, a new design was sought which is

independent of hyperosmotic solution. The attenti@s therefore drawn to the hydrogels as



promising materials in tissue expansion. Hydroges 3D lattices containing hydrophilic and
hydrophobic parts in appropriate proportions. Thensist of two major components; a
polymer web of constant quantity and a hydrous @habkich changes in volumdréfojo,
1976. When hydrogels are placed in agueous mediuny, shell to several times their initial
volume without either dissolving or changing thehllape to a considerable extent. These
substances are also called “intelligent gels”, bsea- depending on their composition — they
react to changes in one or several environmentanpeters (temperature, pH, light, magnetic
field etc.) and “respond” with a functional reacti¢swelling, shrinking, sol-gel conversion).
Due to their advantageous properties, they are lwidgplied in different areas e.g.
environmental protection and agricultur€iqussis et al., 2005; Liu et al., 2005 Many
properties of hydrogels make them suitable for l@dimal applications that require contact with
living tissue. Thus, they are also utilized in nogae for controlled drug release, wound
treatment, biosensors, et®enoit et al., 2006; Khetani et al., 2006; Hervasdprez et al.,
2006. Furthermore, osmotically active hydrogels seerteegrovide an effective means of
tissue expansionNiese, 1993 Since the dry gel absorbs body fluids, its vaduimcreases and

it dilates the tissue without any external inteti@m Self-filling osmotic tissue expanders have
been used in clinical practice with a successahtpproximately 90%, the cosmetic results are
very satisfactory and the expanders are well ttddrdy the patientsBerge et al., 2001;
Ronert et al., 2004. The currently applied tissue expanders contaagthgli methacrylate and
N-vinyl-2-pyrrolidone. These components allow thgpa@nder to swell to 10 times its original
mass. Their non-toxicity has been proved as Weleée, 1993; Bacskulin et al., 2000; Wiese
et al., 200).

Thus, osmotically active tissue expanders pgssesgeral advantages as compared to
traditional tissue expanding devices. The appligdrdgels can be very small, therefore minor
skin incision is required for their implantatiorin€e the surgical trauma is reduced and external
filling is not needed, the duration of hospitalinat and the level of patient discomfort are
reduced. Moreover, their application is faster aithpler. Nevertheless, the expansion
properties of these devices could be improved deioto decrease the period of indwelling and
to increase the tissue gain. Recent studies haaswndour attention to materials with high
tendency to swell, hereby potentially being ablenttuce skin growth. The hydrogels of both
acrylamide (AAm) and AAm-based copolymers exhibiteay high capability to absorb water.
Furthermore, they are permeable to oxygen and pesg®od biocompatibilityGuven et al.,
1999; Saraydyn et al., 2004



In addition to swelling ability, other factors shdwalso be considered in order to
regulate the behaviour of the hydrogels and to ymwedoptimal biomaterials. Thermally
reversible hydrogels have recently attracted irgingginterest in the biomedical field. Poly(N-
isopropylacrylamide) [poly(NIPAAmM)] is one of theast preferred members of this family in
these applications. The thermosensitive behavibpoly(NIPAAmM) gels has been extensively
investigated and modelled by different working greuli et al., 2001; Chen et al., 2002;
Szilagyi et al., 2005; Guilherme et al., 2006 Poly(NIPAAmM) hydrogel exhibits a lower
critical solution temperature (LCST) at around°@2in aqueous solutions. Gels display collapse
triggered by an increase in temperature both onbtiie and on the micron scal&iérra-
Martin et al., 2005 a, h. At temperatures exceeding the LCST, the stateydfogels changes
from swollen (hydrophilic) to collapsed (relativetydrophobic). When gels are polymerized at
temperatures over the LCST, samples containingrdgeeities of different hydrophilicities
are obtained due to the above. As polymerizationptrature is increased, the number of
hydrophobic sites within the gel matrix will incsza Hirokawa et al., 1999. Thus, the
hydrophobicity of the gel obtained increases wittvating polymerization temperature. This
property of NIPAAm-based materials can be utilimedrder to produce thermosensitive tissue
expanders with a special behaviour underivo circumstances.

It is well-known that the properties of gels cansmmificantly enhanced by the incorporation of
inorganic ordered systems, in particular claysy thie gels Alexandre et al., 2000; Xia et al.,
2003; Shibayama et al., 2004; Sinha Ray et al., ZMHaraguchi et al., 2008. As a model
system, sodium montmorillonites (Na-m) are widebged as additives to improve the physical
properties of plasticsChurochkina et al., 1998; Yeh et al., 2004; Coughtaet al., 2006;
Kumar et al., 20086.

These findings and data suggested that there viulineed for novel tools for tissue
expansion in plastic and reconstructive surgeryeyThevealed that hydrogels of acrylics
seemed to be promising expander-candidates whicthvetudying. Furthermore, they served

as a guideline during design of our experiments.



2.2. AIMS

Our first goal was to synthesize thermo- and pHsgive hydrogels, to be tested as
skin expanders. We set out to develop copolymer emahposite hydrogels that, when
implanted under the human skin, swell osmoticdigréby leading to tissue expansion. In this
respect a series of temperature- and pH-sensiipolgmer gels was prepared by redox
polymerization of NIPAAmM, AAm and acrylic acid (AAcCopolymer gels were obtained by
varying the initial molar ratios of NIPAAmM, AAm amdlAc.

Our further aim was to get the possible highestlling under physiological
conditions using the above mentioned materials. Shiling ability of the gels was enhanced
by the addition of fillers, Na-m and Na-m organdilkid with alkylammonium ions (&m,
n=4, 12, 18). The influence of fillers with differehydrophilicity on the swelling of various
hydrophilic polymers and copolymers was also stlidie

Moreover, our objective was to characterize thelling rate and expansion kinetics
of the hydrogels unden vivo circumstances. Another important goal was to erentheir
biocompatibility and rheological parameters aftaplantation in order to decide whether these
polymers can be used in plastic and reconstrucivegery. In this regard, the protocol was
divided into two parts. In the first study the hgdels were testeth vitro. The major aims
were:

* to examine the effects of external factors (temioeea pH, electrolyte concentration)
on the swelling ability of the polymers;
* to characterize the swelling of copolymers contandifferent ratios of NIPAAmM,

AAmM and AAc; and

e to study the impact of different fillers on the astma properties of the hydrogels.

In addition to this investigation, @n vivo study was also designed in an animal (rodent)
model. Here the major aims were:

» to observe the swelling of implanted hydrogels &sation of time;

» to determine the changes in their mass after agef indwelling;

* to assess their rheological parameters; and

* to study the biocompatibility of the implanted pwigrs and copolymers.



3. MATERIALS AND METHODS

3.1. IN VITRO STUDY

3.1.1. MATERIALS

NIPAAmM, AAm and AAc were used as monomers. Mononaard the cross-linking agent
N,N’-methylenebisacrylamide (BisAAm) were obtaingdm Aldrich Chemical Company,
Inc., and were used without further purificationth€ chemicals used were potassium
persulphate (KPS) from Reanal Kft. as an initisamd N,N,N’,N’-tetramethylenediamine
(TEMED) from Fluka Chemie AG. as an accelerator.

3.1.2. PREPARATION OF POLYMERS

NIPAAmM, AAm and AAc polymers and copolymers withrieeus compositions were prepared
by radical polymerization. The appropriate amoymfsmonomer(s) were dissolved in 10 ml
distilled water and BisAAm, the initiator (KPS) atite accelerator (TEMED) were added to
the polymerization medium. The compositions ofedlgent used to prepare the hydrogels are
summarized infable 1L The monomer/crosslinker molar ratio was 200 ichesase and the
amount of KPS and TEMED was also constant. KPST&HMED formed a redox pair for the
purpose of radical polymerization. Polymerizatioaswcarried out in test-tubes. The reaction
was performed at 68C for 30 min under Batmosphere. After polymerization the samples
were removed from the thermostated water bath.

For the synthesis of organophilized montmorillorfiteers, 0.01 mol alkylammonium salt
with selected carbon chain lengthKG,+1-NH2, n=4, 12, 18) was dissolved in 250 ml
ethanol-water mixture (1:1) (pH=4), the solutionsvaalded to Na-m swollen in distilled water
at a ratio of 100 meq/100 g montmorillonite (10 grmmorillonite in 100 ml distilled water)
and the system was stirred for 24h at room temperaffter the completion of ion exchange
the suspension was centrifuged, washed and filt@red hydrophobized filler obtained was
dried and ground to 20@m particle size.

The synthesis of composites was carried out immalasi manner; in the case of Na-m and
organophilized Na-m, however, before the additibrmonomers and other chemicals, the
appropriate amount of montmorillonite was thoroyghuspended in distilled water under

ultrasonic irradiation for 1 h. In the course oé thynthesis of composites, fillers of various
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gualities (Na-m and £, C,»-, Cigmontmorillonite) and quantities (1, 5, 10, 25 w).%ere
included in the samples listed Trable 1 In the case of each composite, the amount in gram
of monomers and cross-linkers present in the giselution was first added up and the

amount of filler to be added was calculated asregptage of that amount.

Table 1.
Molar composition of copolymers and other reagents

Amount of monomers Quantity of other materials
Sample code s A T AAm | AAc | BisAAm | KPS | TEMED
(mol) | (mol) | (mol) (mol) 9) (9)
Poly(NIPAAm) | 0.01 0 0 5x10 | 2x10° | 7.75x10°
Poly(NIPAAm- | 0.005 | 0.005 0 5xI0 | 2x10° | 7.75x10°
co-AAm)’
Poly(NIPAAm- | 0.008 | 0.002 0 5xI0 | 2x10° | 7.75x10°
co-AAm)
Poly(NIPAAm- | 0.002 | 0.008 0 5xI0 | 2x10° | 7.75x10°
co-AAM)
Poly(AAc) 0 0 0.01 5x10 | 2x10° | 7.75x10°
Poly(NIPAAmM- |  0.005 0 0.005 5xI0 | 2x10° | 7.75x10°
co-AAc)
Poly(NIPAAmM- |  0.008 0 0.002 5xI0 | 2x10° | 7.75x10°
co-AAc)
Poly(NIPAAmM- | 0.002 0 0.008| 5xI0 | 2x10° | 7.75x10°
co-AAC)
Poly(AAm) 0 0.01 0 5x10 | 2x10° | 7.75x10°
Poly(AAm-co- 0 0.005| 0.005| 5xI0 | 2x10° | 7.75x10°
AAc)
Poly(AAm-co- 0 0.008| 0.002 5xI0 | 2x10° | 7.75x10°
AAcC)
Poly(AAm-co- 0 0.002| 0.008| 5xI0 | 2x10° | 7.75x10°
AAcC)

": hydrogels produced with fillers, as well
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3.1.3. DETERMINATION OF SWELLING

Swelling was determined gravimetrically, using tf@lowing formula: swelling value
(S)=(MwerMary)/ Mary [9/0], Where mie: and myry are the mass of the gel in moisture (swollen)
and dried state, respectively. The dry gels weaeqa into thermostated water bath. Swollen
gels were removed from the water bath, they wereddsuperficially with filter paper,
weighted with analytical scales (Mettler AE 260 eB#nsee, Switzerland) and returned into
the same bath. The swelling of hydrogel was inges#id in the temperature range of 25-40
°C. Some samples were placed into physiologicahsdpH=7.4) at 36.8C. In some cases

the pH of the environment was changed, as well.

3.2. IN VIVO STUDY

Hydrogels displaying outstanding swelling properteecording to the results of threvitro
study were chosen fan vivo testing. Special attention was paid to the remgimhonomers
and other reagents. Gels involved in iheivo study were washed with distilled water in the
end of the polymerization in order to remove untedenonomers, cross-linker and initiator.

The washing period took two weeks and the waterchasged three times a day.

3.2.1. ANIMALS

The experiments were performed on 18 male Wistty flaody weight: 400£25 g). All
interventions were in full accordance with the NjHidelines. The procedures and protocols
applied were approved in advance by the Ethical @ibtee for the Protection of Animals in

Scientific Research at the University of Szeged.

3.2.2. SURGICAL INTERVENTION

The animals were anesthetized with Na-pentobarpialmg/kg i.p.). The hair of the dorsal
region was removed and a skin incision was madsmaAll pocket was formed between the
dorsal fascia and the panniculus muscle with bpreparation Figure 1). Cylinder shaped
hydrogels were produced with a diametéy ¢f approximately 10 mm and a length ¢f

approximately 20 mmKigure 2).
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Prior to the implantation g, d andl values were measured. The hydrogels were placed int
the preformed pockets and brought into such aipasibhat the cylinders were parallel to the

vertebral column. The wound was closed with simpterrupted sutures. The animals were
then returned to their cages, where they were geavivith free access to food and water and

were maintained in a thermoneutral environment 228).

Figure 1. Preparation of animals for hydrogel implantation

3.2.3. EXAMINATION OF EXPANSION RATE

During the postoperative period the animals werefodly observed for the signs of pain. The
diameter and the length of the implanted expandene measured daily with millimetre
callipers and photographs of the dorsal region wegten. The rate of expansion was given as
a function of time, as a product dfandl values. The observation period took 18 days. On
postoperative day 18 the animals were sacrificetitha expanders were removed. Thgm
of the hydrogels was measured immediatelye:nd my, were determined with analytical

scales and S values were calculated by the forrBe@myermary)/ Mary, as described above.
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d=10 mm

e

=20 mm

Figure &ize of the implanted expanders

3.2.4. RHEOLOGICAL MEASUREMENTS

The dynamic rheological properties of the hydrogelsre determined. An oscillatory
rheometer (RS 150, Haake, Karlsruhe, Germany) eqdipvith 20-mm plates in parallel-
plate geometry was used for the measurements. fhage modulus (G’) was given to
characterize the elastic property and the loss tied{(G”) to describe the viscosity.
Measurements were made as a function of frequemoecy 0.1 to 1 Hz at a constant shear
stress of 1 Pa at 2&. The temperature was controlled with a Haake D&30 thermostat.

G’ and G” values are given in Pascal.

3.2.5. HISTOLOGY

Biopsies were taken from the intact skin, the exiganskin and the capsule surrounding the
expander. The tissue samples were placed into acldtion of formaldehyde, embedded in
paraffin, sectioned and stained with hematoxyliskedH&E). The evaluation was performed

in coded sections by a professional pathologist.

3.2.6. STATISTICAL ANALYSIS

Data analysis was performed with a statisticalveafé package (SigmaStat for Windows,
Jandel Scientific, Erkrath, Germany). Non-parametiethods were used. Friedman repeated
measure analysis of variance on ranks was applighinwthe groups. Time-dependent
differences from the baseline were assessed by ’Bumethod. Differences between groups

were analysed with Kruskal-Wallis one-way analysfsvariance on ranks, followed by
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Dunn’s method for pairwise multiple comparison. THgures give median values and 75th

and 25th percentiles. A p value of <0.01 was caereid statistically significant.
4. RESULTS

4.1. IN VITRO STUDY

4.1.1. EFFECTS OF EXTERNAL FACTORS ON SWELLING

We studied the effects of different external fastotemperature, pH and electrolyte
concentration on the extent of lattice swellingpofymer and copolymer latticeBigure 3A

andB represent the swelling of gels as a function ofggerature. Maximum swelling of the
thermosensitive poly(NIPAAm) was observed at %&; at higher temperatures the gel
collapsed. When the NIPAAm monomer was copolymerizgh AAm or AAc at a molar

ratio of 50/50, the swelling of the samples comimly increased with the elevating
temperature i.e. the copolymer no more exhibitezl dbllapse characteristic of NIPAAmM.
Hydrogel containing AAm and AAc (molar ratio 50/5@)jsplayed the most extensive
swelling of the studied polymers and copolymefgyre 3B). The slope of the curves
became steeper with increasing hydrophilicity, @ating that the more hydrophilic the gel is,

the larger becomes the increase in swelling broafgbtt by the elevating temperature.

80 -
70 -
60 -
50 -

40 ~

30 A
—&— poly(AAc)
20 1 —&— poly (AAm)

S(g/9)

—&— poly(NIPAAmM-co-AAm)
10 A —O— poly(NIPAAm-co-AAC)
—— poly(NIPAAm)

T (°C)

Figure 3A. The temperature-dependence of polymers’ and copaty/mswelling
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Figure 3B. The temperature-dependence of the swelling of péini-co-AAc) hydrogel

The swelling of poly(NIPAAmM), poly(AAm) and poly(A#) gels has also been studied as a
function of pH Figure 4). Changes in pH are shown to have a diverse efiethe swelling

of different polymers. NIPAAmM-based samples swetled8-20-fold their mass in practically
the entire pH range studied, whereas swelling olhmAAand AAc-based gels was markedly
dependent of pH. The swelling maximum of AAm polynwas at pH=7-8 and the gel
swelled to 58-fold its dry mass at this pH valueeTAAc polymer exhibited the highest pH
dependence. The peak of swelling was around pHt®is pH value 1g of xerogel was
capable of absorbing 2599 of water.

Table 2 compares the swelling of polymers and copolymersdistilled water and
physiological saline solution. A constant pH (pH=and temperature (3T) were maintained
throughout the experiment. The values measuredlineswere lower than those detected in
distilled water in the case of all samples. Howetee differences depended markedly on the
type of copolymer. AAm-based gels were the leassisige to salt content, while the swelling
of NIPAAmM- and AAc-based samples was considerabhjluenced by electrolyte
concentration. The former swelled by only 13.78%édvan distilled water, whereas swelling

of AAc-based hydrogels in distilled water was ngaritimes higher than the value measured
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in saline solution. When the AAm monomer was copwyized with AAc, the value of the

difference approached 17.

300 -
250 -
200 -

150 A

S(g/9)

100 A

50 - —&— poly(AAc)
—aA— poly(AAm)
—— poly(NIPAAm)

Figure 4. The pH-dependence of the hydrogels’ swelling

Table 2.
Swelling of polymers and copolymers in distilledteraand in physiological saline solution at
37°C (Molar ratio of copolymers was 50/50 of eachi@himonomer)

Polymer/ Swelling in Swelling in saline AS* (%)
copolymer distilled [S (9/9)]
water [S (g/g)]

Poly(NIPAAmM) 7.2 0.5 1440
Poly(NIPAAmM-co-AAm) 35.6 31.3 113.74
Poly(AAm) 46.4 33.1 140.18
Poly(NIPAAmM-co-AAC) 26.1 0.6 4350
Poly(AAc) 69.5 10.5 661.9
Poly(AAm-co-AAc) 201.5 125 1612

*: AS=(Syistilled watef Snac) X100 (%)
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4.1.2. EFFECTS OF COMPOSITION OF THE GELS ON SWEGI

In the present study it was also examined whetechanging of molar ratio of the different
monomers or the addition of inorganic fillers irdhce the swelling ability of the hydrogels.
Figure 5-7 demonstrate the effects of monomers with varioudrdphilicity on the extent of
lattice swelling. 100% AAm-based gels swelled te580fold their dry mass depending on the
temperature. In the AAm/NIPAAmM range of 100/0 —ZDthe extent of swelling decreased
by 16.8 g/g depending on the temperature; in théamm@tio range of 20/80 — 50/50 it
remained linear. In this range the curves ran fmrale. the swelling of the samples was
enhanced by the increased temperature to idemtitahts. In the next range, between molar
ratios of 50/50 — 20/80 the swelling of the gelsrdased by a further16.5 g/g. Comparison of
the two endpoints of the curves, i.e. swelling airgp AAm and pure NIPAAmM based
polymers, revealed that AAm-based gels swelled ®5@fold their dry mass while
NIPAAmM-based gels to 6-12-fold their dry mass deloeg on the temperature.Figure 5).

60 -
—v— 25°C
—A— 30°C
50 A —a— 35C
—o— 40°C
40 A
—
D
o) 30 A
N—r
0p)
20 A
10 -
O T T T T T T 1
0 20 40 60 80 100 120

—— increasing NIPAAm content (mol%) ——

Figure 5. The swelling of poly(NIPAAmM-co-AAm) copolymers different composition in

distilled water
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In the case of NIPAAmM-AAc based copolymers, the%08Ac-based polymer swelled 35-
73-fold, depending on the temperature. Increasimamratio of NIPAAm resulted in a
decrease in swelling. In the range of AAC/NIPAAM.80/0 — 80/20 the decrease in swelling
of the gels was markedly temperature-dependentlatvely high temperatures (4C€) the
extent of decrease was 30 g/g, whereas &C2% came to 2 g/g. It has been revealed that a
higher AAc content (AAc/NIPAAm molar ratio 80/20)as a stronger effect on the
temperature dependence of swelling, while at NIPAéontents over 20% the curves run
parallel. Starting from an AAc/NIPAAmM molar ratidé 80/20 the decrease is linear and a 10%
change in molar ratio in favour of the hydrophoRI®PAAmM monomer resulted in an average
decrease in swelling of 10 g/drigure 6). Furthermore, bothrigure 5 and 6 reveal the
thermosensitivity of these hydrogels. In case ofPAAM-AAm based samples the
thermosensitivity became pronounced over 70% NIPAZemtent: the gels swelled at 30
twice more extensively than at higher temperatu@encerning NIPAAmM-AAc based
copolymers thermosensitivity was also found, b é&ffect of higher temperature on the
swelling was not so expressed that in the formse:cthe difference was only 50%.
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Figure 6. The swelling of poly(NIPAAmM-co-AAc) copolymers ofifitrent composition in

distilled water
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Examination of the swelling of samples obtainedcbgolymerization of the two hydrophilic
monomers AAm and AAc [i.e. poly(AAm-co-AAc)] as arfction of composition showed that
the best swelling gels are those that contain 58&h ®f AAm and AAc. Swelling of the
copolymer of this composition was 110-220-fold ting mass of the sample depending on the
temperature. Increasing the molar ratio of one mmrovas accompanied by the reduction of
swelling ability. Moreover, the distance betweee tturves at a molar ratio of 50/50 is
increased, i.e. the increase in swelling due taribeeased temperature was the largest at this
composition. Since the gels did not contain NIPAAmnomer, the curves ran parallel along

their full lengths and the extent of swelling ireses with elevating temperatuFegure 7).
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Figure 7. The swelling of poly(AAm-co-AAc) copolymers of défent composition in

distilled water
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Figure 8 demonstrates the swelling of the hydrogels comagimMia-m as a function of filler
content. Polymers and copolymers composed of hyiliopAAm or AAc displayed a good
tendency to swell. However, hydrophobic NIPAAm daged the swelling ability. Na-m
enhanced the swelling characteristics of the sasndet only at low concentrations. In
general, only the samples with 1-5 wt% filler shdwmzetter swelling properties than those

without filler. Higher filler concentrations intexfed with the swelling.

40 -

30 ~

20 A

S(9/9)

—4&— poly(AAm)
10 1 —=— poly(NIPAAM-co-AAM)
—&— poly(AAc)
m —— poly(AAm-co-AAc)
—0 —O— poly(NIPAAmM-co-AAC
0 g — o O poly( )

—— poly(NIPAAmM)

0 5 10 15 20 25 30
Na-mont. content (wt%)

Figure 8. The effect of Na-m on the swelling of the hydrog@g°C, physiological saline)

Figures 9-11illustrate the swelling of gels containing-CC;>- and Gg-montmorillonites,
respectively. According to our results these materalso enhance the swelling ability of the
samples. However, this effect was observed onlgvegr filler concentrations.

We have found that Na- and-@ fillers preferably increased the swelling of hygels with
hydrophilic composition. E.g. the swelling of pdifPAAmM-co-AAc) was improved by
445%, that of poly(AAc) by 170% and that of poly(AAco-AAc) by 108%. On the other
hand, hydrophobic fillers (z and Gg-m) improved the swelling of hydrophobic NIPAAm:
Ci1-m by 82% and ¢-m by 118%. These findings are summarizediable 3.
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Figure 9. The effect of G-m on the swelling of the hydrogels (32, physiological saline)
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Figure 11.The effect of Ge-m on the swelling of the hydrogels (32, physiological saline)

Table 3.

The effect of fillers on the swelling of the sanplat 37°C in physiological saline (molar

composition of copolymers was 50 mol% of eachahithonomer)

Polymer/ Swelling Maximal Filler Filler AS" (%)
copolymer | without filler | swelling with type concentration
filler *

Poly(AAmM) 33 38 G-m, Na-m 1 15
Poly(NIPAAmM- 32 36 G-m 1 13
co-AAm)
Poly(AAc) 10 27 G-m, Na-m 1 170
Poly(AAm-co- 12 25 G-m 1 108
AAc)
Poly(NIPAAmM- 11 6 G-m 1 445
co-AAc)
Poly(NIPAAM) 0.55 1.2 Ge-m 1 118

*: filler concentration at maximal swelling
#: AS=[(Suitn filer—Swithout filler)/ Swithout filler] X100
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4.2. IN VIVO STUDY

On the basis of thin vitro results three hydrogels were chosen foritheivo experiments:
AAmM and AAc polymers and a poly(NIPAAmM-co-AAm) cdgmer. The composition and

vitro determined S values of these materials are shovabie 4.

Table 4.

Composition andh vitro swelling ability of gels applied duririg vivo study

Polymer/ Monomer/cross Filler (wt%) Swelling in saline

copolymer linker ratio [S (9/9)]
Poly(AAm) 1300 - 36
Poly(AAc) 1500 - 34
Poly(NIPAAmM-co- 200 Na-m, 1% 38
AAmM)*

*: NIPAAM/AAM=50/50

4.2.1. EXPANSION OF THE IMPLANTED HYDROGELS

The photo documentation illustrates the ability tbé implanted gels to expand vivo
(Figure 12). An increase in the size of the cylinders wagady apparent in the first few
days. After 1 week, this process had resulted éoresiderable expansion of the skin. During
the postoperative period no sign of pain was oleskrv

The data of expansion rate are presentédgare 13. The product ofl andl is demonstrated.
The expansion of the hydrogels was uneven, theepsoof swelling was interrupted by short
periods of stagnation or decrease. Poly(AAc) shotiredhighest rate of expansion. These
hydrogels achieved a significantly higher valugpbgtoperative day 4 and exceeded the other
materials in size throughout the first 2 weeks lo¢ bbservation period. However, the
cylinders of AAc demonstrated a tendency to shfirdn postoperative day 14 on. The
expansion of poly(AAm) was somewhat slower thant tikd poly(AAc). Not until
postoperative day 9 were the poly(AAm) cylindergn#icantly larger than the baseline
values. Nevertheless, we observed no tendencyrittksh case of this material. The size of
poly (NIPAAm-co-AAm) cylinders entered the signdiatly higher range on postoperative
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day 4. The values displayed a slight fluctuatiod artendency to shrink, but only at the very

end of the observation period.

Figure 12.Photo documentation of the implanted expanders
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Figure 13. Rates of expansion of the implanted hydrogels. pregluct of diameter and

length is given. The curves display the median esluhe 2% and the 78 percentiles. The

table under the graph demonstrates the findingeeoétatistical analysis. a: p<0.01 vs. 0-day

values; b: p<0.01 vs. NIPAAmM-co-AAm group; c: p<DN&k. AAm group.
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The changes in mass of the hydrogels are demosdtiaFigure 14. The moisture mass of
each of the removed hydrogels was considerably enighan the dry mass prior to
implantation. At least a 25-fold elevation was olged in each group. The statistical analysis

did not reveal mathematically significant differesdetween the groups.
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Figure 14. In vivo swelling values of the implanted hydrogelhe bars demonstrate the

median values and the %$ercentiles.

4.2.2. RHEOLOGICAL PARAMETERS OF THE HYDROGELS

Figure 15A displays the storage moduli (G’) of the gels. Ehgalues describe the elastic
character of the polymers. The G’ values of the AXpanders were found to be significantly
lower than those of the NIPAAmM-co-AAm devices. Thiscous character of the polymers
was characterized by the loss modulus (G”) Thesa @@ presented figure 15B. The G”

values of AAm samples were significantly highenthiaose of NIPAAmM-co-AAm expanders.
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Figure 15A. Storage moduli of the implanted hydrogels. The eslare given in pascals. The

bars demonstrate the median values and tHep@Bcentiles. *: p<0.01 vs. NIPAAmM-co-AAmM

group.
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Figure 15B. Loss moduli of the implanted hydrogels. The valaes given in pascals. The

bars demonstrate the median values and tHep@Bcentiles. *: p<0.01 vs. NIPAAm-co-AAmM

group.
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4.2.3. HISTOLOGICAL FINDINGS

The histological features of the tissue samplesrtak the end of the observation period are
demonstrated bifigure 16. The histological analysis did not reveal struatwhanges in the
intact skin biopsies taken from the region surrongdhe implanted hydrogels. In case of
AAm and NIPAAmM-co-AAm, the expanded skin did notosh any abnormality,
macroscopically. However, in 50% of the animals,iovhreceived the AAc expander,
ulceration of the skin was observed over the imldmaterial.

Light microscopy revealed a slight to moderate andation of macrophages in the expanded
skin biopsies when AAm was applied. A few fibroliéaand giant cells could also be seen.
Hyperaemia and oedema were apparent under theenisgmnlire 16A).

The capsules of the AAm devices were charactelfigefibrosis. They demonstrated signs of
slight inflammation and significant vessel proldgon Figure 16B). Many mast cells were
seen.

When AAc was implanted, ulceration was detecte@® icases; the histology of one case is
presented inKigure 16C).

The implantation of AAc resulted in a significatcamulation of macrophages in the dermis,
the subcutaneous layer and the muscle. Severe egetigperaemia, fibrosis and the presence
of numerous macrophages were also characteristithede biopsiesFgure 16D), and
granulocytes could be observed. The applicatiothef AAc expanders led to fibrosis and
significant inflammatory reactions in the capsules. number of macrophages, and
neutrophilic and eosinophilic granulocytes wereesbsd in these biopsies. A homogeneous,
eosinophil material too was sedfigure 16E).

Tissue samples taken from the expanded skin ouniraals with NIPAAm-co-AAm devices
proved to be morphologically normal. Neither inflaetion nor destruction was detected
(Figure 16P.

The histological analysis indicated fibrosis, ahd presence of lymphoid cells with a slight
degree of hyperaemia in tikapsules surrounding the NIPAAmM-co-AAm copolymdiig(re
16G).

The dermal vessels and the skin appendages didhoot significant alterations during the

process in any group.
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Figure 16. Photomicrographs of expanded skin and capsules &woimals which received
AAm, AAc and NIPAAmM-co-AAm expanders, respectivelyematoxylin-eosin stainingA:
AAm, expanded skin. Original magnification X1&: AAm, capsule surrounding the
expander. Original magnification X%: AAc, ulceration. Original magnification XD:
AAc, expanded skin. Original magnification X2B. AAc, capsule surrounding the expander.
Original magnification X20F: NIPAAm-co-AAm, expanded skin. Original magnificatio
X5. G: NIPAAmM-co-AAm, capsule surrounding the expandeigi@al magnification X10.
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5. DISCUSSION

Tissue expanders play an important role in plastid reconstructive surgery. The
implantation of an expander into the subcutaneaysrlresults in a gradual expansion and
provides additional tissue for the reconstructidntissue defects. During recent decades,
many developments have been achieved, with a reguthproved efficacy of these devices.
Tissue expanders can be implanted with minimallyagive surgical techniques, thereby
reducing the duration of hospitalization and theslef patient discomfortSharobaro et al.,
2004. Osmotically active tissue expanders are freth@fside-effects and other disadvantages
of the earlier devices, which required externdinfy. The self-filling tissue expanders cause
only relatively slight discomfort and pain for thest few days. Moreover, they can be applied
in different size and shape in almost every ardga®body Ronert et al., 2004. The modern
self-inflating expanders are composed of hydrogelse properties of which allow
considerable expansion. During auar vitro andin vivo experiments we have studied the
characteristic and surgical applicability of polyim@nd copolymers composed of AAm, AAc
and NIPAAmM.

It is well-known that many parameters of the sunainog medium can influence the
swelling ability, hereby the surgical utilizatiohtbese hydrogels. The first studied factor was
the temperature, since this parameter has a crunjédct on chemical and biochemical
reactions. Moreover, pH also deserves specialtaitem this way. Since these polymers and
copolymers were designed for a futurevivo use, the behavior of the hydrogels under
physiological temperature and pH values was an itapbquestion. Our results revealed not
only that the swelling of the gels increases with elevating temperature, but also that the
hydrophilicity of the samples influences the swajliability. The more hydrophilic the gels
are, the more expressed the swelling ability ise $Wwelling of the hydrogels originates in the
water uptake of the materials. AAm and AAc conthydrophilic amino- and carboxylic
groups, respectively. These groups are able to diadge amount of water, hereby leading to
the swelling of the gel. The outstanding swelliglity of poly(AAm-co-AAc) copolymers
unraveled that these hydrophilic groups are ablenioance the effects of each other. The
explanation is that electrostatic interactions est@ablished between the two types of groups,
thus increasing the water content of the gel. Gn dther hand, NIPAAm, which can be
considered relatively hydrophobic, showed a morelenate tendency to water uptake and
swelling. The examination of the swelling as a tiorc of temperature led to further

interesting results. Elevating temperature induaethore expressed swelling response in



30

hydrophilic gels. The reason is that rising temperincreasingly extends the 3D polymer
lattice, thereby making more and more functionadugs accessible to water molecules,
resulting in more extensive swelling. Further, thermosensitivity of NIPAAm gels, which
has been described by many authors (see in Inttiodg)@nd confirmed by our results, can be
eliminated by copolymerization with hydrophilic AArmnd AAc. NIPAAm-co-AAm and
NIPAAmM-co-AAc copolymers did not collapse at highemperatures until the NIPAAmM
content achieves approximately 60-70%.

The effects of pH on the swelling of hydrogels @so be explained with the chemical
structure of the materials. The changes of pH ditinfluence the swelling of NIPAAmM
polymer, while swelling of AAm- and AAc-based gelgh dissociable functional groups was
markedly dependent on pH. AAm polymer had its swgllmaximum at pH=7-8 because of
the amino groups, while AAc hydrogel, which is dyparboxylic acid, achieved the peak of
swelling in the basic range, at pH=9.

In order to predict the behavior of the materidteraimplantation, it was also necessary to
examine whether the electrolyte concentration @& #surrounding medium changes the
swelling ability of the hydrogels. Thus, we studidg swelling both in distilled water and
physiological saline at constant pH and temperateweelling values measured in saline were
lower than those found in distilled water. Thisfelience originates in the coagulating effect
of physiological saline solution, but the highemagic concentration of this medium may
also play a role. Our result revealed that theistugbolymers and copolymers displayed
different sensitivity to electrolyte concentratidwelling ability of samples containing AAc
decreased markedly as compared to that in diswilater. Thus, AAc-based polymers and
copolymers show extensive swelling due to theirbgdilicity and their swelling surpass that
of other hydrogels at physiological pH, but thevateon of electrolyte concentration limits
the swelling. This property of AAc-based gels ish® considered when plannimg vivo
application of these materials.

Since one of our goals was to produce hydrogels sitstanding swelling ability, we
took into consideration that not only the ratiotbé applied monomers but also different
inorganic fillers may improve the swelling. Depemglion the nature of the components used
(clay mineral, organic cation and polymer matrirfidhe method of preparation, three main
types of composites may be obtained when a clagmains combined with a polymer. When
the polymer is unable to be intercalated, a phaparated composite is obtained the
properties of which stay in the same range as tbbseditional microcomposites. Beyond

this classical family of composites, two furthepég of nanocomposites can be recovered. An
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intercalated structure in which a single (and saomet more than one) extended polymer
chain is intercalated between the silicate layersults in a well-ordered multilayer
morphology built up of alternating polymeric anaiganic layers. When the silicate layers
are completely and uniformly dispersed in a cortdusi polymer matrix, an exfoliated or
delaminated structure of is obtaineldxandre et al., 200Q. It is known that intercalated
structures can be identified by X-ray diffractioinfarsly et al., 2003; Lee et al., 2006;
Haraguchi et al., 2006. Our working group has proven that in the cowkthe synthesis of
our clay mineral containing composites, the polynwrains were intercalated and
delaminated the clay mineral particles. Accordimy dur examination Na-m at lower
concentration (1-5%) enhanced the swelling of Hraes, but higher filler contents impeded
the swelling. The reason may be that at low filencentrations the lamellae of the filler are
well-separated, making the negative surface chagesssible for both the functional groups
of the polymer and the incoming water molecules,enghs at higher montmorillonite
concentrations the lamellae have no influence adrdphylicity and, consequently, on the
extent of swelling. The same conclusion was drawnobther authors in the case of
poly(NIPAAm)-based composites containing Na-¥ia( et al., 2003. In addition to Na-m,
different organophilized montmorillonites with difient hydrophilicity were also studied in
order to clarify whether they have an effect on IBagg We have found that swelling is
primarily determined by the hydrophilicity of theomomers making up the copolymer and the
ratio of the monomers with different hydrophiligitsather than by the hydrophilicity of the
filler, since the curves of polymers with identicampositions and different filler contents
are of identical shape. Our results revealed thatstwelling of hydrophilic polymers and
copolymers was improved by hydrophilic Na-m anghfillers, whereas that of hydrophobic
polymers (e.g. NIPAAm) was increased by hydropholig- and Ggm fillers. The
explanation is that poly(NIPAAmM)-based gels containore hydrophobic moieties. If these
groups can approach closely to the surface oxytensa van der Waals interaction becomes
very strong Cagaly, 2001)).

In view of thein vitro findings we have chosen two polymers and a copalyme
poly(AAm), poly(AAc) and poly(NIPAAmM-co-AAm) (thedtest with 1% of Na-m filler) for
in vivo examination. We have shown that the swelling abdit poly(AAc) at physiological
pH and temperature surpasses that of polymers,ouglth physiological electrolyte
concentration decreases the swelling. In spitéhisf the salt content slightly influenced the
water uptake of poly(AAm) and poly(NIPAAmM-co-AAmM vivo application of hydrogels
produced through the use of Aam, AAc and NIPAAmypwrs cannot be considered novelty,
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since such materials are extensively used in varlmomedical areag-(indueanu et al.,
2005; Moszner et al., 2006; Oosthuysen et al., 2Q08ajekodunmi et al., 2007; Chen et
al., 2008. Although AAm hydrogel has already been testadlie treatment of HIV-related
lipoatrophy (Mole, 2009, its utilization as a tissue expander has not hyetn reported.
However, the biocompatibility of these hydrogelguieed detailed examinations. A crucial
guestion was whether the new expanders are ablenerate a pressure sufficient to dilate the
surrounding tissue at the expected rate. Althounghblinical practice osmotic expanders are
implanted in a silicon membrane in order reguldéiie éxpansion, we decided not to apply
such devices in this study, because our aim wahaoacterize the fre@ vivo expansion of
the hydrogelsWe found that the swelling pressure, which is aeteed by the osmotic
pressure and the elastic contractility of the paysn can overcome the resistance of the
adjacent tissues and lead to a considerable dilafibe tested hydrogels gradually dilated.
This property of the polymers contributes to thesprvation of the normal function and
morphology of the skin, as it has been describedl titie pressure caused by the expander
evokes an inflammatory reaction with a tendencsafmd regeneratiorRatner et al., 1976.

As the periods of increase alternate with peridddearease or stagnation, the affected tissue
is provided with the possibility of recovery andnétional normalization before further
expansion. The swelling phase of other osmoticéissxpanders is completed in 6 to 8 weeks
(Ronert et al., 2004. Our new devices achieved the peak of their sagely the end of the
postoperative week 2. Nevertheless, too rapid esiparhas the risk of wound separation and
tissue damage. With poly(AAc), the rate of the exggan seems to be too high. The
histological analysis described serious lesionsaimimals implanted with poly(AAc).
Although the literature underlines that a modenaiemmatory reaction occurs during tissue
expansion, morphological changes induced by polyAéxpanders should be considered
abnormal. Once poly(AAc) is applied vivo, a silicon membrane would be essential in order
to limit the rate of expansionin contrast, the rates of expansion of poly(AAm)dan
poly(NIPAAm-co-AAm) remained in the safe range (omn histological changes).
Poly(AAm) seemed to be prone to further expansion.

Another important property that may be used fa tharacterization of expanders is the
difference between their dry and wet masses. Adl tibsted expanders revealed a strong
tendency to water uptake during the preliminaryitro study. Our results confirmed that
their swelling ability is similarly outstanding uedin vivo circumstances. While traditional
osmotically active tissue expanders achieve apprataly a 10-fold increase in mass, the

currently examined devices demonstrated an elavatiat least 25-fold. Thus, poly(AAm),
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poly(AAc) and poly(NIPAAmM-co-AAm) hydrogels allowhé acquisition of more skin for
reconstructive interventions. Since no significdifference in swelling ability was found
between the three polymers, from the aspect of waptake all of them seem to be
appropriate for surgical application. Other projsrtof the hydrogels should also be
considered when an expander is chosen for a centairvention.

It is a very important requirement that an impéahttissue expander should retain its
preformed shape during the expansion phase. Irhetestsurgery, tissue expanders of
different sizes and shapes are utilized in ordetilatte the soft tissue in a planned way. The
rheological properties of the polymers influenceittapplicability. Hydrogels are viscoelastic
materials. The cross-linked structure is respoasiiolr their elasticity and the viscosity
originates in the water taken up by the gels. Gspégtion, the poly(NIPAAmM-co-AAmM)
expanders exhibited a considerable tendency tinr#tair original shape, whereas many of
the poly(AAc) and poly(AAm) devices were no longeylindrical by the time of their
removal. Rheological measurements confirmed thesgergations. TheG’ values of
poly(AAc) were significantly lower and th&” values of poly(AAm) were significantly
higher than those of poly(NIPAAmM-co-AAm). A&’ is a marker of elasticity an®”
describes viscosity, the conclusion can be drawat, tbf the three studied polymers,
poly(NIPAAm-co-AAmM) has the most suitable visco@lasature. The elasticity and the
viscosity together determine the mechanical bemaviahe hydrogels. If higher elasticity
values are accompanied by somewhat more moderatesity values, the expanders seem to
be much more favourable for designed tissue diatibhus, the elasticity and the water
uptake, which are both characteristic features aérégain material, should be balanced so that
the swelling ability and the mechanical properaes also in the optimum range. Our results
indicated that the poly(NIPAAmM-co-AAm) expanderstrtieese criteria; hence they should be
the first choice (within the studied polymers) pdastic and reconstructive interventions.

It is essential that expanders should be freedetise tissue reactions, so that their
implantation can be considered hazardless andhyeakin can be obtained for different
interventions. Hence, the question of safety ofapelied monomers and polymers has arisen.
According to the available Material Safety Data &heAAmM monomer is proven to be a
carcinogenic agent. There is no evidence of caganizity of AAc and NIPAAmM monomers.
However, AAc monomer is able to damage the skinMiRAAmM has also irritant effects. On
the other hand, several studies suggested thatpodyof acrylics can be considered safe. It
has been described that a poly(AAm)-based softdiddler (Aquamid®) was tested in a

clinical trial. The material was proven to be hasd and it has been authorized for sale in
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Europe as a medical devicge(Cassia Noves et al., 2003 Concerning poly(AAc), it is a
frequent component of different drug delivery sygste A recent review article summarizes
the applicability of poly(AAc). It is a typical comonent of bioadhesive polymers in vaginal
formulations and it is a promising agent for useamtrolled drug delivery to pulmonary and
nasal sites Andrews et al., 2009. Materials containing NIPAAm are also utilized in
biomedical products. Am vitro study revealed that islets of Langerhans remaitedalesand
showed no significant decrease of insulin release gel matrix of NIPAAm copolymer with
AAc (Bae et al., 1998 Furthermore, othén vitro andin vivo toxicity studies with NIPAAmM
copolymer containing nanoparticles showed the hegsmless of this materidi(n et al.,
2008. Since polymers can be considered safe, but mermrhave side effects, special
attention was paid to the remaining monomers. Targhts of the dried gels were evaluated.
These measurements revealed that polymerizatiddsymwere nearly 100% in all cases.
Furthermore, in the end of the polymerization themgles were washed with distilled water to
remove unreacted monomers, cross-linker and ioitiddence, there is a good reason to
consider that the implanted hydrogels were freenohomers. Moreover, concerning their
chemical structure, the applied polymers are kntwlme non-biodegradable materials.

On use of the NIPAAm-co-AAm polymers, the overlyiskin did not show pathological
changes. Thus, the animals tolerated the implamatf poly(NIPAAmM-co-AAm) well.
Although minor lesions accompanied the applicatioh poly(AAm), they were not
sufficiently severe to contraindicate its usevivo. However, poly(AAc) induced serious
damage in the surrounding tissue. It is possikdettie rapid expansion of poly(AAc) leads to
inflammation, but the severe lesions suggest thlaéromechanisms of harmful reactions
induced by poly(AAc) cannot be excluded. Our resdiémonstrated that the application of
poly(AAc) expanders cannot be considered safe. Wewethis question requires further
investigation.

The findings of then vitro andin vivo studies have shown that modification of the
composition of the hydrogels has a significant effen the swelling ability. This could be
used in the design of tissue expanders. Patientliftdérent age and skin status and
interventions affecting different parts of the badguire tissue expanding devices appropriate
for the given situation. In addition to physicaltimads (e.g. silicon membranes) also chemical
ways can get into consideration for the developmantissue expanders with different
expansion properties hereby creating a new geparafi tools for plastic and reconstructive

surgery.
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6. SUMMARY AND NEW FINDINGS

We studied the swelling properties of polymers ampolymers composed of AAm, AAc and

NIPAAm in distilled water and physiological salirfghe investigations have shown that

* Increasing ratio of hydrophilic AAm and AAc monoraasonsiderably improved the
swelling of the gels.

* AAc-based polymers and copolymers exhibited the tnedensive swelling in
distiled water, but the changes of pH and elegteolconcentration markedly
influenced the water uptake of the samples.

» Addition of hydrophilic and hydrophobic montmortiibe particles as filler improved
the swelling of the gels only when applied at lammeentration (1-5 wt. %).

» Swelling of hydrophilic polymers and copolymers wagproved by hydrophilic Na-
and G-m fillers, while that of hydrophobic polymers wexreased by hydrophobic

Ci1>- and Gg-m fillers.

Further study was designed for the vivo behavior and the surgical applicability of
poly(AAm), poly(AAc) and poly(NIPAAm-co-AAm) hydrogls. The examination has

revealed that

The implanted samples of poly(AAm), poly(AAc) andlyyNIPAAmM-co-AAm)

displayed a marked tendency to swelVivo.

* The maximum expansion can be achieved in two weeks.

» According to the observations and the rheologicahsurements the expanders of
poly(NIPAAmM-co-AAmM) showed the highest tendencyratain their preformed
shape.

* Implantation of poly(AAc) devices was accompanigd derious tissue damage,
while the other examined hydrogels were safe: lowatity was not detected.

* In view of its mechanical and biological propertipsly(NIPAAM-co-AAM)

hydrogel with 1% Na-m seems to be a promisinguéssxpander-candidate.
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