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LIST OF ABBREVIATIONS 

 

 

AAc   Acrylic acid 

AAm   Acrylamide 

BisAAm N,N’-methylenebisacrylamide 

d   Diameter 

G’   Storage modulus 

G”   Loss modulus 

H&E   Hematoxylin-eosin  

KPS    Potassium persulphate 

l   Length  

mdry   Dry mass 

mwet   Moisture mass 

Na-m   Sodium montmorillonite 

NIPAAm N-isopropylacrylamide 

S   Swelling value 

TEMED N,N,N’,N’-tetramethylethylenediamine  
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1. INTRODUCTION 

 

Gaining of soft tissue for the reconstruction of injuries is a 

pivotal question of plastic and reconstructive surgery. Thus, 

many different methods have been developed for the 

harvesting of tissue for surgical interventions. The inflatable 

subcutaneous balloon has revolutionized plastic surgery in the 

last 30 years. Nevertheless, the application of this device 

involves the risk of various complications and inconveniences. 

Regular control is required; the filling is accompanied by pain, 

further, infection, leakage and flap necrosis are also possible 

complications. Hence, the development of a new generation of 

tissue expanders seemed to be essential. The attention was 

drawn to the hydrogels which are promising materials in tissue 

expansion. Hydrogels consist of two major components: a 

polymer web of constant quantity and a hydrous phase which 

changes in volume. These materials are able to react to 

changes of environmental parameters and respond with a 

functional reaction (e.g. swelling). Due to their advantageous 

properties many hydrogels are applied in different biomedical 

areas. Moreover, osmotically active hydrogels seemed to 

provide an effective means for tissue expansion. The dry gel 

absorbs body fluid, its volume therefore increases and dilates 

the tissue without any external intervention. Self-filling 
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osmotic tissue expanders have been used in clinical practice 

with a success rate of approximately 90% and the expanders 

are well tolerated by the patients. However, the expansion 

properties of these devices could be improved in order to 

decrease the period of indwelling and to increase tissue gain. 

Recent studies suggested that acrylamide (AAm) and AAm-

based copolymers exhibit a very high capability to absorb 

water and possess good biocompatibility. Furthermore, 

polymerized N-isopropylacrylamide (NIPAAm) is a 

thermosensitive hydrogel. Thermosensitivity can be utilized to 

regulate the behavior of the expander and to produce optimal 

biomaterials. It also known that the properties of gels can be 

significantly enhanced by the incorporation of inorganic 

ordered systems, in particularly clays into the gels. Sodium 

montmorillonite (Na-m) is widely used as additive in order to 

improve the physical properties of plastics.  

These data suggested that there would be a need for novel 

tools for tissue expansion in plastic and reconstructive surgery. 

They also suggested that hydrogels of acrylics seemed to be 

promising expander-candidates which worth studying in vitro 

and also in vivo. 
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2. OBJECTIVES 

 

The major aims were: 

• To synthesize thermo- and pH-sensitive hydrogels by 

polymerization of NIPAAm, AAm and acrylic acid 

(AAc);  

• To examine the effects external factors (temperature, 

pH, electrolyte concentration) on the swelling ability; 

• To characterize the swelling of copolymers containing 

different rations of NIPAAm, AAm and AAc; 

• To study the impact of different fillers on the osmotic 

properties of hydrogels; 

• To observe the swelling of implanted hydrogels as a 

function of time in an animal model; 

• To determine the changes in the mass of the expanders  

in vivo; 

• To assess their rheological parameters; and 

• To study the biocompatibility of the implanted 

polymers and copolymers.  
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3. MATERIALS AND METHODS 

 

3.1. Preparation of polymers 

 

NIPAAm, AAm and AAc polymers and copolymers with 

various compositions were prepared by radical polymerization. 

KPS was used as initiator, TEMED as accelerator while 

BisAAm was the cross-linking agent. The reaction was 

performed at 60 oC for 30 min under N2 atmosphere. The 

composites were synthesized by addition of Na-m or 

organophilized montmorillonite fillers (Cn-m, n=4, 12, 18).  

 

3.2. Determination of swelling  

 

Swelling was determined gravimetrically, using the following 

formula: swelling value (S)=(mwet-mdry)/ mdry [g/g], where mwet 

and mdry are the mass of the gel in moisture (swollen) and 

dried state, respectively. The dry gels were placed into 

thermostated water bath. Swollen gels were removed from the 

water bath, they were dried superficially with filter paper, 

weighted with analytical scales. The swelling of hydrogel was 

investigated in the temperature range of 25-40 oC. Some 

samples were placed into physiological saline. In some cases 

the pH of the environment was changed, as well. 
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3.3. In vivo experiments 

 

The experiments were performed on 18 male Wistar rats. The 

interventions were carried out under anaesthesia and the 

procedures and protocols applied were approved by the Ethical 

Committee for the Protection of Animals in Scientific 

Research at the University of Szeged. Hydrogels displaying 

outstanding swelling properties according to the results of the 

in vitro study were implanted under the skin of the dorsal 

region. The observation period took 18 days. The diameter (d) 

and the length (l) of the implanted materials were measured 

daily with calliper and photographs of the dorsal region were 

taken. On postoperative day 18 the animals were sacrificed 

and the expanders were removed. The mwet of the hydrogels 

was measured immediately. The storage modulus (G’) and the 

loss modulus (G”) of the removed expanders were determined 

with an oscillatory rheometer in order characterized their 

elasticity and viscosity, respectively. Further, biopsies were 

taken from the intact skin, the expanded skin and the capsule 

surrounding the expander. The biopsies were embedded in 

paraffin, stained with H&E and the evaluation was performed 

in coded sections.  
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4. RESULTS 

 

4.1. Effects of external factors on swelling 

 

The poly(NIPAAm) hydrogel showed thermosensitivity: the 

maximum of its swelling was observed at 31 oC, at higher 

temperatures the gel collapsed. When the NIPAAm monomer 

was copolymerized with AAm or AAc the swelling of the 

samples increased continuously with the elevating temperature 

and the copolymers did not show the collapse characteristics 

of pure poly(NIPAAm). Hydrogel containing AAm and AAc 

displayed the most extensive swelling of the studied materials.  

Changes in pH did not influence the water uptake of 

poly(NIPAAm). The swelling maximum of poly(AAm) was at 

pH 7-8, while the AAc polymer exhibited the highest pH 

dependence: the peak of swelling was around pH 9 and the 

moisture mass of the gel was 250-fold of its original dry mass.  

The electrolyte concentration of the environment also had an 

impact on swelling. The values measured in saline were lower 

than those detected in distilled water. AAm-based gels were 

the least sensitive to salt content, while the swelling of 

NIPAAm- and AAc-based samples were considerably 

influenced by electrolyte concentration. 
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4.2. Effects of composition of the gels on swelling 

 

The molar ratio of different monomers and addition of 

inorganic fillers are also important factors of swelling ability. 

Higher ratio of hydrophilic AAm and AAc monomers resulted 

in more expressed water uptake while increasing ratio of the 

relatively hydrophobic NIPAAm decreased the swelling 

ability. NIPAAm-containing copolymers displayed 

thermosensitivity over 60-70% NIPAAm content.  

Concerning inorganic fillers, Na-m enhanced the swelling 

characteristics of the samples, but only at lower concentration. 

Hydrogels with 1-5wt% filler showed better swelling 

properties than those without filler. C4-, C12- and C18-

montmorillonites also improved the swelling ability at lower 

concentrations.  Na- and C4-montmorillonite fillers preferably 

increased the swelling of hydrogels with hydrophilic 

composition, whereas hydrophobic fillers (C12- and C18-m) 

improved the swelling of hydrophobic NIPAAm.     

 

4.3. Results of the in vivo study 

 

On the basis of the in vitro results the following samples were 

selected for in vivo examination: poly(AAm), poly(AAc) and 

poly(NIPAAm-co-AAm), the latest material contained also 1 
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wt% Na-m. We found that the swelling of the implanted 

hydrogels led to a considerable expansion of the skin.  The 

expansion of the hydrogels was uneven, the process of 

swelling was interrupted by short periods of stagnation or 

decrease.  Poly(AAc) showed the highest rate of expansion. 

However, these samples demonstrated a tendency to shrink 

from postoperative day 14 on.  The expansion of poly(AAm) 

was somewhat slower than that of poly(AAc), but no tendency 

to shrink was observed in case of this material. The size of 

poly (NIPAAm-co-AAm) cylinders entered the significantly 

higher range on postoperative day 4. The values displayed a 

slight fluctuation and a tendency to shrink, but only at the very 

end of the observation period.  

The moisture mass of each implanted hydrogels was 

considerably higher than the dry mass prior to implantation. At 

least a 25-fold elevation was observed in each group. The 

statistical analysis did not reveal mathematically significant 

differences between the groups.  

Concerning rheological properties of the samples, G’ values of 

the AAc expanders were found to be significantly lower than 

those of the NIPAAm-co-AAm devices. (G’ values describe 

the elastic character.) Further, the G” values (which shows the 

viscous character) were significantly lower in case of 
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poly(AAm) devices  than those of NIPAAm-co-AAm 

expanders. 

The histological examination revealed slight inflammatory 

reaction after the implantation of poly(AAm) cylinders. 

However, application of poly(AAc) resulted in ulceration in 

50% of the cases, severe oedema, hyperaemia and leukocyte 

accumulation were also found. Tissue samples taken from the 

animals with NIPAAm-co-AAm devices proved to be 

morphologically normal.   

 

5. DISCUSSION 

 

Tissue expanders play an important role in plastic and 

reconstructive surgery. The implantation of an expander into 

the subcutaneous layer results in a gradual expansion and 

provides additional tissue for the reconstruction of tissue 

defects. The modern self-inflating expanders are composed of 

hydrogels, the properties of which allow considerable 

expansion. During our in vitro and in vivo experiments we 

have studied the characteristic and surgical applicability of 

polymers and copolymers composed of AAm, AAc and 

NIPAAm.  Since these polymers and copolymers were 

designed for a future in vivo use, the behavior of the hydrogels 

under physiological temperature and pH values was an 
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important question. The explanation of our findings originates 

in the chemical structure of the materials. AAm and AAc 

contain hydrophilic amino- and carboxylic groups, 

respectively. These groups are able to bind a large amount of 

water, hereby leading to the swelling of the gel. The 

outstanding swelling ability of poly(AAm-co-AAc) 

copolymers unraveled that these hydrophilic groups are able to 

enhance the effects of each other. On the other hand, 

NIPAAm, which can be considered relatively hydrophobic, 

showed a more moderate tendency to water uptake and 

swelling. The effects of pH on the swelling of hydrogels can 

also be explained with the chemical structure of the samples: 

swelling of AAm- and AAc-based gels with dissociable 

functional groups was markedly dependent on pH. Concerning 

salt concentration, swelling values measured in saline were 

lower than those found in distilled water. This difference 

originates in the coagulating effect of physiological saline 

solution, but the higher osmotic concentration of this medium 

may also play a role. Our result revealed that the studied 

polymers and copolymers displayed different sensitivity to 

electrolyte concentration, it may influence their in vivo 

applicability. 

Since one of our goals was to produce hydrogels with 

outstanding swelling ability, we took into consideration that 
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not only the ratio of the applied monomers but also different 

inorganic fillers may improve the swelling. According to our 

examination Na-m at lower concentration (1-5%) enhanced the 

swelling of the samples, but higher filler contents impeded the 

swelling. The reason may be that at low filler concentrations 

the lamellae of the filler are well-separated, making the 

negative surface charges accessible for both the functional 

groups of the polymer and the incoming water molecules, 

whereas at higher montmorillonite concentrations the lamellae 

have no influence on hydrophylicity and, consequently, on the 

extent of swelling. 

The results of the in vitro study served as a guideline for the 

design of in vivo examinations. A crucial question was 

whether the new expanders are able to generate a pressure 

sufficient to dilate the surrounding tissue at the expected rate. 

We found that the swelling pressure can overcome the 

resistance of the adjacent tissues and lead to a considerable 

dilation.Our devices achieved the peak of their swelling by the 

end of the postoperative week 2. Nevertheless, too rapid 

expansion has the risk of wound separation and tissue damage. 

With poly(AAc), the rate of the expansion seems to be too 

high. In contrast, the rates of expansion of poly(AAm) and 

poly(NIPAAm-co-AAm) remained in the safe range.  
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Another important property that may be used for the 

characterization of expanders is the difference between their 

dry and wet masses. All the tested expanders revealed a strong 

tendency to water uptake during the preliminary in vitro study. 

Since no significant difference in swelling ability was found 

between the three polymers, from the aspect of water uptake 

all of them seem to be appropriate for surgical application. 

Other properties of the hydrogels should also be considered 

when an expander is chosen for a certain intervention. 

It is a very important requirement that an implanted tissue 

expander should retain its preformed shape during the 

expansion phase. The rheological properties of the polymers 

influence their applicability. On inspection, the 

poly(NIPAAm-co-AAm) expanders exhibited a considerable 

tendency to retain their original shape, whereas many of the 

poly(AAc) and poly(AAm) devices were no longer cylindrical 

by the time of their removal. Rheological measurements 

confirmed these observations. The G’ values of poly(AAc) 

were significantly lower and the G”  values of poly(AAm) 

were significantly higher than those of poly(NIPAAm-co-

AAm). If higher elasticity values are accompanied by 

somewhat more moderate viscosity values, the expanders 

seem to be much more favorable for designed tissue dilation. 
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Our results indicated that the poly(NIPAAm-co-AAm) 

expanders met these criteria.  

It is also essential that expanders should be free of adverse 

tissue reactions, so that their implantation can be considered 

hazardless and healthy skin can be obtained for different 

interventions. On use of the NIPAAm-co-AAm polymers, the 

overlying skin did not show pathological changes. Thus, the 

animals tolerated the implantation of poly(NIPAAm-co-AAm) 

well. Although minor lesions accompanied the application of 

poly(AAm), they were not sufficiently severe to contraindicate 

its use in vivo. However, poly(AAc) induced serious damage 

in the surrounding tissue. Our results demonstrated that the 

application of poly(AAc) expanders cannot be considered safe. 

However, this question requires further investigation. 

The findings of the in vitro and in vivo studies have shown that 

modification of the composition of the hydrogels has a 

significant effect on the swelling ability. This could be used in 

the design of tissue expanders with different expansion 

properties hereby creating a new generation of tools for plastic 

and reconstructive surgery.  
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6. CONCLUSIONS 

 

We studied the swelling properties of polymers and 

copolymers composed of AAm, AAc and NIPAAm. The 

investigations have shown that: 

• Increasing ratio of hydrophilic AAm and AAc 

monomers considerably improved the swelling of the 

gels. 

• AAc-based polymers and copolymers exhibited the 

most extensive swelling in distilled water, but the 

changes of pH and electrolyte concentration markedly 

influenced the water uptake of the samples.  

• Addition of hydrophilic and hydrophobic 

montmorillonite particles as filler improved the 

swelling of the gels only when applied at low 

concentration (1-5 wt. %).  

• The implanted samples of poly(AAm), poly(AAc) and 

poly(NIPAAm-co-AAm) displayed a marked 

tendency to swell in vivo. 

• According to the observations and the rheological 

measurements the expanders of poly(NIPAAm-co-

AAm) showed the highest tendency to retain their 

preformed shape. 
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• Implantation of poly(AAc) devices was accompanied 

by serious tissue damage, while the other examined 

hydrogels were safe: local toxicity was not detected. 

• In view of its mechanical and biological properties 

poly(NIPAAm-co-AAm) hydrogel with 1% Na-m 

seems to be a promising  tissue expander-candidate.    
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