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Tissue expansion is used by plastic/reconstructive surgeons to grow additional skin/tissue for 
replacing or repairing lost or damaged soft tissues. Recently, hydrogels have been widely used 
for tissue expansion applications. Herein, a self-inflating tissue expander blend composition 
from three different molecular weights (2, 6, and 10 kDa) of poly (ethylene glycol) diacrylate 
(PEGDA) hydrogel with tunable mechanical and swelling properties is presented. The  
in vitro results demonstrate that, of the eight studied compositions, P6 (PEGDA 6 kDa:10 kDa 
(50:50)) and P8 (PEGDA 6 kDa:10 kDa (35:65)) formulations provide a balance of mechanical 
property and swelling capability suitable for tissue expansion. Furthermore, these expanders 
can be compressed up to 60% of their original height and can be loaded and unloaded cycli-
cally at least ten times with no permanent deformation. The 
in vivo results indicate that these two engineered blend com-
positions are capable to generate a swelling pressure suffi-
cient to dilate the surrounding tissue while retaining their 
original shape. The histological analyses reveal the formation 
of fibrous capsule at the interface between the implant and 
the subcutaneous tissue with no signs of inflammation. Ulti-
mately, controlling the PEGDA chain length shows potential 
for the development of self-inflating tissue expanders with 
tunable mechanical and swelling properties.
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1. Introduction

Shortage of available soft tissues is a common challenge in 
reconstructive surgeries.[1] The use of soft tissue expanders 
can overcome some of the challenges. A tissue expander 
is known as a device especially designed to induce skin or 
tissue expansion in response to stress or to a given defor-
mation for reconstructive/plastic surgeries.[2] Keeping 
a tissue under constant tension may be resulted in skin 
stretching,[3] which may change the extracellular matrix 
(ECM) organization and stimulate cell division, resulting 
in the formation of new tissues.[4] Enlargement of soft 
tissue volume as well as its superficial area is a natural 
phenomenon, observed in obesity and pregnancy.[1] Soft 
tissue expansion is now a widely used reconstructive tech-
nique with a variety of applications, including correction 
of burn alopecia of the scalp and postmastectomy breast 
reconstruction.[5]

The use of tissue expansion in reconstructive plastic 
surgery was introduced by Neumann in 1957, and later 
on popularized by Radovan[6,7] and Argenta et al.[8] Con-
ventional tissue expanders are based on a silicone bal-
loon, which is introduced into the target area and then 
gradually inflated by injection of sterile saline solution 
over a pre-determined period of time.[9] However, this 
technique involves the risks of various complications 
and inconveniences, such as increasing pressure in 
the balloon, inducing necrosis and perforation. Other 
complications associated with this approach include 
leakage, migration, flap necrosis, infection and wound 
separation.[10] Furthermore, regular control is needed, 
which is time consuming and expensive[11] and can 
be poorly tolerated by the patient, specifically in the 
pediatric setting.[9] In addition, physical restrictions 
of the device may prevent its use in some anatomical 
locations (e.g., craniofacial or cleft palate surgery).[9] 
Hence, development of a new generation of tissue 
expanders may be useful in order to eliminate these  
limitations.[11]

To address these shortcomings, the first self-inflating 
tissue expander, made of a silicone membrane filled 
with a hypertonic saline solution, was introduced.[12] In 
this system, tissue expansion was triggered by swelling 
of osmotically driven water uptake of subcutaneously 

implanted tissue expanders.[12] However, full expansion of 
the silicone balloon in this system required an extended 
time (8–14 weeks) and induced tissue necrosis.[13]

To overcome these limitations, the use of hydrogels 
as tissue expander instead of silicone membrane has 
been investigated.[9] Hydrogels’ expansion is based on 
their ability to absorb and retain large volume of water 
or physiological fluid[14] which is determined by the 
compositions of the hydrogels.[15] In order to promote 
tissue expansion, a hydrogel must withstand mechanical 
loading from the surrounding soft tissues or the skin.[2] 
However, the low mechanical properties of swollen 
hydrogels are the main disadvantage of using gels as 
tissue expanders.[16–18] Elastic hydrogels are known to be 
resilient to compression and elongation after swelling.[2] 
Such elastic hydrogels are promising candidates as tissue 
expanders, with capability of harvesting tissue for recon-
structive interventions.[2]

A hydrogel-based tissue expander with osmotic driving 
force containing polyvinylpyrrolidone and poly (hydroxy-
ethyl methacrylate) was developed for the treatment 
of congenital anophthalmia.[19] Wiese et al. also intro-
duced a self-filling device that produced higher swelling 
than vinyl pyrrolidone (VP)/methyl methacrylate (MMA) 
hydrogels, by replacing the CH3 groups in the VP/MMA 
hydrogel chains with COOH groups.[15] Although many 
types of hydrogel-based tissue expanders have been 
introduced, most of the clinically available hydrogel-
based tissue expanders are still based on VP and MMA 
copolymers.[20–23] The VP/MMA tissue expanders are 
glassy and brittle in the dry state and lack sufficient 
resistance against size changes at the time of implanta-
tion.[2] Recently, Kemeny et al. synthesized thermosensi-
tive hydrogels made of N-isopropylacrylamide (NIPAAm) 
as osmotic tissue expanders.[24] Silicate was added to the 
hydrogel to enhance its elastic properties by increasing 
the value of storage modulus (G′). However, increasing 
cell adhesion properties due to the addition of silicate[25] 
may lead to difficult removal of the implant. Overall, the 
previous engineered expanders could not provide ver-
satile composition formulations with tunable physical 
properties (stiffness, elasticity, and swelling) based on the 
desired clinical applications. Therefore, there is an unmet 
need for developing elastic and flexible self-inflating 

Dr. F. Mashhadiabbas
Department of Oral and Maxillofacial Pathology 
School of dentistry 
Shahid Beheshti University of Medical Sciences 
Tehran 19839-69411, Iran
Prof. A. Khademhosseini
Department of Physics 
King Abdulaziz University 
Jeddah 21569, Saudi Arabia

Prof. A. Khademhosseini
Department of Bioindustrial Technologies 
College of Animal Bioscience and Technology 
Konkuk University 
Seoul 143-701, Republic of Korea
Dr. N. Annabi
Department of Chemical Engineering 
Northeastern University 
Boston, MA 02115-5000, USA

Macromol. Biosci. 2017,  ,  1600479



Poly (Ethylene Glycol)-Based Hydrogels as Self-Inflating Tissue Expanders with Tunable Mechanical and Swelling Properties
Macromolecular

Bioscience

www.mbs-journal.de

© 2017  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheimwww.advancedsciencenews.com
(3 of 13) 1600479

tissue expanders with tunable physical properties 
according to each application.

Poly (ethylene glycol) (PEG) is known as one of the 
most effective synthetic polymers because of its supe-
rior hydrophilicity, biocompatibility, and resistance to 
protein and cell adhesion.[26–28] In addition, the flex-
ible chain structure of PEG reduces its glass transition 
temperature.[2] PEG is also poorly immunogenic and non-
toxic at molecular weights above 400 Da.[29,30] It is also 
readily cleared through the kidneys, and is approved by 
the U.S. Food and Drug Administration (FDA) for internal 
use.[29] PEG-based hydrogels are highly flexible and/or 
elastic in nature.[27,31,32] PEG acrylates are the major kind 
of macromeres for the fabrication of elastic PEG-based 
gels.[33] For example, Im et al. developed a range of bio-
degradable PEG/polycaprolactone (PCL) hydrogels with 
different molecular weights for biomedical applica-
tions.[27] They found that PEG/PCL gels were elastic even 
in the dried state and remained intact after repeated 
cycles of stretching and bending up to twice their original 
length.[27] It has been shown that PEG diacrylate (PEGDA) 
hydrogels have tunable physicomechanical proper-
ties.[34,35] For example, their mechanical properties can be 
tuned by changing the concentration or molecular weight 
of the polymer; i.e., modulus of elasticity enhances as the 
polymer concentration increases or the polymer molec-
ular weight decreases.[36] The pore size and swelling 
ratio of PEGDA can also be tuned.[37] Although the use of 
PEGDA-based hydrogels has been examined for different 
biomedical applications, their application as a tissue 
expander has not yet been reported. Therefore, it would 
be worthwhile to optimize the physical properties of 
PEGDA-based hydrogels as tissue expanders.

The aim of this study is to develop a high resilient, 
self-inflating tissue expander with tunable mechanical 
and swelling properties. PEGDA polymers with different 
molecular weights were prepared by esterification reac-
tion of acryloyl chloride (Ac) with PEG diols. The prepared 
diacrylates and their blends were used to form hydro-
gels through radical cross-linking reactions. Compared 
to the hydrogels fabricated from one molecular weight of 
PEGDA, composite hydrogel made of PEGDA with various 
molecular weights is expected to provide a more ver-
satile and useful design approach for the formation of 
hydrogels with tunable properties. We anticipate that uti-
lizing this approach, PEGDA-based hydrogel formulations 
with elasticity and swelling ratio suitable for generating 
enough pressure to expand soft tissue can be optimized.

2. Results and Discussion

Eight different PEGDA blends of varying wt% ratios of 
PEGDA-2k/PEGDA-6k/PEGDA-10k at total polymer concen-

trations of 15 wt% were used to create the cross-linked con-
structs needed for the chemical and physical tests (Table 1). 
All the hydrogels retained their initial shape irrespective of 
the hydration degree.

2.1. Compressive Properties of PEG Expanders

One of the key properties of a tissue expander is the 
mechanical strength, to guarantee dimensional stability 
in vitro and in vivo.[2,25] The mechanical properties of the 
engineered PEGDA-based expanders were evaluated in 
compression mode. Stress–strain curves and compressive 
modulus of the expander samples are shown in Figure 1A,B, 
respectively. If the soft tissue expanders are either too stiff 
(small elongation) or too soft (with relatively low strength), 
the mechanical properties would not be compatible with 
natural tissues.[38] The mechanical testing results showed 
that monomer combinations resulted in a variety of hydro-
gels with low to high moduli. For example, expanders 
comprised solely of the short-chained PEGDA-2k (sample 
P1) had compressive modulus around 145 ± 26.9 kPa,  
which was much higher than the modulus of the soft tis-
sues (8–17 kPa).[39] In addition, it had low compressive 
strain at break (32 ± 5.6%) as compared to soft and elastic 
tissues. In contrast, expanders comprised solely of the 
long-chained PEGDA-10k (sample P3) had the compressive 
modulus around 13.3 ± 0.3 kPa with limited compressive 
strength; therefore, it may collapse in vivo.

We also found that by changing the ratio of the low 
to high molecular weight components in a polymer 
blend, it is possible to control the mechanical properties 
of the expanders with acceptable compressive modulus, 
compressive strength, and high strain at break while 
retaining other physical properties such as swelling 
behavior in an acceptable range. As shown in Figure 1A,B, 
P2 hydrogel (PEGDA-6k) showed compression strength 
and compressive modulus of 217.6 ± 51.4 kPa and 
110 ± 20.5 kPa, respectively, with 60.5 ± 0.7% strain  

Macromol. Biosci. 2017,  ,  1600479

Table 1.  Formulations of the prepared hydrogels.

Samples PEGDA 2k 
concentration 

[wt%]

PEGDA 6k 
concentration 

[wt%]

PEGDA 10k 
concentration 

[wt%]

P1 100 0 0

P2 0 100 0

P3 0 0 100

P4 50 50 0

P5 50 0 50

P6 0 50 50

P7 33.3 33.3 33.3

P8 0 35 65
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at break, while for the P8 hydrogel (blend of PEGDA-6k  
and PEGDA-10k), lower compression strength 
(73.4 ± 13.1 kPa), compressive modulus (28.3 ± 1.5 kPa), 
and strain at break (62 ± 1.5%) were obtained. Therefore, 
through this blending strategy it is feasible to engineer 
materials with tunable modulus of elasticity to be much 
closer to the soft tissue. With increasing the concentra-
tion of PEGDA with higher molecular weight in the blend, 
the rigidity of hydrogel was reduced as observed from 
the compressive moduli values reported in Figure 1B.  
P6 and P8 hydrogels may have sufficient compressive 
modulus and strength, preventing the collapse of self-
inflating hydrogel. The lower compressive modulus of P5 
sample might be due to the large differences between 
molecular weights of the blend components (large dif-
ferences between the molecular weights of PEGDA-2k 
and PEGDA-10k) as opposed to P6 composite with more 
uniformly component’s molecular weights (p < 0.05). 
It is hypothesized that in the P5 composite hydrogel, 
short-chained component (PEGDA-2k) behaved like site 
of cross-linking between the components of longer 
chained (PEGDA-10k). Samples P4 and P5 with poor 
mechanical properties among blend compositions 

(Table S1, Supporting Information), including low com-
pressive strain at break (<0.5 mm mm−1), were of lim-
ited practical use as they may result in fracture and, 
therefore, these samples were not subjected to further 
studies.

Previous studies have reported the effects of PEGDA 
polymer chains length on mechanical properties of the 
resulting hydrogels. For example, Zellander et al. showed 
that combinations of short and long PEGDA chains cre-
ated polymer structures with increased strength and stiff-
ness compared to structures composed of a given longer 
PEGDA chain.[40] Lin et al. also demonstrated that varying 
the molecular weight of PEGDA precursors exhibited a 
significant effect on the structural and mechanical prop-
erties of the hydrogels.[38] Mazzoccoli et al. have reported 
that different ratios of PEGDA chain sizes resulted in dif-
ferent stiffness or elastic modulus values, which affected 
cell viability.[41] Myung et al. also used PEG chains ranging 
from 3.4 to 14 kg mol−1 to adjust the mechanical proper-
ties of interpenetrating polymer networks composed of 
PEG and poly (acrylic acid).[42]

Shape retention/deformation of the P1 and P8 
hydrogels are compared under compression (before 
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Figure 1.  Mechanical properties of PEGDA-based hydrogel expanders. A) Representative stress–strain curves of the hydrogels, B) compres-
sive moduli of expanders, C) P1 and P8 samples before compression, at 50% compression, and after compression. D) Representative compres-
sive cyclic loading and unloading curves for P8 expanders at cycles 1 and 10 and E) energy loss calculated from the area between the loading 
and unloading curves of P8 gels based on cycles 1 and 10 (*p < 0.05). The error bars represent standard deviation (SD).
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compression, at 50% compression and after load release 
at the end of compression test) in Figure 1C. The pres-
ence of longer polymer chains in P8 hydrogel caused 
increased chain mobility during mechanical deforma-
tion and facilitated the shape recovery processes. More-
over, the ability of P8 hydrogel to withstand mechanical 
loading and unloading was studied by performing cyclic 
compression at 50% strain. The results showed that this 
sample was capable of withstanding at least ten cyclic 
mechanical loading and unloading without crack forma-
tion and significant permanent deformation. As shown 
in Figure 1D,E, P8 hydrogel deformed reversibly following 
ten cycles of loading and unloading (see Figure S1 in the 
Supporting Information for P1). Energy loss based on 
cycles 1 and 10 was found to be 6.1 ± 0.6% and 6.4 ± 0.4% 
for P8 samples. An elastic network is fully recoverable 
to its original dimension under compression or elon-
gation.[25] Due to ability to withstand several cycles of 
loading and unloading with a low energy loss (6%),  P8 
sample can be considered as an elastic material. The flex-
ible and elastomeric nature of these networks can be 
partially attributed to the sufficiently long and flexible 
PEGDA chains between cross-links. Overall, adjusting 
PEGDA chain lengths is an efficient method for modu-
lating the mechanical properties of PEGDA-based tissue 
expanders. The proportion of the PEGDA-2k, PEGDA-6k, 
and PEGDA-10k in the hydrogels may be varied 
depending on the desired clinical requirements.

2.2. Pore Characteristics and Swelling Ratio  
of PEGDA Expanders

Figure 2A summarizes representative scanning electron 
microscopy (SEM) images of selected expanders, at frac-
tured surfaces of freeze-dried hydrogels. All the hydrogel 
samples showed highly interconnected porous structures. 
The apparent pore size of the hydrogels with different 
compositions was quantified by Image J software based 
on the SEM images from 20 randomly selected pores per 
image. The mean ± SD was used to interpret the data 
(Figure 2B). As anticipated, pore size and porosity strongly 
depended on the hydrogel compositions and correlated 
with the precursor molecular weight. For example, PEGDA-
2k hydrogel (sample P1) demonstrated apparent pore 
size and porosity of 3.75 ± 0.86 µm and 70 ± 0.5%, respec-
tively, while for the P8 hydrogel, higher apparent pore size 
(30.54 ± 8 µm) and porosity (82.8 ± 0.43%) were obtained. 
Although we observed some differences in the porosity of 
the engineered hydrogels, it is important to note that the 
pore structures of freeze-dried samples may be different as 
compared to hydrogel network in hydrated state due to the 
lyophilization process.

One important property that may be used for the 
characterization of expanders is the difference between 

their dry and wet masses. The hydration properties of 
the prepared hydrogels were evaluated by submerging 
the samples in saline solution (0.9%) at physiological 
temperature (37 ± 1 °C). As shown in Figure 2D,E, a high 
degree of hydration was observed for PEG-based hydro-
gels when exposed to an aqueous environment due to 
the hydrophilic nature of PEGDA. As anticipated, the 
equilibrium swelling was found to be dependent on 
the corresponding PEG’s molecular weight; the mass 
swelling ratio increased with PEGDA molecular weight 
(Figure 2D). For example, P8 hydrogel demonstrated 
mass and volume equilibrium swelling of 1054 ± 23% 
and 1091 ± 88% after 7 d, respectively, while for the 
tightly cross-linked P1 hydrogel, lower mass (455 ± 35%) 
and volume (514 ± 20%) equilibrium swelling were 
obtained. Similar results were reported earlier in the 
literature for PEGDA hydrogels based on precursors of 
varying molecular weights.[38] Overall, with increase 
of the molecular weight or the content of higher mole
cular weight PEGDA in the compositions, the hydrophi-
licity of the polymer gels and hence the swelling can 
increase. In conclusion, our swelling studies clearly 
indicated that P6 and P8 expanders displayed a marked 
tendency to swell and are the most appropriate tissue 
expander candidates with outstanding expansion 
ability.

2.3. Network Properties of PEGDA Hydrogels

Success of these mixed PEGDA hydrogels as tissue 
expander may be governed by the mechanism of water 
diffusion. Water absorption process involves diffusion 
of water molecules into the free spaces, which leads to 
expansion of chain segments between cross-links and 
results in swelling. Using Equation (5), “k” and “n” were 
evaluated from the plots of “ln St” versus “ln t” as is shown 
in Figure 3A. All of the tested expanders gave an “n” value 
of ≈0.5 indicating Fickian diffusion in these gels.[5] So, 
Equation (5) may be simplified to

S
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The diffusion coefficient for water was determined 

by plotting 
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S
t

∞
 against t

L

1/2

0

 (see Figure 3B and Table S2, 

Supporting Information). For saline solution, D values of 
(5.85 ± 0.2) × 10−7 and (1.35 ± 0.14) ×  10−7 m2 s−1 were cal-
culated for the P1 and P8 hydrogels, respectively. In gen-
eral, the lower the molecular weight of the polymer chain, 
the higher the diffusion of the solute. Similar strategies 
have been used to determine the diffusion coefficient 
for water in self-inflating tissue expanders. For example, 
Swan et al. showed that distilled water has D values of 

Macromol. Biosci. 2017,  ,  1600479
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(1.63 ± 0.29) × 10−7 and (0.35 ± 0.04) × 10−7 m2 s−1 for two 
types of VP/MMA hydrogel tissue expanders.[5]

The swelling ratio of expanders depends on the hydro-
philic ability of the polymer gel, the cross-linking den-
sity, and free space in the network of the hydrogel.[43] 
Generally, the hydrogel with higher network space (or 
mesh size) and lower cross-linking density are capable to 
adsorb larger amounts of water.[2] Assuming the hydrogel 
behaves like an elastic network, effective cross-linking 
density is determined from Equation (6). A comparison 
of the results showed that the determined cross-linking 
density in low molecular weight samples was higher 
than that in high molecular weight ones (Figure 3C  

and Table S2, Supporting Information). On the other 
hand, the average molecular weight between cross-
links Mc( )  increased from 450.9 ± 20.3 g mol−1 for P1 
to 1724.6 ± 27.9 g mol−1 for P8 (Figure 3D and Table S2, 
Supporting Information). Mesh size calculations showed 
a similar trend and an increase from 2.58 ± 0.08 nm for 
P1 to 5.99 ± 0.35 nm for P8. As shown in Figure 3D, pres-
ence of long chain precursors in the network resulted in 
significantly larger mesh size and increased molecular 
weight between cross-links. Similar results were reported 
by Lin et al., who showed that the structural properties of 
the PEGDA hydrogels could be controlled by varying the 
molecular weight of PEGDA precursors.[38]

Macromol. Biosci. 2017,  ,  1600479

Figure 2.  A) SEM images from the cross-sections of the engineered PEGDA hydrogels with varying compositions, showing highly intercon-
nected and porous structures for all formulations. B) The apparent pore size of the hydrogels with different compositions quantified by 
Image J software based on the SEM images. C) Porosity at equilibrium. D) Mass swelling ratio after 24 h incubation in saline solution. The 
mass swelling ratio increased with the PEG molecular weight. E) Volume and mass swelling equilibrium after 7 d (*p < 0.05). The error bars 
represent standard deviation (SD).
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The conclusion can be drawn that, of the eight studied 
compositions, P6 and P8 hydrogels with the described 
mechanical properties and outstanding swelling ratios 
are potential expander candidates. The P6 and P8 hydro-
gels provided a balance of mechanical property and 
swelling capability.

2.4. In Vitro Cytocompatibility Tests

Before in vivo experiments, cytotoxicity of the hydrogels 
was evaluated qualitatively in vitro by a direct method 
according to ISO 10933, using L929 fibroblasts as model 
cell line. Optical microscopy showed that cells possess 
normal morphology after 48 h of seeding (Figure S2, Sup-
porting Information).

2.5. PEG Hydrogels as Expanders: In Vivo Study

2.5.1. Tissue Expansion

To assess the capability of these newly developed blend 
expanders in generation of sufficient pressure to dilate 
the surrounding tissue, selected samples were implanted 
subcutaneously in rats for 4 and 21 d. The study com-
prised six male Wistar rats. The six rats were divided 
into two groups: group 1 with three rats for 4 d study 
and group 2 with three rats for 21 d study. P6 and P8 
hydrogels, which exhibited the most promising in vitro 
mechanical and swelling characteristics, were selected for 

the in vivo tests. As shown in Figure 4A, in each rat two 
expanders (one P6 and one P8) were implanted.

We found that the swelling pressure of both P6 and P8 
expanders could overcome the resistance of the adjacent 
tissues and led to a considerable dilation. Figure 4A shows 
the ability of the implanted hydrogels to expand in vivo 
after 21 d of subcutaneous implantation. An increase in 
the size of the expanders was already obvious in the first 
few days. Throughout the first week of the observation 
period, this process resulted in a considerable expansion 
of the skin. After 21 d, macroscopically, the expanded skin 
in all the groups was in excellent shape with normal hair 
growth on it and there was no difference in the texture of 
expanded and normal skin (Figure 4A). Based on previous 
studies, soft tissue optimization by pretreatment with 
self-inflating tissue expanders reduces the incidences of 
postoperative wound dehiscence in complex augmenta-
tion surgeries.[44,45] There was no sign of complications 
reported for previous expanders in the literature such 
as necrosis, perforation, infection, and wound separa-
tion.[9,46] During the postoperative period, no sign of pain 
was observed and all the wounds healed completely 
without complications.

Figure 4B(I),C(I) shows representative images of 
the expanded skin and the fibrous capsule developed 
around the expanders at both time points. Within 
days after placement of the tissue expanders, a new 
network of vessels developed as can be observed in 
Figure 4B(II),C(II). An ideal tissue expander should 

Macromol. Biosci. 2017,  ,  1600479

Figure 3.  Network characterization of hydrogels. A) Plots of “ln St” versus “ln t”. All of the tested expanders gave an “n” value of ≈0.5 indi-
cating Fickian diffusion through the gels. B) Diffusion coefficient for water; presence of long chains in the compositions reduced the 
diffusion of solute. C) Cross-linking density for each composition. Cross-linking density in low molecular weight samples is higher than 
other compositions . D) Average molecular weight between cross-links Mc( ) and mesh size for each composition. The error bars represent 
standard deviation (SD).
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retain its shape upon implantation and during the 
explantation phase.[11] After explantation, both P6 and 
P8 expanders showed considerable swelling ratio while 
retaining their original shapes (Figure 4B(III),C(III)). 
Expanded skins on the site of expansion are shown with 
the aid of loop microscope in Figure 4B(IV),C(IV). On 
postoperative day 4 (Figure 4B(IV)), there were signs of 
slight inflammation.

2.5.2. Mechanical Properties and Swelling Behavior of 
Expanders after Explantation

The mechanical and swelling properties of both groups 
were obtained after explantation (Figure 4D,E). The 
results for compression test indicated that the compres-
sive modulus and strength of the explanted hydrogels 
were not significantly different compared to the samples 

Macromol. Biosci. 2017,  ,  1600479

Figure 4.  In vivo studies on engineered PEGDA expanders. A) Day 0: two expanders (one P6 and one P8) were implanted in each rat. Day 
21: Both expanders generated enough swelling pressure to dilate the adjacent tissue. In addition, the expanded skin in all groups was 
in excellent shape with normal hair growth on it. B) In vivo study 4 d after subcutaneous implantation (sample P8). (I) The explanted 
area includes the expanded skin and the developed granulation tissue that completely surrounded the expanders. (II) Magnification 
of granulation tissue with blood vessels under loop microscope. (III) The expander was removed from the overlying expanded skin and 
granulation tissue. The hydrogel retained its original shape after explantation. (IV) Magnification of the expanded skin under loop micro-
scope demonstrated signs of mild inflammation (between 10% and 30%). C) In vivo study 21 d after subcutaneous implantation (sample 
P8). (I) The expanded skin and the developed fibrous capsule completely surrounded the expanders. (II) Magnification of fibrous capsule 
with blood vessels under loop microscope. (III) The expander was removed from the overlying expanded skin and fibrous capsule. The 
expander device retained its original shape after explantation. (IV) Magnification of the skin on the site of expansion with the aid of 
loop microscope demonstrated no sign of inflammation (less than 10%). D) Representative stress–strain curves of P6 and P8 hydrogels 
before and after implantation (day 21) both in the swollen state. E) Mechanical and swelling properties of explanted hydrogels on both 
postoperative days 4 and 21.
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swelled in saline solution in vitro (p > 0.05). Data shown in 
Figure 4E confirmed that the swelling ability was lower but 
still significant under in vivo circumstances (the hydrogels 
expanded around ten times their initial volume) as com-
pared to other osmotic hydrogel expanders consisted of a 
copolymer based on methyl methacrylate and vinyl pyr-
rolidone (two to four times).[1,4] Previous publications have 
also reported that the swelling expansion of the device in 
vivo is similar to swelling ratio in physiological phosphate 
buffered saline (PBS) solution in vitro.[47]

2.5.3. Histology

As shown in Figure 5A,B, 4 d following implantation of the 
expanders, granulation tissue was formed with its charac-
teristic histological features including the proliferation of 
new blood vessels and fibroblasts. These connective tissue 
capsules demonstrated different levels of vascularization, 

depending on the expander volume.[22] No giant cells were 
observed. Light microscopy revealed a slight to moderate 
accumulation of macrophages in the expanded skin biop-
sies in group 1. They demonstrated signs of mild inflam-
mation (between 10% and 30%).

After 3 weeks of implantation, the preliminary histo-
logical analysis results (Figure 5C,D) revealed the forma-
tion of fibrous capsule and significant vessel prolifera-
tion at the interface between the implant and the sub-
cutaneous tissue as the tissue reacts to a foreign body. 
In accordance with our findings, the same histological 
structure of the fibrous capsule was also described by Von 
See et al. for VP/MMA expanders.[22] They demonstrated 
signs of slight inflammation (less than 10%) for P6 and 
signs of mild inflammation (between 10% and 30%) for 
P8. No giant cells could be observed. Additionally, there 
were no eosinophils present after 21 d for both P6 and P8 
expanders.

Macromol. Biosci. 2017,  ,  1600479

Figure 5.  Hematoxylin eosin staining of subcutaneously implanted PEGDA expanders and control tissue in three different magnifications. 
A) P6 and B) P8 on postoperative day 4 (group 1). C) P6 and D) P8 on postoperative day 21 (group 2). E) Control tissue.
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Previous studies have also reported the histological 
features of tissue samples taken at the end of expansion 
period. For example, Varga et al.[11] showed that in 50% of 
the animals that received the acrylic acid expander, ulcer-
ation of the skin and for acrylamide expanders a slight to 
moderate accumulation of macrophages in the expanded 
skin biopsies were observed on postoperative day 18. 
Their results demonstrated that with the use of NIPAAm 
polymers, the overlying skin did not show pathological 
changes.

A tissue compatible material shows a normal inflam-
matory reaction and is surrounded by a thin, uniform 
fibrous capsule in which multinucleated giant cells and 
other inflammatory cells are generally absent.[48] Con-
cerning this definition, these expanders investigated in 
this study appear biocompatible as confirmed by other 
previously reported investigations on other applications 
of the same basic material.[28]

3. Conclusion

In this study, highly resilient, self-inflating expanding 
hydrogels based on PEGDA polymers with different mole
cular weights were developed. We synthesized a library of 
PEG-based expander hydrogels, which were resilient and 
had tunable mechanical properties and swelling behavior, 
along with an easy method of fabrication. It was found 
that by changing the ratio of the low to high molecular 
weight components in the polymer blend, it is feasible 
to design versatile composition formulations depending 
on the desired clinical requirements of the site of expan-
sion. For this study, of the eight studied compositions, P8 
hydrogel with described mechanical properties and signifi-
cant swelling ratio shows potential to be used as a tissue 
expander. In vivo examination revealed that the selected 
expander was able to generate sufficient swelling pres-
sure to expand skin and at the same time swell consider-
ably while retaining its original shape after explantation. 
Collectively, these results suggest that while avoiding vig-
orous synthesis conditions, our mechanically tunable and 
resilient PEG-based hydrogels have potential to be devel-
oped as self-inflating matrices for engineering a variety of 
tissue expanders.

4. Experimental Section

4.1. Materials

PEG polymers with molecular weights (Mws) of 2, 6, and 10 kDa 
were purchased from Merck. Ac and triethylamine were pur-
chased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO), 
benzene, and diethyl ether were obtained from Merck. 2,2-Azo-
bisisobutyronitrile (AIBN) as a radical initiator was purchased 

from Sigma-Aldrich and used after recrystallization in methanol. 
Other chemicals were used as received.

4.2. Synthesis of PEGDA Precursors

PEGDA was synthesized through reaction between acryloyl chlo-
ride and hydroxyl end groups of PEG based on the previously 
explained procedure with minor modifications.[27] Dry PEG (20 g) 
was conveyed to a round bottom flask and fourfold molar excess 
triethylamine was added drop wise while stirring. A four-fold 
molar excess of acryloyl chloride was added drop wise to this 
reactant mixture in an ice bath. The reaction was stirred at 80 °C 
for 3 h under nitrogen followed by stirring at room temperature 
for 2 h. The reacted mixture was then filtered to remove trieth-
ylamine hydrochloride. The filtrate was condensed on a rotary 
evaporator and precipitated in diethyl ether. Precipitated prod-
ucts were re-dissolved in benzene and re-precipitated in diethyl 
ether (three times). Finally, the precipitated PEG diacrylates 
were dried at 40 °C under reduced pressure for 24 h. PEGDA with 
molecular weights of 2 kDa (PEGDA-2k), 6 kDa (PEGDA-6k), and 
10 kDa (PEGDA-10k) were prepared using the same procedures. 
The acrylation degree of PEGDA was more than 65% as quantified 
by 400 Hz 1H nuclear magnetic resonance on a BrukerARX400 
spectrometer.

4.3. Preparation of PEGDA Hydrogels

PEGDA polymers with different molecular weights were used 
at different feed ratios to make various hydrogels. The prepared 
diacrylates (15 wt%) were dissolved in DMSO. Once the PEGDA 
polymer was dissolved, an initiator solution composed of AIBN 
dissolved in DMSO was added to the PEGDA/DMSO solution. For 
every precursor solution, the final concentration of the initiator 
was 0.5 wt%. The mixtures were then subjected to ultracentrifu-
gation (10 000 rpm for 10 min) to remove air bubbles. The hydro-
gels were then formed in a drying oven at 60 °C for 24 h. After 
gel formation, both ends of the Eppendorf tubes were cut and the 
hydrogels were pulled out. The hydrogels were cut and placed 
in distilled water for 2–3 d. The distilled water was periodically 
changed to remove any potential residual monomers or poly-
mers, followed by drying in a vacuum oven at room temperature 
for 2–3 d.

4.4. Compression Tests

According to ASTM F2900, the compression testing can be per-
formed for sufficiently robust hydrogels under static conditions 
and in unconstrained geometries. The compressive modulus, 
compressive strength, and strain at break of the engineered 
hydrogels were measured in their equilibrium-swollen state by 
using a Universal Testing system (STM-20, SANTAM, Iran). Cylin-
drical gels with the height of about 5 mm and diameter of 8 mm 
were prepared. A force load of 60 N and a crosshead speed of 
1 mm min−1 were employed. The compressive moduli of the gels 
were calculated as the slope of the linear region of the stress–
strain curves, between 0.05 and 0.2 mm mm−1 strain. The ability 
of hydrogels to withstand mechanical loading was studied by 
cyclic compression tests (ten cycles) performed at a strain level of 
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50%. The average and standard deviation of values were obtained 
for three samples.

4.5. Scanning Electron Microscopy

The pore morphology of the hydrogels was observed using a 
scanning electron microscope (SEM) (ATS2100, Seron Technology, 
Korea). The swollen hydrogels were frozen with liquid nitrogen 
and fractured. The samples were then lyophilized and sputter-
coated with gold for SEM analysis. The apparent pore sizes 
(average pore diameter) were calculated as the mean diameter 
of the pores observed from SEM images and quantified by using 
Image J software. Three images were taken from different parts 
of three different samples and pores were manually selected per 
image for pore sizing (N = 20).

4.6. Swelling Behavior

The swelling behaviors of hydrogels were measured in 0.9% 
saline solution. All experiments were conducted at 37 ± 1 °C, and 
the tests were continued until an equilibrium-swelling ratio (S∞) 
was obtained. The hydrogels were taken out from the solution at 
periodic intervals of time and their masses at the time (Mt) were 
measured after gently removing surface water with filter paper. 
Each experiment was repeated three times per sample type. The 
swelling behavior (St) was calculated based on the changes in the 
mass as a function of time using Equation (2)[49]

S M M
Mt
t d

d
= −



 	

(2)

where Mt and Md represent the mass of the hydrogel at time t 
and the xerogel (lyophilized hydrogels), respectively.

4.7. Porosity

A liquid displacement method was used to measure the 
porosity.[50] Dried samples were immersed in distilled water 
overnight and weighed after removing the excess water on 
the hydrogel surfaces. The porosity was determined using 
Equation (3)

ρ
−M Mporosity= V

2 1

	
(3)

where M1 and M2 are the mass of the gel before and after immer-
sion in water; ρ is the density of the water and V is the volume 
of the gel.

4.8. Diffusion Coefficient

Equation (4) can be used to calculate the diffusion coefficient 
(D) for a xerogel disk of initial thickness (L0), swelled in a solvent 
under constant boundary conditions[5]

∑ π π ( )( ) ( )= − + − + 
∞ =

∞S
S n n Dt l1 (8/ 2 1 ) exp 2 1 4 /t

n

2 2
0

2 2
0
2 	 (4)

Consequently, at early times of the process, when S
S 0.6t ≤

∞

,[5] 
Equation (4) may be simplified to Equation (5)

π= 





=
∞

S
S

Dt
L Kt4t

n
n

0
2

	
(5)

where K is a swelling constant; and n is the swelling exponent, 
indicating the water transport mechanism.

4.9. Cross-Linking Density

Effective cross-linking density (N0) was calculated using 
Equation (6)[5,51,52] (see the Supporting Information)

ρ= −






N
M

M
M

1 2
c

c

n
0 	 (6)

where Mn  is the average molecular weight of PEG oligomers and 
ρ is the polymer density.

4.10. Mesh Size

The equilibrium swelling of the cross-linked hydrogels was 
in part governed by the cross-linking density and was esti-
mated from the molecular weight between cross-links (Mc).[9] 
The average molecular weight between cross-links Mc( ) and 
the mesh size (ξ) of the hydrogel was calculated according to the 
Peppas and Merrill model[51,38] (see the Supporting Information).

4.11. In Vitro Cytotoxicity Studies

The in vitro cytotoxicity of the gels was evaluated by using a 
direct contact method according to ISO 10933.[53] The hydrogel 
samples were cut into 100 µm thickness disks with vibroslicer 
(752M Vibroslice, Campden Instruments, UK). Subsequently, the 
hydrogels were sterilized in 70% ethanol followed by washing 
with sterile PBS for 2 d and placing under UV radiation for 
30 min. The properties of PEG-based hydrogels did not change 
by applying UV radiation for the purpose of hydrogel steriliza-
tion.[25] The sterilized hydrogels were placed individually into 
each well of an ultralow attachment 12 well plates. Before 
seeding the cells on the gels, samples were hydrated in the 
media for 2 h. Tissue culture polystyrene surface was used as a 
positive control. L929 fibroblast cell lines (1 mL) were added into 
each well (final cell density: 1 × 105 cells well−1) and incubated at 
37 °C with the hydrogel samples. The culture medium composed 
of Roswell Park Memorial Institute (RPMI) 1640 medium with 
10% fetal bovine serum and 1% penicillin/streptomycin. After 
48 h, cell morphology was observed and images were taken using 
inverted compound microscopy (Eclipse TE2000-U, Nikon, Spain).

4.12. Animal Experiments

Animal experiments were performed to evaluate the biocompat-
ibility of the engineered hydrogels and to test their expansion 
capability in vivo. The experiments were performed on male 
Wistar rats (250 ± 25 g). All interventions were in accordance with 
the Declaration of Helsinki. The applied protocols were accepted 
by the Ethical Committee for the Protection of Animals in Scien-
tific Research at the National Institute of Genetic Engineering 
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and Biotechnology (NIGEB). The animals were anaesthetized 
with ketamine and xylazine (35–40 mg kg−1, 0.2 mg kg−1).

4.13. Subcutaneous Implants

For subcutaneous implantation, the hair of the dorsal region was 
removed and then a skin incision was made. Small pockets were 
created between the dorsal fascia and the panniculus muscle 
using a blunt preparation. The hydrogels, which exhibited the 
most promising mechanical and swelling characteristics in vitro, 
were chosen for in vivo observations. Cylindrical gels were formed 
with a diameter and length of ≈5 and 3 mm, respectively. Prior to 
the implantation, the dry masses (Md) of the samples were meas-
ured. The samples were placed into the pockets and the wound 
areas were closed with simple interrupted sutures. The animals 
received no antibiotics. On postoperative days 4 and 21, the ani-
mals were sacrificed followed by explantation of the expander 
samples including the adjacent tissue. The wet mass (Mt) of the 
expanders was measured immediately and the swelling ratios 
were calculated. Afterward, the samples were processed for histo-
logical analyses and compressive mechanical studies.

4.14. Histology

For histological analysis the samples were fixed for 24 h in 5% 
formaldehyde (pH 7.4) and rinsed in water. Then, they were 
decalcified in 10% Ethylenediaminetetraacetic acid (EDTA) (in 
0.3 m Tris HCl pH 7.4) and paraffin embedded before sectioned in 
5 µm intervals. The sections were stained based on standard pro-
tocols with hematoxylin eosin.

4.15. Statistical Analysis

The experiments were performed at least in triplicate. The results 
were reported as means ± standard deviation. The statistical dif-
ferences were determined by analysis of variance followed by 
Student’s t-test. Results were considered statistically significant 
when p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online 
Library or from the author.
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