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Abstract

Natural biopolymers have many attractive medical applications; however, complications due to fibrosis caused a reduc-

tion in diffusion and dispersal of nutrients and waste products. Consequently, severe immunocompatibility problems and

poor mechanical and degradation properties in synthetic polymers ensue. Hence, the present study investigates a novel

hydrogel material synthesized from caprolactone, ethylene glycol, ethylenediamine, polyethylene glycol, ammonium

persulfate, and tetramethylethylenediamine via chemo-enzymatic route. Spectroscopic analyses indicated the formation

of polyurea and polyhydroxyurethane as the primary building block of the hydrogel starting material. Biocompatibility

studies showed positive observation in biosafety test using direct contact cytotoxicity assay in addition to active cellular

growth on the hydrogel scaffold based on fluorescence observation. The synthesized hydrogel also exhibited (self)

fluorescence properties under specific wavelength excitation. Hence, synthesized hydrogel could be a potential candi-

date for medical imaging as well as tissue engineering applications as a tissue expander, coating material, biosensor, and

drug delivery system.
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Introduction

A wide range of polymeric biomaterials have been used

in the biomedical field. They are mainly utilized as scaf-

folds and implants in roles including repair, replacement,

or diagnostic applications.1–3 Hydrogel biomaterials

have found widespread use in dental, skin, drug distribu-

tion, and various surgical applications.4 The large molec-

ular mass of the polymer contributes to the distinctive

and, often advantageous, physical properties relative to

the small molecule compounds. The supramolecular

architecture of polymers can be designed to facilitate

semicrystalline structures rather than crystalline struc-

tures, with concomitant modulation of its durability

and viscoelasticity characteristics. It is relatively easy to

fabricate a wide variety of compositions, properties, and

forms (i.e. solids, fibers, fabrics, films, and gels) from

polymers to obtain complex designs and structures.

Being organic in nature, biopolymers offer many

advantages over metallic and ceramic biomaterials.
Furthermore, the market value of medical polymers is
estimated at more than a billion dollars with an annual
increase of 10–20%.5 Hydrogels as a form of colloidal gel

1Department of Biomedical Engineering, Faculty of Engineering,

University of Malaya, Kuala Lumpur, Malaysia
2Department of Mechanical Engineering, SRM Institute of Science and

Technology, Chennai, India
3Institute of Biological Sciences, Faculty of Science, University of Malaya,

Kuala Lumpur, Malaysia

Corresponding authors:

Sumit Pramanik, Department of Mechanical Engineering, SRM Institute of

Science and Technology, Kattankulathur, Kancheepuram District, Chennai

603203, Tamil Nadu, India.

Email: sumitpramanik.s@ktr.srmuniv.ac.in / prsumit@gmail.com

Belinda Pingguan-Murphy, Department of Biomedical Engineering, Faculty

of Engineering, University of Malaya, Kuala Lumpur 50603, Malaysia.

Email: bpingguan@um.edu.my

Journal of Biomaterials Applications

0(0) 1–12

! The Author(s) 2018

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0885328218812490

journals.sagepub.com/home/jba

http://orcid.org/0000-0003-0455-1582
mailto:prsumit@gmail.com
mailto:prsumit@gmail.com
mailto:prsumit@gmail.com
mailto:bpingguan@um.edu.my
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0885328218812490
journals.sagepub.com/home/jba
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0885328218812490&domain=pdf&date_stamp=2018-11-20


are normally formed from hydrophilic natural or syn-

thetic polymer networks. The diffusion or dispersion

medium is water. They are extremely absorbent and

porous and sometimes can comprise over 90% water.

Due to the significant water content, they are very similar
to natural tissue in terms of degree of flexibility and sup-

pleness, thus opening up a number of potential applica-

tions in biomedical fields through their resemblance to

living tissues. It has been estimated that the total cost of

hydrogels that have significant impact to the United

States economy alone is approximately $400 billion per
year.6 The hydrogels have been utilized for making con-

tact lenses, drug delivery and distribution systems, as

contrast agents, hygiene goods, scaffolding, tissue engi-

neering components, wound dressings, and bandages.
Tissue and organ transplantations are widely accept-

ed and acknowledged forms of therapy and rehabilita-
tion. However, shortages and unavailability of donors

cause this type of therapy to be restricted dramatically.

Hydrogels have found application in tissue engineering.

They are used as delivery and distribution vehicles for

bioactive substances and as space filling agents for

three-dimensional (3D) structures, which arrange cells
and present stimuli to promote the development and

growth of obligatory tissues.7 They could also act as

biological and organic glue for bulking and to avoid

adhesion. Drugs can be distributed and supplied in a

variety of applications from hydrogel scaffolds. Such

scaffolds have also been used to restore and resettle

transplanted cells for producing large amounts of
tissue, including cartilage, bone, and smooth muscle.8

Their unique properties, including significant water

content, softness, smoothness, flexibility, suppleness,

and biocompatibility, make them very useful in differ-

ent biomedical applications. In order to produce

hydrogels, cross-linking between hydrophilic polymers

has to be done by physical or chemical means, resulting
in 3D network structure that mimics the microenviron-

ment of cells.9 Wells coated with hydrogels are also

used for cell culture.10 Specific molecules with

“respond-and-react” characteristics e.g. antigen/anti-

body attached on the hydrogels allow for biosensing

ability and modulated drug delivery systems.11

However, conventional hydrogels suffer from several

problems e.g. fibrosis decreasing diffusion and dispersal

of nutrients and waste products to/from the living cells.

They also create complications such as immunocompat-

ibility issues in conventional synthetic hydrogels. In addi-

tion, poor mechanical properties e.g. tensile strength,
rapid, or inconsistent degradation curtails their extensive

use.12 Further, the attached cells risk being damaged

from the cytotoxic effects of macrophage-generated

nitric oxide and consequent damage of bone, dermis,

intestinal, and duodenal submucosa.

The present study aims to develop a flexible biocom-
patible hydrogel obtained from e-caprolactone, ethyl-
ene glycol, and ethylenediamine from lipase-mediated
synthesis. Characterization of the fabricated hydrogels
includes structural authentication, thermomechanical,
and biocompatible tests for medical and tissue
engineering applications. The biocompatibility was
assessed from cytotoxicity evaluation based on direct
contact of the hydrogel as a scaffold for cell attachment
and growth.

Materials and methods

Lipase-mediated synthesis of hydrogel macromer

Immobilized lipase B (NovozymVR 435) (which was
originated from Candida antarctica and had already
been immobilized on microporous acrylic resin) pur-
chased from Sigma-Aldrich and e-caprolactone
(Sigma-Aldrich) were mixed together at 100:3 ratio
(w/v) in reaction vials. The reaction mixture was incu-
bated at 200 r/min at 50�C for 24 h in a shaker incu-
bator (Labtech, Daihan Labtech Co. Ltd, Korea).
Thereafter, ethylene glycol and ethylene diamine
(3:1 v/v ratio) were added to the viscous reaction mix-
ture, and incubation was continued for another 24 h.

Subsequently, the macromer was extracted by diluting
the viscous reaction mixture with 5 ml dichloromethane
(DCM) (�2� initial caprolactone volume), followed by
the addition of 10 ml acetone (�2� DCM volume).
Then, the lipase beads were filtered out from the mixture.
A gel-like material was precipitated out from the filtrate
solution at room temperature (25�C� 1�C).

In the synthesis of the lipase-mediated biomaterial, a
condensation polymerization occurred. Lipase was used
as an enzyme to catalyze the ring-opening polymeriza-
tion.13,14 Caprolactone undergoes ring-opening polymer-
ization by the enzyme lipase (see Scheme 1(a)). Ethylene
glycol and ethylenediamine on the other hand undergo
condensation polymerization. The –OH group from the
ethylene glycol and the hydrogen from the –NH2 group
of the ethylenediamine reacted together by forming water
(H2O). The H2O influenced the functional groups (–OH
from ethylene glycol and –NH2 from ethylenediamine) to
react with caprolactone in order to produce polyhydrox-
yurethane (PHU) and polyurea (PU). Therefore, two dif-
ferent probable polymerization reactions were occurred
(see Scheme 1(b) and (c)). All the potential reactions are
summarized in Scheme 1.

Synthesis of hydrogels

The hydrogels were synthesized using a polymerization
method described by Gumel et al.15 with a slight mod-
ification. It involved a free radical polymerization of
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four main reactants viz. gel-like synthesized material as

described in the previous section, polyethylene glycol

methacrylate (PEGMA), ammonium persulfate (APS),

and tetramethyldiamine (TEMED). Each material was

individually subjected to a high power ultraviolet (UV)

radiation treatment for an hour using UV lamp

equipped in laminar flow hood (Safemate 1.2, Bioair)

prior to their use in the polymerization reaction. The

first solution consisting of gel-like material was pro-

duced by dissolving it completely in DMEM at 1:2

(w/v) ratio followed by vortex-mixing. The second

solution consisted of PEGMA in DMEM at 1:2 (w/v)

ratio followed by vortex-mixing for 1 s. The PEGMA

solution was used to form extensive network. The third

solution of APS in DMEM at 1:10 (w/v) ratio was

prepared followed by vortex-mixing. Each of the

three solutions was mixed according to weight ratio

of 25:25:1 in a centrifuge tube. Then, TEMED solution

(at 1:2 v/v ratio TEMED:DMEM) was added to the

resulting mixture at 1:6 (v/v) followed by vortex-
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mixing. Thereafter, the whole mixture was poured into

a proper mold. A schematic diagram of hydrogel prep-

aration is shown in Scheme 2. For thermal and ther-

momechanical analyses, a plastic straw of 8 mm

diameter was used as a mold. For biological assays,

the wells of 96-well plate were used as mold.

Approximately 15ml solution was poured in each

straw and 100 ml was poured in each well of the

96-well plate. The pouring step was rapidly done as

the mixture hardens within a short period following

the addition of TEMED solution. For the straw

mold, early solidification of the mixture occurred

within the first five minutes inside the straw tube with

both ends sealed. Then, the soft solid was left at room

temperature for another 15–20min to obtain the

hydrogel structure. Subsequently, the hydrogel was

gently pushed out of the straw mold into a petri dish

by squeezing the tube. Then, it was cut into several

pieces of approximately 10 mm length. The hydrogel

from the 96-well mold was also taken out gently. All

hydrogels were soaked in a sterile distilled water before

being subjected to further characterizations.
For biological assays, sterilized distilled water was

freshly changed every day to remove unwanted leach-

ing carry-over compounds. The discarded distilled

water was subjected to pH measurement. The soaking

process was repeated until the pH of the discarded

solution indicated neutrality. Then, soaking was con-

tinued for another one week in an incubator with 5%

CO2 atmosphere at 37�C to get rid of residual

unwanted compounds.

Hydrogel characterizations

Fourier transform infrared spectroscopy. The functional

groups of the hydrogel material were determined by

Fourier transform infrared (FTIR) spectroscopy (400,

Perkin Elmer, Waltham, UK). For the analysis, sam-

ples were placed on monolithic diamond attenuated

total reflectance probe and clamped against the dia-

mond crystal plate using a force adapter. Thereafter,

the samples were scanned over a range of 4000–

400 cm�1 at 25�C.

Nuclear magnetic resonance spectroscopy. The chemical

structure of the hydrogel material was authenticated

using 1H and 13C nuclear magnetic resonance (NMR)

spectroscopy at 600 MHz (AVANCE III 600 MHz,

Bruker, Massachusetts, USA). Twenty milligrams of

the material was prepared in a glass vial and completely

dissolved in 1 ml deuterated dimethyl sulfoxide

(DMSO-d6) solvent for overnight (12 h). The glass

vial was then covered with aluminum foil and placed

on a shaker at 100 r/min for 1 h. Then, the samples

were transferred into a 5-mm diameter NMR tube
prior to analysis.

Thermogravimetric analysis. Thermal stability of the syn-
thesized dry and wet hydrogels was analyzed by ther-
mogravimetric analysis (TGA) (Q500, TA Instrument,
New Castle, USA). It was performed in nitrogen atmo-
sphere, with a heating rate of 10�C min�1, 40–600�C as
described by Manna et al.16 The surface water from
both the hydrogel samples was completely removed
by soaking with dry tissue paper before the TGA.

Differential scanning calorimetric. Heat flow properties of
the dry and wet hydrogel materials were analyzed by
differential scanning calorimetry (DSC) (Q2000, TA
Instrument, New Castle, USA) as mentioned else-
where.3 Analysis was performed in nitrogen atmo-
sphere, and the temperature range was kept between
–35 and 90�C with a constant heating rate of
10�C/min. The surface water from both the hydrogel
samples was completely removed by soaking with dry
tissue paper before the DSC study.

Dynamic mechanical analysis. Thermomechanical proper-
ties were evaluated using dynamic mechanical analysis
(DMA) (RSA-G2, TA Instruments, New Castle, USA),
which measures the mechanical properties such as stiff-
ness and damping of the produced hydrogel as
described elsewhere.17 Samples (size approximately:
8 mm diameter� 10 mm length) were subjected to anal-
ysis in compressive mode at a heating rate of
10�Cmin�1 in liquid nitrogen atmosphere. The temper-
ature range applied was from –35 to 120�C at a con-
stant frequency of 1 Hz.

Bone marrow stem cell isolation and culture

Rabbit bone marrow stem cells (BMSCs) were isolated
aseptically from the tibia and femur of young adult
(<12-week-old) white New Zealand rabbits (Species:
Oryctolagus cuniculus). The isolation method was
adopted from Poon et al.18 with slight modifications
and in accordance to Declaration of Helsinki in terms
of ethical issues as the body part was obtained from
slaughterhouse. Dulbecco’s modified eagle medium
(D8900, Sigma) supplemented with 10% fetal bovine
serum (FB1001, Biosera) and 1% penicillin–streptomy-
cin (P4333, Sigma) (culture medium) was used for in
vitro cell culture. In brief, a fresh rabbit leg was
obtained within hours of slaughter, and immersion in
70% alcohol for 15 min was needed for disinfection
purpose prior to removal of hair, skin, and soft tissues
attached to femur and tibia. Subsequently, the tibia
and femur were excised from the joint, and metaphy-
seal ends of each bone were cut. Marrow from bone

4 Journal of Biomaterials Applications 0(0)



was flushed out from midshaft with 10 ml of culture
medium using a syringe through the opening at the
ends. Then, the mushy thick liquid, which contained
bone marrow, was collected in a 50-ml centrifuge
tube and centrifuged at 2000 r/min for 5 min. The
resulting cell pellet was re-suspended with 10 ml culture
medium and plated in a T-75 culture flask and subse-
quently incubated in incubator under 5% CO2 atmo-
sphere, at 37�C and relative humidity of 95%. Medium
was discarded together with unattached cells the next
day, and only cells attached to bottom of culture flask
remained in the flask. The culture flask was replenished
with fresh culture medium, and the attached cells were
allowed to propagate and grow to confluency for fur-
ther use by changing medium every 2–3 days. Rabbit
BMSCs at passage 3–6 were used in the cell study.

Cell cytotoxicity and proliferation evaluation

Determination of cell cytotoxicity and proliferation
was based on evaluation of cell viability. Resazurin
assay was adopted in this study as metabolic activity
of viable cell reduces resazurin of blue color to pink-
colored resorufin. Cytotoxicity of the fabricated hydro-
gel was determined by evaluating viability of fully
confluent cell in direct contact with hydrogel. Briefly,
96-well molded hydrogels were soaked in distilled water
to get rid of chemical residues after fabrication process
(as described in ‘Synthesis of hydrogels’ section) prior
to incubating the hydrogels with culture medium over-
night in an incubator at 37�C with 5% CO2 atmo-
sphere. Meanwhile, 24-well plate with confluent
BMSCs in each well was prepared by seeding 1� 105

cell/ml for 3 days. Each well was assigned with one of
the hydrogels and incubated in an incubator after
BMSCs had grown to confluence in the wells. Wells
with cells but without hydrogel were used as control.
As for cell proliferation and attachment evaluation,
proliferation of cell seeded directly on hydrogels was
determined. Hydrogels were fabricated and placed in
wells of a 24-well plate after rinsing with phosphate
buffer solution (PBS). Subsequently, BMSCs at density
of 1� 104 cell in 20 ml aliquot were seeded on the
hydrogel. Cells were given time to attach to the surface
of hydrogel followed by topping up culture medium to
the well to 1 ml after two hours. Resazurin assay was
performed on hydrogels, which were moved to a new
well plate after 1, 3, and 7 days incubation. Cells seeded
directly on wells were used as control. Resazurin assay
was carried out according to the instruction of the
manufacturer. Briefly, resazurin working solution was
prepared by adding 10% of resazurin stock solution
(140mg resazurin sodium salt powder (R7017,
Sigma)) in 1 l PBS to culture medium. Five hundred
microliters of resazurin working solution was added to

each well and incubated in an incubator for four hours.

Triplicates of 100 ml of reacted resazurin working solu-

tion from each well were transferred to respective wells

in a fresh 96-well plate. Absorbances of reduced resa-

zurin were measured at excitation wavelength of

570 nm and emission wavelength of 595 nm, using an

FLUOstar Optima microplate reader (BMG Labtech,

Offenburg, Germany). The viable cells were quantified

as percentage of resazurin reduction using equation as

described by the reagent manufacturer. The results

were expressed as mean of reduction percentage

� standard deviation. Significance of the results

obtained from control and hydrogel groups were sta-

tistically evaluated by paired t-test.

LIVE/DEADVR cell viability assays

Live/dead cell viability staining (L3224, Invitrogen)

assays were performed according to the manufacturer’s

instructions on cells seeded within hydrogel to deter-

mine cell viability and attachment morphology of

BMSCs in the hydrogel. The attachment and growth

properties were visualized and captured by confocal

microscopy with LIVE/DEADVR staining. Hydrogels

were prepared by mixing UV sterilized 25:25:1

(w/w/w) of gel-like prepared biomaterial, PEGMA,

and APS materials solutions to culture medium con-

taining BMSCs at a density 1� 106 cells/ml. TEMED

solution was then added to the mixture (at 1:2 v/v ratio

of TEMED:culture medium). The reaction mixture was

quickly casted into the stainless steel mold and allowed

to polymerize for 20 min at 25�C. After drying, the

synthesized hydrogels were recovered from the casting

molds and were transferred to a 100 mm petri dish

containing 10 ml of culture medium. Hydrogels with-

out cells prepared as described in the previous sections

were considered as control. Both hydrogels with and

without cells were incubated for 24 h. Hydrogels were

prepared for LIVE/DEADVR staining and viewed under

confocal microscope. According to the protocol pro-

vided by the manufacturer, hydrogels were prepared

by removing the culture medium and rinsed with

PBS. The LIVE/DEADVR reagent stock solutions were

removed from the freezer and were allowed to warm to

room temperature. One microliter of calcein (green

dye) stock solution and 4ml of EthD-1 (red dye)

stock solution were mixed into 2 ml of PBS, and hydro-

gels were incubated with staining solution for 30–

45min at room temperature. After incubation, the

excessive dye was removed, and the hydrogels were

rinsed with PBS and the hydrogels were ready to be

viewed under a confocal microscope.

Latfi et al. 5



Results and discussion

FTIR spectroscopy

From Figure 1, FTIR peaks of the hydrogel material
were observed at 3292, 2935, 2869, 1638, 1555, 1468,
1162, and 1010 cm�1. The peak signals at 1638 cm�1

represent –NHCONH–, 2935 and 2869 cm�1 represent
–CH2, and 1555 cm�1 represents amido group of PU.19

The peak signals at 3290 cm�1 also represent N–H

stretching, 1468 cm�1 represents aliphatic –CH2 bend-

ing, 1162 and 1010 cm�1 represent symmetric stretch-

ing of C–O–C, and 1730 cm�1 is for the C¼O group

due to the influence of hydroxyl group from PHU.20

Therefore, FTIR spectral analysis indicated that the

synthesized hydrogel material is likely to be composed

of PU and PHU.

NMR spectroscopy

In Figure 2, the 1H NMR d-shift peak signals were

observed at 7.8 ppm, 3.01 ppm, 2.55 ppm, 2.50 ppm,

2.1 ppm, and 1.65 ppm. The peak signal at 7.8 ppm was

attributed to RCONH of PU, 2.50 and 1.65 ppm from

symmetric H in PU, 2.1 ppm attributed to protons from

the two different R groups in PU, 3.01 ppm from NH2 of

PHU, and 2.55 ppm attributed to NH of PHU.21,22

In Figure 3, the d-shift peak signals were observed at

172 ppm, 32.5 ppm, 32.6 ppm, 39–42 ppm, and 60.8

ppm. The peak signal at 172 ppm was attributed to the

influence of C¼O from PU, the peak signals at 32.5 and

32.6 ppm were attributed to the influence of NH and

NH2 group from PHU, the peak signals at 39–42 ppm

(highest peak) were attributed to the rest of the carbons

of the R and R0 of PU, and the peak signal at 60.8 ppm

indicated the influence of the hydroxyl group of the
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PHU.21,22 Therefore, a probable structure of the hydro-

gel could be PU and PHU based block copolymer as

shown in end product of Scheme 2.

Thermogravimetric analysis

Thermal degradation nature of both dry and wet

hydrogels was found to be similar. Since wet hydrogel

contained more water, its weight loss was noticeably
faster than that of dry hydrogel. The first decrease in
the weight percentage of the wet hydrogel material
(around 32 wt %) was observed from around
40–150�C, where the steepest part was around 100�C
(Figure 4) which indicated the evaporation of absorbed
water in the hydrogel. The second weight loss (nearly
30 wt %) between 170 and 290�C and third weight loss
(nearly 34 wt %) between 290 and 430�C clearly point-
ed to the thermal degradation of the organic fraction of
the block copolymer from the two blocks. There was
no further weight loss after 430�C. The second weight
loss is attributed to the combustion of PHU in the
hydrogel. The third weight loss around 400�C was
attributed to the combustion of PU and PEGMA,
which were used to prepare the hydrogel.

Differential scanning calorimetry

Two significant DSC peaks were found for both dry
and wet hydrogels. From DSC thermogram
(Figure 5), the first endothermic peak at around
–12�C–7�C indicated mainly the melting of absorbed
frozen water for the wet hydrogel as well as breaking
of hydrogen bonds between the polymer chains.
Another endothermic peak of the wet hydrogel at
around 76�C pointed to the evaporation of water
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molecules along with some organics. On the other

hand, dry hydrogel showed two sharp endothermic

peaks at around –2 and 0�C due to the breaking of

hydrogen bonds between the polymer chains of the

polymer and a small amount of adsorbed water, respec-

tively. Since some organics present in the dry hydrogel

had lower melting point (nearly 58�C) than water, the

second endothermic peak of the dry hydrogel was

found to be lower than wet hydrogel.

Dynamic mechanical analysis

The dynamic mechanical properties of the hydrogel

were characterized by the change in loss modulus (E00,
MPa), storage modulus (E0, MPa), and energy

dissipation factor (tan d¼E00/E0) as a function of tem-

perature. The maximum storage modulus of the hydro-

gel was found at temperature around 0�C (see Figure

6). Maximum loss of storage modulus was observed in

the range of 0–20�C. Since the rate of change in loss

energy of this material is very high compared to the

rate of change in storage energy, tan d becomes more

than 0.5 (tan d peak around 37�C in Figure 6).

Therefore, this newly developed hydrogel can be used

to control the mechanical and degradation properties

of tissue expander hydrogels.23,24

Cytotoxicity and proliferation evaluation

A rabbit’s BMSCs were used as a cellular model during

evaluation of the hydrogel’s cytotoxicity following resa-

zurin assay (see Figure 7). Percentage of reduction is

directly proportional to the number of viable cell. The

results obtained from cytotoxic evaluation indicated a

noticeable increase in cell proliferation with 24–72h

incubation for both sample and control. The cell in

the wells had been confluent when the hydrogel was

first introduced to the well. Slight increase in cell

number shown by this study was due to the layer for-

mation of neocells over the other cell layers, which was

confirmed by inverted microscopy observation (see

Figure 8). The observation made was also supported

by other studies.2,3 With reference to the control

sample, the percentage of reduction by cell incubated

with sample had similar cell proliferation rate. The

results in Figures 7 and 8 with high concentrated stem

cells indicated that there was no cytotoxic effect because
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of the negligible difference between hydrogel samples
and control i.e. hydrogels did not cause detectable
death of cell. There was no significant difference
(p> 0.05) between the control and hydrogel samples
after incubation from 48 to 72 h. Thus, it can be con-
cluded that the synthesized hydrogel showed negligible
cytotoxic effects and is bio-inert toward healthy BMSCs
of rabbits.

According to the results obtained from the resazurin
assay on rabbit BMSCs seeded directly on hydrogel
(Figure 9), a significant difference between prolifera-
tion of cell seeded directly on hydrogel samples and
well (i.e. controls) was observed throughout the incu-
bation period from day 1 to day 7. Cell number increas-
ing in the well without hydrogel was most significant
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Figure 7. Percentage of reduction in resazurin assay which
indicates viability of rabbit BMSCs incubated with hydrogel in
well for 24, 48, and 72 h. Sample represents cell incubated with
hydrogel and control represents cell without incubation with
hydrogel, with n¼ 6. Note: There was no significant difference
between the hydrogel and control after incubation (p> 0.05).
BMSCs: bone marrow stem cells.

Figure 8. Rabbit BMSCs under inverted microscopic view of (a–c) cells in direct contact with the hydrogel and (d–f) control for (a, d)
24, (b, e) 48, and (c, f) 72 h. Bar scale for all images is 50 lm.
BMSCs: bone marrow stem cells.
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Figure 9. Percentage of reduction in resazurin assay which
indicates viability of rabbit BMSCs seeded directly on hydrogel
for 1, 3, and 7 days. Sample represents cell seeded on hydrogel
and control represents cell on well and without hydrogel, with
n¼ 6, where * represents significant low percentage of reduction
of sample compared to control at p< 0.05. Note: The percent-
age reduction was stationary for the stem cell seeded hydrogel
samples from day 1 to day 3.
BMSCs: bone marrow stem cells.
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from day 3 to day 7. On the other hand, increase in cell

proliferation for those seeded directly on hydrogel sam-
ples from day 1 to day 7 was poor compared to the

controls. The low percentage of reduction in cell seeded

directly on hydrogel could be due to the smooth surface
of hydrogel. It is a clear indication of bio-inertness of

the hydrogel. Hence, the present bio-inert hydrogel
may help to improve the immunocompatibility of the

tissue expanders.25

For this study, a direct contact test is an alternative
solution to assess the cytotoxicity of the hydrogel.

The test can be improved by using a hydrogel with dif-

ferent volume or weight as variables. Briefly, cytotoxicity
level of the hydrogel was determined by the difference in

the volume of hydrogel and the desired volume ratio of
the hydrogel to the culture medium. By using different

volumes of the hydrogels, it could be possible to measure

the lethal dose. One problem with this technique could be
that a larger volume of hydrogel might be too heavy for

the cell to handle. The cells might die due to permanent

compression of the heavy hydrogels rather than due to
leaching by-products. The BMSCs response in terms of

cell attachments and proliferation was shown by a similar
technique of Gumel et al.15 The main reason that con-

tributes to the significant differences seen between cells

seeded on hydrogel and control is due to surface quality.
The smoothness and sliminess surface of the hydrogel

might not be conducive for cell attachment. For example,
agarose which is a natural polysaccharide polymer mate-

rial, generally extracted from seaweed, is widely synthe-

sized as hydrogel for applications in tissue engineering
scaffold or coating material and does not allow cell

attachment on the surface. Cell attachment to the agarose

surface is promoted by the addition of cell adhesion moi-
eties.26 For example, the agarose hydrogel can be coupled

with an extracellular matrix protein such as laminin to

improve cell attachment.27 One of the ways that might

improve the cell attachments to the surface of the hydro-

gels is by coating it with extracellular matrix proteins

such as collagen, fibronectin, and laminin.28 Therefore,

the present investigation might solve the fibrosis prob-

lems by controlling the formation of excess fibrous con-

nective tissues in an organ at a reactive state.29

LIVE/DEADVR cell viability assays and

confocal microscope

Results of cytotoxicity and proliferation assays indicate

quantitative information of cell growth but the quali-

tative cytotoxicity results of the hydrogel can be eval-

uated from confocal microscopy observation.30

Interestingly, when the neat hydrogel samples were

viewed under the confocal microscope and without

staining, tiny spots of green colors were clearly visible

(micrograph not shown). The green and red colors were

also observed in the stained sample without cells

(Figure 10(a)). This clearly indicated that the synthe-

sized hydrogel exhibited (self) fluorescent properties.
The confocal microscopic images under fluorescence

excitation using LIVE/DEADVR staining on the cell

encapsulated in hydrogel showed significant difference

compared to the others. Abundant tiny green spots

indicated the viability of stem cells encapsulated by

hydrogels after 7 days incubation. The large cells pre-

sent in the hydrogel were not visible entirely because

the self-fluorescence of the hydrogel itself hindered the

detection of specific fluorescent signals or stains, par-

ticularly when the wanted signals were relatively

dimmer as suggested by other studies.31 Therefore,

the hydrogel has self-fluorescence effect besides it

being a conducive milieu for cell proliferation. The

newly discovered self-fluorescence property of the

Figure 10. Fluorescence microscopic images of live/dead staining of cell encapsulated and incubated within hydrogels using confocal
microscope are shown. Images show (a) hydrogel without cells and with stain, (b) hydrogel with cells and without stain, and (c)
hydrogel with cells and with stain. (Color image is available only for soft copy in online and not for printed copy).
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synthesized hydrogel material made it a potentially

useful contrast agent in other applications, such as

magnetic resonance imaging.

Conclusions

The structural, mechanical, and biocompatibility stud-

ies of a novel hydrogel material are reported. The start-

ing compound comprised PU and PHU as primary

building blocks and synthesized via lipase catalysis. It

was used alongside polyethylene glycol, APS, and tet-

ramethylethylenediamine to produce a hydrogel via

radical polymerization. Biocompatibility tests showed

the hydrogel as an inert material to the rabbit bone

stem cells. Apart from its bio-inertness, the hydrogel

exhibited self-fluorescence properties under specific

excitation wavelength and might potentially be used

as a contrast agent in imaging applications.

Therefore, the present bio-inert hydrogels can poten-

tially be adopted in medicine as well as in excellent

tissue expander, which is used in wound healing,

dental, plastic, and in advanced surgeries.23–25,29
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