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Abstract
We have developed a thermoresponsive poly(N-isopropyl acrylamide)-based scaffold with
degradability and controlled porosity. Biodegradable poly(N-isopropyl acrylamide) hydrogels
were synthesized by photo-copolymerization of N-isopropylacrylamide with 2-methylene-1,3-
dioxepane and polycaprolactone dimethacrylate. The hydrogels’ phase transition temperature,
swelling and viscoelastic properties, as well as hydrolytic degradability at 25 and 37°C, were
explored. A sphere-templating technique was applied to fabricate hydrogel scaffolds with
controllable pore size and a highly interconnected porous structure. The scaffold pore diameter
change as a function of temperature was evaluated and, as expected, pores decreased in diameter
when the temperature was raised to 37°C. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) test results suggested neither the scaffolds nor their degradation products were
cytotoxic to NIH3T3 cells. Scaffolds with 55±5 μm pore diameter were loaded with NIH3T3 cells
and then were warmed to 37°C entrapping cells in pores approximately 39 μm in diameter, a size
range we have found to be optimal for angiogenesis and biointegration. Cells showed uniform
infiltration and an elongated morphology after 7 days of culture. Due to the controlled
monodisperse pore diameter, highly interconnected architecture, fully degradable chemistry and
thermoresponsive properties, the polyNIPAM-based scaffolds developed here are attractive for
applications in tissue engineering.
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Introduction
Hydrogels are networks of hydrophilic cross-linked polymers which swell to equilibrium in
the presence of water or physiological fluids. During the last two decades, naturally derived
and synthetic hydrogels have been topics of extensive research in the field of tissue
engineering for application as three-dimensional porous scaffolds for the repair and
regeneration of various tissues and organs.1–6 Hydrogels are appealing for this goal due to
their high water content and mechanical properties that mimic those of living tissues.5,7 The
advantages of synthetic hydrogels compared to natural ones are reproduciblity, freedom
from biological contamination and the ability to tune properties by synthetic chemistry
modifications.1,5

So called “intelligent hydrogels” have been a subject of special interest due to their ability to
respond with pronounced property changes to external stimuli.8–10 For example,
thermosensitive degradable hydrogels have been used for cell entrapment 11 and protein
release.12 Among the intelligent hydrogels, thermosensitive poly(N-isopropyl acrylamide)
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(polyNIPAM) is probably one of the most extensively studied. In aqueous media
polyNIPAM hydrogels exhibit a volume phase transition temperature (VPTT) at around 32–
34°C.13–15 The cross-linked polyNIPAM network undergoes an abrupt, reversible swelling-
deswelling process below and above the VPTT.15 The VPTT of polyNIPAM hydrogels can
be modulated by co-polymerization with hydrophilic or hydrophobic monomers to increase
or decrease the transition temperature.9,16 Due to their thermosensitive nature, biostability
and biocompatibility, polyNIPAM-based hydrogels are attractive candidates for biomedical
applications including tissue engineering.17–20 Three-dimensional polymer scaffolds that
mimic native extracellular matrices play a pivotal role in tissue engineering.16 The function
of scaffolds is to direct growth of cells, either seeded within the porous structure or
migrating from the surrounding tissue. Therefore, scaffold matrices must provide cell
adhesion, proliferation, differentiation and infiltration.20–21 One of the criteria for the
successful application of three-dimension scaffolds is high porosity.21 Various techniques
have been used to fabricate interconnected porous scaffolds such as salt leaching, phase
separation methods, gas foaming, fiber meshes and electrospinning.21 However, these
methods do not provide precision control of pore size, structure or interconnectivity. Our
research group has defined criteria for optimal porous scaffold biointegration and
angiogenesis requiring that all pores are identical in size, well-interconnected and between
30 and 40 microns in diameter.40,46,48 Degradability is an additional important factor in
designing scaffolds for applications in tissue and organ regeneration.1,21–22 Ideally, the
scaffold should provide mechanical and biochemical support during the regeneration process
and then, as new tissue forms, should be completely degraded and eliminated through
metabolic processes.

The purpose of this study is to demonstrate the preparation of fully degradable, thermo-
swellable scaffolds based on polyNIPAM hydrogels with controlled pore size and a highly
interconnected porous structure that have potential for tissue engineering applications.

There are examples in the scientific literature of partially degradable polyNIPAM hydrogels
where the degradable bonds are typically introduced into the cross-linking sites but not
within the polymer backbone.13,19,23–32 Different biodegradable cross-linkers have been
used for this purpose, such as amino-acid derivatives,23–25 degradable polyaspartic acid
derivatives,13 as well as modified dextran,26–30 polylactic acid19,29 and poly(ε-
caprolactone) (PCL).26,31 In all these cases, materials degrade through cleavage of
crosslinkings leaving a non-degradable, high molecular weight polyNIPAM backbone. Such
polyNIPAM chains have limited ability to be eliminated from the body by natural pathways
and may induce the foreign body response.27,39

A non-degradable polymer backbone could be engineered for degradability by the
introduction of ester linkages through radical ring-opening copolymerization (RROP)33 of
cyclic monomers like 2-methylene-1,3-dioxepane (MDO)34–35 or benzo-2-methylene-1,3-
dioxepane (BMDO).36 In the literature to date, a few studies on the preparation of
degradable linear polyNIPAM by applying this technique have been reported37–39 and only
one of them mentions preparation of fully degradable cross-linked polyNIPAM hydrogel by
UV polymerization of NIPAM with BMDO in presence of poly(ethylene glycol-co-glycolic
acid) diacrylate.39

Here we report a method for preparation of a thermoresponsive scaffolds based on a fully
degradable polyNIPAM hydrogel with a controllable, monodisperse, highly interconnected
porous structure for potential applications in tissue engineering. First, polyNIPAM
hydrogels with degradable units within the polymer backbone and at the cross-linking sites
were synthesized by photopolymerization of NIPAM with MDO and polycaprolactone
dimethacrylate (PCLDMA). The VPTT of the hydrogels prepared at different [NIPAM]/
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[MDO] molar ratios were measured and their swelling and viscoelastic properties as well as
hydrolytic degradability at 25 and 37 °C were explored. Second, a sphere-templating
technique40 was applied to fabricate fully degradable scaffolds, with monodisperse
controlled pore size and highly interconnected architecture, based on the aforementioned
polyNIPAM hydrogels. The morphology of the scaffolds with different pore sizes was
characterized and change in the pore size as a function of temperature was examined. The
cytotoxicity of the scaffolds and their degradation products were analyzed using the MTT
assay and the adhesion of the fibroblast cells to the material was explored. To demonstrate
the potential of the developed material for tissue engineering, the scaffolds were loaded with
NIH3T3 cells using the thermoresponsive properties of the material and cell distribution,
infiltration and morphology were investigated.

Experimental Section
Materials

NIPAM (Aldrich, 97 %), MDO (Polysciences Inc.), tetraethylene glycol dimethacrylate
(TEGDMA) (Polysciences Inc.), polycaprolactone diol (Mn ~530; Aldrich), methacryloyl
chloride (Fluka, 97%), triethylamine (TEA) (Sigma, 99.5%), uncrosslinked poly(methyl
methacrylate) (PMMA) microspheres (Microbeads® (sphere diameter ~ 38 μm); Kupa Inc.
(sphere diameter ≤ 100 μm); Polyscience Inc. (sphere diameter ~ 200 μm, Mw 75, 000)),
DMSO anhydrous (Sigma, 99.9%), ethylene glycol anhydrous (EG) (Sigma, 99.8%), 2,2-
dimethoxy-2-phenylacetophenone (IRGACURE 651, Ciba-Geigy), dichloromethane (EMD
Chemicals Inc., HPLC grade), acetone (EMD Chemicals Inc., HPLC grade), Vybrant MTT
cell proliferation assay kit (Invitrogen), Dulbecco’s modified Eagle medium (DMEM)
(Invitrogen).

Analytical Methods
1H-NMR spectra were obtained with a Bruker AV-300 spectrometer. For chloroform-d,
chemical shifts are expressed in ppm downfield from tetramethylsilane used as an internal
standard.

Photopolymerization was accomplished with a UV lamp (PC451050, Hanovia 450-W Hg
lamp, HANOVIA Specialty Lighting LLC, NJ, USA. Distance of the lamp from
polymerization mixture is 30 cm.)

The scaffold and cell morphology were determined by scanning electron microscopy (SEM)
(FEI SEM XL Siron, Hillsboro, OR). Dry samples were Au/Pd sputter coated for 60 sec
(SPI Supplies, West Chester, PA).

Details regarding additional equipment items that were used during this research are
described later in pertinent paragraphs.

Synthesis of PCLDMA41

Polycaprolactone diol (Mn ~530, 25 g, 0.047 mol) and TEA (19.7 mL, 0.14 mol) were
dissolved in anhydrous dichloromethane (150 mL) and the solution was cooled to 0°C.
Methacryloyl chloride (13.8 mL, 0.14 mol) was added dropwise and the reaction mixture
was stirred at room temperature (RT) for 18 h. The formed solid was filtered off and the
dichloromethane solution was washed with 0.1N HCl, saturated NaHCO3 and H2O. The
organic phase was dried over MgSO4, filtered and evaporated to produce an orange oil.
Purified PCLDMA was obtained by precipitation into cold hexanes as a slightly yellow wax
(yield 82%). The degree of methacrylation was determined with 1H NMR spectroscopy by
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ratio between the integral area under the peak at δ 6.12 (s, 2H, olefinic, cis) and 3.70 (m, 4H,
-OCH2CH2OCH2CH2O-).

Synthesis of PolyNIPAM-20 and PolyNIPAM-40 Hydrogels
Fully degradable polyNIPAM-20 and polyNIPAM-40 hydrogels were prepared by
photocopolymerization of NIPAM with a 20 and 40 molar percent of MDO monomer,
respectively, as shown in Figure 1.

In a typical experiment, NIPAM (0.9 g, 0.008 mol), PCLDMA (0.158 g, 2.4×10−4 mol, 3%
mol/mol), MDO (0.181 mL, 1.6×10−3 mol (20% mol/mol) or 0.362 ml, 3.2×10−3 mol (40%
mol/mol)) and photoinitiator 2,2-dimethoxy-2-phenylacetophenone (25 mg, 8×10−5 mol
(1% mol/mol)) were dissolved in anhydrous DMSO/EG solution (1.5 mL, 1:1 v/v). The
reaction mixture was then cast into a mold (consisting of two microscope slides separated by
1 mm thick Teflon spacer) and photopolymerized for 3 min. The polymer sheet was then
removed from the mold and washed with acetone and water to extract residues of unreacted
reagents.

For NMR, linear polyNIPAM-40 was synthesized according the procedure described above
but in the absence of PCLMDA crosslinker. After polymerization the crude linear material
was dissolved in chloroform, precipitated from cold ether and dried under vacuum to obtain
purified linear polyNIPAM-40 as a white powder.

Synthesis of Poly(NIPAM-TEGDMA)-20, Poly(NIPAM-TEGDMA)-40 and Poly(NIPAM-
TEGDMA) Hydrogels

Partially degradable (NIPAM-TEGDMA)-20 and poly(NIPAM-TEGDMA)-40 hydrogels
(with a degradable backbone but a non-degradable cross-linking sites), were prepared
according the procedure described in the paragraph above, but in the presence of the non-
degradable cross-linker TEGDMA (79 μL, 2.4×10−4 mol, 3% mol/mol) instead of
PCLDMA. Non-degradable poly(NIPAM-TEGDMA) hydrogels (with non-degradable both
backbone and cross-linking site), were prepared as described herein, but in the absence of
MDO monomer.

Synthesis of PolyNIPAM Hydrogel
Partially degradable polyNIPAM hydrogel with a non-degradable backbone and degradable
cross-linking sites was prepared according the procedure for synthesis of fully degradable
hydrogels but in absence of MDO monomer.

Hydrogel Compositions Synthesized in this Work
Table I summarizes compositions and anticipated degradability of the hydrogels prepared in
the present work.

Degradation Studies
1. Impact of NIPAM Copolymerization with MDO on the Degradation of the
PolyNIPAM Backbone—Non-degradable poly(NIPAM-TEGDMA) and partially
degradable poly(NIPAM/TEGDMA)-20 and poly(NIPAM/TEGDMA)-40 hydrogel sheets
were punched into 8 mm disks. The disks were lyophilized to determine the original dry
weight (W1). The dry disks were then placed in 0.1 N NaOH solution and the samples were
shaken at RT. Poly(NIPAM-TEGDMA), poly(NIPAM/TEGDMA)-20 and poly(NIPAM/
TEGDMA)-40 samples (triplicates) were taken at different points in time and washed with
H2O to remove residual NaOH. The samples were then lyophilized to determine dry weight
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after degradation (W2). The degradation was evaluated by calculating the percent of weight
loss using equation (1):

(1)

2. Hydrolytic Degradation of Fully Degradable PolyNIPAM-Based Hydrogels—
Fully degradable polyNIPAM-20 and polyNIPAM-40 hydrogel sheets were punched into 8
mm disks. The disks were lyophilized to determine the original dry weight (W1). Then, the
dry disks were placed in 0.007 N NaOH solution and the samples were shaken at 25 and
37°C. For both temperatures, polyNIPAM-20 and polyNIPAM-40 samples (triplicates) were
taken at different points in time, washed with H2O and lyophilized to determinate dry weight
after degradation (W2). The degradation was evaluated by calculating the percent of weight
loss using equation (1).

VPTT Determination
VPTT of the polyNIPAM-20, polyNIPAM-40 and polyNIPAM hydrogels was determined
by differential scanning calorimetery (DSC) (Netzsch DSC 200). The hydrogel sheets,
swollen to equilibrium, were punched into 3 mm diameter disk and the excess water on the
disk surface was removed with wet filter paper. Then, the samples were placed in an
aluminum pan and sealed with an aluminum lid. The samples were scanned from 25 to 50°C
at a heating rate of 3 °C/min under dry nitrogen. The VPTT was defined as the onset
temperature of the endotherm.

Swelling Study
PolyNIPAM-20, polyNIPAM-40 and polyNIPAM hydrogel sheets were punched into 8 mm
disks. The disks were lyophilized to determinate the dry weight (Wdry). The samples were
then swollen in distilled water at 4, 25 and 37°C for 24 h to reach the equilibrium state. For
each temperature, the excess water on the swollen hydrogel surface was removed with wet
filter paper and the weight of the swollen sample (Wswollen) was determined (in triplicate).
The swelling percent was calculated using equation (2):

(2)

Rheology
Viscoelastic properties of polyNIPAM-20 and polyNIPAM-40 were characterized by
dynamic shear oscillation measurements. The rheology study was performed on swollen
hydrogel disks (25 mm diameter, 0.5 cm thickness) using a rheometer (AR-G2, TA
Instruments, New Castle, DE, USA) with a 20 mm diameter parallel plate. The effect of the
temperature on the storage modulus (G′) was determined from 25 to 45°C with a heating rate
of 1°C/min, at constant frequency and shear strain of 1 Hz and 10%, respectively. The
temperature of the plate was controlled by connection to a recirculating water bath.

Sphere-Templated Scaffold Fabrication
Step 1. Template Preparation—PMMA microspheres were fractionated to the
following size cuts: 35 ± 1μm; 49 ± 8μm; 81 ± 8μm and 188 ± 26 μm, with an ATM model
L3P Sonic Sifter. The beads were transferred to a mold (composed of two microscope slides
separated by a 1 mm thick Teflon spacer) and sonicated for 10 min for optimal packing. The
beads were then sintered for 20 h at 140°C to obtain PMMA templates with neck sizes
(interconnects between the beads) of 30% of the bead diameter.
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Step 2. Scaffold Fabrication—PMMA templates were infiltrated with the reaction
mixture composed of NIPAM (0.9 g, 0.008 mol), PCLDMA (0.158 g, 2.4×10−4 mol, 3%
mol/mol), MDO (0.181 mL, 1.6×10−3 mol (20% mol/mol) or 0.362 ml, 3.2×10−3 mol (40%
mol/mol)) and photoiniator 2,2-dimethoxy-2-phenylacetophenone (25 mg, 8×10−5 mol (1%
mol/mol)) dissolved in anhydrous DMSO/EG solution (1.5 mL, 1:1 v/v). The mixture was
photopolymerized for 5 min and the PMMA template infused with polymerized hydrogel
was removed from the mold and placed in dichloromethane to dissolve the PMMA beads.
The scaffold obtained, composed of a fully degradable polyNIPAM gel, was washed in
acetone and then hydrated in distilled water.

Shrinkage
Swollen polyNIPAM-40-based scaffolds disks (10 mm diameter with different pore
diameters) were embedded in a gel (Tissue Tek® O.C.T. Compound), frozen in liquid
nitrogen and then cut to 25 μm thick sections with a Leica ultramicrotome CM1850. The
sections were immersed in water and observed under an inverted optical microscope
equipped with an incubation warmer (Nikon eclipse TE200). Pore diameter was measured
with MetaMorph® software (version 6.0, Molecular Devises, PA, USA) at 25°C (D25) and
37°C (D37) and shrinkage percent was calculated by using equation (3):

(3)

Cytotoxicity
Cytotoxicity of the scaffolds and their degradation products were evaluated by using an
MTT assay.

1. Scaffold Cytotoxicity—Scaffolds were sterilized with 70% ethanol, washed with
sterile PBS and placed in DMEM for 24 h. At the same time, 0.5 mL of 3T3 mouse
fibroblasts (1×104 cells/well) were seeded in 24-well culture plates for 24 h. The media then
was removed from the wells and replaced with 0.5 mL of scaffold eluent. The cells were
incubated with media eluted from the scaffold for an additional 24 h, then washed with
phenol red-free DMEM media and afterwards exposed for 4 h to 0.5 mL of phenol red-free
DMEM media containing 10% of MTT solution (5 mg/mL MTT reagent in PBS). 1 mL of
DMSO was then added to extract a blue product by vigorous pipetting. Tissue culture
polystyrene (TCPS) and latex were used as the negative and positive controls, respectively,
and were treated similarly as above. 200 μL aliquot from each well was transferred into a
96-well plate and absorbance was measured at 550 nm with a microplate reader (tunable
VERSAmax microplate reader, Molecular Devices, CA, USA).

2. Degradation Products Cytotoxicity—Scaffolds were hydrolyzed in 0.1 N NaOH.
The solution was neutralized and degradation products were extracted with chloroform. The
organic phase was dried over MgSO4, filtered, and chloroform was evaporated to obtain a
white powder. The degradation products were dissolved into media at concentrations of 5,
10 and 15 mg/mL and cytotoxicity at different concentrations was evaluated according the
procedure for the scaffold eluent, described in the paragraph above.

Cell Adhesion and Morphology
PolyNIPAM-40-based scaffold was punched into 8 mm disks, sterilized with 70% ethanol,
washed with sterile PBS and soaked in culture media at 4°C overnight prior to seeding.
Afterwards, disks immersed in DMEM media were placed at 37°C for 24 h to allow
shrinkage of the material. The shrunken disks then were removed from the media and placed
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into a 96-well plate to fit exactly the diameter of the well and to serve as a surface for cell
culture. 180 μL of cell suspension (1×104cells/well) was added and cells were cultured on
the surface of the scaffold for 2 and 5 days. At each point in time the media was removed,
the scaffold’s surface was washed with warm sterile PBS and then fixed with 2%
glutaraldehyde solution at 37°C. At the end of fixation the sample was immediately frozen
in liquid nitrogen and lyophilized. The samples were observed under SEM to explore cell
adhesion and morphology.

Cell Loading Study
The polyNIPAM-40-based scaffold with 55 ± 5 μm pore diameter was punched into 10 mm
disks, sterilized with 70% ethanol, washed with sterile PBS and soaked in culture media at
4°C overnight. Prior to loading with cells, the excess of media was removed from the
scaffold’s surface with wet filter paper. Afterward, the disks were placed on dry filter paper
and 50 μL of the 3T3 cell suspension (1×107 cells/mL) was added 4 times to the top of each
disk (triplicates). The scaffolds were then placed into a 24-well plate and 2 mL of media was
carefully added. The cells were cultured for 7 days and the media was changed every other
day. The scaffolds were then fixed with a methanol-glacial acetic acid solution (9:1 v/v) for
30 min at 37°C. For histological analysis, samples were dehydrated through graded ethanol/
xylene at 37°C and then embedded in paraffin. Paraffin blocks were sectioned (5 μm thick)
onto charged Superfrost® plus slides (VWR International, West Chester, PA, USA),
deparaffinized, rehydrated and stained with hematoxylin and eosin. Images were obtained
with a Nikon E800 upright microscope equipped with MetaMorph® software (version 6.0,
Molecular Devises, PA, USA). For observation under SEM the samples’ cross-sections of
approximately 1mm thick were deparaffinized, rehydrated, frozen in liquid nitrogen and
lyophilized.

Results and Discussion
Fully Degradable PolyNIPAM-Based Hydrogels

Homopolymerization of cyclic MDO monomer results in PCL formation through the RROP
mechanism34 and in the present work this feature was utilized to engineer degradable
polyNIPAM backbone. Figure 1 illustrates the synthesis of a polyNIPAM-based hydrogel by
photo-copolymerization of NIPAM with MDO and PCLDMA degradable cross-linker that
completely degrades to oligomeric units that can cleared from the body.

Copolymerization of NIPAM with MDO contributes ester linkages to the polymer backbone
chains through incorporation of CL units and therefore leads to the formation of a
degradable polyNIPAM backbone. Thus, by polymerization of NIPAM in presence of MDO
and PCLDMA, one can obtain degradable sites throughout the polymer network (backbone
and the cross-links).

In order to demonstrate the impact of NIPAM copolymerization with MDO on the
degradable properties of the polymer backbone, polyNIPAM-based hydrogels with the non-
degradable cross-linker TEGDMA were synthesized. Non-degradable control,
poly(NIPAM-TEGDMA), was prepared in absence of MDO; partially degradable
poly(NIPAM-TEGDMA)-20 and poly(NIPAM-TEGDMA)-40 were synthesized in presence
of 20 and 40% mol/mol of MDO, respectively. The accelerated degradation of the hydrogels
in 0.1N NaOH solution was evaluated by measuring weight loss (%) vs. time and is
summarized in Figure 2.

Figure 2 demonstrates that control, poly(NIPAM-TEGDMA) does not exhibit degradation
while both poly(NIPAM-TEGDMA)-20 and poly(NIPAM-TEGDMA)-40 show significant
weight loss of 48 and 65%, respectively, after 10 hours of exposure to alkaline solution. The
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hydrogels were synthesized with non-degradable cross-linker and the modification was
applied only in the polymer chain and therefore this experiment is a proof for incorporation
of ester linkages into the polyNIPAM backbone by the presence of MDO during
copolymerization. 1H-NMR of linear polyNIPAM-40 also confirms the presence of the CL
units in the polyNIPAM backbone: 1H-NMR (CHCl3) δ 1.14 (-CONCH(CH3)2), 1.26–1.93
(-CO2CH2CH2CH2CH2-) and (-CH2-CH(CONCH(CH3)2), 2.13 (-CH2-
CH(CONCH(CH3)2), 2.85 (-CH2CO2CH2CH2CH2CH2-), 3.54 (-
CH2CO2CH2CH2CH2CH2-), 4.03 (-CONCH(CH3)2).

VPTT of fully degradable hydrogels, polyNIPAM-20 and polyNIPAM-40 (prepared in
presence of 20 and 40% mol/mol MDO, respectively) and partially degradable polyNIPAM
(prepared in presence of PCLDMA but in absence of MDO) were determined by DSC and
defined as the onset temperature of the endotherms, as shown in Figure 3.

Both polyNIPAM-20 and polyNIPAM-40 exhibit a VPTT around 30°C compared to
polyNIPAM homopolymer with a VPTT of 32.1°C. In general, VPTT of themosensitive
polyNIPAM-based hydrogels is usually governed by the relative hydrophobicity of the bulk.
9,16 As a result of the copolymerization of NIPAM with MDO, the hydrophobic/hydrophilic
balance of the polyNIPAM hydrogel is changed due to incorporation of CL units into the
polyNIPAM backbone.37 The presence of the hydrophobic CL fragments increases the
hydrophobicity of the hydrogel network and therefore decreases the VPTT of fully
degradable polyNIPAM-20 and polyNIPAM-40 compared to partially degradable
polyNIPAM. The polyNIPAM-40 has been suggested to have more hydrophobic character
then polyNIPAM-20 since it was prepared with a higher molar percent of MDO and
consequently contains more CL fragments. This assumption can explain the slight difference
in the VPTT values of polyNIPAM-20 and polyNIPAM-40 hydrogels: 30.2 and 30.6°C,
respectively. The relatively large breadth of the endotherms, which is observed for
polyNIPAM-20, polyNIPAM-40 and polyNIPAM samples, probably can be related to
gradual, not sharp, deswelling of the hydrogels.47

Figure 4 shows the swelling of polyNIPAM-20, polyNIPAM-40 and polyNIPAM hydrogels
at temperatures below and above the VPPT.

As seen in Figure 4, polyNIPAM-20, polyNIPAM-40 and polyNIPAM hydrogels decrease
in swelling as temperature increases, which is the same tendency in thermoresponsive
behavior consistent with previously reported data regarding polyNIPAM-based materials.
19,25,29,37 A significant decrease in swelling occurs at 37°C, the temperature above the
VPTT, due to intensive dehydration of the polymer network. Figure 4 also demonstrates that
at each temperature, the hydrogels exhibit slightly different swelling ability that depends on
their copolymer composition. As a result of copolymerization with MDO, both
polyNIPAM-20 and polyNIPAM-40 possess increased hydrophobic nature compared to
polyNIPAM and therefore show lower swelling. The polyNIPAM-40 exhibits lower
swelling at each temperature comparing to polyNIPAM-20, as shown in Figure 4, which can
be explained by the increased hydrophobicity.

Figure 5 shows polyNIPAM-40 hydrogel disks that were swollen in water at 4, 25 and 37 °C
to visualize the difference in swelling at temperatures below and above the VPTT.

Figure 5 demonstrates a decrease in the diameter of the swollen disks with increasing
temperature (the initial diameter of the three dry disks before swelling was exactly the
same). Visual inspection of the poly-NIPAM-40-based hydrogel indicates a transparent
appearance at the temperatures below VPTT and an opaque appearance at 37 °C due to
dehydration of the bulk. Thus, the picture presented in Figure 5 supports the results
summarized in Figure 4.
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To explore the temperature-dependent viscoelastic properties of polyNIPAM-20 and
polyNIPAM-40, the storage modulus, G′, was measured under oscillatory shear conditions.
Figure 6 demonstrates the storage modulus of fully degradable polyNIPAM- 20 and
polyNIPAM-40 hydrogels as a function of temperature.

Both polyNIPAM-20 and polyNIPAM-40 exhibit the typical rheological behavior of
thermosensitive polyNIPAM-based materials.23,26,47 As shown in Figure 6, below the
VPTT there are non-significant changes in values of the storage modulus with increase in
temperature. At approximately 30°C, the temperature corresponding to the VPTT, there is an
increase in G′, which becomes more dramatic with increasing temperature. This behavior
indicates the deswelling for both hydrogels leading to the formation of more rigid materials.

Figure 7 demonstrates the degradation of polyNIPAM-20 and polyNIPAM-40 hydrogels at
25 and 37°C that was monitored by measuring weight loss of the hydrogels in 0.007 N
NaOH as a function of time.

Figure 7 shows that the degradation rate of both hydrogels at 37°C is significantly slower
than at 25°C. This behavior is reasonable, since at 25°C the hydrogels are more swollen by
alkaline solution and degradable sites are available and accessible for accelerated hydrolysis.
On the other hand, at 37°C, the temperature above the VPTT, the hydrogels had expelled
much water. This increases the hydrogels’ bulk hydrophobicity and affects chain
conformation by collapse due to dehydration. Now degradable sites are less accessible for
hydrolysis and polyNIPAM-20 and polyNIPAM-40 probably degrade through surface
erosion, which can explain the decreased degradation rate. Figure 7 also demonstrates that at
both temperatures, polyNIPAM-40 exhibits higher weight loss as compared to
polyNIPAM-20. For example, after 24 h of degradation at 25°C polyNIPAM-20 and
polyNIPAM-40 lost 29 and 51% of the initial weight, respectively, and after 5 days of
degradation at 37°C polyNIPAM-20 and polyNIPAM-40 exhibit decreases of 6 and 18% of
their initial weight, respectively. It can be assumed that polyNIPAM-40 has more
degradable sites since it was prepared in the presence of a higher concentration of MDO and
therefore degrades faster than polyNIPAM-20.

In this study, degradation of the polyNIPAM-20 and polyNIPAM-40 hydrogels was
explored in an alkaline environment rather than at physiological pH in order to accelerate
the degradation process of the PCL blocks. PCL is a well known biodegradable polyester
used in biomedical applications with degradation kinetics considerably slower than other
aliphatic polyesters due to its hydrophobicity and crystallinity.42,43 PCL-containing
materials degrade in vitro (under physiological conditions) and in vivo on time scales of 3–6
month to 2 years, depending on composition, PCL molecular weight, etc.41–43 In the present
work we structured our experiments to demonstrate that our new polymers can indeed
degrade to soluble products. Since PCL polymers have often been shown to appropriately
degrade upon in vivo implantation, these new polymers should behave similarly under in
vitro accelerated conditions. When we focus this polymer system on a specific application
with defined degradation time requirements, we will modify our material accordingly and
explore degradation under the appropriate physiological conditions.

Fully Degradable PolyNIPAM Scaffolds
Figure 8 illustrates the process for the sphere-templated fabrication of fully degradable,
highly interconnected polyNIPAM-based scaffolds with thermally controllable pore size.
This specific approach to sphere-templating was developed by Ratner and Marshall and
involves forming a crosslinked polymer scaffold around a template of sinter-fused,
monodisperse-sized porogens and removing the template to produce a porous biomaterial.48
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In this study, monodispersed PMMA microspheres of the desired diameter are introduced
into the mold, sintered to fuse particles, infiltrated with a monomer mixture of NIPAM,
MDO, PCLDMA and photoinitiator dissolved in DMSO, polymerized in situ to obtain a
composite of polyNIPAM hydrogel and PMMA particles and finally exposed to solvent to
dissolve the PMMA particles. This yields a fully degradable, porous highly interconnected
scaffold. In summary, the pore size of the scaffold is defined by the initial diameter of
PMMA particles and the interconnectivity is obtained through sintering for longer or shorter
times.

This sphere-templating protocol differs from previous versions in the use of DMSO as the
monomer solvent. Methods described by Marshall et al.40, Bryant et al.44 and Linnes et al.45

used water to dissolve monomers for poly(2-hydroxyethyl methacrylate) (polyHEMA) or
fibrin scaffold fabrication. In the present work, water could not be used as a solvent since
MDO is moisture sensitive and the PCL-based crosslinker is not soluble in water. Thus, we
needed to develop a system based on an organic solvent that, on the one hand, led to a
homogenous solution of the monomers and reagents but, on the other hand, will not dissolve
the PMMA templates during the infiltration. DMSO was found to meet these requirements
and the sphere-templated procedure was adjusted to the present reagents composition.

Fully degradable scaffolds based on the polyNIPAM-40 hydrogel with pore diameters of 36
± 2, 55 ± 5, 90 ± 8 and 204 ± 26 μm (at 25°C) were fabricated by using templates composed
of PMMA beads of 35 ± 1, 49 ± 8, 81 ± 8 and 188 ± 26 μm, respectively. Figure 9 shows a
representative SEM image of the polyNIPAM-40-based scaffold with a 55 ± 5 μm pore
diameter.

The image demonstrates a monodispersed highly interconnected porous morphology that is
typical for the scaffolds of all pore sizes.

Our objective was to achieve a change in pore size of the polyNIPAM-40-based scaffolds
going from RT to body temperature. Figure 10 shows light microscope images of the
scaffold’s cross-section with pore diameter of 36 ± 2 μm at 25 (A) that was reduced to 29 ±
1 μm at 37°C (B).

Figures 10-A and 10-B represent the same area of the section at the same magnification and
it can be qualitatively seen that at 37°C (Figure 10-B) the pores shrank. The shrinkage can
be attributed to volume phase transition since the temperature was raised above the
hydrogel’s VPTT.

Table II quantifies the percent shrinkage at 37°C in polyNPAM-40-based scaffolds with
different pore sizes.

Table 2 demonstrates the decrease in pore diameter at 37°C for polyNIPAM-40-based
scaffolds of all explored pore sizes. For example, the scaffolds with pore diameter of 36 and
90 μm exhibit linear shrinkage in a pore size of about 20 and 25 %, respectively. Based on
the aforementioned results one can assume that the shrinkage might affect not only the pore
size but also the pore throat diameter (which is about 30% of the pore size for the sintering
conditions used). This must be taken into consideration when planning scaffolding based on
thermosensitive polyNIPAM because at body temperature the throat size should be large
enough for efficient cell distribution throughout the scaffold. For example, at 25°C the throat
size of the scaffold with 36 μm diameter is about 11 μm but at body temperature it’s
probably will be reduced by approximately 20% and could be too small for cell penetration.
Therefore, polyNIPAM-40-based scaffolds that have potential for tissue engineering should
have a pore size starting at 55 μm at room temperature for sufficient throat size at body
temperature.
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The fact that the polyNIPAM-40-based scaffold can be engineered to have larger pores at
room temperature than at 37°C makes the scaffold attractive for cell loading and delivery.
We have a special interest in scaffolds with pore diameters of 30–40 μm because in previous
studies we found that monodisperse pores of approximately 35–40 μm are optimal for
vascularized, relatively non-fibrotic healing. This was seen with both silicone elastomer and
polyHEMA based scaffolds.40,46 Cells have been found to show an increased adhesion to
the polyNIPAM-based materials at 37°C due to protein adsorption to the more hydrophobic
polymer.49 Thus, we hypothesized that due to the relatively large pore size and low cell-
adhesiveness, the polyNIPAM-40-based scaffolds with pore diameter of 55 μm may
efficiently be loaded with cells at RT and then at 37°C the cells will be locked, both
geometrically and with cell-polymer adhesive interactions, within the scaffold with optimal
pore size of 39 μm. Thus, upon implantation, the cell-loaded sphere-templated scaffold
could sustain the loaded cells through enhanced angiogenesis and decreased fibrosis, and,
after providing mechanical and biochemical support, may degrade leaving behind
regenerated, vascularized tissue. Results regarding cell loading will be presented later in the
article.

An additional benefit of the poly-NIPAM scaffolds is a unique synthetic polymer
composition allowing physicochemical properties to be tuned for optimal performance in
tissue engineering. For example, degradation rate of the scaffold can be controlled by the
molar ratio between NIPAM and MDO monomers, as well as by cross-linker nature and
network density.

The in vitro cytotoxicity of the fully degradable scaffolds and their degradation products
were evaluated by a colorimetric MTT test. MTT is a yellow tetrazolium salt that is reduced
to form violet formazan only in living, metabolically active cell mitochondria and thus, the
number of living cells can be spectrophotometrically quantitated. In the present study, the
absorbance values of the samples were normalized to the negative control (TCPS). Figure 11
shows representative results of the MTT test for the scaffold with 55 ± 5 μm pore diameter
and its degradation products compared to negative and positive (latex) controls.

From data presented in Figure 11 it can be concluded that neither the scaffold itself nor its
degradation products in the concentration range between 5–15 mg/mL are cytotoxic toward
fibroblast cells. The same results were obtained for polyNIPAM-20 and polyNIPAM-40-
based scaffolds of different pore sizes (data not shown).

In order to explore the adhesion of the cells to the polyNIPAM-40-based scaffold, the 55 ± 5
μm pore diameter was used as a surface for culturing fibroblast for 2 and 5 days.
Representative SEM images of the scaffold’s surface at different magnifications after 2 days
of cell culture are seen in Fig. 12-A. The cells are properly attached to the surface and show
appropriate morphology. After 5 days of culture (Figure 12-B) the formation of a cell sheet
on the surface of the scaffold as well as cell infiltration within the pores was observed. This
behavior indicates the ability of the polyNIPAM-40-based scaffold to support cell
attachment and growth and suggests cell compatibility with the material.

To demonstrate the potential of the polyNIPAM-40-based scaffold material for tissue
engineering, the scaffold with a 55 ± 5 μm pore diameter was loaded with a model system
for many cell types, NIH3T3 cells. The scaffold with this particular diameter was chosen
since its diameter decreases at 37°C to 39 μm (Table 2). As was mentioned, this pore size
was found to be optimal for vascularized, relatively non-fibrotic integration into tissue.40,46

Figure 13 shows relatively uniform cell distribution within the scaffold from the top to the
bottom. The denser cell population on the one of the edges indicates the direction of the cell
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seeding. The magnified images show cell infiltration through the interconnecting throats and
their appropriate elongated morphology.

Representative SEM images of the cell-loaded polyNIPAM-40-based scaffold with a pore
diameter of 55 ± 5 μm (at room temperature) are shown in Figure 14. The cross-section
images demonstrate cell attachment and infiltration throughout the scaffold and support the
histological data.

Conclusions
Thermosensitive scaffolds with two important criteria, full degradability and controlled
porosity, were developed. First, fully degradable polyNIPAM-20 and polyNIPAM-40
hydrogels with ester linkages within both the backbone and the cross-linking sites were
synthesized and characterized. Second, porous, highly interconnected polyNIPAM-40-based
scaffolds with defined pore sizes were fabricated by using the sphere-templating technique.
The scaffold with a pore diameter of 55 ± 5 μm was efficiently loaded with fibroblast cell at
25°C. The potential to use the scaffolds for tissue engineering was demonstrated by
increasing the temperature to 37°C, thereby locking cells in the proangiogenic 39 μm pores.
Future studies on the scaffolds will focus on loading the scaffold with 55 ± 5 μm pore
diameter with cells and following their proliferation in vitro, as well as implantation of the
scaffold in an animal model and the exploration of its behavior in vivo. Due to controlled
monodisperse pore diameter, highly interconnected morphology, fully degradable nature and
thermoresponsive properties, this novel polyNIPAM-based scaffold is an attractive
candidate for applications in tissue engineering.
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Figure 1.
Synthesis of fully degradable polyNIPAM-based hydrogel.
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Figure 2.
Degradation of the poly(NIPAM-TEGDMA), poly(NIPAM-TEGDMA)-20 and
poly(NIPAM-TEGDMA)-40 hydrogels in 0.1N NaOH.
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Figure 3.
DSC thermograms of the polyNIPAM, polyNIPAM-20 and polyNIPAM-40 hydrogels.
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Figure 4.
Swelling (%) of polyNIPAM, polyNIPAM-20 and polyNIPAM-40 hydrogels as a function
of temperature.
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Figure 5.
PolyNIPAM-40 hydrogel disks swollen in water at different temperatures.
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Figure 6.
Storage modulus, G′, of polyNIPAM-20 and polyNIPAM-40 hydrogels as a function of
temperature at a frequency of 1 Hz and 10% shear strain.
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Figure 7.
Degradation of polyNIPAM-20 and polyNIPAM-40 in 0.007N NaOH at 25°C (A) and 37°C
(B).
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Figure 8.
Sphere-templated fabrication of a fully degradable polyNIPAM-based scaffold.
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Figure 9.
SEM image of the polyNIPAM-40-based scaffold with 55 ± 5 μm pore diameter.
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Figure 10.
Light microscope images of polyNIPAM-40-based scaffold’s cross-section at 25 (A) and
37°C (B) with pore size of 36 ± 2 μm and 29 ± 1 μm, respectively. Scale bar is 100 μm.
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Figure 11.
Cytotoxicity of the polyNIPAM-40-based scaffold with 55 ± 5 μm pore diameter and its
degradation products at 5, 10 and 15 mg/mL. TCPS and latex were used as negative and
positive controls, respectively. Absorbance of the samples has been normalized to the
TCPS’s value.
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Figure 12.
SEM images of the scaffold surface with fibroblast cells after two days of culture (A, scale
bar from top to bottom is 50, 10 and 10 μm) and five days of culture (B, scale bar from top
to bottom is 50, 20 and 10 μm).
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Figure 13.
Light microscope images of histological section of NIH3T3 cells loaded into a
polyNIPAM-40 scaffold with 55 ± 5 μm pore diameter.
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Figure 14.
Representative SEM images (4 different areas of the scaffold) of cell loaded
polyNIPAM-40-based scaffold cross-sections with a pore diameter of 55 ± 5 μm (at 25°C).
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Table I

Summary of the Hydrogels Compositions Synthesized in this Work

Hydrogel Name MDO %, mol/mol
Degradable

Backbone Cross-linking Site

PolyNIPAM-20 20 √ √

PolyNIPAM-40 40 √ √

PolyNIPAM ---- ---- √

Poly(NIPAM-TEGDMA)-20 20 √ ----

Poly(NIPAM-TEGDMA)-40 40 √ ----

Poly(NIPAM-TEGDMA) ---- ---- ----

Biomacromolecules. Author manuscript; available in PMC 2011 October 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Galperin et al. Page 29

Table II

Shrinkage at 37°C in PolyNIPAM-40-based Scaffolds with Different Pore Diametersa

Pore diameter, μm Shrinkage, %

25 °C 37 °C Linear Volumetric

36 ± 2 29 ± 1 20 48

55 ± 5 39 ± 3 29 64

90 ± 8 67 ± 4 25 59

204 ± 26 138 ± 19 32 69

a
The shrinkage study was performed as described in the Experimental Section
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