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Porous Poly(3-hydroxybutyrate) Scaffolds Prepared by Non-Solvent-
Induced Phase Separation for Tissue Engineering

Abstract: Highly porous poly(3-hydroxybutyrate) (PHB) scaffolds were fabricated

using non-solvent-induced phase separation with chloroform as the solvent and tet-

rahydrofuran as the non-solvent. The microporosity, nanofiber morphology, and

mechanical strength of the scaffolds were adjusted by varying the fabrication param-

eters, such as the polymer concentration and solvent composition. The influence of

these parameters on the structure and morphology of PHB organogels and scaffolds

was elucidated using small-angle neutron scattering and scanning electron micro-

scopy. The organogels and scaffolds in this study have a complex hierarchical struc-

ture, extending over a wide range of length scales. In vitro viability assays were per-

formed using the human keratinocyte cell line (HaCaT), and all PHB scaffolds

demonstrated the excellent cell viability. Microporosity had the greatest impact on

HaCaT cell proliferation on PHB scaffolds, which was determined after a 3-day incu-

bation period with scaffolds of different morphologies and mechanical properties.

The superior cell viability and the controlled scaffold properties and morphologies

suggested  PHB scaffolds fabricated by non-solvent-induced phase separation using chloroform and tetrahydrofuran as promising bio-

materials for the applications of tissue engineering, particularly of epidermal engineering.

Keywords:PHB, non-solvent-induced phase separation, scaffold, cell viability, micropores, nanofibers.

1. Introduction

The phase-separation method is one of the most powerful
methods used to fabricate porous scaffolds. By mixing an appro-
priate non-solvent into a homogeneous polymer solution, the
polymer-solvent affinity decreases to induce a liquid-liquid phase
separation.1-10 This forms an interpenetrating network of a poly-
mer-rich phase and a polymer-poor phase referred to as non-
solvent-induced phase separation (NIPS). Liquid-liquid phase
separation of a polymer solution can be induced, by non-solvent
addition and by changing temperature. This is referred as tem-
perature-induced phase separation (TIPS).11-26 Theoretically, a
polymer-rich phase consists of the polymer and a fraction of
the solvent. A polymer-poor phase contains a non-solvent and
the remaining solvent. For semi-crystalline polymers, crystalli-
zation occurs in the polymer-rich phase. As a result, the solution
forms a gel as microcrystallites serve as junctions for a three
dimensional (3-D) network.1-4,8,24-26 The polymer-rich phase devel-
ops the skeleton of the gel monolith, whereas the polymer-poor
phase flows through the matrix, resulting in porous channels
within the monolith. These organogels can become high-quality
scaffolds with high porosity after careful removal of the solvents.
Furthermore, the unique nanofibrous structure can be produced
by suitably manipulating processing conditions of phase sepa-
ration and drying procedures.10,12,27 Poly(3-hydroxybutyrate) (PHB)

is a semi-crystalline, linear polyester synthesized by microor-
ganisms. It receives considerable attention in the literature,
owing to its excellent biodegradability, biocompatibility, and
mechnaical strength, suitable for scaffold materials within tis-
sue engineering.28-30 PHB has shown promise as scaffolding mate-
rial for the regeneration of various tissues including cardiovascular
and heart valve, nerve conduit, cartilage, liver, skin and bone
tissues.29,30 However, for tissue engineering applications, the phys-
ical and mechanical properties of PHB need to be improved.
The main limitation of PHB is the lack of hydrophilicity and bio-
activity. PHB composites with hydrophilic and bioactive modifi-
ers have been intensively investigated to overcome these problems.
In particular, the addition of bioceramics such as hydroxyapa-
tite and bioglass to the PHB matrix has been shown to improve
biological activity and the mechanical properties of PHB scaf-
folds. This has resulted in enhanced cell attachment and prolif-
eration for bone tissue engineering.31-33 In designing a tissue
engineering scaffold, connected micropores play a major role in
triggering the regeneration of new tissues. The simplest method
to develop macroporous matrices is the particulate-leaching
method involving the leaching of soluble particulates or poro-
gens. In comparison with scaffolds produced by the particu-
late-leaching method, scaffolds produced by TIPS show higher
mechanical strength, while maintaining the same porosity degree.
Tissue engineering scaffolds made of PHB and its copolymers
with well-connected micropores have previously been prepared
by TIPS.10-16 NIPS have also been applied to produce highly porous
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and nanofibrous PHB scaffolds using chloroform (CF) as the
solvent and tetrahydrofuran (THF) as the non-solvent.10,12 It has
been shown that the morphology and properties of PHB scaf-
folds can be modulated by varying the solvent composition (i.e.,
the THF/CF volume ratio).10 However, the relationship between
cell viability, scaffold morphology and properties has not previ-
ously been tested. In addition, one of the most important parame-
ters, the polymer concentration effect on the scaffold structures,
has been neglected in previous studies.10 To date, quantitative
structural characterization of PHB gels prepared by NIPS or
TIPS has only been performed for crystallization behavior.10,11

The current study deals with the quantative analysis of the mul-
tiscale structure of PHB organogels and scaffolds, from the nano-
to micro-range, by small-angle neutron scattering (SANS). The
effects of polymer concentration on the morphology and proper-
ties of the PHB scaffolds manufactured by NIPS was examined,
providing a more complete understanding of the relationship
between fabrication parameters and scaffold properties. Finally,
the in vitro biocompatibility was characterized using the human
keratinocytes cell line (HaCaT) to assess the potential for PHB
scaffolds to be used in tissue engineering applications. Com-
pared to numerous studies on various cells for bone and cardio-
vascular tissues, relatively little research has been undertaked
using PHB and its copolymers to support HaCaT cell growth for
skin tissue engineering.12,29,34-36 Excellent control of the scaffold
structure by NIPS makes it possible to compare cell prolifera-
tion on PHB scaffolds with various morphology and mechani-
cal properties. Microporosity has been found to have the
largest impact on HaCaT cell proliferation on PHB scaffolds. 

2. Experimental

2.1. Materials and fabrication of PHB scaffolds

Materials and preparation methods for PHB organogels and
scaffolds are discussed in detail elsewhere.10 Briefly, the PHB
solutions were prepared by dissolving PHB polymer (Mw =4.37 × 105,
Sigma-Aldrich) in CF under stirring at 95 °C then cooling the
solutions down to 25 °C. The THF, was then added to the PHB
solutions at room temperature. The mixed solutions were kept
at 25 °C using heating blocks during the phase separation fol-
lowed by gelation. The PHB concentration was defined on the
basis of the total volume of chloroform and THF. The ratio of non-
solvent/solvent (THF/CF v/v) was varied from 30/70 to 60/40.
The PHB concentration (φ) were adjusted from 0.005 to 0.03 g/mL.
Gelation was confirmed by the formation of self-supporting
samples that did not flow when inverted 180°. The gel transi-
tion time determined by the inversion tests depended on the
solvent composition and PHB concentration. The wet, aged gels
at 25 °C for two weeks were removed by breaking their glass
vessels and were immersed in methanol. The solvent (CF) and
non-solvent (THF) of the monolithic organogels were sequen-
tially extracted by soaking the gel first in methanol for 2 days
and then in water at room temperature for 2 days. Finally, the
as-produced organogels were freeze-dried under 30 mTorr at -
130 °C for 2 days using an FDCF-12003 freeze dryer (Operon,
Korea) to produce porous PHB scaffolds. 

2.2. Characterization

The structure of the PHB organogels and scaffolds was charac-
terized by SANS. SANS measurements were performed on the
QUOKKA beamline at ANSTO (Sydney, Australia), using three
sample-to-detector distances (2, 14, and 20 m) and wavelengths
of 5 and 8 Å.37 The three configurations covered a Q range from
8.8×10-4 to 0.33 Å-1. The raw data was corrected for scattering
from the empty cell, detector dark current, detector sensitivity,
sample transmission, and thickness. Following these correc-
tions, the data was placed on an absolute scale using a cali-
brated secondary standard and circularly averaged to produce
I(Q) versus Q plots, where I(Q) is the scattered intensity and Q =
sin(θ) 4π/λ is the scattering vector for a scattering angle, θ. Data
analysis was based on fitting the scattering curve to an appro-
priate model using software provided by the National Institute
of Standards and Technology (NIST, SANS analysis version 7.0
on IGOR).38 To prepare PHB organogels for SANS measurements,
deuterated CF was used as the solvent. THF and deuterated THF
were mixed to match the scattering length density of deuterated CF
to eliminate the heterogeneity originated from non-uniform sol-
vent distribution. 

Scaffold morphology was obtained by scanning electron micros-
copy (SEM) (JSM-6701F, JEOL Ltd, Japan) at an accelerated volt-
age of 5-15 kV. A thin layer of platinum (approximately several
nanometers) was sputter-coated before scanning. The surface
area of the scaffolds was calculated by low temperature N2 adsorp-
tion-desorption (Micromeritics ASAP 2000MP) using the Brunauer-
Emmett-Teller (BET) equation. The compressive stress-strain
curves of the cylindrical scaffolds (12 mm in diameter and 10
mm in height) were obtained by a Universal Testing Machine
(Instron 5543) using a crosshead speed of 1 mm/min and a
static load of 1 kN. The compressive moduli were calculated from
the slope of the initial linear region of the stress-strain curves.
Three replicate specimens were run for each sample, and the
results are provided as the average value ± standard deviation.
The melting behavior of the PHB crystalline phase was analyzed
for the as-prepared PHB scaffolds by differential scanning calo-
rimetry (DSC, Discovery DSC: TA instrument, USA) in a tempera-
ture range from 20 to 200 °C. The apparent density, ρaerogel, of
the scaffolds was calculated from the mass and volume of the
dried PHB scaffolds. The overall porosity was determined from
the dry mass and volume of the scaffolds using 

Porosity (%) = 1 - × 100 (1)

where ρPHB is the density of non-porous raw PHB, ρPHB = 1.260 g/
cm3.12

The human keratinocytes cell line (HaCaT) was cultured in
tissue culture flasks using Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% (v/v) fetal bovine serum, 1% penicil-
lin, and 100 g/mL streptomycin (Gibco, USA) at 37 °C in a 5% CO2

incubator (Heracell VIOS 160i, Thermo Fisher Scientific, USA).
Each scaffold was first cut into 2 mm thick slices, placed in 24-
well plates on double-sided adhesive tape, washed with 70%
ethanol, and then followed by sterilization by ultraviolet (UV)
irradiation for 30 min. The sterilized PHB was immersed in cul-

ρaerogel

ρPHB
---------------
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ture medium for several hours until the scaffolds were well-
hydrated, and washed with culture medium three times before
the cells were seeded. HaCat cells were seeded onto each PHB
scaffold and placed in a 96-well plate at a density of 1×104 cells
per well and incubated for 3 days. The cell viability of HaCaT cells
on PHB was determined using a Cell Counting Kit-8 assay (CCK-8;
Dojindo Laboratories, Japan), according to the manufacturer’s
instructions. 

To investigate cell morphology, HaCaT cells seeded on the
scaffolds were fixed with 2.5% glutaraldehyde, dehydrated through
a series of ethanol concentrations (50%, 75%, 95%, and 100%),
treated with hexamethyldisilazane, and then dried in the hood
overnight. The surface morphology of the HaCaT cells on the
scaffolds was observed using a GeminiSEM 500 field emission
SEM (Zeiss, Germany) operated at an accelerating voltage of
3.0 kV by standard procedures. Actin filaments in the cytoskel-
eton and nucleus of HaCaT cells on scaffolds were stained with
Alexa Fluor 488 phalloidin and 4',6-diamidino-2-phenylindole
(DAPI), respectively, according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific, USA), followed by imaging the cells
under a fluorescence microscope (Zeiss, Germany). All experi-
ments were repeated three to six times, and data are presented as
the means ± standard deviations. Statistical analysis was per-
formed using GraphPad Prism (GraphPad software, USA). Sta-
tistical significance of between-group differences was evaluated
with one-way ANOVA. Differences were considered statistically
significant at p < 0.05.

3. Results and discussion

3.1. SANS analysis 

PHB organogels with varying polymer concentrations and sol-
vent compositions were prepared. Gelation of PHB solutions in
CF was achieved at room temperature by the addition of THF.
Gelation was confirmed by the formation of self-supporting
samples that did not flow when inverted at 180° (Figure S1).
The PHB organogels were characterized using SANS. Small-angle
x-ray scattering (SAXS) and SANS have been successfully used
to study the hierarchical structure of gels induced by a liquid-
liquid phase separation.39-41 Figure 1 shows log-log plots of SANS
intensity versus momentum transfer (Q) as a function of THF/
CF ratios and φ. All SANS profiles clearly show an upturn at low
angle, suggesting the presence of large inhomogeneities in the
gel structure caused by phase separation. The upturn scattering
at low Q follows a power law,

(2)

The exponent (n) characterizes the fractal structure of the long-
range frozen inhomogeneities at low Q.42 The n value is related
to either the mass (D

m
) or the surface (D

s
) fractal dimension.

When n < 3, the scattering is due to a mass fractal structure, and
n = D

m
. For a surface fractal structure, 3 < n < 4 and n = 6 - D

s
. D

m

indicates the “openness” of the fractal dimension. D
m

 equals 1
for loosely connected aggregates possessing indistinct inter-
faces, and 3 for dense aggregates. D

s
 is 3 for rough surfaces and

2 for smooth surfaces. The organogels have n values between 2

and 3, regardless of solvent compositions and PHB concentra-
tions, indicating that the boundary between polymer-rich and
-poor phases is a mass fractal structure. For conventional poly-
mer network structures at high Q (>0.07 A-1), the scattering
intensity, I(Q), typically decreases with increasing Q, which is
well modelled by the Ornstein-Zernike (OZ) equation,43

(3)

where Q is the scattering vector, ξ is the correlation length, and
Bkg is background scattering. However, for the PHB organo-
gels described here, the OZ model failed to fit the data at high Q
> 0.07 Å-1. Interestingly, the scattering intensity decreases with
Q-4 for all concentrations (Figure 1). This Q dependence corre-
sponds with Porod's law, indicating that PHB forms small crys-
tallites during gelation, and the surfaces of the PHB crystallites
have a clear boundary. Semi-crystalline polymers form nano-
crystalline structures in polymer-rich phases during phase sepa-
ration, which act as a physical cross-linker in forming a polymer
3-D network (Figure 2). The formation of a PHB crystalline phase
during phase separation was previously measured in situ using
FTIR.10 Display of ‘Porod’s law’ behavior at higher Q has been
reported for PVA gels prepared by phase separation due to the
formation of small crystalline phases.39-41 It has been suggested
that the I(Q) profiles in the transition regions, between the
range of the two power laws at high and low Q, originates from
the correlation between cross-linking points (crystallites), and
that the scattering profile can be described by the OZ formula
(Eq. (3)).39-41 The correlation length, ξ, represents the range of
the spatial correlation of concentration fluctuations in the system.
In this case, ξ obtained from fits to Eq. (3) represented either the
mesh size of the PHB network or the average distance between the
nearest-neighbor cross-linking points (crystallites). The solid line
in Figure 1(A) denotes the best fit to the observed I(Q) in the
range 0.01 < Q < 0.035 A-1 using the OZ formula. The correlation
lengths evaluated from the fits are plotted in Figure 3(A) for
organogels with varying THF/CF ratios and at fixed φ (0.03 g/mL).
The correlation length of the gel was found to increase with
decreasing THF/CF ratio. Decreasing the THF/CF ratio (increas-
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A
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Figure 1. SANS data of PHB organogels with (A) varying THF/CF ratios
and a fixed PHB concentration (φ, 0.03 g/mL), and (B) varying φ and a fixed
THF/CF ratio (43/57). Curves are shifted vertically for clarity. 
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ing CF) at fixed φ effectively decreased PHB concentration in
the PHB-rich phase, resulting in an increase in ξ. SANS was per-
formed on the PHB organogels as a function of φ at fixed THF/
CF ratio (43/57), as displayed in Figure 1(B). The n values did not
change significantly with φ; however, ξ was found to decrease
with φ, indicating that increasing φ results in more PHB in the
PHB-rich phase (Figure 3(B)). The wet, aged organogels were
transformed into aerogels (scaffolds) by soaking the gel first in
methanol and then in water, followed by freeze drying. The struc-
ture of these scaffolds was characterized by SANS. Figure 4(A), (B)
show the SANS curves of scaffolds with varying solvent compo-
sitions and at a constant φ of 0.02 and 0.03 g/mL, respectively.
Although the organogels were transformed into aerogels by sol-
vent exchange and freeze drying, n values between 2 and 3 were
still observed, which are characteristic of a mass fractal. This
indicates that the interfacial structure between the two phases
did not change during solvent exchange and freeze drying.
Compared to the SANS curves of the organogels, the Porod’s
scattering at high Q extended to lower Q, indicating that the
crystalline phase became larger after the solvent exchange and
freeze drying. The disappearance of the OZ region in the SANS

curves also implies that the polymer network structure embed-
ded with small crystallites of the polymer-rich phase turned into
a nanofibrous skeleton structure after the solvent exchange
and freeze-drying process.

3.2. SEM analysis

Although the total porosity of the PHB scaffolds produced by
NIPS did not change with solvent composition, the pore prop-
erties and morphology of PHB scaffolds varied greatly. The well-
defined nanofibers changed into an almost non-fibrous skeleton
surrounding well-connected micropores with increasing non-
solvent content (Figure 5(A), (I)).10 According to NIPS theory,
the polymer-poor phase consists mostly of a non-solvent. A lower
non-solvent fraction (THF/CF ratio of 30/70) can lead to a smaller
or fewer polymer-poor regions, which uniformly interpenetrate
the polymer-rich phases in the organogels, resulting in a well-
defined nanofiber morphology of the resulting scaffold after
solvent evaporation (Figure 5(A)). By increasing the THF/CF ratio
to 60/40 at fixed φ (0.03 g/mL), the nanofibrous morphology
was suppressed substantially and the microporous morphology
became dominant (Figure 5(I)).10 SANS result shows that increas-
ing the THF/CF ratio not only increases the size of the polymer-poor

Figure 2. Schematic illustrations of the NIPS process and the organogel
structure. 

Figure 3. Correlation length as a function of (A) THF/CF ratio with a fixed PHB concentration (φ, 0.03 g/mL) or (B) φ with a fixed THF/CF ratio (43/57),
obtained by fitting the mid-Q range to the OZ equation. The relative uncertainties (error bars) shown here are the standard deviations, based
on the goodness of the fit. 

Figure 4. SANS curves of PHB scaffolds with varying solvent composi-
tions and a fixed PHB concentration (φ) of (A) 0.02 g/mL and (B) 0.03 g/mL.
Curves are shifted vertically for clarity.
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phase but also increases the PHB concentration in the PHB-rich
phase due to the decreased CF content. The larger polymer-poor
phase can form micropores, and the congested environment of
polymer-rich phase may inhibit nanofiber formation after dry-
ing. Here, the effect of polymer concentration on the morphol-
ogy of scaffolds prepared by NIPS was investigated using SEM.
Figure 5 shows SEM images of scaffolds with different THF/CF
ratios and φ values. The microporosity increased with decreas-
ing PHB concentration, regardless of the solvent composition.
Similarly, the microporosity of polycarbonate scaffolds prepared
by NIPS increased with decreasing polymer concentration.6 The
volume ratio of the polymer-poor phase to the polymer-rich
phase increased with decreasing φ, which resulted in increased
microporosity. As shown in Figure 5, the correlation between
polymer concentration and nanofibrous morphology is rather
complicated. Nanofibrous scaffolds (observed at THF/CF ratio of
30/70 and 43/57) had a non-fibrous morphology at low poly-
mer concentrations (φ = 0.005 g/mL, Figure 5(D), (H)). Similarly,
the skeleton size of porous polycarbonate scaffolds prepared by
NIPS became larger with decreasing polymer concentration.6

In contrast, as shown in Figure 5(I), 5(L), and Figure 6, at fixed
THF/CF ratio of 60/40, the microporous scaffold with φ = 0.005
g/mL displayed a more developed nanofiber morphology com-
pared to that of scaffolds with higher φ. The results indicates that
the opimal φ range in which the polymer can form a well-defined
nanofibrous morphology, shifted to a lower range of φ for THF/
CF ratio of 60/40 compared to THF/CF ratio of 30/70 and 43/57.
Different value of φ range for achieving a well-defined nanofi-

brous morphology with different THF/CF ratio can be under-
stood as follows. The scaffolds have the same φ, but scaffolds with
THF/CF ratio of 60/40 have a more congested environment of
polymer-rich phases due to reduced CF content, which requires
lower φ range to form nanofibers compared to that of the scaf-
folds with THF/CF ratio of 30/70 and 43/57. Here, it has been
demonstrated that the morphology of PHB scaffolds obtained
by NIPS largely depends upon the polymer concentration, as
well as the solvent composition (ratio). Scaffolds formed at
φ = 0.005 g/mL were not studied further because they were too
mechanically weak to withstand a monolithic form. 

The surface areas and mean pore diameters of the PHB scaf-
folds, which were determined from nitrogen adsorption-desorp-
tion isotherms and BET analysis, are summarized in Table 1.
The specific surface area decreased when the PHB content was

Figure 5. SEM images (500× magnification) of PHB scaffolds prepared from solutions of PHB in a mixture of CF and THF with varying THF/CF
ratios and PHB concentrations. Scaffolds prepared from a fixed THF/CF ratio (30/70), and varying PHB concentrations (φ) of (A) 0.03, (B) 0.02,
(C) 0.01, and (D) 0.005 g/mL. Scaffolds prepared from a fixed THF/CF ratio (43/57) and varying φ ’s of (E) 0.03, (F) 0.02, (G) 0.01, or (H) 0.005 g/
mL. Scaffolds prepared from a fixed THF/CF ratio (60/40), and varying φ ’s of (I) 0.03, (J) 0.02, (K) 0.01, or (L) 0.005 g/mL. 

Figure 6. SEM images (5000× magnification) of PHB scaffolds with a
fixed THF/CF ratio (60/40) and the PHB concentration (φ) of (A) 0.03 g/
mL or (B) 0.005 g/mL.
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decreased to 0.01 g/mL for scaffolds prepared from solutions
at THF/CF ratios of 43/57 and 60/40, indicating that the loss of
nanofibrous features is consistent with fewer nanofibers (Fig-
ure 5). In contrast, the surface area increased when PHB con-
tent was decreased to 0.01 g/mL for scaffolds prepared from
solutions at THF/CF ratio of 30/70. As can be seen in Figure 5(C),
the well-defined nanofiber morphology was preserved despite
the appearance of micropores. In fact, the nanofibers were thin-
ner than at high φ, resulting in an increased surface area of the
scaffold. Microporosity and nanofibers are important features
that can affect cell-scaffold interactions. NIPS can be used to easily
adjust the scaffold microporosity and nanostructure of the scaf-
folds by varying polymer concentration and solvent composition. 

3.3. Mechanical properties of PHB scaffolds

The compressive stress-strain curves of PHB scaffolds are shown
in Figure S2. The compressive stress-strain curves of PHB scaf-
folds showed a linear elastic region at low strain and a non-lin-
ear plastic deformation plateau beyond the yield point. The
initial linear elasticity for highly porous materials is associated
with pore wall bending, and the long plateau in the stress-strain
curves is related to the collapse of the pore wall. When the strain
reached 60%, the compressive stress increased rapidly, possibly
because the pore walls touch each other and form solid bulks
under increasing stress. The compressive modulus is derived
from the slope of the initial linear portion of the stress-strain curve.
The plateau stress is defined as the stress value at a strain of
0.2. The effect of solvent composition and polymer concentra-
tion on the compressive moduli and plateau stress of PHB scaf-
folds is summarized in Figure 7. As discussed previously, the

PHB scaffolds became mechanically weaker with increasing THF/
CF ratios.10 The absence of a nanofibrous structure was respon-
sible for the decreased mechanical properties of the PHB scaffolds
at higher THF/CF ratios. As the polymer concentration increased,
PHB scaffolds became markedly stronger despite their similar poros-
ities. In particular, the monolithic scaffolds at φ = 0.01 g/mL were
too fragile to be utilized for cell proliferation. The dependence
of solvent composition on the mechanical strength decreased
with decreasing polymer concentration.

3.4. Crystallization behavior of PHB scaffolds

Differential scanning calorimetry (DSC) was performed on the
PHB scaffolds to study the effect of PHB concentration on the
crystalline state of the PHB scaffolds. During initial heating, a
melting endotherm at a low temperature (Tm1) of approximately
140 °C was observed for all PHB scaffolds (Figure S3). This lower
temperature melting endotherm was previously assigned to
the intermediate, less-ordered crystalline phase induced by NIPS.10

The double-melting peaks observed in the higher temperature
range of 160-180 °C are known as the melting-recrystalliza-
tion-melting of PHB during heating. The double-melting peaks
did not show a clear correlation of peak temperature or enthalpy
with polymer concentration and solvent composition or (Figure
S3 and Table 2). However, Tm1 was found to be very sensitive to
the PHB concentration, such that Tm1 shifted to lower tempera-
tures at lower PHB concentration. The enthalpy (ΔH1) of the melt-
ing peak of the intermediate, less-ordered crystalline phase also
decreased with decreasing φ (Table 2). Decreased local concen-
tration in the polymer-rich phase resulted in a lower degree of
crystallization.

Table 1. Characteristic data of Brunauer-Emmett-Teller (BET) surface area and porosity of scaffolds prepared from a solution of PHB (concentration, φ)
in a mixture of THF and CF

φ

(g/mL)

THF/CF (v/v) 

30/70 43/57 60/40

Specific surface 
area (m2/g)

Mean pore 
size (nm)

Porosity 
(%)

Specific surface 
area (m2/g)

Mean pore 
size (nm)

Porosity
(%)

Specific surface 
area (m2/g)

Mean pore 
size (nm)

Porosity
(%)

0.03 72.1 ± 0.6 9.8 97.0 68.4 ± 0.5 10.0 97.2 56.7 ± 0.7 11.9 97.0

0.02 74.0 ± 0.5 10.9 98.3 46.8 ± 0.6 10.0 97.9 51.6 ± 1.0 16.0 98.1

0.01 102.2 ± 0.9 8.9 99.1 13.6 ± 0.6 27.9 99.0 38.7 ± 0.9 13.8 98.9

Figure 7. Mechanical properties of PHB scaffolds. (A) Compressive modulus and (B) plateau strength (at 0.2 strain) of PHB scaffolds prepared by
NIPS with varying THF/CF ratios and φ. The relative uncertainties (error bar) shown here are the standard deviations from multiple runs.
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3.5. Biocompatibility of HaCaT cells on the PHB scaffolds

3-D biocompatible scaffolds play a vital role in cell-based tissue
engineering. They serve as a temporary space for cell attachment
and an extracellular matrix-like environment for cell growth
and differentiation. HaCaT, an immortalized cell line of kerati-
nocytes from adult skin, was used to examine if keratinocytes
proliferate well on the surface of PHB scaffolds. A cell viability
assay was used to evaluate the cytocompatibility of the scaf-
folds fabricated by NIPS. HaCaT seeded on PHB scaffolds were
cultured for 3 days, and their viability was evaluated using the
CCK-8 assay and SEM. Excellent viability of HaCaT cells was
observed after a 3-day culture on all of the scaffolds (Figure 8).
Tissue culture plates (control) induced less proliferation of HaCaT
cells compared to that by the PHB scaffolds prepared by NIPS.
High cell viability indicated that high-quality scaffolds with well-
defined, uniform 3-D porous structures were successfully fab-
ricated by NIPS using THF/CF. For scaffolds with φ = 0.02 g/mL,
there was no significant difference in cell viability with varying
solvent composition (Figure 8(A)). It is important to note the
improvement of mechanical properties for scaffolds with φ =
0.03 g/mL compared to those with φ = 0.02 g/mL (Table 1, Fig-
ure 7). The increased mechanical strength and stiffness did not
improve the cell viability of the nanofibrous scaffolds with THF/
CF ratio of 30/70 and 43/57 (Figure 8). However, microporous
scaffolds with a THF/CF ratio of 60/40 showed markedly improved
cell viability at higher φ (0.03 g/mL, Figure 8(B)), indicating that

the mechanical improvement of the scaffolds, significantly influ-
ences interactions between the microporous scaffolds and HaCaT
cells. 

The highest cell proliferation was observed for the PHB scaf-
fold prepared by NIPS at THF/CF ratio of 60/40 and φ=0.03 g/mL.
Interestingly, this scaffold did not display a nanofibrous mor-
phology but had well-connected micropores. Furthermore, the
absence of nanofibers led to a greatly reduced surface area and
a poorer mechanical strength compared to those of scaffolds
with lower THF/CF ratios. Many efforts have been made to con-
struct nanofibrous scaffolds to mimic the extracellular matrix
(ECM) for enhanced HaCaT cell proliferation.12,44-48 Nanofibrous
scaffolds have excellent structural similarity to the ECM and pro-
vide a substratum for cell migration into defective sites.46 The
importance of incorporating 3-D microporous structures into the
scaffold for HaCaT cell proliferation has also been reported.49-52

The micropores in the scaffold can enable physical and biochemi-
cal communication between keratinocytes. Moreover, the micropo-
res ensure a supply of active biological molecules, such as nutrients
and growth factors, reach the cells from the cell culture medium.
There has previously been no direct comparison of the effects
of nanofibrous and microporous structure on cell viability. Our
results indicate that the presence of nanofibers in scaffolds is
not the most important parameter for HaCaT cell proliferation.
Although the scaffolds with a nanofibrous morphology showed
excellent proliferation, the positive effects due to scaffold microp-
orosity were greater than the negative effects, e.g., smaller spe-

Table 2. Enthalpy of the melting endothermic peaks for PHB scaffolds

φ (g/mL) THF/CF (v/v) ΔH1 (J/g) ΔHdm

a (J/g) ΔHtotal (J/g)

0.03

30/70 28.6 68.4 97.0

43/57 17.7 77.4 95.1

60/40 12.8 85.6 98.4

0.02

30/70 18.5 60.7 79.2

43/57 16.6 74.9 91.5

60/40 2.5 75.1 77.6

0.01

30/70 20.0 56 76.0

43/57 14.9 67.8 82.7

60/40 4.8 83 87.8
aΔHdm was calculated from double melting peaks and ΔHtotal =ΔH1 +ΔHdm.

Figure 8. The cell viability of HaCaT on PHB scaffolds prepared from solutions with different THF/CF ratios and a fixed φ of (A) 0.02 g/mL or (B)
0.03 g/mL. Statistical analysis was performed by a one-way AMOVA (*p < 0.05, **p < 0.01, and ***p < 0.001).



© The Polymer Society of Korea and Springer 2020 842 Macromol. Res., 28(9), 835-843 (2020)

Macromolecular Research 

cific surface area and weaker mechanical strength. 
The cell surface morphology and the actin cytoskeleton organi-

zation of HaCaT on the scaffolds were analyzed by SEM and
immunofluorescence microscopy. The actin filaments of viable
HaCaT that were cultured for 3 days showed a more stretched
cell shape on PHB scaffolds prepared with THF/CF ratio of 60/

40 (Figure 9(C), (F)) compared to the less flattened and rounder cell
shapes on nanofibrous scaffolds with lower THF/CF ratios (Fig-
ure 9(A), (B), (D), and (E)). The most organized actin cytoskele-
ton (good spreading and a high cell number) was observed on the
scaffold with THF/CF ratio of  60/40 and φ = 0.03 g/mL (Figure
10(F)), which agrees with viability tests (Figure 8). 

Figure 9. Representative SEM images showing the morphologies of HaCaT cells on PHB scaffolds prepared from solutions with different THF/CF
ratios and φ values. Scaffolds were prepared either with a fixed φ of 0.02 g/mL and the THF/CF ratio of (A) 30/70, (B) 43/57, or (C) 60/40 or with a fixed φ
of 0.03 g/mL and the THF/CF ratio of (D) 30/70, (E) 43/57, or (F) 60/40.

Figure 10. Representative immunofluorescence images of HaCaT on PHB scaffolds prepared from the solutions with varying THF/CF ratios and
PHB concentrations. Scaffolds prepared either with a fixed PHB concentration (φ) of 0.02 g/mL and the THF/CF ratio of (A) 30/70, (B) 43/57, or
(C) 60/40 or with a fixed φ of 0.03 g/mL and the THF/CF ratio of (D) 30/70, (E) 43/57, or (F) 60/40. Cells were labeled by staining with Alexa
Fluor 488 phalloidin (green) for actin filaments and DAPI (blue) for nuclei. Scale bar: 20 μm.
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4. Conclusions

The present study demonstrated the influence of manufactur-
ing parameters, such as polymer concentration and solvent mix-
ture composition, on the morphology and properties of scaffolds
made by NIPS. A quantitative investigation of the structure of
PHB organogels and scaffolds over a wide length scale was per-
formed by SANS analysis. The studied organogels had a com-
plex hierarchical structure, extending over a wide range of length
scales. The structural configuration on the micron length scale,
in the low Q range < 0.005 Å-1, arose due to the presence of two
separated phases: PHB-rich and PHB-poor. The SANS intensity
of the PHB organogels was well described by Porod’s law at
high Q values, 0.07 < Q < 0.1 Å-1, indicating the presence of small
crystallites in the polymer-rich phase. Fitting I(Q) in the inter-
mediate Q range, 0.01 < Q < 0.035 Å-1, with the OZ model pro-
vided the relationship between the fabrication parameters and
the ξ in the polymer-rich phase. Increasing the THF/CF ratio or
φ effectively increased PHB concentration in the PHB-rich phase.
SEM results indicate the opimal φ range in which the polymer
can form a well-defined nanofibrous morphology, shifted to a
lower φ range for THF/CF ratio of 60/40 compared to THF/CF ratio
of  30/40 and 43/57. In vitro tests showed excellent proliferation
of HaCaT cells on PHB scaffolds over 3 days. The HaCaT cells
responded especially well to the PHB scaffolds made from solu-
tions at THF/CF ratio of 60/40 and φ= 0.03 g/mL, showing good
spreading and a high cell count. The present study found that
scaffold microporosity is the most significant factor for improv-
ing HaCaT proliferation. Further work should be carried out on
evaluating the biocompatibility of the scaffolds in relevant in
vivo models.

Supporting information: Information is available regarding
the photographs of PHB organogels and compressive stress-strain
curves and DSC heating scans of PHB scaffolds. The materials
are available via the Internet at http://www.springer.com/13233.
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