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Scaffolds with multimodal pore structure are essential to cells differentiation and proliferation in bone tissue
engineering. Bi-/multi-modal porous PLGA/hydroxyapatite composite scaffolds were prepared by supercritical
CO, foaming in which hydroxyapatite acted as heterogeneous nucleation agent. Bimodal porous scaffolds were
prepared under certain conditions, i.e. hydroxyapatite addition of 5%, depressurization rate of 0.3 MPa-min~",
soaking temperature of 55 °C, and pressure of 9 MPa. And scaffolds presented specific structure of small pores
Keywords: (122 um 4 66 um) in the cellular walls of large pores (552 um 4 127 um). Furthermore, multimodal porous
Supercritical carbon dioxide PLGA scaffolds with micro-pores (37 um =+ 11 um) were obtained at low soaking pressure of 7.5 MPa. The inter-
Foam connected porosity of scaffolds ranged from (52.53 + 2.69)% to (83.08 + 2.42)% by adjusting depressurization
Tissue engineering rate, while compression modulus satisfied the requirement of bone tissue engineering. Solvent-free CO, foaming
PLGA scaffolds method is promising to fabricate bi-/multi-modal porous scaffolds in one step, and bioactive particles for osteo-
Hydroxyapatite genesis could serve as nucleation agents.

Bi-/multi-modal pore © 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

Bone tissue engineering (bTE) has been a hot research field to
regenerate osseous tissue [1,2]. For osteogenesis, there are two basic
development pathways, i.e. direct ossification and endochondral
ossification [3]. Small pores ranging in the order of 100 um favor hypoxic
conditions and induce osteochondral formation before osteogenesis,
while large pores with the pore size of >300 um can lead to direct
osteogenesis via a process analogous to intramembranous ossification
[4]. Furthermore, the presence of micro-pores, with pore size ranging
from 1 to 50 um, may promote the transport of nutrient and metabolic
waste in the interior of the pore structure [5]. Hence, fabrication of
scaffolds with bi-/multi-modal pores is very important and imperative.

There are two typical methods to fabricate bi-/multi-modal porous
scaffolds, i.e. solvent casting/particle leaching and supercritical CO,
(scCO,) foaming. Between them, solvent casting/particle leaching is
one of the most popular and traditional methods to prepare scaffolds,
in which salt particles are used as porogen [6]. And scaffolds can be
obtained easily by evaporating solvent and washing out of porogen.
This method, however, is limited in tissue engineering to some extent
due to the use of organic solvents. Under this situation, scCO, foaming
has its own advantages in preparing tissue engineering scaffolds with-
out the use of organic solvents and high temperature [7]. Mooney
et al. [8] firstly applied scCO, foaming to prepare tissue engineering
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scaffolds in 1990s. Bimodal porous scaffolds were successfully prepared
by scCO, foaming when combining with particle leaching [9,10]. Also an
interesting phenomenon was observed that particles might serve to
facilitate heterogeneous nucleation in scCO, foaming process, although
NaCl was not an ideal nucleation agent [11,12].

The process of scCO, foaming consists of three main aspects: disso-
lution of CO, into polymer, nucleation at the moment of depressuriza-
tion, and the growth of pores [8]. According to classical nucleation
theory, both of heterogeneous and homogeneous nucleation were
emerging in the course of nucleation when the third phase existed
[13,14]. In general, the activation energy for heterogeneous nucleation,
which is relevant with interfacial tension of the third phase in foaming
system, is much lower than that of homogeneous nucleation. Namely,
gas nuclei formed by heterogeneous nucleation emerged earlier than
those formed by homogeneous nucleation [15]. Then CO, diffused into
gas nuclei to form pores. Therefore, gas nuclei formed by heterogeneous
nucleation had a longer period to grow large pores. Most importantly,
these earlier small pores facilitated the coalescence of neighboring
pores to form large pores, while the pores rupture could lead to
micro-pores within the pore walls [16]. Thus, bi-/multi-modal porous
scaffolds can be fabricated by simple scCO, foaming if an efficient
nucleation agent is used.

Ceramics, a kind of bioactive substances, is often used as an additive
to fabricate tissue engineering scaffolds in the process of scCO, foaming.
It was reported that hydroxyapatite (HA) and 3-tricalcium phosphate
(B-TCP) could also act as heterogeneous nucleation agent in the
foaming process [17-19]. As we know, bioactive HA or B-TCP are natural
components of bone, which can interact with the surrounding bone
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[20,21]. PLGA scaffolds with HA or 3-TCP as filler were biocompatible
and osteoconductive in bone cell culture [22]. Hence, the addition of
HA or B-TCP particles served as the third phase in scCO, foaming not
only facilitate the fabrication of bi-/multi-modal porous scaffolds, but
also can guide cells growth subsequently [17]. In this paper, bi-/multi-
modal porous PLGA/HA composite scaffolds will be fabricated by simple
scCO, foaming, in which HA particles are used as the third phase to
reinforce the process of heterogeneous nucleation. PLGA scaffolds
obtained are biocompatible and osteoconductive due to the addition
of HA. The effects of HA addition amount, soaking temperature,
pressure, and depressurization rate on the structure of scaffolds will
be studied in detail. Specially, bi-/multi-modal pore formation is
discussed considering the nucleation theory. This novel solvent-free
scCO, foaming method has great potential in fabricating bi-/multi-
modal bone tissue engineering scaffolds incorporated by bioactive
substances under mild conditions.

2. Materials and Methods
2.1. Materials

PLGA (lactide:glycolide = 85:15, M,, = 140 kDa, polydispersity
index (PDI) = 1.73) in a granular form was purchased from Shenzhen
Esun Industrial Co., Ltd. (Shenzhen, China). Hydroxyapatite (HA) was
purchased from Shanghai Rebone Biomaterials Co., Ltd. (Shanghai,
China). Carbon dioxide (99.9% purity) was supplied by Hangzhou
Jingong Gas Co. Ltd. (Zhejiang, China). All other chemicals were of
reagent grade and utilized without further purification.

2.2. Preparation of PLGA samples

Firstly, PLGA microspheres were produced by emulsion-solvent
evaporation [12]. Concretely, PLGA granules were dissolved in dichloro-
methane to obtain 10% (g-ml™!, w/v) PLGA solution, which was then
mixed with 1% polyvinyl alcohol (PVA) aqueous solution and processed
by shearing. After evaporation of dichloromethane, PLGA microspheres
were collected by centrifugation and freeze-drying. Secondly, hydroxy-
apatite particles used as heterogeneous nucleation agent were mixed
with PLGA microspheres in a certain proportion by a glass bead breaker
(MM200, Retsh, Germany). Finally, the physical mixtures of PLGA
microspheres and HA particles were mold-pressed at 10 MPa in a die
for 1 min to get cylindrical flakes. The thickness of the samples was
limited to 2 mm with a diameter of 13 mm by 0.3 g.

2.3. The scCO, foaming process
Supercritical system (SFE-500MR-2-FMC 10, Thar, USA) was applied

in the foaming process, which was mainly consisted of an autoclave of
100 ml [12]. In this experiment, PLGA flakes with different HA fractions
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were placed in the autoclave and equilibrated for 2 h. Temperature fluc-
tuation was controlled to be 4-1 °C and pressure fluctuation 41 MPa.
After scCO, foaming, the porous scaffolds could be removed from the
autoclave and stored in a desiccator for further analysis.

2.4. Characterization of porous PLGA scaffolds

The pore morphologies of porous scaffolds were firstly observed
by scanning electron microscopy (SEM) (SU8010, Hitachi, Japan).
The scaffolds were freeze-fractured in liquid nitrogen, sputter-coated
with platinum. The pore sizes of PLGA scaffolds were then analyzed
by image processing analysis software (Image Pro Plus 6.0, Media
Cybernetics, USA) after obtaining SEM images.

The interconnected porosities of scaffolds were obtained using
mercury intrusion porosimetry (AutoPore IV 9500 V1.07, Micromeritics,
USA). The total porosities of scaffolds could be calculated from the
density of PLGA before and after foaming, by Eq. (1):

P =1-p2/p (1)

where p; and p, were the density of PLGA before and after foaming
respectively [23].

The static compression properties of scaffolds were measured using
a material testing machine (Zwick/Roell Z2.5, Zwick/Roell, Germany).
The compression modulus (E) was the slope of the initial linear part
by depicting the curve of stress versus strain. All compression experi-
ments were performed in triplicates and the averages were used.

3. Results and Discussion
3.1. The operating parameters of scCO, foaming

Prior to scCO, foaming, the morphologies of PLGA microspheres
obtained and HA raw particles were observed and the SEM images are
shown in Fig. 1. The diameter of spherical PLGA micro-particles was in
the order of 10 pm, and the size of HA particles was similar to that
of PLGA microparticles. In this case, it was relatively easy to achieve
uniform mixing for PLGA matrix and HA particles.

For scCO, foaming process, soaking temperature and pressure had a
significant effect on CO, solubility and diffusivity in PLGA matrix. At the
moment of depressurization, the number of gas nuclei mainly depended
on the degree of CO, supersaturation, i.e. the depressurization rate of
foaming system. Specifically, the HA amount acting as a nucleation
agent could have a profound effect on the pore structure of scaffolds.
Hence, it was necessary to discuss the effects of the HA addition amount,
soaking temperature, pressure and depressurization rate on the pore
structure of scaffolds in order to fabricate bi-/multi-modal porous
PLGA scaffolds with ideal properties. The operating parameters of
scCO, foaming are listed in Table 1.
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Fig. 1. SEM images of PLGA microspheres obtained and HA raw particles. (a) PLGA microparticles; (b) HA particles.
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Table 1
Summary of operating parameters of scCO, foaming

No. HA amount/% Temperature/°C Pressure/MPa Depressurization
rate/MPa-min '

Effect of HA addition amount

1 5 55 9 1.5

2 10 55 9 1.5

3 20 55 9 1.5

Effect of soaking temperature

4 5 35 9 4.5-6

5 5 45 9 4.5-6

6 5 55 9 4.5-6

Effect of soaking pressure

7 5 35 7.5 4.5-6

8 5 35 9 4.5-6

9 5 35 12 4.5-6

10 5 35 15 4.5-6

Effect of depressurization rate

11 5 55 9 3-6

12 5 55 9 1.5

13 5 55 9 0.3

14 5 55 9 0.1

3.2. HA particles as the heterogeneous nucleation agent in scCO, foaming

HA is a bioactive substance and can also act as a heterogeneous
nucleation agent in scCO, foaming [21,22]. As we know, gas nuclei
formed by both heterogeneous and homogeneous nucleation grew to
pores. With the addition of HA as the third phase, gas nuclei formed
by heterogeneous nucleation increased accordingly. Namely, those
early pores due to heterogeneous nucleation merged with neighboring
pores to form large pore, while pore rupture led to small pores or even
micro-pores within the large pore walls. Finally, bi-/multi-modal porous
scaffolds could be fabricated.

The effect of HA addition on pore structure should be well investigated
to fabricate bi-/multi-modal PLGA scaffolds. SEM images and pore size
at different amounts of HA are shown in Figs. 2 and 3(a) respectively,
and bimodal porous scaffolds were successfully prepared, in which
small pores were in the walls of large pores. With the increase of HA
from 5% to 20%, the size of large pores decreased from (995 + 226)
um to (409 £ 102) pm, and the size of small pores also decreased
from (104 4 66) pm to (62 4 29) pm. Besides, the thickness of
pore wall firstly increased from (15 4 4) um to (53 + 22) um, and
then decreased to (29 £ 8) pm. According to the classical nucleation
theory, two competitions existed at the same time during foaming pro-
cess [13,14,24,25]. The first one was the competition between gas dif-
fusing to form gas nuclei and gas diffusing into nucleated pores. And
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the second one was between gas diffusing out of the skin and gas diffus-
ing into nucleated pores [17]. With the increase of HA addition amount
in flakes, the nucleation sites provided by HA particles increased to
strengthen the heterogeneous nucleation, which could restrain the dif-
fusivity of CO, into nucleated pores to form larger pores to some extent
given CO, solubility kept constant. Therefore with the increase of HA
addition amount from 5% to 20%, the size of large pores and small
pores both decreased, while the number of pores increased [17,26,27].
Moreover, HA addition amount had an effect on the thickness of pore
wall, which is relevant with mechanical property of scaffolds.

3.3. Fabrication of bi-/multi-modal PLGA porous scaffolds by scCO, foaming

3.3.1. The effect of soaking temperature on the pore structure of scaffolds

As shown in Figs. 3(b) and 4, bimodal porous PLGA scaffolds were
well prepared by scCO, foaming at 5% HA addition amount, soaking
pressure of 9 MPa, depressurization rate of 4.5-6 MPa-min~' with
different soaking temperatures. With the soaking temperature increase
from 35 °C to 45 °C, the size of large pores decreased from (456 + 182)
pum to (370 £ 111) pm, and then increased to (611 4 223) um at 55 °C.
In the whole process, the size of small pores increased from (64 + 24)
um to (112 + 29) um, and the pore walls were relatively thin with sev-
eral micrometers.

The CO, solubility decreases with the increase of soaking tempera-
ture, while the diffusivity of CO, in PLGA is enhanced [26,28]. Even
though there are less CO, dissolved in PLGA available for nucleation
and pore growth at higher temperature, the growth rate of pores
increases due to the increased CO, diffusivity and less gas nuclei. So
scaffolds with large pores could be easily prepared at high temperature,
for example 55 °C. According to this work, bone tissue engineering
scaffolds with bimodal porous structure could be successfully fabricated
at a near ambient temperature of 35 °C. The low temperature makes
scCO, foaming an ideal method to incorporate thermal sensitive bioac-
tive substances into scaffolds such as protein as bone growth factor.

3.3.2. The effect of soaking pressure on the pore structure of scaffolds

As shown in Figs. 3(c) and 5, it is very inspiring that multimodal
porous, bimodal microporous, and cellular scaffolds were all obtained
by altering the soaking pressure. With the increase of soaking pressure
from 7.5 MPa to 9 MPa, multimodal porous scaffolds were successfully
prepared. And the size of large pores increased from (385 + 149) pm
to (458 4+ 177) pm, while the size of small pores and micro-pores
kept nearly constant. Continually, when the pressure increased to
12 MPa, bimodal microporous scaffolds were fabricated. And the size
of small pores was (148 + 39) um, while the size of micro-pores was
(20 £ 5) pm. Cellular scaffolds only with micro-pores were obtained
when the pressure increased further to 15 MPa.

Mo

>
SU8000 5.0kV 30.8mm x50 LM(UL)

1 mm 1 mm

Fig. 2. The effects of addition of HA as a heterogeneous nucleation agent on the pore structure of PLGA scaffolds. (a) HA amount of 5%; (b) HA amount of 10%; (c) HA amount of 20%

(temperature of 55 °C, pressure of 9 MPa, depressurization rate of 1.5 MPa-min~1).
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Fig. 3. The pore size of scaffolds fabricated at different scCO, foaming process. (a) Effect of HA amount (run 1-3); (b) effect of soaking temperature (run4-6); (c) effect of soaking pressure
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Fig. 4. The effects of soaking temperature on the pore structure of PLGA scaffolds. (a) Temperature of 35 °C; (b) temperature of 45 °C; (c) temperature of 55 °C (HA amount of 5%, soaking
pressure of 9 MPa, depressurization rate of 4.5-6 MPa-min~1).
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Fig. 5. The effects of soaking pressure on the pore structure of PLGA scaffolds. (a) Pressure of 7.5 MPa; (b) pressure of 12 MPa; (c) pressure of 15 MPa (HA amount of 5%, soaking
temperature of 35 °C, depressurization rate of 4.5-6 MPa-min~!).
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Fig. 6. The effects of depressurization rate on the pore structure of PLGA scaffolds. (a) Depressurization rate of 3-6 MPa-min~—

1 1

; (b) depressurization rate of 0.3 MPa-min~';

(c) depressurization rate of 0.1 MPa-min~" (HA amount of 5%, soaking temperature of 55 °C, soaking pressure of 9 MPa).

CO, solubility in PLGA increased with the elevation of pressure, while
the energy barrier for nucleation decreased exponentially [26,29].
Namely, more gas nuclei formed at the moment of depressurization,
when more CO, was dissolved into PLGA at high soaking pressure. As
aresult, cellular scaffolds with a high density of pores could be fabricated
at high soaking pressure, for example 15 MPa. However, bi-/multi-
modal porous bone tissue engineering scaffolds could be fabricated at
mild soaking pressure. In other words, low CO, solubility was available
to prepare porous bone tissue engineering scaffolds in the process of
scCO, foaming using HA as the heterogeneous agent.

3.3.3. The effect of depressurization rate on the pore structure of scaffolds

The effects of depressurization rate on PLGA scaffolds are shown in
Figs. 3(d) and 6, and bimodal porous scaffolds were fabricated at 5%
HA addition amount, soaking temperature of 55 °C and soaking pressure
of 9 MPa with different depressurization rates. The size of small pores
increased from (112 4 29) um to (230 + 102) pm, and thickness of
pore wall increased to (133 4 82) um with the decrease of depressuri-
zation rate from 3-6 MPa-min~' to 0.1 MPa-min~; while the size of
large pores didn't diminish evidently.

There are two competitions in scCO, foaming system as mentioned
above. On the one hand, the degree of CO, supersaturation was
decreased to nucleate less by slowing depressurization rate, thus more
CO, diffused into nucleated pores to form large pores [17,28]. And at
low depressurization rate, nucleated pores had enough time to merge
and rupture to form bimodal porous structure with thick pore wall,
which could enhance mechanical strength of scaffolds to some extent
[26]. On the other hand, there were more CO, diffusing out of the
polymer skin when the depressurization rate decreased. Besides, the
decrease of temperature in autoclave and the vitrification of PLGA
suppressed the growth of pores, especially at low depressurization
rate [30]. In a whole, the pore structure and pore size of scaffolds were
decided by the net effect of above factors.

3.4. The porosity and compression modulus of porous PLGA scaffolds

The porosity and compression modulus of prepared PLGA porous
scaffolds under different depressurization rates are shown in Table 2.

Table 2
The porosity and compression modulus of porous PLGA scaffolds

Depressurization Porosity®/% Porosity®/% Compression
rate/MPa-min~' modulus/MPa
3-6 94.48 82.30 £+ 1.58 4.06 + 0.98
15 96.55 £ 0.11 83.08 + 2.42 2.67 £0.37
03 81.70 ND 12.96 + 4.09
0.1 75.61 52.53 £+ 2.69 18.15 + 5.16

@ Calculated from the density of PLGA before and after foaming.
@ Measured by mercury intrusion porosimetry.

The total porosity calculated from the density of PLGA before and after
foaming decreased from (96.55 4+ 0.11% to 75.61)% with the decrease
of depressurization rate to 0.1 MPa-min~!, while the interconnected
porosity measured by mercury intrusion porosimetry decreased from
(83.08 £ 2.42)% to (52.53 + 2.69)%. The compression modulus of scaf-
folds varied between (2.67 4 0.37) and (18.15 4 5.16) MPa.

Generally, low porosity facilitates osteogenesis by suppressing cell
proliferation and forcing cell aggregation in vitro, while high porosity
stimulates greater bone ingrowth in vivo [4]. Bone tissue engineering
scaffolds with ideal properties should meet the requirements of
porosity and mechanical property simultaneously, and the compression
modulus of scaffolds fabricated in this work could satisfy the basic
requirement of soft tissue (0.4-350 MPa) and hard tissue (10-
1500 MPa) respectively at different depressurization rates [31].

4. Conclusions

Bi-/multi-modal porous PLGA/HA composite scaffolds used in bone
tissue engineering were successfully prepared by supercritical CO,
foaming. Specifically, HA particles were introduced as the heteroge-
neous nucleation agent, which would be helpful to cells proliferation
and differentiation. Scaffolds with different pore structure could be
obtained by controlling soaking temperature, pressure, depressurization
rate and the addition amount of HA. The scCO, foaming was favorable to
fabricate bone tissue engineering scaffolds due to the presence of HA
particles, which facilitated the coalescence and rupture of pores to
form bi-/multi-modal pore structure during the process of pore growth.
Porosity and compression modulus of scaffolds fabricated by scCO,
foaming could satisfy the basic requirement of bone tissue engineering
scaffolds. Solvent-free scCO, foaming is a green method to prepare
tissue engineering scaffolds, and thermal sensitive bioactive substances,
i.e. proteins, can be incorporated into scaffolds by scCO, foaming under
mild operation conditions.
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