This is the Pre-Published Version.

A one-step method to fabricate PLLA scaffolds
with deposition of bioactive hydroxyapatite and

collagen using ice-based microporogens

Jiashen Li*¢, Yun Chen®, Arthur F.T. Mak™", Rocky S. Tuan®, Lin Li¢, Yi Li¢

* Department of Health Technology and Informatics, The Hong Kong Polytechnic
University, Hong Kong, China

® Cartilage Biology and Orthopaedics Branch, National Institute of Arthritis and
Musculoskeletal and Skin Diseases, National Institutes of Health, Department of Health
and Human Service, Bethesda, MD, USA

¢ Institute of Textiles and Clothing, The Hong Kong Polytechnic University, Hong Kong,

China

" Correspondence to: Arthur F. T. Mak (e-mail: arthur.mak @polyu.edu.hk)

Tel: (852) 3400 8583, Fax: (852) 2362 4365



Abstract: Porous poly(L-lactic acid) (PLLA) scaffolds with bioactive coatings were
prepared by a novel one-step method. In this process, ice-based microporogens containing
bioactive molecules, such as hydroxyapatite (HA) and collagen, served as both porogens
to form the porous structure and vehicles to transfer the bioactive molecules to the inside
of PLLA scaffolds in a single step. Based on scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FTIR) analysis, the bioactive components were found to
be transferred successfully from the porogens to PLLA scaffolds evenly. Osteoblast cells
were used to evaluate the cellular behaviors of the composite scaffolds. After 8 days
culturing, MTT assay and alkaline phosphatase (ALP) activity results suggested that
HA/collagen could improve the interactions between osteoblast cells and the polymeric
scaffold.
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1. Introduction

Scaffolding is a critical requirement in tissue engineering. The properties of scaffolds
should satisfy a number of specific criteria. In terms of architecture, scaffolds should be
highly porous with an interconnected pore network and appropriate pore size to facilitate
cell migration and fluid diffusion, which is often dependent on the fabrication methods. A
variety of techniques have been developed to produce porous scaffolds for tissue-
engineering purposes, including phase separation [l], porogen leaching [2-7], gas
foaming [8], rapid prototyping [9], electrospinning [10], and various combinations [11].
In porogen leaching, the polymer solution is introduced into the gaps among the
microporogens to form a polymer-porogen composite. After the porogens are dissolved
and removed, the remaining polymeric structure takes the form of a porous matrix as a
reverse replica of the microporogen assembly. Various porogens, such as salt [2,6],
gelatin [3], paraffin [4], ice [5], and sugar [7], have been utilized. For ice microspheres,
the conventional porogen leaching by washing with organic solvent or water was replaced
by freeze-drying, thus facilitating an efficient removal of the porogens.

A scaffold should also be biocompatible, in most cases biodegradable, exhibit adequate
mechanical properties, and possess a biocompatible surface suitable for cell attachment,
proliferation and differentiation. These properties are primarily dependent on the nature
of scaffold material. With the approval of US Food and Drug Administrations (FDA) for
specific human clinical uses, a-hydroxypolyesters, such as polylactic acid (PLA),
poly(glycolic acid) (PGA), and their copolymers poly(lactide-co-glycolide) (PLGA), have
drawn much interest as scaffold materials for tissue engineering. These polymers are
biocompatible and offer a wide range of biomechanical and biodegradation properties to

fit various applications [12-15]. They can be reliably processed into scaffolds using a



number of methods [15,16]. However, their limited ability to facilitate cellular responses
has been a significant concern.

Bioactive molecules such as hydroxyapatite (HA) [17-22], collagen [19-24] and other
proteins [24,25] are often used as coating to modify the material surfaces of polymeric
tissue engineering scaffolds to enhance the target biological responses. We have recently
developed an approach to generate HA/collagen coated poly(lactic-glycolic acids)
scaffolds using a porogen-leaching method [26]. The approach involves a two-step
process with coating first on the paraffin microspheres and then using the coated
micropheres as both the porogens and the vehicles to transfer the bioactive
apatite/collagen coating. In this study, we describe the advancement of the porogen-based
technology using ice-based microporogens to deposit multiple bioactive agents into the
desired scaffold in a single step.

2. Materials and Methods
2.1. Materials

PLLA with an inherent viscosity of approximately 7.11 dl/g was purchased from
PURAC (PURAC, Netherlands). HA [Ca;o(OH)2(PO,)s], with an average grain of less
than 500 nm, was obtained from The University of Hong Kong. Collagen type I was
separated from fresh bovine tendon [27]. Chloroform was purchased from Acros
(Belgium). Deionized water was obtained with a nanopure diamond ultrapure water
systems (Barnstead, USA).

2.2. Preparation of ice-based microparticles

1% (w/v) collagen solution, 4% (w/v) HA suspension, and 1% collagen solution mixed

with HA particles (HA/collagen: 80/20, w/w) were prepared and pre-cooled to 2 °C. Ice-

based microparticles were prepared by spraying cold deionized water or the prepared



solutions through the capillary into liquid nitrogen from a distance of 10 cm.
Microparticles with diameter from 100 to 500 pm were collected. Four groups of ice-
based microparticles, i.e. pure ice microparticles, ice-based microparticles formed with
collagen solution, ice-based microparticles formed with HA suspension, and ice-based
microparticles formed with HA/collagen solution were prepared using this approach (Fig.
la). The whole procedure was processed in a -5 °C environment.
2.3. Fabrication of the PLLA scaffolds with bioactive coating

PLLA solution was dissolved in 1,4-dioxane (10%, w/w) and cooled to -5 °C for 12h
[28,29]. Although the melting point of 1,4-dioxane is 11.8 °C, the PLLA solution became
gel after it was pre-cooled. PLLA gel and the ice-based microparticles (20/80, v/v) were
mixed together by a plastic spoon. A plastic syringe without a needle end was used as a
mould of the PLLA scaffolds. PLLA gel and the ice-based microparticles were placed in
the cylinder with caution to make sure that no air bubbles were trapped in the mold. The
syringe end was placed vertically on a piece of rubber plate; and the syringe piston was
pushed down gently [30]. A little extra PLLA gel was extruded from the gap between the
syringe end and the rubber plate. When no more PLLA gel was observed coming out, the
pressure on the piston was released. At this time, all ice-based microparticles contacted
closely and tightly. The inter space among ice-based microparticles was filled completely
with PLLA gel (Fig. 1b). Then the whole PLLA scaffold with ice-based microparticles
was pushed out by the piston and kept in liquid nitrogen for 12h. Finally, the samples
were freeze-dried at -20 °C for 7 days to completely remove the solvent and water to
obtain three-dimensional porous polymeric scaffolds (Fig. 1c) with the bioactive
deposition coating (Fig. 1d). The size of scaffolds used in this research is 5 mm in

diameter and 5 mm in thickness.



In order to examine the inside of the samples, some scaffolds were cut in the middle
after they were frozen and just before they were freeze-dried.
2.4. Characterization

The morphology and composition of the PLLA scaffolds without and with different
deposition coatings were analyzed by scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). The samples were
studied under a scanning electron microscope (JEOL JSM-6490, Japan) after being
coated with gold. EDX was obtained without gold coating. Randomly selected areas of
about 1x1 mm on the sample surface and section were examined. XRD spectra were
obtained using a Philips X-ray diffractometer with a fixed incidence of 1° in the range of
10-40° using 0.06" step and 1 s/step scan speed. Cross sections of the scaffolds were
examined along with pure collagen and pure HA as references. Fourier transform infrared
spectroscopy (FTIR) was used to obtain information on the molecular components on the
surfaces. The transmission spectra of pure HA, pure collagen, PLLA scaffolds without
and with different coatings were measured with a Perkin-Elmer FTIR Spectrometer.
2.5. Cell culturing and characterization

After the scaffolds were sterilized by 70% ethanol and washed by PBS solution
completely. 20 pl (about 1x10° cells) of the Saos-2 osteoblast-like cell suspensions were
seeded evenly into PLLA scaffolds, PLLA/HA scaffolds, PLLA/collagen scaffolds, and
PLLA/HA/collagen scaffolds with a micropipette, respectively. The seeded scaffolds
were maintained in incubator for 4h for cell adhesion to the scaffolds and then 1.0 ml
completed medium was added to the wells. The 24-well plate was incubated at a

temperature of 37 °C in a 5% CO, atmosphere. The medium was changed every 2 days.



After incubation, any non-adherent cells on the samples were removed by aspirating the
medium and washing with PBS solution.

The MTT assay was used to visualize the metabolically active cells. The scaffolds were
removed and placed into a new 24-well dish, to which 1.0 ml of growth medium
containing 0.5 mg/ml [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrasodium bromide]
(MTT) was added. Cells were allowed to incubate at 37 °C for 4h, after which the
medium and scaffolds were gently removed. Thereafter the formazan crystals formed
were solubilized by adding DMSO. Then the optical density (OD) of formazan in the
solution was read using a microplate reader at 570 nm (BIO-RAD Model 550, BIO-RAD,
USA).

Alkaline phosphatase (ALP) activity was measured using an alkaline phosphatase assay
kit (Zhongsheng Beikong, China). Cells were incubated in scaffolds for 8 days. After
removing the culture medium, the cells were washed with PBS and then detached with
trypsin/EDTA. After centrifugation, the cell pellets were washed with PBS and
resuspended by vortexing them in 0.025 ml of deionized water with 0.1% Triton X-100.
The cell pellets were disrupted via a cyclic freezing/thawing process. The prepared cell
lysates were used to determine ALP activity according to the manufacturer's instructions.

Experiments were run in triplicate per sample. All data were expressed as mean *
standard deviation (SD) with n=3. Single factor analysis of variance (ANOVA) technique
was used to assess statistical significance of results. Difference with p values < 0.05 were
considered to be significant.

3. Results

3.1. SEM of PLLA/HA/collagen scaffolds



After PLLA gel and ice-based microspheres were freeze-dried, the spaces occupied by
ice-based microspheres were emptied as pores. The PLLA located in the inter space
among the ice-based microspheres became the pore wall of the PLLA scaffold. The
contact areas between two adjacent ice-based microparticles became small holes
connecting the adjacent bigger pores. The resultant PLLA scaffold was highly porous
with good pore connectivity (Fig. 2). The diameter of these holes ranged from 100 to 500
um which was consistent with the size of the ice-based microparticles. These connected
holes would serve adequately for the passages of cells, nutrients, and waste products in
and out of the scaffold.

Under the low air pressure of freezing-drying, the ice microparticles with collagen and
HA/collagen should form sponges after the ice was removed. The collagen sponge or
HA/collagen sponge collapsed and fall on the pore surface and resulted in the formation
of coating in humid atmosphere after the vacuum was released. HA, collagen or
HA/collagen were transferred by deposition onto the inner surface of the pores within the
PLLA scaffold, and could be observed by SEM (Fig. 3).

3.2. EDX spectrum

Pure HA powder, pure collagen film and the surface and middle section of scaffolds
were examined by EDX. The EDX spectrum (Fig. 4) showed that the main elements are
carbon and oxygen for collagen [Fig. 4(b)], PLLA scaffold [Fig. 4(c)], and PLLA scaffold
with collagen coating [Fig. 4(d)]. For the PLLA scaffolds coated with HA [Fig. 4(e)] and
with HA/collagen [Fig. 4(f)], calcium and phosphorus were detected which were derived
from the HA particles [Fig. 4(a)]. These results suggested that HA was successfully
coated on the surface of the pore wall inside PLLA scaffolds. No coating difference was

detected between the surface and section areas of a same sample.



3.3. XRD results

Pure HA powder and the middle section of PLLA scaffolds without or with different
coatings were scanned by EDX. Three peaks (at 26, 32 and 33”) were observed in the X-
ray diffraction (XRD) patterns of PLLA scaffolds with HA and HA/collagen coating
(traces ‘¢’ and ‘d’ in Fig. 5). They were the characteristic XRD peaks of pure HA (trace
‘e’ in Fig. 5). Thus, these results also suggested that the HA was successfully transferred
onto the PLLA scaffolds.
3.4. FTIR spectra

FTIR spectroscopy was used to gain additional information on the chemical structure
of the substrate and the coating (Fig. 6). The FTIR spectrum of PLLA scaffold with HA
coating [Fig. 6(b)] showed strong peaks at 1031 cm™ and 602/567 cm™, indicative of the
v3 and vy vibration of PO,”, respectively [31]. FTIR spectrum of PLLA/collagen [Fig.
6(c)] showed two peaks at 1655 and 1550 cm’', indicative of amide I and II. Both the
PO,~ and amide peaks were observed in the FTIR spectrum of PLLA scaffold with
HA/collagen coating [Fig. 6(d)]. These analysis therefore confirmed that both HA and
collagen were successfully transferred into PLLA scaffold.
3.5. MTT assay and ALP

MTT assay involves a reduction reaction which reduces MTT reagent to a blue
formazan product when incubated with viable cells. Thus the absorbance of formazan
indirectly reflected the level of cell metabolism in culture. In order to reveal the change of
cell metabolism after 8 days culture, scatfolds were also examined by MTT after cell
seeding procedure as control. Fig. 7 showed the ratio of OD value of formazan produced

by cells on different scaffolds before and after 8 days culture. Compared to pure PLLA



scaffold, the highest absorbance was obtained on the PLLA/HA/collagen scaffold with p
<0.05.

Alkaline phosphatase activity was measured to assess the differentiated osteogenic
activity of the cell constructs. Fig. 8 showed the relative ALP activity of osteoblast cells
cultured for 8 days on PLLA scaffolds with different coatings when pure PLLA scaffolds
were used as control. The ALP activity of Saos-2 osteoblast-like cell cultured on
PLLA/HA/collagen scaffold was significantly higher than that on the PLLA, PLLA/HA
and PLLA/collagen scaffolds (p < 0.05).

4. Discussion

In previous reports, we have developed a two-step approach to generate apatite,
collagen, and HA/collagen coated poly(lactic-glycolic acids) scaffolds using paraffin-
based porogens [27,30,32]. Because ice can be easily removed by freeze-drying, without
the use of additional organic solvents for porogen leaching, it has been used for the
fabrication of scaffolds in a porogen leaching procedure [5]. In this paper, ice was applied
as both the microporogen and the vehicle to transfer bioactive coatings. Our results
showed that HA, collagen, and hybrid HA/collagen have all been successfully transferred
onto the pore wall of PLLA scaffolds using ice-based microporogen in one step.

As primary constituents of bone matrix, apatite and collagen have been coated on
various biomaterials to mimic the natural microenvironment and to promote cell adhesion
for bone tissue engineering [20-22,33,34]. The process for collagen coating or apatite
coating usually involves immersing scaffolds in collagen solution or simulated body fluid
(SBF) for a few days or even weeks. However, this approach is hampered by the fact that
biodegradable polymeric materials, such as poly(a-hydroxy acids), degrade in aqueous as

well as humid environment via hydrolysis. We have thus accelerated this incubation
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process to no more than 24 hours to reduce this risk [18-22]. In this study, the method of
ice-based microporogens totally circumvents this risk of scaffold degradation during the
coating process.

The spatial distribution of coating was also a concern in the immersion method.
Usually less coating was found on the internal surfaces than on the peripheral ones
because of more ready exchange between the peripheral surfaces and the surrounding
fluid [35,36]. This non-uniform distribution of coating could happen especially in large
size scaffolds with small pores. In the one-step method, the bioactive components
introduced by the ice-based microporogens are distributed evenly onto the pore surface
within the scaffolds, even for relatively thick scaffolds with small pores.

Furthermore, in the immersion method the amount of coating is influenced by several
factors, such as the ionic concentrations of the immersion solution, the incubation period,
application of hydrostatic pressure, the pore size and pore connectivity of the scaffolds,
etc. In one-step method, the coating process is incorporated into the scaffold fabrication
process. In principle, the amount of coating can be controlled by varying the
concentration of agents in the microporogens. In the two-step microporogen method, the
process of porogens dissolution by organic solvent or water may increase the chance of
the coating being partially washed away with the solvent fluxes. In the one-step method,
agents embedded in ice-based microporogens should have a better chance to be
transferred to and remain on the polymeric surface because the process of solvent
washing is replaced by freeze-drying.

Finally, it should be pointed out that the method described here also allows for
“multicompartment” loading of the micropores. Specifically, sequential introduction of

ice porogens, which could be different in size as regulated by controlled atomization,
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loaded with different bioactive agents, could be carried out. In this manner, it should be
possible to produce bioactive scaffolds that consist of multiple compartments of
difference pore size that contain different bioactive agents.

It has been reported that fibroblast growth factors could be immobilized on PLLA
surface to enhance cell growth [24]. The one-step method should be applicable for the
introduction of growth factors and other proteinaceous signaling molecules with retention
of biological activity, since these molecules are embedded in ice and not exposed to harsh
organic solvents.

In this study, two cell affinity materials, collagen and HA, were coated on the pore wall
surface of PLLA scaffolds by the one step method. According to MTT assay of pure
PLLA scaffolds, more viable cells were detected after 8 days culture than 0 day culture.
But the highest increase of OD value were found on PLLA scaffold with HA and collagen.
It meant that HA and collagen provided a suitable surface for cell attachment and
proliferation. The ALP results confirmed the similar trend. In our lab, biomimetic apatite
and collagen were coated on PLLA scaffold via a combined phase-separation technique
and an accelerated biomimetic coating process to enhance osteoblast-like cells attachment
and activity [20]. The investigation also demonstrated that cell-compatibility of PLLA
scaffolds was greatly enhanced with combined apatite/collagen coating. The attachment
and total activity of osteoblast-like cells on the apatite/collagen coating were found
increasing more than on apatite coating.

Although there are still some disadvantages, such as: the relative weak coating strength
between the bioactive agents and the pore wall of the scaffold, the one-step method opens
a new way to prepare and modify bioactive scaffolds for tissue engineering.

5. Conclusions
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A novel one-step method of preparing porous three-dimensional biodegradable
scaffolds with deposition of bioactive hydroxyapatite and collagen for tissue engineering
was developed using pre-prepared ice-based microparticles as porogens. EDX, XRD and
FTIR results revealed the even distribution of bioactive agents which may be used to
enhance subsequent cell seeding, proliferation and differentiation for tissue engineering
applications. MTT and ALP results suggested that HA/collagen coating could improve
the interactions between osteoblast cells and the polymeric scaffold. The one-step method
should be particularly invaluable to transfer bioactive agents inside of large scaffolds with
relatively small pores.
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Figure legends

Fig. 1. A scheme of preparation methods of PLLA scaffold with coatings. (a) ice-based
microparticles with HA and collagen inside; (b) the inter space among ice-based
microparticles was filled by PLLA gel; (c) porous polymeric scaffold was gotten after ice
and solvent were removed; (d) HA and collagen coated on the surface of pore wall.

Fig. 2. SEM micrographs of PLLA scaffolds fabricated using ice-based porogen.

Fig. 3. SEM micrographs of PLLA scaffolds fabricated using ice-based porogen: (a)
PLLA scaffold; (b) PLLA scaffold with collagen coating; (c) PLLA scaffold with HA
coating; (d) PLLA scaffold with HA/collagen hybrid coating.

Fig. 4. EDX spectra of (a) HA powder; (b) collagen film; (c) PLLA scaffold without
coating; (d) PLLA scaffold with collagen coating; (¢) PLLA scaffold with HA coating;
and (f) PLLA scaffold with HA/collagen hybrid coating.

Fig. 5. X-ray diffraction patterns of (a) PLLA scaffold without coating; (b) PLLA scaffold
with collagen coating; (c) PLLA scaffold with HA coating; (d) PLLA scaffold with
HA/collagen hybrid coating; and (e) pure HA.

Fig. 6. FTIR spectra of (a) PLLA; (b) PLLA scatfold with HA coating; (c) PLLA scaffold
with collagen coating. (d) PLLA scaffold with HA/collagen coating.

Fig. 7. MTT assay. The ratio of OD value of formazan produced by cells on different
scaffolds after cell seeding and 8 days culture (n=3). * Significant difference with p<0.05
between the samples highlighted by the lines.

Fig. 8. The relative ALP activity of osteoblast cells cultured for 8 days on PLLA scaffolds
with different coatings when pure PLLA scaffolds were used as control (n=3). *

Significant difference with p<0.05 between the samples highlighted by the lines.
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