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Abstract
The use of porous 3D scaffolds for the repair of bone nonunion and osteoporotic bone is currently an area of great 
interest. Using a combination of thermally-induced phase separation (TIPS) and 3D-plotting (3DP), we have generated 
hierarchical 3DP/TIPS scaffolds made of poly(lactic-co-glycolic acid) (PLGA) and nanohydroxyapatite (nHA). A full facto-
rial design of experiments was conducted, in which the PLGA and nHA compositions were varied between 6‒12% w/v 
and 10‒40% w/w, respectively, totaling 16 scaffold formulations with an overall porosity ranging between 87%‒93%. 
These formulations included an optimal scaffold design identified in our previous study. The internal structures of the 
scaffolds were examined using scanning electron microscopy and microcomputed tomography. Our optimal scaffold 
was seeded with MC3T3-E1 murine preosteoblastic cells and subjected to cell culture inside a tissue culture dish and a 
perfusion bioreactor. The results were compared to those of a commercial CellCeram™ scaffold with a composition of 40% 
β-tricalcium phosphate and 60% hydroxyapatite (β-TCP/HA). Media flow within the macrochannels of 3DP/TIPS scaffolds 
was modeled in COMSOL software in order to fine tune the wall shear stress. CyQUANT DNA assay was performed to 
assess cell proliferation. The normalized number of cells for the optimal scaffold was more than twofold that of CellCeram™ 
scaffold after two weeks of culture inside the bioreactor. Despite the substantial variability in the results, the observed 
improvement in cell proliferation upon culture inside the perfusion bioreactor (vs. static culture) demonstrated the role 
of macrochannels in making the 3DP/TIPS scaffolds a promising candidate for scaffold-based tissue engineering.

Article highlights

•	 A design of experiments to generate 16 scaffold archi-
tectures and compositions, featuring both micropores 
and macrochannels, so as to provide an ideal environ-
ment for bone regeneration;

•	 The step-by-step fabrication process, examining the 
internal structures, and the simulation of fluid flow 

(COMSOL) to supply adequate mechanical stimulation 
during bioreactor cultivation;

•	 The DNA content for the cell-seeded scaffolds over time 
(culture dish vs. a bioreactor), compared with a com-
mercial scaffold featuring a similar porosity and pore 
size range.
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1  Introduction

Age is one of the primary determinants of osteoporo-
sis. In the United States, over 30% of individuals 80 or 
older have osteoporosis, and osteoporosis is the primary 
cause of spine and hip fracture within this age group [1]. 
Postmenopausal women are particularly susceptible to 
osteoporosis, with women over 80 years accounting for 
30% of fragility fractures and 60% of all hip fractures [1]. 
Other diseases that may impact bone density or frac-
ture healing, such as diabetes mellitus [2], also contrib-
ute to the occurrence of fracture. Nonunion or malunion 
may occur in anywhere from 1.9‒46% of fractures [3, 
4], depending on fracture site and degree of injury of 
adjacent soft tissue, among other factors. Bone nonun-
ion may be treated with bone autograft, allograft, or site 
stimulation if non-operative techniques are unsuccessful 
[4]. All these treatment modalities have risks and may 
have fairly high rates of failure depending on the micro-
environment surrounding the fracture [3].

Due to the high rates of failure of many clinically used 
treatments for bone nonunion, many researchers have 
turned to the field of tissue engineering, and specifi-
cally to the creation of three-dimensional (3D) porous 
scaffolds. The goal of these implantable 3D scaffolds is 
to provide an optimal microenvironment for native cell 
proliferation. An ideal scaffold would provide mechani-
cal support as well as physical and biochemical stimuli 
to stimulate optimal cell proliferation and function 
[5]. Typically, a 3D scaffold used for tissue engineering 
would be biocompatible, porous, and biodegradable. In 
the past, bioinert materials were widely used in clinical 
applications—such as temporary pedicle screws used 
to augment lumbar fusion—but these materials would 
not degrade in vivo and as such would either remain in 
the body or require a second surgery for removal [6]. 
Biodegradable scaffolds, however, are intended to pro-
vide mechanical support and optimal proliferation con-
ditions for native cells during the healing process, then 
degrade as native tissue fills in the defect. In bone tissue 
engineering, the biodegradable material must stimulate 
bone tissue regeneration and repair, then degrade into 
non-toxic products that can be naturally metabolized or 
removed by the body [7].

In clinical settings, the tissue engineering approach 
aims to develop bioengineered tissues that meet patient 
requirements in terms of shape, size, and immunologi-
cal compatibility, while minimizing the need for further 
clinical interventions. The clinical success of bioengineered 
tissues largely depends on scaffold composition and the 
ability of scaffold materials to serve as cell delivery vehi-
cles and support suitable cell types [8]. The field of bone 

tissue engineering has grown exponentially over the past 
two decades. Bone scaffolds are intended to fill bone voids 
and support the body’s intrinsic potential for regenerating 
bone tissues [9]. It is anticipated that bone tissue engineer-
ing will play a key role in orthopedic trauma and fracture 
care, whether by stimulating fracture healing in routine 
injuries or through addressing the unmet challenges of 
bone nonunions or bone defects of critical size [10].

In a recent review paper, Xue et al. have provided an 
overview of the current strategies for promoting bone 
healing using biomolecules, with a focus on bioactive 
actors incorporated into the modulated biomaterials for 
bone tissue engineering applications [11]. Furthermore, 
Hutmacher et al. have discussed the rationale for tissue 
engineering strategies and offered an overview of the 
recent efforts in developing personalized, clinically rel-
evant in vitro and in vivo models of human diseases [12]. 
Bone tissue engineering has also shown promise in the 
treatment of temporomandibular joint disorders [13]. This 
includes several recent studies that have made use of 3D 
scaffolds for guided bone regeneration in maxillary and 
mandibular defects [14–16].

Poly (lactic-co-glycolic acid) (PLGA) is a commonly used 
material in tissue engineering due to its ease of processing 
in various conventional scaffold manufacturing techniques 
and controllable biodegradability. PLGA and other satu-
rated poly(α-hydroxy esters) undergo hydrolytic degrada-
tion through de-esterification, then the products of this 
degradation are removed by natural processes. The degra-
dation properties of PLGA are dependent on chain compo-
sition, hydrophobic/hydrophilic balance, and crystallinity. 
These factors can be changed by varying the ratios of PLA 
and PGA monomers [17]. Due to its poor osteoconductive 
properties and mechanical strength, PLGA is typically used 
with other materials such as ceramics in order to increase 
osteoconductivity and make it more suitable for bone-
contacting applications. Hydroxyapatite (HA) is a ceramic 
material regularly used in bone tissue engineering due in 
part to its chemical similarity to the mineral phase of bone. 
Unlike PLGA, HA has good osteoinductive and osteocon-
ductive capabilities [18, 19]. A composite scaffold using a 
polymer and a ceramic is somewhat biomimetic of natural 
bone tissue, due to the presence of polymeric proteins and 
mineral phases in the natural bone matrix. As an exam-
ple of clinical applications, scaffolds made of PLGA and 
calcium phosphates (CaP) have been used in maxillofa-
cial surgeries in human patients to maintain alveolar bone 
height following tooth extraction [15].

The high metabolic activity of bone cells limits the size 
of scaffold-tissue constructs that can be cultured in bone 
tissue engineering. We have used hierarchical 3D scaffolds 
made of PLGA and nanohydroxyapatite (nHA) to enhance 
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the diffusion of oxygen and nutrients throughout our 3D 
scaffolds. These scaffolds were fabricated by combining 
3D-plotting (3DP) and thermally-induced phase separation 
(TIPS). While the TIPS method generates micropores for 
oxygen and nutrient supply, the 3DP technique produces 
macrochannels for cell migration and bone ingrowth. We 
have used a full factorial design of experiments (DoE) to 
find the combination of PLGA% and nHA% that produce 
highly porous scaffolds (porosity > 85%). These scaffolds 
were seeded with MC3T3-E1 preosteoblastic cells and cul-
tured under static and dynamic conditions.

A perfusion bioreactor is essential to supporting the 
development of bone tissue. If a tissue scaffold is placed in 
a static medium and allowed to grow, diffusion will be the 
driving force in delivering nutrients and removing waste 
from the seeded cells. While this is similar to how cells in 
the body transport materials, the maximum distance of a 
cell from its nearest capillary rarely exceeds 200 μm and is 
usually less than 100 µm [20]. As a result, this will cause the 
majority of cell activity to be present on the surface of the 
scaffold due to difficulty in transport to the inside struc-
ture of the scaffold. The cells present closer to the center 
of the scaffold will not be able to engage in diffusion as 
effectively, and will die. As such, a perfusion bioreactor 
can address these setbacks by using convective transport 
to provide increased mass transport to the interior of the 
scaffold while permitting regulation of other parameters 
such as pH, temperature, and nutrient concentration [21]. 
Specifically, for bone tissue cells, the mixing and fluid shear 
stress induced by perfusion will improve development by 
mechanically stimulating the cells, allowing them to dif-
ferentiate into the desired cell type. In this study, dynamic 
cultures were performed on PLGA/nHA composite scaf-
folds in perfusion bioreactors.

In our previous studies [22, 23], we used an I-optimal 
design of experiments to maximize the porosity while 
approaching a compressive modulus of ~ 5 MPa for our 
3DP/TIPS scaffolds. This was accomplished by analyz-
ing a combination of PLGA concentration (8%, 10%, 
and 12% w/v), nHA content (0%, 10%, and 20% w/w), 
TIPS quenching temperature (‒20 °C, ‒10 °C, and 0 °C), 
and the diameter of macrochannels (300 μm, 380 μm, 
and 460 μm). In this study, we have narrowed down the 
quenching temperature to ‒10 °C and the diameter of 
macrochannels to 380 μm based on our previous find-
ings [22, 23]. This work uses a full factorial design of 
experiments to investigate the combined role of PLGA 
concentration (6%, 8%, 10%, and 12% w/v) and a broader 
range of nHA content (10%, 20%, 30%, and 40% w/w) on 
the scaffold porosity and density.

This study also makes use of a longer quenching time 
inside the environmental chamber and a longer washing 
time inside the water bath, to enhance phase separation 

and to facilitate the extraction of sacrificial poly(ethylene 
glycol) (PEG) templates. The internal architecture of the 
scaffolds has been analyzed using scanning electron 
microscopy (SEM) and microcomputed tomography 
(μCT). Our optimal 3DP/TIPS scaffold design [22, 23], 
reproduced using the extended TIPS quenching time 
and washing time, was seeded with MC3T3-E1 murine 
preosteoblastic cells and subjected to cell culture inside 
both a tissue culture dish and a perfusion bioreactor. 
A COMSOL analysis was performed in order to charac-
terize the flow throughout the bioreactor, to fine tune 
the wall shear stress, and to determine how the pres-
ence of fluid flow may affect cell proliferation [18]. After 
being subjected to static and perfusion cell culture, the 
scaffolds were analyzed to determine cell proliferation 
using CyQUANT DNA assay. The results were compared 
to those of the commercial CellCeram™ scaffold cultured 
under the same conditions. The role of fluid flow on cell 
differentiation will be the subject of our future study.

2 � Materials and methods

2.1 � Materials

Poly(lactic-co-glycolic acid) (PLGA, RESOMER® LG 824 
S; I.V. = 1.7–2.6 dl/g; with 82:12 lactide:glycolide ratio) 
was purchased from Evonik Biomaterials. Poly(ethylene 
glycol) (PEG, 35,000 Da), nHA (< 200 nm particle size 
(BET), ≥ 97%, synthetic), ethanol (EtOH), and 1,4-diox-
ane (ACS reagent, ≥ 99.0%) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Proliferation media 
was created by adding 50 ml fetal bovine serum (FBS, 
Gemini), 5 ml Glutamax (200 mM in 0.85% NaCl), 5 ml 
amphotericin B (250 μg/ml), and 5 ml Pen/Strep (10,000 
units/ml penicillin, 10,000 μg/ml streptomycin) (Gibco) 
to 500  ml of α-MEM (‒nucleosides,‒ascorbic acid) 
(Gibco). Differentiation media was made by supple-
menting proliferation media with 50  μg/ml ascorbic 
acid (Sigma) and 10 mM β-glycerophosphate (Sigma). 
Scaffdex CellCeram™ scaffolds (60% hydroxyapatite, 40% 
β-tricalcium phosphate (β-TCP), ~ 83% porosity, a diam-
eter of 10 mm and a thickness of 3 mm) were obtained 
from Sigma-Aldrich.

2.2 � 3D‑plotting of PEG

PEG was melt-processed using a 3D-Bioplotter 
(EnvisionTEC™, Germany) to produce the porous PEG sac-
rificial templates, as we have previously reported [24]. A 
plotting needle with an inner diameter of 400 µm was used 
to produce a strand diameter of ~ 380 μm, with a distance 
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between strands of ~ 1000 μm. Briefly, the PEG powder was 
dried for 24 h inside a glass desiccator connected to vac-
uum. Next, the powder was poured inside the 3D-plotting 
cartridge and heated to 115 °C. The needle was calibrated 
via dot printing using a camera to detect the location of 
the tip. The center-to-center distance between strands was 
set to 1380 µm. The cartridge containing PEG was inserted 
into the high temperature robot-head, and pressurized 
air was used to dispense PEG. A dispensing pressure of 
1.5 bar and a plotting speed of 2.1 mm/s were used for 
3D-plotting of PEG [24]. These PEG constructs served as 
sacrificial templates and were eventually extracted using 
deionized (DI) water to generate interconnected macro-
channels within our PLGA/nHA scaffolds.

2.3 � Scaffold fabrication

Table  1 lists the composition of the 3D scaffolds pre-
pared in this study. PLGA was cryogenically ground using 
a Freezer Mill (Spex SamplePrep™) with a stainless-steel 
grinding mill operating at 10 cycles/s. The PLGA was sub-
jected to a 5-min precool prior to grinding. The ground 
PLGA and nHA powder were weighed inside a 50-ml 
beaker, and then 6 ml of 1,4-dioxane was added to the 
beaker. The solution was sonicated for 10 min at an ampli-
tude of 20 μm, and then the beaker was covered with para-
film and placed inside a 60 °C water bath and stirred at 
150 rpm. After 75 min, these sonication and water bathing 
steps were repeated. A third sonication was performed, 
then the solution was allowed to cool down at room tem-
perature for 10 min. Four 3D-plotted PEG constructs were 

positioned inside the beaker side by side, and the beaker 
was transferred to a ZP-16 − 1.5-H/AC Cincinnati Sub-Zero 
environmental chamber. An Erlenmeyer flask containing 
ethanol was also placed inside the chamber. The chamber 
was heated up to 40 °C at a rate of 2 °C/min, maintained 
at this temperature for 5 min, and then cooled down to 
–10 °C at a rate 1.5 °C/min. After 150 min, 40 ml of ethanol 
was added to the beaker. The ethanol was replaced after 
48 h. After 70 h at –10 °C, the chamber was heated up to 
20 °C at a rate of 1.5 °C/min.

The solidified construct containing PEG was removed 
from the beaker and dried on a sheet of aluminum foil for 
90 min under a fume hood. The constructs were punched 
with a 10-mm biopsy punch to obtain four scaffolds. Then, 
the scaffolds were transferred to mesh biopsy bags and 
placed inside a water bath at 45 °C. After 3 days, the scaf-
folds were taken out, dried on a filter paper for 10 min, 
placed inside a –80 °C freezer for 1 h, and freeze-dried for 
3 days (Labconco). Then, the scaffolds were collected and 
stored inside a refrigerator at 4 °C. The scaffold fabrication 
process is briefly illustrated in Fig. 1. Additionally, a set of 
TIPS-only scaffolds were fabricated using a PLGA concen-
tration of 10% and an nHA concentration of 10%. All of the 
previously-described TIPS steps were followed, but no PEG 
was embedded in the solution. These scaffolds were thin-
ner (~ 3 mm) and did not have the macrochannels present 
in the 3DP/TIPS scaffolds, and were used for comparison 
with the 3DP/TIPS scaffolds via SEM and μCT imaging.

2.4 � Porosity calculation

The following equation was used to calculate the porosity 
of the punched scaffolds:

where, Va is the apparent volume of the scaffold, calculated 
using the average of two diameter measurements and the 
thickness of the scaffold, and Vt is the true volume of the 
scaffold, calculated based on the scaffold mass (m) and 
solid matrix density (ρm). The equation for Vt is as follows:

Hence, the scaffold density (⍴) and porosity (φ) are related 
by the following equation:

The matrix density (ρm) of the scaffolds was estimated 
using the rule of mixtures and the weight percentage of 
nHA in the solid matrix ( C

2
 ) as listed in Table 1:

(1)� = 100

(

Va − Vt

Va

)

(2)Vt = m∕�m

(3)� = �m(1 − �)

Table 1   Composition of the scaffolds prepared for this study

Scaffold number PLGA Concentration C1 (% 
w/v)

nHA Concentra-
tion C2 (% w/w)

1 12 40
2 10 40
3 8 40
4 6 40
5 12 30
6 10 30
7 8 30
8 6 30
9 12 20
10 10 20
11 8 20
12 6 20
13 12 10
14 10 10
15 8 10
16 6 10
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where the density of PLGA ( �PLGA) is 1.3 g/cm3 and the den-
sity of nHA ( �nHA) is 3.16 g/cm3 [18].

2.5 � Scanning electron microscopy (SEM)

The scaffold samples were cut into quarters with a clean 
razor blade. A thin layer of epoxy was spread on an SEM 
stub. One quarter was mounted on the stub with the top 
up. A second quarter was mounted upside down. A third 
quarter was mounted on edge so the cut-side was up, 
allowing for imaging of the cut surface. All three pieces 
were mounted on the same stub. Silver paint was applied 
to the edges to ground the samples. Stubs were then sput-
ter-coated with approximately 20 nm gold using Denton 
Desk II Sputter Unit and imaged using a Zeiss Supra™ 35VP 
microscope at an accelerating voltage of 4 keV. For cell-
seeded scaffolds, the scaffolds were fixed in 1% glutaral-
dehyde/2% paraformaldehyde in Dulbecco’s phosphate-
buffered saline (DPBS) for 1 h, and then washed in DPBS 
four times at 5 min each. After a serial dehydration at 25, 
50, 75, 95 and 100%, the scaffolds were critical-point dried 
in a Tousimis Samdri 780A (Tousimis, 2211). The dried sam-
ples were then mounted, silver painted, sputter-coated, 
and imaged the same as the non-seeded scaffolds.

2.6 � Microcomputed tomography (µCT)

Specimens were placed in a 14-mm diameter holder and 
scanned using a Scanco Medical µCT100 system. Scan 

(4)�m = �PLGA

(

1 −
C
2

100

)

+ �nHA

(

C
2

100

) settings were: voxel size 5 µm, 55 kVp energy, 109 µA, 
0.5 mm AL filter, 1000 projections around 180°, average 
data of 3 and integration time of 500 ms. The analysis 
was performed using the manufacturer’s evaluation soft-
ware, a threshold of 40 and 100 for 3DP/TIPS and TIPS-
only scaffolds, respectively, and a threshold of 280 for the 
CellCeram™ scaffolds (on a grayscale of 0–1000) to seg-
ment the scaffolds from air. A 4-mm-diameter cylindrical 
region of interest (ROI) with a height of 0.5 mm centered 
on the midpoint was used for the scaffold. The Scanco CT 
machine was calibrated to a hydroxyapatite (HA) phantom 
and checked weekly. The machine thresholds of 40, 100, 
and 280 were equivalent to − 82.1 mg HA/cm3, 44.9 mg 
HA/cm3, and 426 mg HA/cm3, respectively.

2.7 � Simulation of fluid flow inside the perfusion 
bioreactor

The repetition of basic structures (unit cells) allows for 
a simple yet effective approach to scaffold design. Unit 
cells are systematically distributed throughout the inter-
nal geometry of a scaffold. These individual geometric 
units can be constructed using computer-aided design 
(CAD) tools and basic geometric primitives such as cubes, 
spheres, and cylinders/rods, then can be tested in a mul-
tiphysics modeling software such as COMSOL. The scaffold 
model for this study was designed to have a half-cylindri-
cal structure containing layers of cylindrical rods. A target 
wall shear stress of 20 mPa was selected for the model, as 
this value has been reported to supply adequate mechani-
cal stimulation at the beginning of the cultivation process 
[25]; however, the shear stress is likely to increase as cells 

Fig. 1   The scaffold fabrication process utilizing the 3DP/TIPS technique
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begin to fill the macrochannels. The flow rate of the cul-
ture media needed to achieve a shear stress of 20 mPa was 
determined based on COMSOL Multiphysics simulations as 
described below. The simulated flow rate was then used to 
choose the speed of the peristaltic pump (in rpm) for the 
bioreactor experiments.

2.8 � Newtonian fluid flow model

A laminar incompressible Newtonian flow model in COM-
SOL was used to simulate the fluid flow through the scaf-
fold geometry. First, the model was validated by compar-
ing the shear stress values computed in COMSOL at the 
wall of a simple cylinder to the values obtained analyti-
cally based on the equations for Newtonian pipe flow. For 
a pipe with a radius of R and a volumetric flow rate of Q, 
the shear rate at the wall ( �w ) can be described as:

The shear stress at the wall ( �w ) is the product of the shear 
rate at the wall and the dynamic Newtonian viscosity (µ):

By substituting Eq. 5 into Eq. 6, we get an expression that 
describes the shear stress exerted by the fluid on the wall:

The fluid flowing through the model was specified as 
water with a density of 1000 kg/m3 and a viscosity of 
1 mPa.s. According to safety data sheets (SDS) for a MEM 
Alpha product, the density at room temperature for a 
typical culture media is 1038 kg/m3 and the dynamic 
viscosity is 1.06 mPa.s. Therefore, water was considered 
to be a reasonable approximation for the culture media 
in this study [26]. The appropriate mesh discretization 
was selected by applying various mesh sizes in COMSOL 
(normal, fine, finer, extra fine and extremely fine) to the 
basic building block of a final scaffold geometry—namely 
a simple 3D cylinder with a length of 4 mm and a diam-
eter of 400 μm—to replicate the length and the diameter 
of a macrochannel within a 3DP/TIPS scaffold. Then, the 
effect of different mesh sizes on the shear rate profile 
throughout the cylindrical construct was analyzed. Once 
the mesh selection was finalized, the model was scaled 
up to represent one half of the physical scaffold. The 
new prototype consisted of 38 inlet channels, oriented 
within a half-cylinder 4-mm-high and 10-mm-diameter. 
The cylindrical building blocks retained their 400-μm 
diameter.

(5)�w =
4Q

�R3

(6)�w = ��w

(7)�w = �

(

4Q

�R3

)

2.9 � Cell culture

MC3T3-E1 cells from the American Type Culture Collec-
tion (ATCC.org) that were previously frozen at passage 
4 were thawed by gentle agitation in a 37 °C water bath 
for approximately 2 min. The vials were removed from 
the water bath as soon as the contents were thawed 
and decontaminated by spraying with 70% ethanol. The 
thawed cell suspension was transferred to a centrifuge 
tube containing 9 ml of proliferation media and spun 
down by centrifugation (300 × g for 5 min). Then, 2 ml of 
proliferation media was added to the tube to resuspend 
the pellet. This cell suspension was split equally between 
two 75 ml tissue culture treated polystyrene flasks. The 
volume of each flask was brought to 15 ml by addition of 
proliferation media. Flasks were labeled as passage #1 and 
transferred to a 37 °C, 5% CO2 incubator. The proliferation 
media was replaced every 2–3 days. When passaging the 
cells, all flasks were combined to ensure homogenous cell 
populations, then subsequently split into three new flasks 
per previous flask. Subconfluent cells were harvested by 
briefly incubating with 0.05% trypsin EDTA (Fisher Sci-
entific) until cells had fully detached, then spun down. 
Cells were passaged once they reached ~ 80% confluence 
according to supplier’s specification.

2.10 � Scaffold sterilization

The day before cell seeding, the scaffolds were sterilized in 
40 ml of 70% ethanol, with different scaffold formulations 
sterilized separately using the same technique. After incu-
bating for 2–4 h, ethanol was removed and the scaffolds 
were washed three times with sterile DPBS++ (Dulbecco’s 
phosphate buffered saline, + Mg++, + Ca++). The scaffolds 
were left to incubate in sterile DPBS++ at room tempera-
ture. After 90 min the sterile DPBS++ was aspirated out, and 
the scaffolds were rinsed twice more with DPBS++. Finally, 
25 ml of proliferation media was added, and the scaffolds 
were left to incubate overnight at room temperature.

2.11 � Cell seeding

All cells were harvested after reaching ~ 80% confluency 
on the third passage. The proliferation media was dis-
carded, and the cells were rinsed briefly with Dulbecco’s 
phosphate-buffered saline solution without Mg++ and 
Ca++ (DPBS −−). The DPBS−− was discarded and 4 ml of 
0.05% trypsin (Fisher Scientific) was added to each flask. 
Flasks were incubated at 37 °C for 3–5 min until cells had 
fully detached and 4 ml of complete alpha MEM media 
was added. They were transferred to the centrifuge tube 
and centrifuged (300 × g for 5 min). The cells were counted 
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using a hemocytometer and the cell suspension was 
diluted to 3 × 106/100 μl media. Sterilized scaffolds were 
transferred to the non-treated 24-well tissue culture plate 
using flame-sterilized forceps, and 100 μl of cell suspen-
sion was placed on the top of each scaffold. The scaffolds 
were incubated at 37 °C, 5% CO2 for 2 h to allow the cells 
to penetrate the scaffolds, then 1 ml of proliferation media 
was added to each scaffold and incubated overnight at 
37 °C, 5% CO2. The following day (day 0), the proliferation 
media was replaced with 1 ml osteogenic differentiation 
media. Day 0 scaffolds were harvested after addition of 
differentiation media.

2.12 � Bioreactor trials

The 3DCulturePro™ perfusion bioreactors (Fig. 2a) were 
obtained from TA Instruments. Before use, all surfaces of 
the bioreactors were washed with warm water and deter-
gent. Then, all surfaces and connecting tubes of the bio-
reactors were washed with 70% ethanol and rinsed again 
with DI water. The disassembled bioreactors were left to 
dry for approximately 24 h, then sealed inside sterile bags 
and autoclaved for 30 min. After autoclaving, the bioreac-
tors were reassembled under a laminar flow hood utilizing 
strict aseptic technique. The scaffolds were transferred one 
at a time to the bioreactors using flame-sterilized twee-
zers. Each scaffold was clamped inside a bioreactor, as 
shown in Fig. 2b, and the bioreactor was sealed. Approxi-
mately 100 ml of sterile differentiation media was then 
injected into the bioreactor, and the system was hooked 

to a MasterFlex L/R pump (Cole-Parmer) set to circulate the 
media at 40 rpm. This pump speed was chosen to achieve 
a wall shear stress of 20 mPa inside the scaffold macro-
channels, as mentioned earlier, and yielded a mass flow 
rate of 0.2 g/s. All bioreactors were then moved to a 37 °C, 
5% CO2 incubator. Every 7 days, ~ 50 ml of the differentia-
tion media was removed and replaced with ~ 50 ml of fresh 
differentiation media.

2.13 � DNA content assay

To prepare the scaffolds for DNA analysis, each scaffold 
was rinsed with DPBS++ twice. DPBS was aspirated out 
of the samples and scaffolds were quickly transferred to 
sterile tubes and stored at ‒80 °C until use. A CyQUANT 
cell proliferation assay kit (Life Technologies) was used to 
quantify the number of cells that had adhered to the scaf-
fold. An RNAse/Lysis buffer was prepared using 1 ml lysis 
buffer stock, 210 mg NaCl, 8.3 mg EDTA, 7.5 µl RNAse, and 
DI water to bring the volume to 20 ml. Additionally, a dye/
lysis buffer solution was prepared using 550 μl of buffer, 
10.4 ml of DI water, and 55 µl of dye. All scaffold samples 
were removed from the freezer and placed on ice, then 
1 ml of RNAse/Lysis buffer was added to each sample. The 
scaffolds were vortexed, then sonicated using a Branson 
Sonifier 250 for 20 s at 50% duty cycle and 5 output to 
break apart the scaffold and lyse the cells. The sonicator 
tip was cleaned with DI water, then 70% ethanol, then DI 
water again after each sample. After sonication, all sam-
ples were vortexed, then incubated on ice for 1 h, then 

Fig. 2   a A diagram show-
ing the path of media flow 
through the 3DCulturePro™ 
perfusion bioreactor, and b the 
assembled bioreactor with a 
scaffold clamped inside



Vol:.(1234567890)

Research Article	 SN Applied Sciences           (2021) 3:884  | https://doi.org/10.1007/s42452-021-04871-3

sonicated again for 10 s. After the second sonication, the 
samples were vortexed again, then centrifuged to pellet 
out any pulverized scaffold and cell pieces.

Taking care not to disturb the pellet, different volumes 
(100 µl, 50 µl, 25 µl) were taken from the top of each solu-
tion so that each scaffold sample could be run in tripli-
cate. All wells were brought to 100 µl by adding RNAse/
Lysis buffer. Blanks were created using 100 µl of RNAse/
Lysis buffer. Before fluorescence imaging, 100 µl of dye/
lysis buffer was added to each well and gently mixed. 
After addition of the dye, the samples were imaged using 
482/50 excitation filter and a 528/20 emission filter on a 
NOVOstar cell-based fast kinetic microplate reader. Start-
ing with one million MC-3T3-E1 cells, one-million cell 
standard was used, and serial dilutions were performed 
to create a standard curve.

2.14 � Statistical analysis

The experimental data were presented as mean ± standard 
deviation (n = 3 or n = 4), represented by error bars in the 
graphs. The student’s t-test was performed at a 95% con-
fidence interval using the Analysis ToolPak in Excel. The 
statistical analysis was used to verify the significance of 
differences between two sets of samples, and p < 0.05 was 
considered statistically significant.

3 � Results

3.1 � Scaffold characterization

Table 2 shows the height, density, and porosity of each 
of the scaffold formulations in this study. These scaf-
folds showed porosities ranging between 87–93%. 
As shown in Fig. 3a, the scaffold density increases as 
PLGA concentration increases (see Table 1). Moreover, 
the 3D surface plots shown in Fig. 3b and c underline 
how the scaffold composition (nHA content and PLGA 
concentration) can influence the porosity and density 
of these scaffolds, respectively. The set of 16 scaffolds 
in this study includes an optimal scaffold designed in 
our previous study (scaffold 14 in Tables 1 and 2). This 
scaffold shows a porosity of 87.2%, replicating the value 
reported in our previous work despite some changes 
in the scaffold fabrication process in the present study 
(prolonged TIPS quenching time and washing time). 
This scaffold was selected as the optimal formulation 
for the perfusion bioreactor trials. Scaffold #14 had the 

lowest porosity in this study, yet high enough to serve 
as a tissue engineering scaffold.

3.2 � Scanning electron microscopy (SEM)

Figure 4a shows an SEM image of a 3D-plotted PEG tem-
plate. The side views of a PLGA/nHA scaffold prepared 
using the TIPS-only method are shown in Fig. 4b and c 
for comparison with the 3DP/TIPS scaffolds. The major-
ity of pores are below 100 μm in size. Figure 4d–f show 
the side views of scaffold #2 prepared using the 3DP/
TIPS method (40% nHA). Well-formed macrochannels are 
visible resulting from the removal of the sacrificial PEG 
template.

Figure 4g shows the top view and Fig. 4h and i depict 
the side views of scaffold #14 prepared using the 3DP/
TIPS method (10% nHA). The PLGA concentration of 10% 
is identical for this scaffold and scaffold #2 (Fig. 4d–f ). The 
same microscale structural features are visible in scaf-
fold #14. The top view in Fig. 4g shows the presence of 
some undissolved PEG, which was unintended but could 
potentially be beneficial for cell adhesion. Figure 4j and 
k show the side views and Fig. 4l shows the top view of 
scaffold #14 after 2 weeks of culture inside the bioreac-
tor. These images show evidence of cell adhesion to the 
surface of PLGA/nHA scaffold, including the submicron 
surface topography that allows cells to bind (Fig.  4l). 

Table 2   The thickness, density, and porosity of the scaffolds listed 
in Table 1

Scaffold 
number

Thickness (mm) Density
(g/cm3)

Porosity (%)

1 4.38 ± 0.24 0.201 ± 0.019 91.1 ± 0.9
2 3.95 ± 0.04 0.222 ± 0.014 89.1 ± 0.7
3 3.95 ± 0.08 0.198 ± 0.009 90.3 ± 0.4
4 3.67 ± 0.29 0.168 ± 0.013 91.8 ± 0.6
5 4.04 ± 0.07 0.211 ± 0.040 88.7 ± 0.2
6 4.05 ± 0.07 0.198 ± 0.011 89.4 ± 0.6
7 3.84 ± 0.08 0.187 ± 0.017 89.9 ± 0.9
8 3.80 ± 0.07 0.148 ± 0.003 92.0 ± 0.2
9 3.89 ± 0.09 0.200 ± 0.010 88.1 ± 0.6
10 3.82 ± 0.14 0.187 ± 0.028 88.8 ± 1.7
11 3.81 ± 0.07 0.150 ± 0.012 91.0 ± 0.7
12 3.66 ± 0.17 0.141 ± 0.017 91.6 ± 1.0
13 3.69 ± 0.06 0.181 ± 0.011 87.8 ± 0.8
14 3.62 ± 0.05 0.190 ± 0.005 87.2 ± 0.3
15 3.57 ± 0.11 0.189 ± 0.019 87.3 ± 1.3
16 3.77 ± 0.12 0.135 ± 0.015 90.9 ± 1.0
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Figure 4m–o show the top views of CellCeram™ scaffold 
after 2 weeks of culture inside the bioreactor, with evi-
dence of cell adhesion to the surface of the scaffold. Fig-
ure 4m indicates that the pores in the CellCeram™ scaffold 
have some level of interconnectivity, but also reveals very 
small pores at the sites connecting the channels. Figure 

S1 under Supplementary Material shows some additional 
SEM images of the scaffolds investigated in this study.

3.3 � The effect of nHA loading on the scaffold 
density

Microcomputed tomography (µCT) is a method of non-
destructive imaging extensively used in research on 
tissue-engineering. Figure 5 shows µCT images of the 
scaffold architecture for the TIPS-only PLGA/nHA scaffold 
(Fig. 5a), cell-free 3DP/TIPS PLGA/nHA scaffold #2, #6, and 
#14 (Fig. 5b–d), as well as cell-seeded scaffold #14 and 
CellCeram™ scaffold (Fig. 5e–h). The top views of scaffold 
#2, scaffold #6, and scaffold #14 clearly show the network 
of macrochannels generated by sacrificial PEG templates. 
As for the cell-seeded scaffolds, Fig. 5e and f show the top 
and side views of scaffold #14 after two weeks of culture 
inside the bioreactor. The scaffold appears to retain its 
structural integrity after being subjected to fluid flow for 
two weeks. The corresponding µCT images in Fig. 5g and h 
for the CellCeram™ scaffold show no signs of disintegration 
after two weeks of fluid flow inside the bioreactor.

Figure 5i shows the distribution % of the density in 
Hounsfield Units (HU) throughout cell-free scaffold #2 
and scaffold #6, respectively, where higher values of HU 
on the x axis represent higher densities. Scaffold #2 con-
taining 40% nHA is expected to have a higher density 
(Fig. 3), which is also evidenced by its higher distribution 
% at greater HU values. The sharper peak for scaffold #6 
containing 30% nHA at smaller HU values (~ ‒1000 HU) 
appears to indicate more pores occupied by air. Figure 5j 
shows the µCT images of scaffold #14 without cells and 
after 2 weeks of culture inside the bioreactor. Again, the 
sharper peak for the scaffold exposed to fluid flow might 
indicate the washout of left-over PEG in the structure. The 
images in Fig. 5k for the CellCeram™ scaffold show a small 
shift of the peak towards higher HU values, although it 
may not be directly linked to bone growth after 2 weeks of 
culture. It should be noted that polymers are usually iden-
tified between − 590 and − 370 HU, whereas bone and HA 
are often characterized with values exceeding − 17 HU [27].

3.4 � Simulation of fluid flow inside the perfusion 
bioreactor

Figure  6a shows the geometry of the simple cylindri-
cal model used to determine the appropriate mesh size 
(Fig. 6b). The simulation of the velocity profile for this 
model is presented in Fig. 6c. The element size chosen for 
the mesh in COMSOL was “finer”, which resulted in 1762 
elements in the cross-sectional area of the cylinder. In 
Fig. 6d, the graph of shear rate vs. arc length using the 

Fig. 3   a Density vs. porosity for the 16 scaffolds listed in Table  1. 
The set of scaffolds containing 40%, 30%, 20%, and 10% nHA have 
been identified in the image. The darker the color of the symbols, 
the higher the PLGA concentration (i.e., 12%, 10%, 8%, and 6%). (*) 
The density and porosity of scaffold #2 was averaged over 2 sam-
ples, whereas the remaining scaffolds were averaged over 3 sam-
ples (1, 3, 4, and 5) or 4 samples (6–16); b & c The 3D surface plots 
of scaffold porosities and densities versus nHA content and PLGA 
concentration
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Newtonian fluid model indicates that the “finer” mesh 
discretization yielded a fairly smooth overall shear rate 
profile1 with a wall shear rate of 4.51 s‒1.

Further simulations were performed using meshes with 
more elements, but these simulations also resulted in a 
wall shear rate of approximately 4.5 s‒1. Figure 6e com-
pares the shear stress values calculated using Eq. 7 with 
the simulated ones using the simple cylindrical model. 

Based on these results, it was concluded that the small 
differences in wall shear rate values were negligible com-
pared to the extensive computational times required to 
run the “extra fine” mesh size in COMSOL, and thus the 
“finer” mesh discretization was selected for further com-
putational analyses. The use of this mesh also enabled a 
similar number of elements to be used in the cross section 
of each cylinder in the half-scaffold model.

Fig. 4   SEM images showing a the side view of a PEG template, b & 
c the side views of a PLGA/nHA scaffold prepared using the TIPS-
only method (provided for comparison), d–f the side views of scaf-
fold #2 prepared using the 3DP/TIPS method, g the top view and 

h & i the side views of scaffold #14 prepared using the 3DP/TIPS 
method, j & k the side views and l the top view of scaffold #14 after 
2 weeks of culture inside the bioreactor, and m–o the top views of 
CellCeram™ scaffold after 2 weeks of culture inside the bioreactor
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The cylindrical model was scaled up to represent one 
half of the physical scaffold featuring 38 inlet channels, 
each with a diameter of 400 μm, oriented within a half-cyl-
inder 4-mm-high and 10-mm-diameter. Figure 7a depicts 
the half-scaffold model that was used to determine the 
optimal perfusion flow rate. A 4-point-probe analysis was 
established in the scaffold, two at the inlet channels and 
the other two at the outlet channels. The purpose of these 
probes was to track the shear stress at those points as the 
inlet flow rate was varied. Various flow rates of the culture 

media through the scaffold were simulated, and the wall 
shear stress ( �w ) was tracked until a flow rate that yielded 
between 9‒26 mPa shear stress at the outlet point was 
obtained.

Figure 7b shows the velocity magnitudes for a simu-
lation using a volumetric flow rate of 8.0 × 10‒9  m3/s 
imposed at the inlet to each cylinder. The shear rate 
throughout the half-scaffold model is shown in Fig. 7c, 
which yielded a wall shear rate of ~ 26 s‒1 at the probe 
location ( �w ≈ 26 mPa). Figure 7d shows the simulated 

Fig. 5   The µCT images showing a the top view of a PLGA/nHA 
scaffold prepared using the TIPS-only method (provided for com-
parison), b–d the top views of scaffold #2, scaffold #6, and scaf-
fold #14, respectively, e & f the top and side views of scaffold #14 
after two weeks of culture inside the bioreactor, (g & h) the top and 
side views of CellCeram™ scaffold after two weeks of culture inside 

the bioreactor. i–k The distribution % of the density in Hounsfield 
units (HU) throughout (i) scaffold #2 and scaffold #6, j scaffold #14 
without cells and after 2 weeks of culture inside the bioreactor, and 
k CellCeram™ scaffold without cells and after 2  weeks of culture 
inside the bioreactor
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shear rates using a volumetric flow rate of 2.67 × 10–9 
m3/s imposed at the inlet to each cylinder. This flow rate 
yielded a wall shear rate of ~ 9 s‒1 at the probe location 
( �w ≈ 9 mPa), leading to an overall inlet mass flow rate 
of ~ 0.1 g/s for the half scaffold (38 cylinders) and ~ 0.2 g/s 
for the whole scaffold. We used this flow rate for the peri-
staltic pump of the perfusion bioreactor (i.e., 40 rpm), 
given the fact that the microporous structure and surface 
roughness of the 3DP/TIPS scaffolds were disregarded in 
the simulations. Hence, this flow rate was assumed to be 
a reasonable approximation to attain a wall shear stress 
approaching 20 mPa.

3.5 � DNA content assay

DNA content assays were performed on ½ scaffolds, and 
therefore, it was assumed that the initial number of cells 
present was 1.5 × 106 when seeding the scaffolds. The 
mean number of adhered cells on day 0 was 1.36 × 105 
for scaffold #14 and 2.37 × 105 for the CellCeram™ scaffold. 
Hence, the percentage of cells adhered on day 0 were 
9.04% ± 5.1% and 15.8% ± 2.5%, respectively. Figure 8a 
shows the number of cells for the CellCeram™ scaffold and 

for scaffold #14 on day 0, and after 14 days of cell culture 
in a tissue-culture dish (static) and inside the bioreactor 
(dynamic). For scaffold #14, the results have been pre-
sented for two bioreactor chambers denoted as chamber 
A and chamber B in Fig. 8a. These independent scaffolds 
were cultured in separate bioreactor chambers under the 
same fluid flow conditions predicted by COMSOL.

Under static cell culture, scaffold #14 showed no statis-
tically-significant difference in the number of cells present 
on day 0 and day 14, whereas the corresponding results for 
the CellCeram™ scaffold was statistically significant. When 
the two scaffold types were compared at the same time 
point, scaffold #14 and the CellCeram™ scaffold showed 
statistically-significant differences on day 0 as well as on 
day #14.

Under dynamic cell culture inside the bioreactor, the 
CellCeram™ scaffold showed no statistically-significant dif-
ference in the number of cells present on day 0 and after 
14 days of culture inside the bioreactor. As for scaffold #14, 
a statistically-significant difference was observed between 
the number of cells present on day 0 and after 14 days 
of culture inside chamber A, but no difference between 
the number of cells present on day 0 and after 14 days 

Fig. 6   a The cylindrical model used for finding the appropriate 
mesh size for the simulations, b the “finer” mesh size used for the 
simulations, c the velocity profile throughout the cylindrical model, 
d the graph of shear rate vs. arc length for the same geometry 

using the Newtonian fluid model, and e the wall shear-stress values 
calculated using Eq.  7 compared to the simulated ones using the 
cylindrical model
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of culture inside chamber B. When the two scaffold types 
were compared on day 14, the number of cells present 
was not significantly different between the CellCeram™ 
scaffold and scaffold #14 in chamber A. Nevertheless, the 
CellCeram™ scaffold showed significantly higher number 
of cells compared to scaffold #14 in chamber B.

The normalized cell proliferation was calculated by 
dividing the number of cells by the cell retention on day 
0 for each scaffold. Figure 8b shows the normalized num-
ber of cells for both scaffold types cultured under static 
and dynamic conditions. For the most part, the results in 
Fig. 8b are comparable to the ones presented in Fig. 8a, 
except for the scaffold cultured in chamber A of the bio-
reactor. The normalized number of cells for scaffold 14 
in chamber A was more than twofold that of CellCeram™ 
scaffold, both cultured inside the bioreactor for 14 days 

(p < 0.05). Substantial variability between scaffold #14 cul-
tured in chamber A and B indicate the need for further 
investigation of cell retention and proliferation on 3DP/
TIPS scaffolds. Nevertheless, the significant improvement 
in cell proliferation upon culture inside the perfusion bio-
reactor (vs. static culture) demonstrates the role of micro-
channels in making these 3DP/TIPS scaffolds a promising 
candidate for scaffold-based tissue engineering.

4 � Discussion

Due to the high metabolic activity of bone cells, the size 
of 3D scaffold-tissue constructs that can be used in bone 
tissue engineering is very limited [25]. Using a combina-
tion of the TIPS and 3DP techniques allowed us to create 

Fig. 7   a The 3D model of the half-scaffold used for the simula-
tion of fluid flow inside the perfusion bioreactor, b the veloc-
ity magnitudes throughout the 3D model for a volumetric 
flow rate of 8.0 × 10–9  m3/s at the inlet to each cylinder, c the 

shear rate throughout the 3D model for a volumetric flow 
rate of 8.0 × 10–9  m3/s at the inlet to each cylinder, d the shear 
rate throughout the 3D model for a volumetric flow rate of 
2.67 × 10–9 m3/s at the inlet to each cylinder
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scaffolds with a hierarchical structure. These scaffolds were 
highly porous, with a porosity of > 85%, and contained 
both macrochannels and micropores. Previous studies 
have shown that a pore size exceeding 350 µm enhances 
cell migration and angiogenesis [28]. Pore interconnec-
tivity is very important to guide bone growth and create 
a template for formation of new bone. The SEM and µCT 
images of the 3DP/TIPS scaffolds revealed the presence of 
macrochannels, with diameters exceeding 300 µm (Figs. 4 
and 5).

Orthogonally-interconnected architectures have 
been reported to improve mass transport, while help-
ing to guide bone ingrowth [29, 30]. The high percent-
age of nHA (40%) did not interfere with the formation of 

macrochannels (Fig. 4d). This could be an advantage of 
our scaffolds over CellCeram™ scaffolds. Combined with 
micropores and sub-micron structural features produced 
by TIPS, as well as the nanoscale features of our scaffolds in 
the presence of nHA, it is hypothesized that these scaffolds 
could support osteogenic differentiation, bone ingrowth, 
and vascularization in vivo. Cells were visible across the 
3DP/TIPS scaffolds, particularly in Fig.  4l showing cell 
spreading on the sub-micron structure of the scaffold. 
The surface topography of these micropores allows for cell 
attachment [31] and can influence cell morphology. The 
pores appeared to be relatively interconnected as seen 
by SEM. This is consistent with other studies that have 
reported on PLGA scaffolds prepared by the TIPS process 
[32, 33]. Figure 5e and f, showing the μCT images of scaf-
fold #14 after two weeks of culture inside the bioreactor, 
indicated that the scaffold retained its integrity after being 
subjected to fluid flow for two weeks. Future cell culture 
inside the bioreactor for 3–6 weeks could shed light on the 
significance of these findings.

Compared to our previous studies [22, 23], this study 
included a longer TIPS quenching time in the environmen-
tal chamber and a longer washing time in a water bath 
to remove the embedded PEG template. In this study, 
the porosities of the scaffolds were comparable to those 
reported in our previous study for scaffolds containing 0%, 
10%, and 20% nHA and 10% PLGA. Loading the scaffolds 
with 30% or 40% nHA and changing the PLGA concentra-
tion between 6 and 12% did not deteriorate the porosity of 
the 3DP/TIPS scaffolds in this study (Fig. 3a and b). Hence, 
these results enabled us to delineate the role of higher 
nHA content and PLGA concentration on the porosity and 
density of 3DP/TIPS scaffolds. Figure 3a and c indicated a 
correlation between the density of the scaffolds and their 
nHA content, which is anticipated due to the difference 
in the densities of PLGA and nHA. A similar correlation 
existed between the nHA content and the porosity of the 
scaffolds. The higher the nHA content, the higher was 
the porosity, whereas increasing the PLGA concentration 
reduced the porosity of the scaffolds (Fig. 3a and b). It is 
desirable to generate moderate-to-high porosities without 
compromising the mechanical properties of the scaffolds. 
Scaffold #14 had the lowest porosity in this study (87% in 
Fig. 3a), yet high enough to serve as a tissue engineering 
scaffold, and had the optimal composition and macro-
channel diameter as reported in our previous study [22].

The purpose of simulating the shear stress on the wall 
of a cylinder was to develop a better understanding of the 
fluid flow through the scaffold architecture, to estimate 
the wall shear stress (�w) , and to approach �w ≈ 20 mPa 
as reported by others [25]. The simulations gave a reason-
able estimate of the shear stress the cells on the interior 
of the scaffold would experience, and could potentially 

Fig. 8   a Number of cells for the CellCeram™ scaffold and for scaf-
fold #14 on day 0, and after 14 days of cell culture in a tissue-cul-
ture dish (static) and inside the bioreactor. For scaffold #14, the 
results have been presented for two bioreactor chambers (n = 3). b 
The corresponding number of cells normalized with respect to cell 
adhesion on day 0
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enhance the differentiation of the cells based on the shear 
stress to which they are subjected. Mechanical forces can 
be detected by cell surface receptors known as integrins. 
It has been hypothesized that integrins act as a conduit 
for transducing physical forces into chemical responses 
within the cell [34]. It is important to note that the surface 
topography and elasticity of the scaffold may influence cell 
differentiation by the same mechanism [35]. As a limita-
tion of this study, the simulations assumed that the macro-
channels generated by PEG removal were perfectly cylin-
drical and symmetrical, though this is likely not the case 
due to effects of gravity on the polymer melt during the 
3D-plotting process. In addition, the microporous struc-
ture and surface roughness of the 3DP/TIPS scaffolds were 
disregarded in the simulations. Hence, our future studies 
will take this into consideration and look into the effect 
of fluid flow and mass diffusion throughout the micropo-
rous matrix produced by the TIPS process. Furthermore, 
this investigation could allow optimizing the spatial dis-
tribution of cells throughout our hierarchical 3D scaffold 
and potentially improve cell migration, proliferation, and 
differentiation.

The results of our DNA assays indicated that the differ-
ence in cell proliferation between the CellCeram™ scaffold 
and the PLGA/nHA scaffold (scaffold #14) was not statisti-
cally significant (p > 0.05) after 14 days in a perfusion bio-
reactor. However, while the number of cells between day 0 
and day 14 did not significantly change for the CellCeram™ 
scaffold, a statistically-significant difference was observed 
between day 0 and day 14 for the scaffold #14 in bioreac-
tor chamber A. In addition, the normalized number of cells 
for the scaffold #14 cultured in bioreactor chamber A was 
more than twofold that of CellCeram™ scaffold (p < 0.05). 
Further investigation with a higher number of scaffolds 
in each series will help to draw a more robust conclusion 
on the efficiency of the perfusion bioreactor used in this 
study.

Overall, the results of DNA assay are evidence that both 
scaffold types can support cell attachment. In static cul-
ture, the CellCeram™ scaffold showed an ability to support 
cell proliferation, as evidenced by the significantly higher 
number of cells on day 14 when compared to the number 
on day 0. The PLGA/nHA scaffold (scaffold #14) that was 
cultured under static conditions showed no evidence of 
cell proliferation, though it did show a capability to sus-
tain a cell colony, as the number of cells did not signifi-
cantly change between day 0 and day 14. Despite all of 
the scaffolds being seeded with the same number of cells 
and being grown in the same conditions, we saw substan-
tial variability in cell attachment on both CellCeram™ and 
PLGA/nHA scaffolds.

Previous studies have reported on the hydrophobicity 
of PLGA scaffolds and its adverse effect on cell adhesion 

and growth [36, 37]. Lao et al. have reported 22.5% of 
cell adhesion after 24 h on electrospun scaffolds made of 
nHA and PLGA, with similar results for electrospun PLGA 
scaffolds [37]. A lower cell adhesion was observed in our 
study (9.04% ± 5.1%). Reducing the variability in cell load-
ing onto our scaffolds will be pursued in our future study 
to improve the cells retained on day 0. Furthermore, our 
ongoing work is making use of gas plasma treatment to 
reduce the hydrophobicity of the dominant PLGA in our 
PLGA/nHA scaffolds in order to improve cell adhesion [38]. 
It should be noted that the sub-micron-size surface topog-
raphy (Fig. 4f ) has the potential of enhancing cell adhe-
sion. This has been reported by others, indicating that the 
TIPS method is capable of generating nanotextures and 
could yield a surface roughness favoring cell attachment 
and protein adsorption [31].

Porous β-TCP/HA scaffolds similar to CellCeram™ have a 
proven ability to support cell attachment and proliferation 
both in vivo [39] and in vitro [40]. Moreover, PLGA/nHA 
composite scaffolds have also shown an ability to support 
cell attachment and proliferation in vitro [22, 41] and cell 
infiltration in vivo [19]. Further investigation of these scaf-
folds will be necessary to determine if they can support 
cell proliferation as well as cell attachment in a perfusion 
bioreactor for an extended period of time. In order to 
determine whether or not PLGA/nHA composite scaffolds 
can promote MC3T3-E1 differentiation in dynamic culture 
conditions, it will be necessary to conduct trials longer 
than the 14 days used in our experiments. In our future 
work, we will extend this study to longer time points and 
make use of assays that measure osteoblast differentiation 
and mineralization.

Our ultimate goal is to implant a set of our optimal 
scaffolds in vivo and investigate bone formation in ani-
mal models. The µCT analysis of the implanted constructs 
will enable us to evaluate bone growth via quantifying tra-
becular thickness (Tb.Th), which is defined as the diameter 
of the largest sphere that can fit within the structure being 
analyzed [42]. Furthermore, the changes in the trabecular 
spacing (Th.Sp) can be attributed to cell growth inside the 
scaffold pores over time. We anticipate that these future 
studies will help to evaluate the suitability of our scaffolds 
for in vivo implantation.

5 � Conclusions

Many previous studies have shown that porous scaf-
folds are a promising treatment option for bone non-
union, but further investigation of their properties is 
required. This paper reports differences in porosity 
and density based on varying the percentage of poly-
mer and ceramic components in PLGA/nHA scaffolds. 
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Sixteen PLGA/nHA scaffolds were produced accord-
ing to a full factorial design of experiments with four 
levels across two factors. These scaffolds showed high 
porosities (> 85%) and a hierarchical structure featuring 
macrochannels (> 350 μm) and micropores (< 100 μm). 
In order to better understand the shear forces experi-
enced by cells in the interior structure of the scaffold, a 
model was created in COMSOL and subjected to laminar 
flow. The results of our cell culture experiment indicated 
that scaffold #14, our “optimal” scaffold, was capable of 
supporting MC3T3-E1 attachment in a dynamic culture 
environment over 14 days at a level similar to that of 
commercial CellCeram™ scaffolds. This was supported by 
the SEM images of both the PLGA/nHA and CellCeram™ 
scaffolds, which appear to show cells adhered to the sur-
face of both scaffold types. The significant improvement 
in cell proliferation upon culture inside the perfusion 
bioreactor (vs. static culture) demonstrated the role of 
macrochannels in making the 3DP/TIPS scaffolds a prom-
ising candidate for scaffold-based tissue engineering. 
Reducing the variability in cell loading onto these scaf-
folds will be pursued in our future studies to improve the 
cells retained on day 0. Furthermore, performing further 
in vitro testing with scaffold formulations beyond our 
optimal scaffold would be helpful for better understand-
ing the relationship between the scaffold composition, 
cell adhesion, proliferation, and differentiation. After 
further evaluation of these scaffolds under dynamic cell 
culture conditions, an optimal scaffold could be chosen 
for in vivo testing in animal models.
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