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• 3D printed scaffolds of poly(lactic acid)
with 70% porosity were prepared by
materials extrusion.

• Scaffold surface was modified by
grafting polyethyleneimine and citric
acid followed by deposition of calcium
phosphate.

• Scaffolds released calcium ions and ex-
hibited enhanced roughness and water
wettability after surface modification.

• Adhesion and proliferation of mesen-
chymal stem cells increased by 50%
after surface modification.

• Enhanced stem cell osteogenesis on the
surface modified scaffolds resulted in
doubling of the mineralization.
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Three-dimensional (3D) printing bymaterial extrusion is being widely explored to prepare patient-specific scaf-
folds from biodegradable polyesters such as poly(lactic acid) (PLA). Although they provide the desired mechan-
ical support, PLA scaffolds lack bioactivity to promote bone regeneration. The aim of this work was to develop a
surface engineering approach for enhancing the osteogenic activity of 3D printed PLA scaffolds. Macro-porous
PLA scaffolds were prepared by material extrusion with 70.2% porosity. Polyethyleneimine was chemically con-
jugated to the alkali-treated PLA scaffolds followed by conjugation of citric acid. These polymer-grafted scaffolds
were immersed in the simulated bodyfluid to yield scaffolds coatedwith calcium-deficient hydroxyapatite (PLA-
HaP). Surface roughness and water wettability were enhanced after surface modification. PLA-HaP scaffolds ex-
hibited a steady release of calcium ions in an aqueous medium for 10 days. The adhesion and proliferation of
humanmesenchymal stem cells (hMSCs) on PLA-HaPwas ~50% higher than on PLA.Mineral deposition resulting
from hMSC osteogenesis on PLA-HaP scaffolds was nearly twice that on PLA scaffolds. This was corroborated by
the increase in alkaline phosphatase activity and expression of several osteogenic genes. Thus, this work presents
a surface modification strategy to enhance the bioactivity of 3D printed scaffolds for bone tissue regeneration.

© 2018 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bone is one of the most widely transplanted tissues around the
world [1]. The recent advent of three-dimensional (3D) printing offers
hitherto unavailable opportunities to develop the next-generation
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bone tissue grafts with significant advantages over conventional grafts
[2]. Personalized implants can be fabricated with dimensions tailored
to suit the anatomy of individual patients [3]. Near-net shapes can also
be achieved to closely match the defect dimensions [4]. 3D printing
can be employed for the development of porous polymeric scaffolds to
augment bone repair and tissue regeneration as alternatives to tissue
grafts [5].

An ideal bone scaffold should mimic the extracellular matrix (ECM)
of bone consisting of collagen and calcium phosphate (CaP) deposits in
the form of hydroxyapatite (HaP) to provide cues for augmenting the
response of stem/progenitor cells such as attachment, proliferation
and differentiation for bone formation and eventual osseointegration
at the implanted site [6,7]. Additivelymanufactured polymeric scaffolds
offer an unprecedented combination of mechanical strength, controlled
architecture and tailored porosity [8]. Owing to its ease of use and af-
fordability, material extrusion (or fused filament fabrication) is one of
the most popular 3D printing techniques [9]. Material extrusion is
widely used for 3D printing of polyesters where the polymer filament
is melted at high temperature and deposited in a layer-by-layermanner
to achieve a 3D architecture without the need for a binder solution [10].
Several researchers have reported the preparation of porous scaffolds
prepared by material extrusion and demonstrated their advantages
for bone tissue engineering [11–13]. Materials extrusion was used to
3D printed scaffolds of poly(lactic acid) (PLA) with graded microstruc-
tures for bone tissue regeneration [11]. 3D printed scaffolds with
nanoparticle fillers for bone regeneration have also been proposed
[13]. Polyesters such as PLA [14], polycaprolactone (PCL) [15] and
polylactide‑co‑glycolide (PLGA) [16], etc., constitute a popular class of
biodegradable polymers for 3D printing of scaffolds. The facile use of
polyesters for 3D printing has equipped researchers to develop 3D
printed scaffolds incorporated with unique nanomaterials such as cal-
cium phosphate [20], calcium silicate [21], mesoporous silica [22], and
bioglass [23,24], etc. However, processing of the feed material typically
in the form of a powder or a filament using heat or harsh chemicals to
prepare the scaffold by 3D printing essentially precludes the incorpora-
tion of labile biomolecules such as growth factors and several drugs to
stimulate the cells.

There is a need to engineer surface modification techniques to aug-
ment the poor bioactivity of the 3D printed scaffolds, which otherwise
offer several benefits. To address this challenge a few strategies have
been proposed such as surface roughening for increased cell prolifera-
tion [9], peptide modification of the scaffold surface [10], surface modi-
fication using hyaluronic acid and collagen [17], and the use of mussel
adhesive proteins for better cell attachment [16], etc. We and others
have shown previously, that the controlled release of bioactive ions
such as calcium [18], strontium [19], silicon [20], silver [21] and copper
[22] ions from nanoparticles in the polymeric scaffolds can impart bio-
activity such as enhanced osteogenic, angiogenic and antimicrobial
properties, etc. One strategy to improve the bioactivity of printed
scaffolds has been the incorporation of CaP as a filler in polymer com-
posites [23]. Similar strategies were adapted by several groups for
functionalization of 3D printed scaffolds [13,24,25]. However, a large
fraction of CaP is trapped within the slowly degrading polymer matrix
and is not readily available to the cells at the cell-material interface. As
an alternate strategy, we aimed to form CaP coating on the scaffold sur-
face by incubation in simulated body fluid (SBF) [26].

Neat PLA surface is not ideal for inducing the formation of hydroxy-
apatite but it can be modified by surface grafting of functional moieties
to facilitate mineralization on the surface. Citric acid (CA) is a minor
component of bones and plays a critical role in precipitating the apatite
phase during bone formation [27]. Sun et al. demonstrated the utility of
composite scaffolds prepared from CA and HaP for the regeneration of
the calvarial bone defects [28]. Deposition of HaP minerals on the sur-
face of the scaffolds can be achieved by CA-mediated precipitation of
calcium and phosphate ions from SBF [29]. It was shown that HaP was
formed on the collagen membrane by CA-assisted precipitation when
immersed in SBF. Polyethyleneimine (PEI) is an amine-rich polymer
widely used in various biomedical applications and has been employed
in bone tissue engineering because of its ability to facilitate cell prolifer-
ation and osteogenesis [30]. The amine functional groups of PEI can fa-
cilitate conjugation of biomolecules [31] or even CA to the polyester.

Toward developing a versatile and potent strategy for the surface
modification of 3D printed scaffolds for augmenting bone regeneration,
the present study aimed to prepare porous PLA scaffolds surface modi-
fiedwith HaP. PLA scaffoldswere 3D printed bymaterial extrusion. Sub-
sequently, PEI was conjugated to the surface of the scaffold and it was
further used for grafting CA. Apatite minerals were deposited by im-
mersing in SBF. The physico-chemical properties of the surfacemodified
scaffoldswere characterized and the osteogenic abilitieswere evaluated
using hMSCs.

2. Materials and methods

2.1. Materials

PLA filament of 1.75mmdiameter was purchased from Reddx Tech-
nologies, India. PEI (branched low mol. wt. Mn ~1800) was procured
from Sigma Aldrich. CA, N‑hydroxysuccinimide (NHS) and
1‑ethyl‑3‑(3‑dimethylaminopropyl) carbodiimide (EDC) were pur-
chased from Merck. All chemicals were of analytical grade and used
without further modifications.

2.2. Fabrication of PLA scaffolds by 3D printing

A 3D printer (FabX3.0, Reddx Technologies, India)was used to fabri-
cate 3D porous scaffolds. These material extrusion-based 3D printers
melt a polymer filament to lay the polymer in layer-by-layer fashion
without any necessity of using binder for fabricating the scaffold with
controlled arrangement of the struts and pore dimensions in the scaf-
fold. Themachine has an integrated feeder system that feeds the PLA fil-
ament. The dispensing system is the extrusion nozzle (E3Dlite extruder,
0.4 mm diameter) controlled by stepper motors in x- and y-directions
while the base collection plate moves in the z-direction. The computer
aided design (CAD, Sketchupmake) approachwas used to design circu-
lar 3D scaffolds. The circular scaffoldswere designed in orthogonal layer
configuration with dimensions 8.9 mm × 2.0 mm (diameter × height),
the distance between the struts axes (d1) of 500 μm and the diameter
or road width (Rw) of the struts 500 μm with the final pore area of
0.25 mm2. The orthogonal scaffold architecture was designed in a lay-
down pattern of 0°/90° forming square pores. The 3D scaffolds were
prepared by plotting layer-by-layer by themelt extrusion of the PLA fil-
ament from the extruder nozzle at the speed of 40 mm·s−1. The tem-
perature at the extrusion nozzle was maintained at 220 °C.

2.3. Surface functionalization of 3D printed PLA scaffolds

The 3D printed PLA scaffolds were immersed in 5.0 M NaOH for 1 h,
as reported earlier [32]. The scaffolds were washed repeatedly with ul-
trapure water until the pH was 7.0. Note that the 3D printed porous
scaffolds are hereafter referred to as PLA scaffolds whereas scaffolds
after NaOH treatment are denoted as PLA-OH. The scaffolds were air
dried and stored in a dry place before each subsequent surfacemodifica-
tion step respectively.

Low molecular weight branched PEI was conjugated to the PLA-OH
scaffolds using carbodiimide (EDC-NHS) chemistry. 1 g of PLA-OH scaf-
folds in 100 mL of deionized water containing 1 mM of EDC and NHS
were stirred for 1 h at 4 °C. 1 g PEI was added and stirred overnight at
23 °C. The unreacted PEI was removed by washing with water. These
scaffolds are hereafter referred to as PLA-PEI.

The PLA-PEI scaffolds were further functionalized by conjugating CA
to the amine groups of PEI via EDC-NHS chemistry, as described above.
After incubation with EDC and NHS, 3 g CA was added and stirred



Fig. 1. 3D printing of PLA scaffolds [A] The 3D printer used in this work; [B] Designed CAD
model of the scaffold (dl is the distance between the struts and the width of each strut
(Rw) is the diameter of the strut); [C] Optical image of the PLA 3D scaffold and [D]
MicroCT image of the PLA scaffold showing the porous architecture of the scaffold.
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overnight at 23 °C. The unreacted CA was removed by washing with
water and these scaffolds are hereafter referred to as PLA-CA.

The PLA-CA scaffolds were immersed and incubated in 1.5 SBF with
ionic concentration similar to that of human blood plasma [26] for
7 days at 37 °C. These scaffolds are hereafter referred to as PLA-HaP
were washed twice with deionized water, air dried and stored in a dry
place until further use.

2.4. Characterization of 3D printed scaffolds

A scanning electron microscope (SEM, ESEM Quanta 200, FEI) was
used to characterize the surface topography of the 3D printed scaffolds.
The scaffold architecture was characterized by X-ray micro-computed
tomography (microCT, XRADIA, Zeiss) set at 60 V, 5 A and imaged at a
pixel size of 11 μmwith a total of 1101 image slices. Porosity was quan-
tified using theAvizo 8 software. Themorphological changes on the sur-
face of PLA and PLA-OH were characterized using an atomic force
microscope (AFM, NX-10, Park Systems). The confirmation of surface
functionalization of PEI and CA on PLA was studied using X-ray photo-
electron spectroscopy (XPS, Axis Ultra, Kratos Analytical). The water
wettability of the scaffolds was evaluated using sessile drop technique
by depositing ultrapure water of 2 μl on the surface of the polymer
strut and analyzed after 5 s using a contact angle goniometer (OCA 15
plus, Data physics). The contact angle was measured on three indepen-
dent samples at 23 °C. The HaP deposits on the PLA-HaP scaffolds were
quantified using a thermogravimetric analyzer (TGA, Q 500, TA instru-
ments). The crystalline nature of the deposited hydroxyapatite was
characterized by X-ray diffraction (XPERTPro, PANalytical, UK) with
Cu Kα radiation source (λ = 1.5406 Å, 40 kV, and 20 mA) with a 2θ
range of 20° to 40°.

2.5. Mechanical properties of 3D printed scaffolds

The compressive modulus was measured using a universal testing
machine (Instron 5967) with a 5 kN load cell with a crosshead speed
of 1 mm/min without any preloading. The compressive modulus of
the scaffolds (dimensions of 8.8 mm diameter and 11.5 mm height)
was determined by calculating the slope of the stress-strain curve in
the elastic region.

2.6. Calcium release

The release of calcium ions from the PLA-HaP scaffolds was studied
for 10 days. The scaffolds were taken in a 48 well plate with 1 mL PBS
(pH 7.4) and incubated in a temperature-controlled incubator (Bio-
genics) set at 37 °C. At every 24 h interval, PBS was collected from
each well and replenished with fresh PBS. The ion concentration in the
solutionswas analyzed using inductively coupled plasma - optical emis-
sion spectrometry (ICP-OES, iCAP 7000, Thermo Scientific) and deter-
mined by comparison with a standard curve that was generated using
solutions of known calcium concentration.

2.7. Stem cell adhesion and proliferation on scaffolds

Primary bone marrow-derived hMSCs were used for this work and
their response was studied using a combination of standard assays
and imaging techniques as briefly described here. Complete details are
presented in Supporting Information. The scaffolds were sterilized and
seeded with 2.5 × 104 hMSCs in 48 well plates. Cells were fixed and ob-
served in SEM to assess their morphology. Separately, fixed cells were
stained with propidium iodide and Phalloidin Alexa fluor 488 to visual-
ize the nuclei and F-actin under a laser scanning confocal microscope.
WST-1 assay was used to assess the proliferation of hMSCs on the
scaffolds.
2.8. Osteogenesis studies

Stem cell osteogenesis was studied by assaying the alkaline phos-
phatase (ALP) activity on day 14. The ALP activity was normalized to
the total protein content determined by the microBCA protein assay.
Furthermore, we assessed mineral deposition using alizarin red stain-
ing. The mineral content was normalized to cell numbers.

2.9. Gene expression of osteogenic markers

The expression of the osteogenicmarkers such as bonemorphogenic
protein-2 (BMP-2), runt-related transcription factor 2 (RUNX2),
osteocalcin (OCN) and alkaline phosphatase (ALP) genes was studied
using real time qRT-PCR with GAPDH as the house-keeping gene. The
primers used are tabulated in Table S1.

2.10. Statistics

Two-way ANOVAwith Tukey's test was performed tofind the differ-
ence of significance between the treatments and respective time points.
One-way ANOVA with Tukey's test was done to find significant differ-
ences (p b 0.05) between the samples.

3. Results

3.1. Fabrication of 3D printed PLA scaffolds

Fig. 1A presents the 3D printer used in this work to fabricate the po-
rous PLA scaffolds. The CAD model of the circular scaffold of orthogonal
layer configurationwith the lay-down pattern of 0/90° following the in-
line vertical architecture was used owing to its better mechanical prop-
erties [15,24] as shown in Fig. 1B whereas Fig. 1C shows the final 3D
printed scaffold. The final dimensions of the 3D printed PLA scaffold
was 8.9 ± 0.04 mm in diameter and 1.9 ± 0.04 mm height, which
closelymatch the dimensions in the CAD file. The 0/90° in-line architec-
ture and porosity of the as-printed scaffolds were analyzed with
microCT (Fig. 1D & Fig. S1). The porosity was determined to be 70.2%
with an open porous architecture.
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The surface of the PLA 3D scaffolds was hydrophobic and exhibiting
a water contact angle of 124 ± 5° in good agreement with the known
hydrophobic nature of PLA. The wettability of the 3D printed PLA scaf-
folds was improved with NaOH treatment and the resultant water con-
tact angle was lowered to 74 ± 2° for PLA-OH. Degradation of ester
bonds in PLA in an alkaline medium yields functional groups such as
carboxyl and hydroxyl, and these polar groups likely improved the
wettability.

The surface morphology of the PLA and PLA-OH scaffolds was char-
acterized by SEM (Fig. 2A) and AFM (Fig. 2B). PLA scaffolds showed
the smooth surface morphology whereas the nanoscale rough surface
morphology was observed for PLA-OH scaffolds. The roughness (Rq)
of the PLA and PLA-OH scaffold surfaces is 0.092 μm and 0.251 μm, re-
spectively. The surface treatment generated nanoscale surface rough-
ness due to polymer degradation and associated polymer erosion. The
roughness induced by NaOH treatment may also contribute to the hy-
drophilicity of the scaffolds [33].
3.2. Surface functionalization of 3D printed scaffolds

The PLA-OH scaffolds were surface functionalized with PEI and
followed by conjugation of CA. Fig. 3 depicts various steps involved in
performing the surface functionalization on the 3D printed PLA-OH
scaffolds. Fig. 3A shows the covalent functionalization of carboxylic
groups of PLA-OH scaffolds with the amine groups of PEI moieties
using carbodiimide chemistry by forming the amide bond yielding
PLA-PEI. Fig. 3B shows a further modification of PLA-PEI with CA also
using carbodiimide chemistry for conjugation of PEI and CA to yield
PLA-CA. CA is known to mediate the mineralization of HaP on the bio-
compatible and biodegradable materials when immersed in SBF [34].
PLA-CA was immersed in SBF to deposit HaP on the surface (Fig. 3C).
Fig. 2. Characterization of surface treated 3D printed scaffolds [A] SEM images showing the surf
nanoscale surface roughness of the PLA and PLA-OH scaffolds.
3.3. Characterization of surface functionalized 3D printed scaffolds

Fig. 4 compiles spectra obtained from XPS to confirm the surface
functionalization of PEI and CA on PLA-OH scaffolds. PLA contains
three carbon atoms in different chemical states: C\\H, C\\O and
C\\OO. The binding energies and the band intensities vary based on
the availability of the C atoms in a given functional state. The surface
modification by the conjugation of PEI and CA was confirmed based
on the intensities of functional groups for C, N and O atoms in the XPS
spectra. The spectra obtained at each stage of functionalization were
deconvoluted; thepeakpositions and their relative abundance are listed
in Table S2.

Fig. 4A shows the deconvoluted spectra of C1s/3 and O1s/5 for the
PLA-OH scaffolds. C\\H, C\\O, and C\\OO of PLA are observed at
284.4, 286.57 and 288.62 eV, respectively. The O1s/5 spectra show
two peaks for O\\C and O_C at 531.49 and 532.98 eV, respectively.
Fig. 4B shows the deconvoluted XPS spectra of PLA-PEI for C1s/3
(284.34, 285.76 and 288.43 eV), O1s/5 (531.80 and 533.31 eV) and
N1s/4 (399.57 eV). The samepeaks for the PLAwere observed but inten-
sities differ. The C\\O and C\\OO peaks for PLA-PEI show decreased in-
tensity. The spectra for oxygen O1s/5 showed decreased intensity for
the O\\C peak. The N1s/4 showed that the peak for NH2 and also for
O_CNH where the latter may be ascribed to the nitrogen of the
amine functional groups of PEI chains. There is no significant shift be-
tween the binding energies for carbon and oxygen peaks in PLA and
PLA-PEI.

Fig. 4C shows the deconvoluted spectra for PLA-CA for C1s/3 at
284.53, 286.51 and 288.84 eV, O1s/5 at 531.8 and 533.55 eV and N1s/
4 at 399.63 eV. The change in intensities of C, N and O peaks may be at-
tributed to the decreased availability of the functional groups as they
were utilized in functionalization steps with PEI and CA. The reduction
in the O\\C peak and the same in C\\O and C\\OO peaks indicates
ace morphology of PLA and PLA-OH scaffolds; [B] AFM images showing the 3D view of the



Fig. 3. The schematic showing the steps involved in the functionalization of PLA-OH scaffolds: [A] conjugation of polyethyleneimine by carbodiimide linkage; [B] conjugation of citric acid
by carbodiimide linkage; [C] SBF assisted biomimetic deposition of hydroxyapatite on PLA-CA mediated by citric acid yielding PLA-HaP.
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that these groups were utilized in forming the peptide bonds with PEI
where the N1s/4 peak was observed along with the presence of
O_CNH. The further decrease in the intensities in PLA-CA in C, N and
Opeaks indicate the conjugation of CA to PLA-PEI. This confirms the suc-
cessful functionalization of PLA-OHwith PEI and subsequently CA to the
PLA-PEI scaffolds, as shown schematically in Fig. 3.

The surface morphology studied using SEMmicrographs of the PLA-
OH and other surface modified 3D printed scaffolds at different magni-
fications are compiled in Fig. 5A–P. At low magnification (Fig. 5A–D),
the well aligned layers of the scaffolds can be seen, which were unal-
tered during surface modification. The magnified images (Fig. 5E–H)
show the pore architecture and morphology. The line width and the
pore diameter calculated from the SEM images (using ImageJ 1.50i) of
the PLA-OH 3D printed scaffolds were found to be 573 ± 22 μm and
314 ± 58 μm, respectively. The marginal increase in strut size and re-
duction in pore diameter that was noted arise due to the swelling and
spreading of the polymer after extrusion through extruder nozzle,
which is a common phenomenon of thermal polymer extrusion. Similar
observations were reported in the CaP-functionalized PCL scaffolds for
bone regeneration [13]. The cross-sectionmicrographs (Fig. 5I–L) reveal
the road width (Rw) of 496 ± 52 μm for all the four layers. The orthog-
onal layer configuration with 0/90° orientation of the polymer struts
was observed from the cross-section images. Note that themicrographs
indicate that the pores are interconnected. Pore interconnectivity is an
essential feature for tissue regeneration in the porous scaffolds. Pore in-
terconnectivity facilitates perfusion of nutrients and augments cell mi-
gration deeper into the scaffold. Kumar et al. demonstrated that the
open porous structure of 3D printed scaffolds was better than other
polymer scaffolds such as foams and fibers in facilitating uniform cell
growth through the thickness of the scaffold [35]. In the cross-section
images of Fig. 5I–L, the stepwise layout of the Rw is due to the default
printer settings as calculated by the Cura software during printing
with a line thickness of 150 μm. Hence, for a strut of 500 μm height,
the printer has deposited four layers. High magnification SEM images
(Fig. 5M–P) revealed that the surface of the scaffold was rough likely
due to the NaOH treatment. There were no discernible differences in
the surface morphology between PLA-OH (Fig. 5A, E, I, M), PLA-PEI
(Fig. 5B, F, J, N), and PLA-CA (Fig. 5C, G, K, O). However, the PLA-HaP
scaffolds (Fig. 5D, H, L, P) exhibited bright near-spherical structures,
which may be attributed to the formation of apatite on the surface of
the scaffolds as a result of the incubation in SBF. EDAX analysis revealed
that the calcium to phosphate ratio (Ca/P) of the precipitated minerals
on PLA-HaP is 1.57 (Fig. 5Q). This Ca/P ratio is in the range of 1.50 to
1.67 of calcium-deficientHaP (CDHA) [36]. CDHA is one of themanydif-
ferent forms of HaP. The apatite deposition observed on PLA-HaP was
also confirmed using XRD (Fig. S2) and several peaks were found to



Fig. 4. XPS spectra of surface modified 3D printed scaffolds for the elements C, O and N for [A] PLA-OH, [B] PLA-PEI and [C] PLA-CA.
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closely match with the reported pattern for HaP. These results suggest
that the surface functionalization of PLA scaffolds has resulted in the
successful deposition of HaP on the surface of 3D printed scaffolds.

The water contact angle of the surface functionalized 3D printed
scaffolds is compiled in Fig. 5R. NaOH treatment enhancedwater wetta-
bility of the PLA scaffolds from124±5° to 74±2°. The PEImodification
of PLA-OH marginally increased the contact angle to 78 ± 0.9°, which
may be attributed to the aliphatic chains of the branched PEI. The con-
tact angle for PLA-CAwas67±1°,whichwas reduced due to the surface
\\COOH groups. As the\\COOH groups were covered by mineral de-
posits in PLA-HaP scaffolds, the contact angle increased to 78 ± 2°.
The enhanced surface roughness might have also contributed to the in-
creased water contact angle compared to PLA-CA. Taken together, the
surface functionalization strategy herein resulted in a marked increase
in the surface wettability compared to the PLA scaffolds.

The 3D printed scaffolds were fabricated with the orthogonal layer
configuration of 0/90° orientation because this configuration offers
better mechanical properties compared to other displaced layer
architecture [24]. Compression tests revealed that the compressive
modulus for PLA and PLA-OH scaffolds was 27.5 ± 1.8 and 27.8 ±
0.7 MPa, respectively (Fig. 5S). The surface treatment with NaOH did
not affect the mechanical properties. These results are similar to other
studies where the compression modulus of PLA 3D printed scaffolds
was 25.8 ± 2.7 MPa [25]. The surface modified PLA-PEI (27.1 ±
1.3 MPa) and PLA-CA (26.9 ± 0.5 MPa) scaffolds were also essentially
unaffected by the surface treatment. The PLA-HaP scaffolds showed a
small but significant increase in the compressive modulus to 29.7 ±
0.5 MPa, compared to all the other scaffolds. Note that the compression
moduli of the scaffolds here are higher than the trabecular bone, which
is 0.5 to 14.6 MPa [37]. The mineralization on the scaffolds has been re-
ported to have an effect on the mechanical properties due to the pres-
ence of the hard-ceramic particles on the PLA-HaP scaffold [25]. TGA
analysis revealed that the content of mineral deposits in PLA-HaP was
1.0 wt% (Fig. S3). The PLA-HaP scaffolds incubated in PBS (pH 7.4) ex-
hibited a gradual sustained release of calcium ions from themineral de-
posits on the surface of PLA-HaP releasing a cumulative 6% of the total



Fig. 5. Characterization of 3Dprinted PLA and surfacemodifiedPLA scaffolds showing [A–P] SEM images of PLA-OH [A, E, I,M]; PLA-PEI [B, F, J, N]; PLA-CA [C, G, K, O] and PLA-HaP [D, H, L, P]
at low [A–D] and high [E–H]magnifications, cross section revealing the scaffold features [I–L] and surface features of the functionalized scaffolds [M–P], [Q] EDAX showing Ca and P peaks
for elemental analysis of PLA-HaP, [R] Water contact angle measurements of PLA and surface modified scaffolds. Symbols indicate significant difference (p b 0.05, one-way ANOVA)
between the sample and PLA (*), PLA-PEI (#) and PLA-CA (^), and [S] Compressive modulus of the surface modified scaffolds. Symbols indicate significant difference (p b 0.05, one-
way ANOVA) between the sample and PLA-OH (*), PLA-PEI (^) and PLA-CA (#). The data are presented as mean ± S.D. for n = 3.
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deposits in 10 days (Fig. S4). The continuous release of small quantities
of calcium ions over prolonged periods was expected to augment stem
cell response for bone regeneration [18].

3.4. Cell adhesion and cell proliferation

Toward assessing the bioactivity of the scaffolds for bone tissue re-
generation, we studied the response of primary hMSCs in vitro. Bone
marrow-derived hMSCs are multipotent stem cells that can potentially
differentiate into bone cells, among several other lineages, and hence,
play a critical role in bone tissue regeneration in vivo. Cells were cul-
tured on all the different scaffolds and the cell-material interactions
were visualized using a combination of SEM and fluorescence
microscopy.

Fig. 6A–D shows SEM images of hMSCs cultured on the PLA (Fig. 6A,
C) and surface modified PLA-HaP (Fig. 6B, D) scaffolds at day 1 at low
(Fig. 6A–B) and high (Fig. 6C–D) magnifications. The yellow color
inset shows the typical cell morphology on PLA and PLA-HaP. hMSCs
on the PLA-HaP scaffolds showed numerous filopodial protrusions
interacting with the mineral deposits on the surface. Note that the cell
response observed by SEM was similar on PLA-OH, PLA-PEI, PLA-CA
and PLA-HaP. These filopodia signify favorable cell-scaffold interactions
and are believed to play an important role in cell migration and matrix
remodeling [38]. hMSCs on PLA showed fewer filopodial projections
and seem to prefer interactions with the neighboring cells. Studies on
cellular interactions with orthopedic biomaterials suggest that rougher
surfaces favor cell-material interactions [39]. In addition, the presence
of mineral deposits on the PLA-HaP scaffolds provides a biomimetic en-
vironment to cells for enhanced cell-material interactions. The PLA-HaP
scaffolds are observed to have better cell adhesion than PLA, which
could augment cell proliferation and differentiation.

The fluorescence micrographs of hMSCs on PLA, PLA-OH and PLA-
HaP scaffolds are compiled in Fig. 6E–J. At day 1 (Fig. 6E–G), the
hMSCs on PLA appear thin and slender with minimal spreading.
hMSCs on PLA-OH and PLA-HaP exhibit characteristic stem cell mor-
phology and appear well spread on the scaffolds suggesting favorable
cell-material interactions. The hMSCs on PLA-PEI and PLA-CA exhibited
similar cell morphology (Fig. S5) as observed in PLA-OH and PLA-HaP
corroborating the trends observed in SEM. Increased coverage of the
scaffolds by day 7 (Fig. 6H–J) suggests cells had proliferated on all the
different scaffolds. However, the higher coverage of cells on PLA-OH
and PLA-HaP than PLA scaffolds by day 7 suggests that surface treat-
ment enhanced cell attachment and proliferation in agreementwith re-
sults from SEM images (Fig. 6A–D).

Cell proliferation on the different scaffolds was quantified by WST
assay at days 1, 3 and 7 (Fig. 6K). The plot shows a steady increase in
cell numbers on all the scaffolds from day 1 to day 3 and day 7 demon-
strating that all the scaffolds supported the proliferation of hMSCs. No-
tably, all the surface modified scaffolds showed a significant increase in
cell numbers compared to the untreated PLA on day 1 and day 7
confirming the qualitative observations made in Fig. 6E–J. The surface
modified andmineralized PLA-HaP scaffold at day 7 showed the highest
cell numbers compared to the other scaffolds andwas ~50% higher than
the PLA scaffolds. The scaffolds in this study with 70.2% porosity
afforded good cell adhesion and proliferation on the surface functional-
ized scaffolds. Gregor et al. reported good cell proliferation in PLA scaf-
folds with porosities as low as 30% even though some studies have
recommended scaffold porosity of 90% for cell growth [14]. However,
high porosity of 90% can severely compromise itsmechanical properties
for load bearing applications and the scaffold may collapse prematurely
as it degrades.
3.5. Osteogenic studies

ALP is an early marker for bone repair and regeneration, which is
expressed by the osteoblasts [40]. Fig. 7A presents ALP activity of thedif-
ferentiating cells on the scaffolds at 14 days. Cells on PLA-HaP showed
the highest ALP activity that was significantly higher (p b 0.05) than
on other scaffolds. ALP activity on PLA-PEI and PLA-CA were marginally
higher than on PLA-OH activity although only some of these differences
were statistically significant. Hence, the significantly increased expres-
sion of ALP by hMSCs cultured on the PLA-HaP scaffolds indicated the
enhanced ability of the surface treated scaffolds to facilitate the differen-
tiation of hMSCs to osteoblasts. Note that the PLA scaffold showed poor
cell proliferation and thus these as-printed scaffolds were not assessed
for ALP activity as the readings were low and the measurements were
unreliable.



Fig. 6. Response of hMSCs cultured on PLA and surface functionalized 3D printed scaffolds [A–D] The SEM images at low [A–B] and high [C–D] magnifications showing cell attachment at
day 1 for PLA [A, C] and PLA-HaP [B, D]; [E–J] Confocal microscopy images of fluorescently labeled cells at day 1 [E–G] and 7 [H–J] showing F-actin (green) and nucleus (red) for PLA [E, H],
PLA-OH [F, I], PLA-HaP [G, J] and [K]WSTassay showing cell proliferation at days 1, 3 and 7. Symbols indicate significant difference (p b 0.05, one-wayANOVA)between the sample and PLA
(*), PLA-OH (#) and PLA-CA (^). The data are shown as mean ± S.D. for n = 3.
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Alizarin red stains the calcium mineral deposits and was used to vi-
sualize deposits resulting from osteogenic differentiation of hMSCs cul-
tured on the scaffolds. Fig. 7B presents photographs of stained scaffolds
that can be visualized by the red color. Mineralization on the surface
functionalized scaffolds was higher compared to the PLA. PLA-HaP scaf-
folds showed the highest mineralization. Note that PLA-HaP scaffolds
without cells (denoted as PLA-HaP*) showedminimal red color because
of the HaP on the surface. The more pronounced red stain on the cell
seeded PLA-HaP scaffolds is much higher than that of PLA-HaP*
confirming that themineralization is indeed produced by the differenti-
ated hMSCs. The quantification of mineral deposits by alizarin stain is
compiled in Fig. 7C. The PLA-HaP scaffolds showed remarkably higher
mineralization than other scaffolds that was 170, 124 and 114% of that
on PLA, PLA-OH and PLA-PEI scaffolds, respectively. The presence of
HaP as a result of the surface modification of PLA presents a bone-like
microenvironment to promote cell differentiation leading to improved
mineralization on PLA-HaP scaffolds [7].

3.6. mRNA expression of osteogenic genes

To further confirm the enhanced osteogenic activity of the surface
modified PLA-HaP scaffolds, mRNA expression of known osteogenic
genes by hMSCs was assessed (Fig. 7D). Note that all data are normal-
ized to PLA-OH as the amount and quality of RNA harvested from PLA
scaffolds was inadequate likely due to poor attachment and prolifera-
tion of cells. Cells on PLA-HaP scaffolds showed the highest expression
of BMP-2, osteocalcin, Runx2, and ALP genes compared to PLA-OH (de-
noted by the blue horizontal line in Fig. 7D).

BMP-2 is a bone morphogenic protein of the TGFβ family and it is
widely accepted as a marker for skeletal development. BMP-2 signaling
is known to induce the expression of Runx2, which in turn stimulates
the osteogenesis of hMSCs [41]. Cells on PLA-HaP scaffolds showed
2.7-fold higher expression of BMP-2 than on PLA. Runx2 is the early
transcriptional factor that is well studied for the bone development
and repair. Runx2 also plays an important function in the differentiation
of osteoprogenitor cells to osteoblasts facilitating bone mineralization
[42]. Runx2 expression by hMSCs on PLA-HaP was 1.1-fold higher.
Osteocalcin is an ECMprotein,which is also a specificmarker formature
osteoblasts [43]. On the PLA-HaP scaffolds, the expression of osteocalcin
was 1.13-fold higher. ALP is an enzyme that degrades the inorganic py-
rophosphate groups and thus facilitates the mineralization in bone. The
cells on PLA-HaP scaffolds showed 1.1-fold higher ALP expression than
on PLA-OH scaffolds. The increased expression of the different osteo-
genic genes indicates that PLA-HaP scaffolds promote osteogenesis of
hMSCs that leads to mineralization [44]. Note that changes in gene ex-
pression during osteogenesis tend to be small but sufficient to drive
phenotypical changes and similar observations were reported earlier
[17,45].



Fig. 7. Osteogenic potential of the 3D scaffolds assessed using hMSCs on the scaffolds for 14 d in the osteogenic medium [A] Quantitative alkaline phosphate activity. Symbols indicate
significant difference (p b 0.05, one-way ANOVA) between the sample and PLA-OH (*), PLA-PEI (#) and PLA-CA (^), [B] Assessment of mineralization by alizarin red staining of the cell
seeded scaffolds. PLA-HaP* denotes as prepared scaffold without cells; [C] Quantification of the stained mineral normalized to cell number. Symbols indicate significant difference (p b

0.05, one-way ANOVA) between the sample and PLA ($), PLA-OH (*), PLA-PEI (#) and PLA-CA (^); [D] Quantitative RT-PCR studies of osteogenic markers expressed by hMSCs at day
14 on different scaffolds. The data normalized to the expression of genes on PLA-OH scaffolds as indicated with a blue horizontal line. Symbols indicate significant expression (p b 0.05,
one-way ANOVA) of BMP2 gene compared to Osteocalcin (*), RUNX2 (^) and ALP (+) genes on PLA-HaP scaffolds. The data are shown as mean ± S.D. for n = 3.
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4. Discussion

Taken together, the results of this study demonstrate that surface
modified PLA-HaP scaffolds are better for bone tissue engineering than
neat PLA scaffolds. The enhanced bioactivity observed in this study de-
scribed abovemay be attributed to a combination of physical and chem-
ical cues to the stem cells from the surface modified scaffolds. The
surface composition of PLA-HaP scaffolds mimics the in vivomicroenvi-
ronment of the bone cells comprising a composite of polymer and cal-
cium phosphate deposits. The presence of CaP deposits stimulates the
stem cells through a variety of routes as follows. Favorable protein ad-
sorption on such a biomimetic surface unlike that on the unmodified
polymer surface can augment osteogenesis [46]. Moreover, the HaP de-
posits on the surface can release calcium ions in the close vicinity of the
cells growing on the scaffolds, which are known to promote stem cell
osteogenesis [47]. Furthermore, the nanoscale surface roughness due
to the HaP deposition also provides topographical cues to promote oste-
ogenic differentiation [48,49]. In fact, it has been shown that the strut
surface roughness of 3D printed polymer scaffolds promotes stem cell
osteogenic differentiation [50].

In earlier work, the cytocompatibility of PLA 3D printed scaffolds
was evaluated by Gregor et al. wherein the scaffolds were found to sup-
port proliferation and also the production of osteogenic markers by os-
teosarcoma cells [14]. Similarly, in the present study, PLA scaffolds
(Figs. 5–7) supported cell proliferation and osteogenesis of stem cells.
However, the surface modified scaffolds owing to their increased bioac-
tivity by surface functionalization showed enhanced cell proliferation
and osteogenic differentiation. HaP and other forms of CaP, which are
naturally present in bone tissues can play an important role in imparting
bioactivity to the scaffolds for enhanced osteogenesis of stem cells [24].
Ethan et al. reported on the osteogenic differentiation of stem cells on
the 3D printed PCL scaffolds functionalized with tricalcium phosphate,
HaP and decellularized bone matrix [13]. They demonstrated the in-
creased cell proliferation and osteogenic activity in the ceramic nano-
composite scaffolds. The above strategies involve the formation of
composites with polymer and HaP nanoparticles. Although such a strat-
egy can be effective, it requires specialized equipment for the prepara-
tion of the polymer/nanoparticle composite filaments prior to 3D
printing. Moreover, as discussed above, the concentration of eluted cal-
cium ions is rather limited.

With the rapidly growing popularity of 3D printing to prepare tissue
scaffolds, the currentwork presents a promising strategy to enhance the
bioactivity of the scaffolds. Only a few such strategies have been re-
ported recently which utilize introducing nanoscale surface roughness
and grafting of peptides on the surface [50,51]. In contrast to these stud-
ies, the current strategy is facile, versatile, cost-effective, and can be eas-
ily adapted to various biodegradable polyesters, which comprise a
significant fraction of 3D printed scaffolds. Expensive biomolecules are
not used in this method rendering this a feasible technique for improv-
ing the bioactivity of 3D printed bone tissue scaffolds. Moreover, the
strategy presented here is remarkably effective with twice the amount
of mineral deposited within 14 days on the surface modified scaffolds
compared to the PLA scaffolds.

5. Conclusion

Toward developing a surface engineering strategy to promote oste-
ogenesis, 3D printed porous PLA scaffolds were functionalized with
PEI and CA, and subsequently modified with CaP mineral deposits.
These CDHA deposits presented a bone tissue-like microenvironment
to the cells. The PLA-HaP scaffolds showed improved wettability,
imparted nanoscale roughness, marginally improved the mechanical
properties of the PLAs scaffold and exhibited sustained release of cal-
cium ions in aqueous medium. Consequently, hMSCs showed increased
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cell adhesion and cell proliferation as well as marked enhancement of
osteogenic differentiation on the surface modified PLA scaffolds com-
pared the as-printed scaffolds. The mineralization on the surface modi-
fied scaffolds was twice that on the as-printed scaffolds underscoring
the effectiveness of this strategy in contrast to earlier methods. This
work presents a potent strategy to modify the surface of 3D printed
polymer scaffolds to enhance the osteogenic activity for bone tissue
engineering.
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