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ABSTRACT: Biodegradable polymer-based nanocomposite coatings
provide multiple advantages to modulate the corrosion resistance and
cytocompatibility of magnesium (Mg) alloys for biomedical applications.
Biodegradable poly(glycerol sebacate) (PGS) is a promising candidate
used for medical implant applications. In this study, we synthesized a new
PGS nanocomposite system consisting of hydroxyapatite (HA) and BMISC response
magnesium oxide (MgO) nanoparticles and developed a spray coating I o * | > |
process to produce the PGS nanocomposite layer on pretreated Mg
substrates, which improved the coating adhesion at the interface and their
cytocompatibility with bone marrow derived mesenchymal stem cells
(BMSCs). Prior to the spray coating process of polymer-based

nanocomposites, the Mg substrates were pretreated in alkaline solutions 3

to enhance the interfacial adhesion strength of the polymer-based

nanocomposite coatings. The addition of HA and MgO nanoparticles (nHA and nMgO) to the PGS matrix, as well as the alkaline
pretreatment of the Mg substrates, significantly enhanced the interfacial adhesion strength when compared with the PGS coating on
the nontreated Mg control. The average BMSC adhesion densities were higher on the PGS/nHA/nMgO coated Mg than the
noncoated Mg controls under direct contact conditions. Moreover, the addition of nHA and nMgO to the PGS matrix and coating
the nanocomposite onto Mg substrates increased the average BMSC adhesion density when compared with the PGS/nHA/nMgO
coated titanium (Ti) and PGS coated Mg controls under direct contact. Therefore, the spray coating process of PGS/nHA/nMgO
nanocomposites on Mg substrates or other biodegradable metal substrates could provide a promising surface treatment strategy for
biodegradable implant applications.
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1. INTRODUCTION (50:50), and polycaprolactone (PCL) coatings, reduced the
degradation rate of Mg according to the results of electro-
chemical testing and human umbilical vein endothelial cell
(HUVEC) culture in vitro. Additionally, the PLGA (50:50)
coating improved the adhesion and spreading of HUVECs the
most among the four polymer coatings.'* Moreover, their
corresponding nanocomposite coatings with nanophase
hydroxyapatite (nHA), ie, nHA/PLLA, nHA/PLGA, and
nHA/PCL, significantly reduced the degradation of Mg during
immersion in r-SBF, and the nHA/PCL coating showed the
best overall performance in reducing the Mg degradation and

Magnesium (Mg) alloys are promising novel biodegradable
materials for medical implants because of their attractive
properties, ie., similar density and mechanical properties to
those of natural cortical bone.'~ The biodegradability of Mg
inside the body could eliminate the need of secondary
surgeries for implant removal.”> Moreover, Mg ions are the
fourth most abundant cations in the human body and are
largely stored in bone tissue.””® However, the rapid
degradation of Mg implants still remains as one of the key
challenges, limiting their clinical translation for broad implant

applications.”'® The presence of physiological ions and improving bone marrow derived mesenchymal stem cell
proteins could accelerate the degradation of Mg, causing the

implants to lose their mechanical and structural integrity Received: August 15, 2024 i
before the complete bone healing."'~'* Polymer or polymer- Revised:  September 11, 2024 5 i
based composite coatings on Mg are potential solutions to Accepted:  September 11, 2024

314=16 p o vious studies have Published: September 30, 2024

reduce the degradation rate of Mg.
found that four polymer coatings, i.e., poly(L-lactic acid)

(PLLA), poly(lactic-co-glycolic acid) [PLGA (90:10)], PLGA
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(BMSC) adhesion.” However, all these polymers are less
desirable because they degrade by bulk erosion, which could
produce micro- or macropores and cracks in the coatings at the
early stage of the degradation process, thus allowing the
diffusion of physiological solutions to the Mg substrate.'”
Alternatively, Surmeneva et al. reported'® that parylene C
coatings improved the corrosion resistance of magnesium
alloys (AZ31, WE43, and AZ91) as beneficial barrier coatings
because of the surface hydrophobicity and low water
permeability of parylene C. Parylene C is bioinert and
biocompatible, but it is unfavorable for cell adhesion and
tissue engineering applications. Parylene C can degrade and
oxidize when aged in vivo,'? which could lead to embrittlement
and crack formation.

In contrast, poly(glycerol sebacate) (PGS) degrades by
surface erosion, which could be a better coating material for
maintaining an intact residual layer during the degradation of
the outer layers, impeding the diffusion of water molecules into
the underlying Mg substrates and minimizing the degradation
rate of Mg substrates.'” Poly(glycerol sebacate) (PGS) is
synthesized by polycondensing glycerol and sebacic acid,
generating a viscous prepolymer that can be further cross-
linked to form the polymer.”® Glycerol is the basis of lipid
components in the body and was approved by the US Food
and Drug Administration (FDA) for usage as humectant in
food.”"** Sebacic acid is an intermediate product in the natural
metabolic process of fatty acids in the body. PGS has been
shown to be biocompatible when implanted into rabbit
corneas and subcutaneously into rats.”’ PGS is a bioresorbable
polymer that degrades by surface erosion. Moreover, the
moderate hydrophilicity of PGS can improve cell proliferation
and adhesion.”* PGS has been studied in vitro and in vivo for
soft tissue engineering applications in the fields of cardiac
muscle, blood vessels, and cartilage, where tissue responses
indicated that PGS was biocompatible.””**™*” It has been
reported that PGS sustained an osteoblastic phenotype
attachment and proliferation in vitro when compared with
the initial seeding density, which was promising for bone tissue
engineering applications.”® Please note that the PGS was serial
soaked in 75%, 50%, and 30% ethanol solutions, each for 30
min, followed by phosphate buffered saline (PBS) for 1 h, and
then left overnight in culture media before cell seeding.

In addition, hydroxyapatite [HA; Ca;o(PO,)s(OH),] is the
predominant mineral component in natural bone and has
excellent osteoconductive properties.zg_31 HA nanoparticles
(nHA) are considered an attractive bioactive material because
they could further promote osteoblast adhesion and pro-
liferation with their larger surface-to-volume ratio.” The
addition of HA nanoparticles into a polymer matrix can serve
as a reinforcing phase and modify the mechanical properties of
the polymer. The increase of nHA incorporation can enhance
the modulus and strength of PGS because the presence of stiff
hydroxyl groups can prevent C—O bending.’>** Moreover,
nHA can tune the hydrophilicity of PGS because of the polar
hydroxyl groups on its surface. MgO has attracted great
attention because it can provide promising biological proper-
ties that are beneficial for bone repair.”* MgO has been used as
an oral supplement to improve bone mineral density in
humans.® Specifically, MgO has shown stimulating effects on
bone healing and regeneration in rat tibia as an implantable
paste.”® MgO nanoparticles (nMgO) exhibited antibacterial
properties against both Gram-negative and Gram-positive
bacteria in vitro, which is promising for reducing implant

infections.”™’ ™" Therefore, HA and MgO nanoparticles
could be integrated into the PGS matrix to achieve desirable
bioactivity for biomedical implant applications.**~**

However, coating polymers directly onto nontreated Mg
substrates through physical interactions often leads to weak
interfacial adhesion strength to the substrates.* To enhance
the osteogenic capacity of PGS, we proposed to incorporate
bioactive ceramic nanoparticles into the cross-linked PGS
network. Furthermore, surface pretreatment of Mg substrates
prior to applying polymer-based coatings could also improve
the interfacial adhesion strength.” Chen et al. found that
glycerol and sebacic acid are not fully cross-linked during the
curing process for PGS at the temperature of 120 °C for either
2 or 3 days, and the product still contains ester groups, excess
alcohol groups, and carboxylic acid groups.*® Therefore, we
hypothesized that the functional groups of the PGS coating
could react with the hydroxyl groups on the surface of Mg if
the Mg substrates are pretreated with alkaline solutions to
improve the interfacial adhesion strength between the
polymer-based coating and Mg substrate.*”**

Previous studies showed that alkaline pretreatment of Mg
substrates could §_enerate a layer of Mg(OH), that contains
hydroxyl groups.”*”*° The Mg(OH), layer also exhibited
good interfacial adhesion strength to the Mg substrate and
served as a transient protection layer in physiological
solutions.”"** Therefore, the Mg(OH), layer formed on the
Mg substrate by alkaline pretreatment could improve the
interfacial adhesion strength between the PGS coating and Mg
substrate and reduce the corrosion rate of Mg. However, few
works have systematically reported the effects of alkaline
treatment parameters on the interfacial adhesion strength
between the polymer-based coating and Mg substrate.

The objective of this study was to investigate the effects of
alkaline pretreatment on the interfacial adhesion strength of
polymer-based coatings and evaluate degradation properties
and cytocompatibility of the polymer-based nanocomposite
coatings on Mg substrates produced via a spray coating
method. A composition of 30 wt % nanoparticles and 70 wt %
PGS was used because this ceramic/polymer ratio for the
nHA/nMgO/PLGA nanocomposite showed promising me-
chanical and biological properties in our previous stud-
ies."”*>>* The synergic effects of the triphasic nanocomposite
consisting of nHA, nMgO, and PGS on alkaline pretreated Mg
substrates have not been extensively explored for biomedical
applications. In this study, it is hypothesized that nHA/nMgO/
PGS coatings sprayed onto alkaline pretreated Mg substrates
would improve the interfacial adhesion strength and
cytocompatibility with BMSCs in vitro.

2. MATERIALS AND METHODS

2.1. Preparing Mg Substrates and the Surface Prior to the
Coating Process. Biodegradable Mg-based bars (97% Mg, 3% Al, 1
mm thick; MiniScience, catalog no. MGFLAT) were cut into 10 X 10
mm squares and used as the substrates. The Mg bar was used to serve
as a model substrate in this study because the main objective of this
study focuses on spray coating of nanocomposite layers on a model
Mg alloy substrate in combination with a pretreatment method. The
addition of 3% Al is used by the commercial vendor for sacrificial
anodes and is not intended to improve the corrosion properties.
However, the coating process developed in this study is transferable to
other Mg alloys, such as AZ31, AZ91, and WE43 alloys. All surface
areas of the Mg squares, ie., both the front surface (surface I), the
back surface (surface II), and the four side surfaces (surface III), as
shown in Figure 1, were ground with 600, 800, and 1200 grit silicon

https://doi.org/10.1021/acsami.4c13811
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Figure 1. Spray coating process for polymer-based nanocomposites
and polymer controls on Mg substrates.

carbide paper (SiC; Ted Pella) in 100% ethanol (EtOH; Koptec) to
remove the oxide layers, and they were ultrasonically cleaned in
acetone (Sigma-Aldrich) and ethanol, respectively, for 30 min each
prior to spray coating. The polished Mg substrate was used as a
degradable control, and a Ti substrate was used as a nondegradable
control in this study.

The alkaline pretreatment was performed by immersing the
polished Mg substrates into 1, 3, and S M NaOH (STREM
Chemicals) solutions at 80 °C for 2 h separately and drying them in
air at 60 °C for 1 h. The alkaline pretreated samples were cleaned with
deionized (DI) water (Millipore Milli-Q Biocel System) for S min and
dried at 60 °C for 30 min. The Mg samples pretreated at
concentrations of 1, 3, and S M NaOH are referred to as Al, A3,
and AS, respectively; the prefix “A” represents “alkaline treated”, and
the suffixes “17, “3”, and “S” represent “1 M”, “3 M”, and “5 M’,
respectively. AO refers to the polished Mg sample without alkaline
treatment. All samples were kept in vacuum until used for further
experiments.

2.2, Depositing Polymer-Based Nanocomposites on Mg
Substrates via Spray Coating. The nHA was prepared by a wet
chemistry precipitation method, as described previously.*> Oligo-
(glycerol sebacate) (OGS) is the prepolymer of the biodegradable
poly(glycerol sebacate) (PGS). To prepare theprepolymer suspension
for spray coating, 0.6 g of OGS (Regenerez RG-100, Secant Medical,
Inc., Telford, PA, US) was dissolved in 2 mL of pure ethanol to
produce a 0.3 g/mL OGS solution. The OGS solution wasplaced in
an incu-shaker at a temperature of 50 °C at 200 rpm for 30 min. The
nHA and nMgO (US Research Nanomaterials Inc.) were added into
the OGS/ethanol solution. The ceramic/polymer composition for
nHA/nMgO/OGS was 29 wt % nHA, 1 wt % nMgO, and 70 wt %
OGS. The nHA/nMgO/OGS suspension was sonicated using a high-
power sonicator (Qsonica, Q125) for S min at 75% of full power (125
W) and mixed using a planetary centrifuge (dual asymmetric
centrifugal bladeless high-speed mixer, Speedmixer DAC 150.1
FVZ-K, FlackTek, Inc.) for S min at 2500 rpm. The suspension of
nHA/nMgO/OGS was mixed for three additional rounds of
alternating high-power sonication and high-speed mixing. The nHA
and nMgO used in this study were analyzed and published
previously, ¥ 53439,53-55

The obtained nHA/nMgO/OGS prepolymer mixture was spray
coated onto the Mg substrate using the spray coating setup shown in
Figure 1. A commercial airbrush (AGPtek 0.3 mm tip 9 cm® Dual-
Action Gravity Feed Airbrush) with a nozzle diameter of 0.2 mm was
set up in a chemical fume hood and supplied with nitrogen gas as a
carrier gas. The Mg substrate was held by a 3D printed holder that
connected to the electrical spinner. The airbrush was set in a position
near the edge of the Mg substrate so that the nHA/nMgO/OGS
coating could cover all surfaces (i.e., surface I, surface I, and surface
IIT) of the sample. Specifically, the distance between the edge of the
substrate and the nozzle was 6 cm. The angles between the nozzle and
X-, Y-, and Z-axes were 70°, 20°, and 90°, respectively. The Mg
substrate was spun at 1440 rpm and spray coated at a pressure of 10
psi for 6 s. After spray coating, the metallic substrate was removed
from the 3D printed holder, flipped over, and rotated 90° clockwise
for an additional round of spray coating, as illustrated by the position
change of the red dot on the substrate in Figure 1. After the spray
coating process, the entire Mg substrate was fully covered with the
polymer-based coating. The nHA/nMgO/OGS coating was cured at
120 °C for 48 h in protective argon gas to obtain nHA/nMgO /PGS
nanocomposite coatings. The resulting polymer-based nanocomposite
coated Mg samples are referred to as C_AO (C_Mg), C_Al, C_A3,
C_AS, and C_Ti, where “C” represents “nanocomposite coating”.
The PGS_Mg sample refers to PGS coated Mg, which was fabricated
using a method similar to that described above without the addition
of the ceramic nanoparticles, and it was used as a control. For the
PGS_Mg sample, during the prepolymer preparation, the OGS was
mixed with ethanol without the addition of nHA and nMgO.

2.3. Tensile Testing for Interfacial Adhesion Strength of
Coatings on Pretreated or Nontreated Mg Substrates. The
interfacial adhesion strength of the polymer-based nanocomposites
and polymer controls on Mg substrates was tested by following the
method described in a previous published work.® Specifically, two
wooden rods with dimensions of § X 5 X 50 mm were attached onto
the front and back surfaces of the samples using a cyanoacrylate-based
adhesive (Loctite) and allowed to cure for 24 h at room temperature.
The wooden rods were then secured in the grip of a tensile tester
(Instron 5969). Tensile testing was performed at an extension rate of
1 mm/min. Each group of samples was tested in triplicate.

2.4. Evaluating Nanocomposite Coated Mg Substrates in
BMSC Culture In Vitro. Bone marrow derived mesenchymal stem
cells (BMSCs) were harvested from femur and tibia of 15 day old
Sprague—Dawley rat weanlings after euthanasia according to
previously published literature,” following the protocol approved by
the Institutional Animal and Use Committee (IACUC) at the
University of California, Riverside (UCR). BMSCs were cultured in a
flask to 90% confluency, collected using Trypsin, and resuspended in
fresh medium to achieve a cell seeding density of 10 000 cells/cm?
The BMSCs were seeded directly onto the surfaces of the samples and
cultured with the samples in Dulbecco’s Modified Eagle Medium
(DMEM, supplemented with 10% FBS and 1% P/S) under standard
cell culture conditions (ie, 37 °C, 95% air, 5% CO,, sterile,
humidified) for 24 h. A0 (Mg), Al, A3, and AS were used as
degradable Mg controls. Ti was used as a nondegradable control, and
glass was used as a reference. BMSCs alone in the cell culture medium
without samples were used as a positive control, and DMEM alone
without BMSCs and samples was used a blank medium reference. All
groups were run in triplicate in the culture plate.

After 24 h, the culture medium in each well was collected. The
samples and the wells were washed three times with phosphate
buffered saline (PBS) to remove nonadherent cells. The cells adhered
on the surfaces of the samples (direct contact with the samples) and
on the tissue-culture plate surrounding the samples (indirect contact
with the samples) were fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, 15714-S) and stained with Alexa Fluor 488-
phalloidin (Life Technologies) for F-actin and 4’,6-diamidino-2-
phenylindole dilactate (DAPI; Life Technologies) for nucleic acid.
The cells under direct and indirect contact conditions were imaged
using a fluorescence microscope (Nikon Eclipse Ti-S) at 9 random
locations using the same exposure conditions and analyzed using

https://doi.org/10.1021/acsami.4c13811
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Figure 2. Surface and cross-sectional characterization of alkaline pretreated Mg and nontreated Mg control. SEM images of alkaline pretreated Mg
and nontreated Mg control at (al—d1) a magnification of 15 000X and (a2—d2) a magnification of 50 000X. (a3—c3) Cross-sectional SEM images
at a magnification of 6500X. (a4—c4) Overlaid images of SEM and EDS maps for elemental distribution of Mg (red), O (yellow), C (green), and
Al (pink). (e) Surface elemental composition (at. %) quantified from EDS area analyses at a magnification of 15 000X and corresponding atomic
ratio of O/Mg (at. %/at. %). SEM images for surfaces were obtained at original magnifications of 15 000X and 50 000X; scale bar = 1 gm and 500
nm for original magnifications of 15 000X and 50 000X, respectively. Cross-sectional SEM images and EDS maps were obtained at an original
magnification of 6500X; scale bar = 5 gm. The average thickness of the hydroxide layer is marked on the overlaid images of SEM and EDS maps for

each sample type, as denoted using the mean + standard deviation.

Image]. The cell adhesion density under direct and indirect contact
conditions was calculated as the number of cells per unit area.

The postculture medium was collected after 24 h for pH and ion
analyses. The pH of the postculture medium was measured using a
precalibrated pH meter (Symphony SB70P, VWR). For ion analysis,
the postculture medium was diluted by deionized water with a
dilution factor of 100. The concentrations of Mg?* and Ca** in the
diluted postculture medium were analyzed using inductively coupled
plasma optical emission spectrometry (ICP-OES; PerkinElmer
Optima 8000) to investigate the degradation of Mg substrates and
the effects of Mg degradation on Ca®" in the medium with or without
cells.

2.5. Characterizing Surface Microstructure, Composition,
and Coating Thickness. A scanning electron microscope (SEM;
Nova Nano SEM 450, FEI) equipped with an X-Max50 detector and
AZtecEnergy software (Oxford Instruments, Abingdon, Oxfordshire,
UK) was used to analyze the surface microstructure of the prepared
samples. The surfaces of samples were sputter coated (Model 108,
Cressington Scientific Instruments Ltd., Watford, UK) with platinum/
palladium for 40 s at a current of 20 mA prior to SEM/EDS.
Crystalline phases of the alkaline pretreated Mg substrates (i.e., Al,
A3, AS) were analyzed using X-ray diffraction (XRD; Empyrean,

PANalytical). The thickness of the polymer-based nanocomposites on
the Mg substrates was measured using a 3D laser scanning microscope
(VK-X150, Keyence). The surface topography of the alkaline
pretreated Mg substrates and nontreated Mg control was observed
using a 3D laser scanning microscope (VK-X150, Keyence), and the
surface roughness (S,) of the alkaline pretreated Mg was obtained by
MultiFileAnalyzer (VK-HIXME, Keyence) according to the estab-
lished eq 1,"* where A is the tested area and Z is the deviation in
height from the reference plane. The arithmetic mean height (S,) and
maximum height (S,) were also measured. Equation 2 shows the
relationship between S, and S

1 2
qu\/;fAZ(x,y)dxdy

5

V2 2)

2.6. Statistical Analysis. All experiments described above were
run with triplicate samples. The numerical data were analyzed using
standard one-way analysis of variance (ANOVA) when the data sets
were parametric (ie, data normality was over 0.5); statistical

(1)

a
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significance was considered at p < 0.05 for Tukey’s test. When the
data sets were nonparametric, the numerical data were examined
using the Kruskal-Wallis method followed by a Dunn’s test.
Statistical significance was considered at p < 0.02S for Dunn’s test.

3. RESULTS AND DISCUSSION

3.1. Surface, Cross-Sectional Microstructure, and
Composition of Mg Substrates before and after
Alkaline Pretreatment. Since the hydroxyl groups in the
hydroxide layer determine the adhesion strength between the
PGS coating and the Mg substrate and affect the corrosion
resistance, it is necessary to study the surface characteristics
(i.e., surface morphology, elemental composition, surface
roughness) of the hydroxide layers formed on Mg substrates
after alkaline pretreatments.

Figure 2 shows the surface morphology, elemental
composition, and cross-sectional characterization of the
alkaline pretreated Mg (i.e., Al, A3, AS) and nontreated Mg
control substrates. The SEM images at a magnification of
15000% (Figure 2al—d1) show the homogeneous surfaces of
the alkaline pretreated Mg and the smoother surface of the
nontreated Mg control with observable grinding scratches or
polishing grooves. The SEM images at a magnification of
50000 (Figure 2a2—d2) confirmed the feasibility of the
alkaline treatment to produce distinct nanoscale features on
the Mg surface. Dense and homogeneous nanoscale features
were observed in the SEM images of Mg substrates at high
magnification (i.e, 50000Xx), without any visible cracks.
Moreover, the size of the nanofeatures on the AS surface
was larger than that of the Al and A3 samples. The increased
concentration of the sodium hydroxide (NaOH) solution
might have increased the rate of reaction between the Mg
surface and NaOH to form Mg(OH), and thus accelerated the
growth of Mg(OH),, resulting in a larger size of the
nanofeatures on the AS sample. Furthermore, polishing
grooves were still visible on the surface of the Al sample,
which suggested a thinner hydroxide layer on the Al sample
when compared with the A3 and AS samples. Figure 2a3—
c3,a4—c4 represents the cross-sectional SEM images and the
corresponding overlaid images of SEM and EDS maps of the
Mg and O elemental distribution for the alkaline pretreated Mg
substrates. The overlaid images of SEM and EDS maps further
confirmed that the oxide layers were created on top of the Mg
substrates, with a thickness of 0.2 + 0.4 um for Al, 0.4 + 0.2
um for A3, and 0.6 & 0.1 ym for AS. The greater thickness of
the oxide layer, the larger size of nanofeatures, and the
mismatched thermal expansion coefficient of the Mg(OH),
with metallic substrates resulted in the visible cracks in the
hydroxide layer on AS, as shown in Figure 2cl. Additionally,
the thickness of the hydroxide layer on the Al sample was
thinner on average than that on the A3 and AS samples, in
agreement with the visible polishing grooves in the SEM
images of the Al sample.

The histogram in Figure 2e shows the surface elemental
compositions (in at. %) of the alkaline pretreated Mg
quantified from the EDS analyses based on the SEM images
at a magnification of 15000X. Mg and oxygen (O) were
detected on Al, A3, and AS samples. A small amount of carbon
(C) could have come from the conductive carbon tape under
the Mg substrates, and aluminum (Al) was the alloying
element in the Mg substrate. The atomic ratio of O/Mg for the
AS sample was 2.2, which was closest to the stoichiometric
ratio of Mg(OH),. The atomic ratios of O/Mg for the Al and

A3 samples were both 1.6, possibly because the pretreated Mg
surface layers consisted of an inner MgO laiyer next to the
substrate and an external layer of Mg(OH)Z.AL Table 1 shows

Table 1. Surface Roughness of Mg Substrates before and
after Alkaline Treatment in NaOH at Concentrations of 1,
3,and S M

sample roughness before alkaline after alkaline
1D (um) treatment treatment
Al Sq 0.10S + 0.007 0.143 + 0.011
S. 0.072 + 0.005 0.107 £ 0.008
S, 1.680 + 0.014 1.885 £ 0.0S
A3 Sq 0.088 + 0.007 0.151 + 0.012
Sa 0.070 + 0.00S 0.115 + 0.004
S, 2.465 + 0.043 2.505 + 0.024
AS Sq 0.059 + 0.008 0.082 + 0.011
Sa 0.046 + 0.036 0.057 £ 0.00S
S 1.385 + 0.043 3.815 + 0.153

N

the surface roughness of Mg samples before and after the
alkaline treatment. The surface roughness of the alkaline
pretreated Mg samples (i.e, Al, A3, AS) was larger than that of
the nontreated Mg control.

The XRD patterns in Figure 3 show low-intensity diffraction
peaks for the crystalline phase of Mg(OH), (ICSD pattern 00-
050-1085), which is consistent with previous studies that also
showed low-intensity peaks of Mg(OH), on the Mg alloy after
pretreatment with NaOH solution.”*”*>** The a-Mg phase
(ICDD 00-004-0770) and intermetallic AlyosMg;os (ICDD
00-041-1238) from the underlying Mg substrate showed
higher-intensity peaks. In contrast, the intensity of the
Mg(OH), peak was lower probably because of its thin
thickness and dominating peaks from the Mg substrate.

3.2. Surface, Cross-Sectional Microstructure, and
Composition of Polymer-Based Nanocomposites on
Mg Substrates. The spray coating process generated
homogeneous polymer nanocomposite layers on the Mg
substrates. The results of surface and cross-sectional character-
izations in Figures 4—6 do not show visible pores and cracks
after spray coating.

Figure 4a shows the surface morphology of the polymer-
based nanocomposites on Mg substrates (i.e., C_Al, C_A3,
C_AS, C_Mg), characterized using SEM at an original
magnification of 10 000X, and the overlaid images of SEM
and EDS elemental maps, as well as the corresponding EDS
maps for the individual elements C, O, calcium (Ca),
phosphorus (P), and Mg. Each color represents a single
element, where green = C, yellow = O, purple = Ca, pink = P,
and red = Mg. The location of agglomerates in the SEM
images overlapped with the regions of intensified Ca, P, and O
elements in the EDS maps, indicating that the agglomerates on
the coated C_Al, C_A3, C_AS, and C_Mg samples contained
hydroxyapatite (HA). Furthermore, elemental Mg was
distributed homogeneously in its EDS map, suggesting that
the MgO nanoparticles were distributed homogeneously in the
nanocomposite coatings for all samples. Elemental C was
distributed evenly in its EDS maps as well, except a reduced
signal was observed around the agglomerates, indicating that
the C signal came from the PGS polymer matrix.

The histogram in Figure 4b shows the surface elemental
compositions (in at. %) of the polymer-based nanocomposites
on the Mg substrates, which were quantified from EDS

https://doi.org/10.1021/acsami.4c13811
ACS Appl. Mater. Interfaces 2024, 16, 54716—54730


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c13811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

& Mg o
V¥ Al osMg, o5
* Mg(OH), < <
(o
<o ! <
) | NS
A Al
H |
|
& 1 % 1 L
£ 9 ¥ S W2 WV S
AS
10 2'0 '3'0 4'0 '6'0“"71)""8'0""90

2-Theta (degree)

Figure 3. X-ray diffraction patterns of alkaline pretreated Mg.

analyses on the same SEM images taken at a magnification of
10 000X. It shows that the nanocomposite coatings for C_Al,
C_A3, C_AS, and C_Mg were mainly composed of C and O
with a small amount of Ca and P elements from the HA
nanoparticles and Mg element from the MgO nanoparticles,
which further confirmed that the polymer-based nano-
composite coatings covered the entire surface of the Mg
substrates.

Figure 5 shows the cross-sectional SEM images of the C_Al
sample and C_Mg control at magnifications of 1000X and
10 000X and the overlaid images of SEM and EDS maps, as
well as the corresponding EDS maps for the individual
elements C, O, Ca, P, and Mg. Each color represents a single
element, where green = C, yellow = O, purple = Ca, orange =
P, and red = Mg. The overlaid images of SEM and EDS at the
same magnification of 1000X were used to determine the
interface between the coatings and substrates. The thickness of
the polymer-based nanocomposite coatings on the Mg
substrate was 57.0 + 3.0 um for the C_Al sample and 27.6
+ 2.4 pum for the C_Mg sample. The overlaid cross-sectional
SEM and EDS images at a magnification of 10 000X indicated
that the HA and MgO nanoparticles were uniformly dispersed
in the polymer matrix. Moreover, no visible holes and cracks
were observed in the cross-sectional view, indicating that the
nanoparticles were integrated into the polymer matrix. The
cracks along the interface between the polymer-based nano-
composite coating and the Mg substrate were possibly caused
by sample preparation (cross-sectional cutting) prior to SEM.
The cross-sectional EDS maps for the elemental distribution of
C, O, Ca, P and Mg show that the polymer-based
nanocomposite coatings were mainly composed of C and O
elements, with the Ca, P, and Mg elements uniformly
distributed throughout the polymer matrix, which further
confirmed that the nanoparticles were evenly dispersed in the
polymer matrix.

The thickness of the polymer-based nanocomposites on Mg
substrates was also analyzed by using a 3D laser scanning
microscope. Figure 6 shows the surface morphology and
thickness of the polymer-based nanocomposites on Mg
substrates (i.e., C_Al, C_A3, C_AS, and C_Mg). The laser

and optical images in Figure 6a show that the polymer-based
nanocomposite coatings were homogeneous. Figure 6b—d
shows the thickness measurements of surface I, surface II, and
surface III, obtained by a 3D laser scanning microscope. The
green lines and yellow lines in the images represent the linear
profiles of the polymer-based nanocomposite coatings and the
underlaying Mg substrates, respectively. The relatively flat
green linear profiles of surface I and surface II (Figure 6b,c) for
all the samples demonstrated that the polymer-based nano-
composites were smooth, homogeneous, and evenly distrib-
uted on the Mg substrates. The yellow linear profiles for the
pretreated and nontreated Mg substrates had noise of peaks
and valleys, which could be caused by the rough surface of the
hydroxide layers and/or the polishing grooves. The green and
yellow linear profiles of surface III for all samples showed large
fluctuations with an arc shape in thickness when compared
with those of surface I and surface II, which could be caused by
the relative position of the spray nozzle toward different
surfaces and significant surface tension during spray coating.

The average thicknesses of surface I for C_Al, C_A3,
C_AS, and C_Mg samples were 42.3 + 1.4, 42.6 + 4.7, 44.3 +
3.0, and 43.8 &+ 4.2 um, respectively. The average thicknesses
of surface II for C_Al, C_A3, C_AS, and C_Mg samples were
37.7 + 3.3, 369 + 32, 345 + 2.1, and 409 + 3.9 um,
respectively. The average thicknesses of surface III for C_Al,
C_A3, C_AS, and C_Mg samples were 32.7 + 23.7, 29.3 +
10.2, 27.5 + 132, and 36.6 + 10.8 um, respectively. The
thickness measurements also show that the thicknesses of
surfaces I and II were relatively uniform with small standard
deviations, while the thickness of surface III had large standard
deviations.

3.3. Interfacial Adhesion Strength of Polymer Nano-
composite Coatings on Pretreated or Nontreated Mg
Substrates. Figure 7a,b shows the schematic illustration and
actual photograph of the experimental setup for measuring the
interfacial adhesion strength. Figure 7b shows that the
polymer-based nanocomposite coating on Mg was partially
peeled off after the tensile test. Figure 7c shows the interfacial
adhesion strength of polymer-based nanocomposites on Mg
substrates (ie, C_Al, C_A3, C_AS, C_Mg) and that of the
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Figure 4. Surface characterization of polymer nanocomposite coatings on the pretreated and nontreated Mg. (a) SEM images and corresponding
overlaid SEM images and EDS maps of C (green), O (yellow), Ca (purple), Mg (red), and P (pink), as well as the individual EDS maps of different
elements: C (green), O (yellow), Ca (purple), P (pink), and Mg (red). (b) Surface elemental composition (at. %) quantified from EDS area
analyses at a magnification of 10 000X. SEM images and EDS maps were obtained at an original magnification of 10 000X; scale bar = 5 ym.

polymer control without nHA and nMgO on the Mg substrate
(PGS_Mg). The statistical analysis on the interfacial adhesion
strength was tested using one-way ANOVA because the data
sets were parametric. When compared with the PGS_Mg
sample, the interfacial adhesion strength of the C_Al, C_A3,
C_AS, and C_Mg samples was significantly enhanced,
indicating the nanophase HA and MgO dispersed in the
PGS matrix could improve the adhesion strength of PGS
coatings on Mg substrates. Moreover, the C_Al and C_A3
samples demonstrated stronger adhesion strength on average
than the C_Mg sample, suggesting that the alkaline pretreat-
ment of Mg substrates could improve the interfacial adhesion
strength of the polymer-based nanocomposite coatings.

PGS is a semicrystalline polymer.*® In the nHA/nMgO/PGS
nanocomposite system, the nHA and nMgO serve as the

nucleating agents for PGS,*” ™ which could consequently

increase the crystallization and reduce the grain size. During
the curing process, the polymer-based coating usually under-
goes shrinkage, which would induce internal stress.” The
internal stress could cause crack propagation in the coating and
therefore reduce its adhesion strength. When compared with
PGS_Mg, the smaller crystals in C_Al, C_A3, C_AS, and
C_Mg samples could restrict the crack propagation more
effectively than the larger crystals in PGS_Mg,”* which could
enhance the interfacial adhesion strength. Furthermore, the
presence of dispersed nanoparticles and increased nucleation
of PGS crystals on the Mg substrates could provide more sites
(areas) for interfacial interactions, which could also enhance
the interfacial adhesion strength.61 In addition, the nHA and
nMgO have high strength and moduli,”® and they could absorb
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large amounts of internal stress and improve the interfacial
adhesion strength as a reinforcement phase in the polymer-
based nanocomposites.

The alkaline pretreatment has a significant influence on
improving the interfacial adhesion strength of polymer-based
nanocomposites on the Mg substrates. The average interfacial
adhesion strength of C_Al is 6.6 MPa, which is 8.2% higher
than that of C_Mg. The C_A3 sample showed the highest
average interfacial adhesion strength (7.4 MPa) among all
samples, which is 22% higher than that of C_Mg. The
improvement in the interfacial adhesion strength of C_A3 and
C_Al could be ascribed to the hydroxyl groups in the
Mg(OH), layer formed on the surface of the Mg substrate
after alkaline treatment, facilitating the formation of strong
chemical bonds at the interface. When compared with C_Mg,
the average interfacial adhesion strength of C_AS was slightly
reduced, which was possibly because of the visible cracks in the
Mg(OH), layer of the AS sample, as shown in Figure 2c1. The
visible cracks in the AS sample acted as discontinuities in the
coating, where internal stress increased sharply,’” and reduced
the interfacial adhesion strength.

The adhesion strength of Mg(OH), on Mg substrates is
expected to be significantly higher due to the presence of
chemical bonding formed at the interface during the chemical
reaction. The thickness and structure of the Mg(OH), layer
could be further optimized. From our study, the thicker the
formed nanostructured Mg(OH), layers on the surface of the
Mg substrate were, the more visible mini-cracks started to
appear on the samples. The overall composite coating stability
is considered to be the main factor that affects the overall
adhesion strength and causes coating failure since the adhesion
strength of Mg(OH), is expected to be higher due to the
presence of chemical bonding formed at the interface. More
studies are needed in the future to further optimize the
interfacial strength of the polymer nanocomposite coatings to
the Mg(OH), layer and the Mg(OH), layer to the Mg
substrate.

3.4. Composition of the Medium after 24 h Cell
Culture. The postculture media cultured with the samples
were analyzed to study the in vitro degradation of the materials
of interest, as shown in Figure 8. Figure 8a shows the pH of the
collected media after 24 h of BMSC culture with the samples.
The statistical analysis for pH was tested using one-way
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Figure 6. Surface morphology and thickness of the polymer-based nanocomposites on Mg substrates. (a) Optical and laser images for C_Al,
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magnification of 480X; scale bar = 100 um.

ANOVA because the data sets were parametricc. ANOVA
confirmed that the pH in the medium cultured with PGS Mg
was significantly higher than that of the glass reference and Ti
and BMSC controls. The pH in the medium cultured with the
C_Ti sample was significantly lower than that of the PGS_Mg,
Al, A3, AS, and Mg control samples. No significant differences
in pH were found among other groups. The pH change of the
postculture medium was associated with the degradation of the
samples. The C_Al, C_A3, C_AS, C_Mg, Al, A3, and AS
samples had a higher average pH when compared with the
nondegradable Ti control, glass reference, BMSC alone, and
medium alone, suggesting degradation of the Mg substrate, the
dissociation of the Mg(OH), layer, or the dissociation of the
nMgO in the polymer coatings. Moreover, the PGS/nHA/
nMgO coated Ti (C_Ti) had a lower average pH when
compared with the nondegradable Ti control, glass reference,
BMSC alone, and medium alone, indicating the polymer-based
nanocomposites on Mg substrates could lower the pH of the
medium because of PGS degradation. Liang et al.”’ reported a
similar change of pH for PGS scaffold in the culture medium of
DMEM (i.e., pH was 0.4 lower than the blank medium), which
was ascribed to the ionization of the unreacted carboxylic acid
(—COOH) groups in PGS or the carboxylic acid groups

formed by hydrolysis of the PGS ester (—COOR) groups. In
our case of polymer-based nanocomposite coated Ti, the MgO
particles could dissociate with water, resulting in the release of
Mg ions and hydroxide ions to form metallic carboxylates and
water molecules, which could neutralize the acidity in the
medium (i.e., pH was only 0.08 lower than the blank medium
in this study). The polymer-based nanocomposites on Mg
substrates had lower average pH values when compared with
the polymer control on the Mg substrate, indicating slower Mg
degradation of the nanocomposite coated Mg. The faster
degradation of the polymer control on Mg (PGS_Mg) is
possibly because of its poor interfacial adhesion strength when
compared with that of the nanocomposites on Mg,

Figure 8b shows the Mg®" ion concentration in the collected
media after 24 h of BMSC culture with the samples. One-way
ANOVA was used to determine the statistically significant
differences in the [Mg®'] of the collected media for all groups
of samples because the data sets were parametric. The Mg**
ions in the culture media could come from the degradation of
the Mg substrates, the dissociation of the interfacial Mg(OH),
layers, or the nMgO particles in the polymer matrix. It was
found that the C_Mg (C_AO) and C_Al samples had
significantly higher [Mg**] than the C_Ti, Al, A3, AS, Mg, Ti
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control, glass reference, BMSC alone (without samples), and
medium alone (without BMSCs and samples). The C_A3
sample had a significantly higher [Mg**] than the C_Ti, Al,
AS, Mg, Ti control, glass reference, BMSC alone, and medium
alone. The C_AS sample had a significantly higher [Mg**]
than the C_Ti, AS, Ti control, glass reference, BMSC alone,
and medium alone. The [Mg**] in the media cultured with the
polymer-based nanocomposites on Mg (ie., C_A0, C_Al,
C_A3, and C_AS) was significantly higher when compared
with that for the corresponding nontreated and treated Mg
substrates (i.e., A0, Al, A3, and AS). For the polymer-based
nanocomposites on Mg, the Mg®" ions in the culture media
could come from the degradation of Mg substrates or the
dissociation of the interfacial Mg(OH), layers, and it could
also come from the dissociation of the nMgO particles in the
polymer-based nanocomposites during incubation, which
could lead to a higher amount of [Mg’*] in the culture
medium when compared with the Mg substrates. The [Mg**]
in the medium cultured with the PGS_Mg (PGS_AO0) sample
was significantly higher than that for the C_Ti, Al, AS, Mg, Ti
control, glass reference, BMSC alone, and medium alone. The
[Mg**] in the medium cultured with the PGS_Mg had a good
correlation with the change of pH, shown in Figure 8a; both

54725

were higher on average as compared with the other groups,
possibly because the weak interfacial adhesion strength
between the PGS coating and the underlying Mg substrate
could cause faster Mg degradation for the PGS Mg sample.
The Al sample had a significantly higher [Mg**] when
compared with the C_Ti sample, possibly because the Al
treated Mg released more Mg>" ions than the nanocomposite
in the 24 h culture. Moreover, the [Mg*'] in the media
cultured with the respective Al, A3, and AS samples and the
Mg control were significantly higher than that for the Ti
control, glass reference, BMSC alone, and medium alone.

Figure 8c shows the Ca®* concentration in the collected
media after 24 h of BMSC culture with the samples. The
Kruskal—Wallis method was used to determine the statistically
significant differences in the [Ca®*] of the collected media for
all groups of samples because the data sets were non-
parametric. No statistically significant differences in the
[Ca*] of the collected media were found among all groups
of samples.

3.5. BMSC Adhesion and Morphology after 24 h
Culture with the Samples. The fluorescence images of
BMSC adhesion and morphology under direct and indirect
contact with the experimental groups and controls in 24 h of
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Figure 8. Postculture analysis of media after direct culture of BMSCs with the materials of interest in DMEM for 24 h. (a) pH, (b) Mg*
concentration, and (c) Ca** concentration of the collected BMSC culture media. Values are mean + standard deviation; n = 3. *p < 0.05.

direct culture are summarized in Figure 9. All the samples and
controls showed the attachments of viable BMSCs, but the
cells on the glass reference, Ti, and BMSC controls under
direct contact had a higher spreading area when compared
with the polymer-based nanocomposites on Mg (i.e., C_Al,
CA3, C_AS, and C_Mg), C_Ti, PGS_Mg, alkaline pretreated
Mg (ie, Al, A3, AS), and nontreated Mg control. Under
indirect contact conditions, the cells attached on the plates
around the samples showed a similar spreading area to the
controls and reference, except the cells adhered on the well
plate around the C_Ti showed reduced spreading. BMSC
adhesion densities under direct and indirect contact with the
samples, as well as the controls and reference, are summarized
in Figure 10. The adhesion density was analyzed using one-way
ANOVA because the data sets were parametric. There were no
statistically significant differences in BMSC adhesion density
under direct contact with the samples. Under indirect contact,

ANOVA confirmed a significantly lower BMSC adhesion
density around C_Ti than the glass reference and BMSC
positive control, likely because of PGS; additionally, the A3,
AS, and nontreated Mg (A0) control also had significantly
lower BMSC adhesion densities when compared with the glass
reference. No significant differences in BMSC adhesion density
was found among the other groups under indirect contact.
Though no significant differences in the BMSC adhesion
density under direct contact were found among all groups of
samples, the polymer-based nanocomposites on Mg substrates
(i, C_Al, CA3, C_AS, and C_Mg) showed higher average
BMSC adhesion densities than the PGS_Mg, pretreated Mg
(ie, Al, A3, AS), and nontreated Mg control, indicating that
the nHA and nMgO in the polymer-based nanocomposites
were beneficial for BMSC adhesion. Moreover, the polymer-
based nanocomposites on Mg (i.e, C_Al, CA3, C_AS, and
C_Mg) had higher average BMSC adhesion densities than
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Figure 9. Fluorescence images of BMSCs after direct culture with the materials of interest in DMEM for 24 h. Fluorescence images of BMSCs
adhered on the sample surfaces (labeled as “direct contact”) and on the culture plates surrounding the samples (labeled as “indirect contact”). Blue
color indicates DAPI stained nuclei, and green color indicates Alexa Fluor 488-phalloidin stained F-actin (cytoskeleton). Scale bar = 200 ym for all

images. Original magnification = 10X.

C_Ti, indicating that the Mg*" released from the underlying
Mg substrate could promote BMSC adhesion. Therefore, the
increased BMSC adhesion on the polymer-based nano-
composite coated Mg substrates (ie, C_Al, CA3, C_AS,
and C_Mg) could be ascribed to the synergic effects of the
nHA, nMgO, and increased Mg2+ concentrations. Johnson et
al. reported an increased BMSC adhesion density on nHA/
PCL nanocomposite coated Mg when compared with an nHA/
PCL nanocomposite film and nontreated Mg control, which
agrees with our findings mentioned above. It has been known
that MgO exhibits a stimulating effect on bone healing and
regeneration in rat tibia as an implantable paste,’® and HA is a
component naturally found in human bone that can enhance

bone regeneration because of its osteoconductive and
64,65
osteoinductive properties.”"””

4. CONCLUSION

This study reported a spray coating process for coating
polymer-based nanocomposites and a polymer control on all
six surfaces of Mg substrates to ensure the homogeneity of the
surface morphology and composition. The surface micro-
structure, elemental composition, and thickness of the Mg
substrates before and after alkaline treatment were studied.
The higher the alkaline solution concentration (i.e., 1, 3, S M),
the thicker the formed nanostructured Mg(OH), layers on the
surface of the Mg substrate, and visible mini-cracks were found
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Figure 10. Adhesion densities of BMSCs after direct culture with the
materials of interest in DMEM for 24 h. (a) BMSC adhesion density
on the sample surfaces (labeled as “direct contact”) and (b) BMSC
adhesion density on the culture plates surrounding the samples
(labeled as “indirect contact”). Values are mean + standard deviation;
n = 3. *p < 0.0S.

on the samples that were alkaline treated in S M NaOH
solution. The Mg(OH), layers on Mg and the addition of nHA
and nMgO particles to the PGS both contributed to the
improvement of the interfacial adhesion strength between the
polymer-based nanocomposites and the underlying Mg
substrates, in which C_A3 showed the highest average
adhesion strength among all groups. Moreover, the polymer-
based nanocomposites on Mg substrates (i.e., C_Al, C_A3,
C_AS, and C_Mg) had higher average BMSC adhesion
densities under direct and indirect contact when compared
with their corresponding Mg controls (i.e., Al, A3, AS, and
Mg). The addition of nHA and nMgO in the polymer-based
nanocomposites on Mg substrates also increased the BMSC
adhesion density under direct contact when compared with the
polymer control on Mg substrate (i.e., PGS_Mg). Apart from
the addition of nHA and nMgO to the PGS coating, the release
of Mg?* from the underlying Mg substrates could offer a
synergetic effect of enhancing BMSC adhesion under direct
and indirect contact when compared with the polymer-based
nanocomposite on Ti (ie., C_Ti). In summary, the C_A3
sample in this study provided the optimal results in increasing
the interfacial adhesion strength and improving the BMSC
adhesion density.

This study presented homogeneous polymer nanocomposite
coatings on Mg substrates via a spray coating process in
combination with pretreatment of the Mg substrates. The
overall process enhanced the interfacial adhesion strength of
the coatings and improved degradation properties and BMSC
adhesion, which are valuable for skeletal implant applications

and bone tissue engineering applications. The biodegradable
nanocomposites and the coating processes on biodegradable
Mg substrates developed in this study are transferable for many
different biomedical applications such as biodegradable
internal fixation devices for bone repair, drug-eluting coatings
and devices, and biodegradable and biocompatible tissue
scaffolds for regenerative medicine.
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