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Abstract: To chemically functionalize the Ti6Al4V alloy surface, a custom-made low-temperature
atmospheric pressure plasma reactor device was used to polymerize heptylamine on it. The effect
of different deposition times, an important process parameter, was also investigated. For each
deposition time group, the surface morphology was observed via scanning electron microscopy
(SEM). The surface chemical content was analyzed via X-ray photoelectron spectroscopy, and surface
hydrophilicity was measured via water contact angle. The adhesion of bone marrow stromal cells
(BMSCs) on the modified Ti6Al4V alloy surfaces was also observed via SEM. A quantitative evaluation
of cell proliferation was performed via the Cell Counting Kit-8 assay. The results revealed that amino
groups were introduced on the Ti6Al4V alloy surface via plasma-polymerized heptylamine (PPHA).
The percentages of NH, /C for various deposition times (0s, 30s, 45 s, 60 s, 90 s, and 120 s) were
3.39%, 5.14%, 6.71%, 6.72%, 7.31%, and 7.65%. A 30 s, 45 s, and 60 s deposition time could significantly
increase surface hydrophilicity with a mean water contact angle of 62.1 + 1.6°, 65.7 + 1.1°, and
88.2 + 1.4°, respectively. Meanwhile, a 60 s, 90 s, and 120 s deposition time promoted BMSCs
cell adhesion and proliferation. However, this promotion effect differed non-significantly among
the three groups. In conclusion, the introduction of amino groups on the Ti6Al4V alloy surface
exhibited surface modification and enhancement of cell adhesion and proliferation, which was
partially associated with deposition time.

Keywords: surface modification; heptylamine; plasma polymers; polymerization; titanium
alloy; Ti6Al4V

1. Introduction

Biomedical applications for titanium and its alloys include the production of artifi-
cial joints, dental implants, cardiovascular implants, and fracture repair fixation devices.
Ti6Al4V alloy accounts for more than 50% of all alloy applications because of its specific
strength, corrosion resistance, and biocompatibility [1]. The biocompatibility of Ti6Al4V
alloys was better compared to that of traditional alloys such as Co-Cr-based alloy or steel
but performed poorly compared to the new generation of beta titanium alloys, mainly due
to the presence of Al and V content. Decreased attachment of the bone to Ti6Al4V alloy
implants was observed compared to that of commercially pure titanium [2]. The bone
growth on an implant surface is influenced by the activity of differentiated bone stromal
cells. Ti6Al4V alloy exhibits a relative hydrophobicity [3] that could potentially hinder
the adhesion and spread of bone marrow stromal cells (BMSCs). Consequently, a range of
surface modification techniques have been employed on Ti6Al4V alloy to achieve distinct
physical morphology and chemical composition, influencing surface properties such as
roughness, hydrophilicity, biocompatibility, and bioactivity.
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Plasma surface modification techniques that do not affect the material bulk properties
have garnered significant attention in recent years. Plasma polymerization has emerged as
a highly effective technique for depositing ultrathin nanocoating on a variety of surfaces.
Polymeric coating on metal can form a protective, decorative, and functional coating.
The chemical properties of the original substrate surface were partially or completely
replaced by polymeric coating, while the bulk material’s mechanical properties were
retained [4]. Plasma polymerization on the Ti6Al4V alloy has exhibited the potential
to improve cell adhesion and bone growth, with additional benefits derived from the
nanoscale plasma polymer film [4-6]. In plasma polymerization, an organic monomer is
introduced into the reactor chamber under rough (or low) vacuum conditions. Next, a
microwave or radiofrequency (RF) generator creates an electrical field between electrodes
embedded in the chamber. When subjected to an electrical field, organic monomers undergo
ionization, resulting in the formation of free radicals, charged molecules, ions, and electrons.
Subsequently, these species condense and polymerize on the specific substrate, which
is precisely positioned on the electrodes [7]. Plasma polymerization exhibits a strong
dependence on the specific system employed, wherein the outcomes are contingent upon
the reactor’s conditions and operational procedures. Apart from the pressure within the
reactor chamber, the typical parameters of one reactor system encompass discharge wattage,
deposition time, the organic monomer employed, monomer flow rate [7,8], the temperature
at the substrate position, etc. The surface properties of thin polymer films resulting from
plasma polymerization are influenced by these parameters.

Plasma polymerization typically operates at 50 mTorr system pressure (6.67 Pa) and
a discharge wattage of 5 to 10 Watt, 1 sccm (standard cubic centimeter of gas per minute)
monomer flow rate [7]. As described in previous research, the reactor chamber is normally
evacuated to a rough (or low) vacuum [9-12]. The vacuum equipment must be configured
in a complicated and expensive manner. Implosion is a risk in high-vacuum conditions, so
it is important to avoid contact with the glass chamber and to provide a protective barrier
to prevent this [8]. Utilizing atmospheric pressure plasma treatment, which eliminates the
need for vacuum equipment, could avoid implosion, decrease manipulation difficulties,
and save time and cost [13]. In light of this, our research group has successfully designed
and constructed an atmospheric pressure plasma reactor while also fine-tuning various
device parameters for optimal performance.

Discharge wattage and deposition time are important plasma reactor parameters.
Plasma polymer thickness and chemical content were influenced predominantly by the
glow discharge power and deposition time. These two operational conditions varied widely
in previous research. The discharge wattage was reported from 5-10 W [7,10,11] up to
50 W [12]; the deposition times ranged from 30's, 60 s [8], 90 s [11,12], 6 min [14] to as high as
20 min [9,10] in various experiments [1,8,15]. Amino groups are among the most prevalent
functional groups in biological systems. Amine-functionalized surfaces achieved through
plasma polymerization have been proven to boost cell attachment and enhance cell migra-
tion and intracellular signaling in vital cells [4,16]. The different monomer vapors with
amino groups included allylamine [5,15], n-heptylamine [8,10-12], etc. Previous research
has indicated that n-heptylamine is less toxic and has a more stable monomer pressure
compared with allylamine [17]; it also exhibits an adequate presence of amino functional
groups suitable for biological applications [17]. Plasma-polymerized heptylamine (PPHA)
exhibits osteoinductive and osteogenic potential, demonstrating a significant increase in
alkaline phosphatase (ALP) activity [11], along with enhancement of adhesion behavior of
human bone cells [5] and of bone growth in animal testing [5]. In the present investigation,
a bespoke plasma reactor without vacuum equipment was constructed to generate surfaces
featuring primary amines via the utilization of n-heptylamine monomer. The plasma poly-
merization process was conducted in atmospheric conditions. This plasma reactor exhibits
several advantages, including cost-effectiveness, absence of vapors, expedited deposition,
and enhanced efficacy.
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This study utilized heptylamine plasmas to fabricate thin polymer films incorporating
amino groups, which were subsequently polymerized on the surface of Ti6Al4V alloy. The
investigation focused on the impact of varying PPHA deposition times on the morphology,
chemical composition, water contact angle, adhesion, and BMSCs’ proliferation. The hy-
pothesis posited that the utilization of PPHA film could potentially augment the bioactivity
of Ti6Al4V alloy.

2. Materials and Methods
2.1. Description of the Custom-Made Low-Temperature Atmospheric Pressure Plasma
Reactor System

Plasma polymerization was conducted using a plasma reactor specifically designed
for this purpose. Figure 1 contains a schematic representation of the reactor, which consists
of multiple sub-units. The alternating current (AC) high-voltage generator operated at
a consistent frequency of 30 kHz. Throughout the plasma polymerization process, the
pressure within the reactor chamber was maintained at atmospheric levels, while the
temperature within the reactor chamber was approximately 20 °C.

n-Heptylamine
l (Liquid)
AC high voltage —Quartz
Power supply —<—Ar(Gas)
<{— Inner electrode

&

GND

SmmI

I Cuprum

<— Outer electrode

K— Quartz tube

1 <—Ti6AI4V

Figure 1. Low-temperature atmospheric pressure plasma reactor device. (a) Schematic diagram of
device and plasma polymerization process. GND—gross national demand. AC—alternating current.
(b) Design diagram of the device.

The central component of the reaction polymerization chamber consisted of a cylin-
drical quartz glass tube of 8 cm in length, 1 cm in diameter, and 1 mm in wall thickness.
Positioned at the inlet side of the quartz tube, the internal horizontal copper electrode took
the form of a hollow cylinder with a diameter of 0.5 cm, serving as the connection to the
high-voltage positive electrode. Surrounding the outer wall of the quartz glass tube, the
outer copper electrode, with a diameter of 1 cm, was wound and linked to the high-voltage
negative electrode. The outer copper electrode was positioned approximately 2 cm below
the inner electrode, creating a Dielectric Barrier Discharge (DBD) structure. The plasma was
generated within this 2 cm discharge gap. The samples were positioned at 5 mm beneath
the quartz glass tube.

2.2. Preparation of TibAl4V Alloy Disks and Plasma Polymerization

The Ti-6Al-4V alloy disks (10 mm in diameter and 2 mm high) were manufactured
via selective laser melting. The initial Ti6Al4V powder used in the fabrication process
was purchased from the manufacturer (Optimal Material Technology Co., LTD, Chengdu,
China). The chemical composition of virgin Ti6Al4V powder is Ti 89.35 wt%, Al 6.29 wt%,
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and V 4.04 wt%. In total, 10% of particle distribution occurred from 15 to 25 pm, while
90% of particles occurred from 45 to 53 um. The Ti6Al4V alloy disks were manufactured
using the M2 Concept Laser Cusing (Concept Laser, KOCAELI, Lichtenfels, Germany).
The machine is equipped with a 200 W (cw) fiber laser. Argon was used as a protective
atmosphere during the process, and the O, content was maintained below 0.05%. The
procedure was processed with a setting power of 200 W, a scanning speed of 7 mm/s,
a focus diameter of 50-500 pm, and a single-layer thickness of 20-80 um. Before each
experiment, the powder humidity was less than 10%. Following fabrication, all disks
underwent a series of polishing steps at magnifications of 80x, 300 %, 400, 800, 1000,
2000x and 4000x. Subsequently, the disks were subjected to ultrasonic cleaning with
acetone, 99% ethanol, and demineralized water for 15 min each.

The three-step procedure for plasma polymerization commenced with the placement
of the cleaned Ti6Al4V disks onto the platform. To eliminate air from the reactor chamber
and prevent oxygen from interfering with the polymerization process, the chamber was
filled with nitrogen at a gas flow rate of 100 mL/min. Refrigeration equipment was
installed in the device, and the temperature was set to 20 °C. When the nitrogen left
the cylinder and flowed through the refrigeration equipment, the temperature of the
nitrogen was reduced to 20 °C. Subsequently, the cleaned Ti6Al4V alloy disks underwent
decontamination and activation through exposure to a continuous-wave argon plasma
(9 W, atmospheric pressures) for 5 s. Next, liquid reagent n-heptylamine (HA, 99% purity,
Aladdin, Shanghai, China) was introduced into the quartz tube via PVC tubing (2 mm
internal diameter; 4 mm external diameter) from a container. To ensure precise regulation
of the liquid flow, a spiral micrometer was employed manually. For each Ti6Al4V disk,
the spiral micrometer was rotated half a turn, resulting in the dispensation of 7.06 pL of
n-heptylamine liquid. The n-heptylamine plasma was activated at a voltage of 30 V and
a current of 0.3 A (equivalent to 9 W) while being carried by argon plasma. The plasma
reached lengths of up to 4 cm before being expelled through the outlet of a quartz glass
tube and polymerized on the surface of Ti6Al4V disks. After varying deposition times of
30s,455s,60s,90 s and 120 s, the generator was switched off to stop the plasma. To optimize
plasma polymerization, the samples were then left in the chamber for an additional 30 s.
Prior to surface analysis and cell culture, samples were stored in a sealed vacuum container
to avoid air infiltration.

2.3. The Surface Morphology of Ti6 Al4V Disks Subsequent to n-Heptylamine Plasma
Polymers Polymerization

The morphology of the PPHA-Ti6Al4V alloy was observed via scanning electron
microscopy (SEM) (Gemini 300, Carl Zeiss, Oberkochen, Germany). The samples were
coated with gold using a sputter coater prior to observation. The surface morphology
images of the central treatment area were captured using an accelerating voltage of 1 kV
and a magnification of 1000 x.

2.4. X-ray Photoelectron Spectroscopy (XPS)

The chemical composition of PPHA on Ti6Al4V disks at various deposition times (0's,
30s,45s,60s,90s, and 120 s) was identified by using the Thermo Scientific K-Alpha+ XPS
system (ThermoFisher, Thermo Fisher Scientific Inc., Hillsboro, OR, USA). The XPS system,
consisting of a monochromatic Al-Ko source (hv = 1486.6 eV), was operated at a power of
15mA, 15 kV. XPS was used to detect specific electron energies and identify chemical bonds
based on peak shifts, excluding hydrogen detection, in a vacuum chamber (5 x 10~% mbar).
Survey spectra were recorded and analyzed to evaluate the atomic percentages of carbon,
oxygen, and nitrogen in the thin PPHA film. The binding energy scale of the Cls peak
was adjusted to 284.8 eV to account for the C—C/C-H component. All peaks were fitted
with reference to 284.8 eV using XPSPEAK41 software 4.1.0.0. The determination of peak
intensities was performed using Shirley-background subtraction. The XPS fitting curves
of different samples were processed using OriginPro 2023 learning edition (OriginLab
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Corporation, Northampton, MA, USA). Subsequently, the relative chemical contents (C%,
N%, O%, NH, /C%) were calculated by employing peak area normalization.

2.5. Water Contact Angle Measurement

Water contact angles were measured using the sessile drop method (JY-82B Kruss
DSA, Hamburg, Germany) at 25 °C to evaluate the hydrophilicity of the PPHA-Ti6Al4V
alloy with deposition times of 0s,30s,45 s, 60 s, 90 s, and 120 s. Approximately 5 pL of
distilled water was dropped onto each sample surface, and images of the water droplet
were captured at 5 s intervals using a high-resolution camera. This procedure was repeated
three times. The contact angles were calculated based on the acquired images.

2.6. Cell Culture and Seeding

Murine bone marrow-derived mesenchymal stem cells (BMSCs) were purchased from
Cyagen Biosciences, Inc., Guangzhou, China. The culture medium contained murine MSC
basal medium (Cyagen Biosciences, Inc., Guangzhou, China) supplemented with 10%
MSC-qualified fetal bovine serum (FBS, Gibco, Waltham, MA, USA), 100 IU/mL penicillin—
streptomycin, and 2 mM glutamine (all from Cyagen Biosciences, Inc., Guangzhou, China).
The medium was refreshed every 2 to 3 days. After reaching 80-90% confluence, cells were
detached using 0.25% trypsin/EDTA (Gibco, Life Technologies, Waltham, MA, USA) and
subcultured at a density of 5 x 10° cells in a T25 flask. The BMSCs were passaged three
times before seeding. Prior to cell seeding, PPHA-Ti6Al4V alloys with different deposition
times were ultrasonicated subsequently in acetone, 99% ethanol, and demineralized water
for 15 min each. After that, the samples were sterilized with ultraviolet (UV) light for
30 min and immersed in phosphate-buffered saline (PBS) for 30 min. For cell seeding,
1 x 10* BMSCs were added into a 24-well plate containing 800 L of fresh culture medium
and then incubated in 37 °C, 5% CO, incubator. The experimental samples were categorized
based on the duration of PPHA deposition times, namely 0's, 30s,455s,60s,90s, 120 s, and
the control group. The culture medium was replenished every 2-3 days.

2.7. Cellular Adhesion Morphology Observation

The cellular morphology of BMSCs was assessed 6 h after seeding on PPHA-Ti6Al4V
alloy disks using a Tescan MIRA LMS field-emission scanning electron microscope (SEM,
Tescan Ltd., Brno, Czech) with an accelerating voltage of 15 keV. Prior to imaging, the
BMSCs were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformalde-
hyde for 30 min. The samples underwent a triple rinsing process using deionized water,
followed by dehydration using a sequence of graded alcohol solutions at concentrations of
30%, 50%, 70%, 80%, and 90% for 15 min each, and 100% twice for 15 min, before being left
to air-dry overnight. For better visualization, cells on Ti6Al4V disks were desiccated and
coated with gold via spray application prior to SEM characterization.

2.8. Cell Proliferation on PPHA-Ti6Al4V Alloy Disk

Cell proliferation was assessed in various deposition time groups using a Cell Count-
ing Kit-8 assay (CCK-8, Dojindo Molecular Technology, Kumamoto, Japan), which relies on
the utilization of a water-soluble tetrazolium salt (WST-8). The Ti6Al4V alloy disks were
placed within wells of 24-well plates with BMCs cell density of 2 x 10* cells/mL. The cells
were co-cultured with the PPHA-Ti6Al4V alloy disks for varying durations of 1, 3, 5, and
7 days at 37 °C in a 5% CO; incubator. At each time point, samples were washed three
times with PBS. Then, 450 uL of serum-free medium and 50 pL of Cell Counting Kit-8
solution mixed with WST-8 reagent were added to each well. The plate was then incubated
for an additional 1 h under light protection. Subsequently, 100 uL supernatant from each
well was pipetted to a 96-well plate, and the absorbance (OD values) was measured at
450 nm using a microplate reader (Bio-Rad 680; Microplate Master, Totowa, NJ, USA) in
accordance with the manufacturer’s instructions. Three replicate wells were established for
each deposition time group.
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2.9. Statistical Analysis

All experimental results from water contact angle and CCKS8 assay were expressed
as the mean £ standard deviation (SD). These results of the six groups were analyzed
with one- or two-way Analysis of Variance (ANOVA) using SPSS Statistics 24.0 (IBM,
Armonk, NY, USA) for intergroup comparisons. Meanwhile, Tukey’s test was used for
pairwise comparisons between multiple groups. p-values less than 0.05 were considered
statistically significant.

3. Results
3.1. The Surface Morphology of PPHA-Ti6Al4V Alloy via SEM

Figure 2 shows a series of SEM micrographs representing the surface morphology of
the PPHA-Ti6Al4V alloy. This depicts the formation of PPHA on the Ti6Al4V alloy surface
after plasma polymerization, as expected. The Ti6Al4V alloy presents a flat and smooth
surface (Figure 2a). Upon 30 s deposition, the PPHA polymer polymerized on a Ti6Al4V
alloy surface (black region), resulting in a relatively rough surface (Figure 2b). Subsequently,
as the deposition time extended to 45 s and 60 s, a noticeable increase in the relative area
of polymerized polymer occurred (Figure 2¢,d). However, when the deposition time was
further prolonged to 90 s and 120 s, a significant portion of the polymer was stripped away
(white region) during the polymerization process (Figure 2e,f).

(10 pm

Figure 2. Cont.
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Figure 2. SEM images at 1000 x magnification. (b—f) illustrate the presence of the PPHA on Ti6Al4V
alloy surface. (a) Deposition time 0 s; (b) deposition time 30 s; (c) deposition time 45 s; (d) deposition
time 60 s; (e) deposition time 90 s; (f) deposition time 120 s.

3.2. XPS Survey Spectra of PPHA-Ti6Al4V Alloy Surface

The plasma polymer was verified and characterized using X-ray photoelectron spec-
troscopy (XPS). The relative chemical composition and atomic ratios of PPHA are presented
in Table 1, including C%, N%, O%, N/C%, NH;/C%, and NH, /N%. The percentage of
NH; /C for various deposition times of 0's, 30 s, 45 s, 60 s, 90 s, and 120 s were 3.39%,
5.14%, 6.71%, 6.72%, 7.31%, 7.65%, respectively, which indicated that the amino group was
introduced onto the Ti6Al4V surface. As the deposition time increased, there was a gradual
increase in the nitrogen content and NH; /C%. PPHA films formed within 120 s of deposi-
tion time still exhibited a significant presence of nitrogen functional groups on the Ti6Al4V
surface. Furthermore, as presented in Figure 3, from peak fitting the N1s spectra, 72-95% of
the total area (nitrogen) may be attributed to the amino group (-C-NHj, ~399.4 eV and -NHo,
~398.5 eV).

Table 1. Relative chemical composition and atomic ratio determined via XPS for various deposition
times. The atomic ratio of N/C and NH,/C on the PPHA-Ti6Al4V alloy surfaces was the most
notably affected.

Chemical Composition (%) Atomic Ratio%
Groups C (0] N N/C NH,/C NH,/N

0s 74.02 22.52 3.46 4.68 3.39 72.48
30s 80.24 14.67 5.09 6.34 5.14 81.03
45s 81.73 11.65 6.62 8.10 6.71 82.83
60 s 87.02 6.86 6.12 7.03 6.72 95.54
90 s 85.84 717 6.99 8.14 7.31 89.84
120 s 83.02 10.02 6.96 8.38 7.65 91.28

3.3. The Hydrophilicity of PPHA-Ti6 Al4V Alloy Surface

The hydrophilicity of the PPHA-Ti6Al4V alloy surface was examined by utilizing
static water contact angle measurements. As presented in Figure 4, the water contact angle
on the Ti6Al4V surface was 90.5° £ 1.0°. When the plasma deposition time increased to
30 s and, subsequently, to 45 s, the water contact angle significantly decreased to
62.1° £ 1.6°, 65.7° £ 1.1° (p = 0.0033 < 0.05, p = 0.0033 < 0.05). However, the water
contact angle at a 60 s deposition time was 88.2° + 1.4°, which was significantly smaller
than the angle at 0 s (p = 0.016 < 0.05), but still significantly larger than angles at 30 s and
45 s (p = 0.0033 < 0.05, p = 0.0033 < 0.05). There was no significant difference among angles
at deposition times of 0 s, 90 s, and 120 s (p > 0.05).
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Figure 3. XPS N1s spectra of PPHA-Ti6Al4V alloy for various deposition times: (a) 0s; (b) 30 s;
(c) 45 s; (d) 60 s; (e) 90 s; (f) 120 s. The energy level was as follows: NHj: ~398.5 eV, purple line;
C-NHj: ~399.4 eV, green line; NO: ~401.0 eV, orange line.
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Figure 4. Influence of PPHA deposition times on water contact angle of Ti6Al4V alloy.

3.4. The Morphology Observation of BMSCs after Adhesion on PPHA-Ti6Al4V Surface

After 6 h of culture, a number of BMSCs were observed to have adhered to Ti6Al4V
alloy surfaces with or without PPHA (Figure 5). With the increase in deposition time,
different adhesion states of BMSCs on the surface were observed. As shown in Figure 5,
more obvious cellular adhesion, cytoplasm protrusions, and extension were observed
on the PPHA-Ti6Al4V alloy surface compared to the Ti6Al4V alloy. This observation
demonstrates that the presence of PPHA on the surface of the Ti6Al4V alloy creates a
favorable environment for the adhesion of BMSCs.

3.5. BMSCs Proliferation on PPHA-Ti6Al4V Alloy

CCKS8 assays were carried out to analyze the effect of PPHA on BMSCs proliferation.
After 1, 3,5, and 7 days of cultivation with PPHA-Ti6Al4V alloy, the highest amount of cell
proliferation was observed on the 7th day (Figure 6). Single-day observations revealed that
the proliferation of BMSCs for PPHA deposition times of 60 s, 90 s, and 120 s exhibited a
significant increase compared to deposition times of 0's, 30 s, and 45 s (p < 0.05). However,
two-way ANOVA indicated no significant difference between deposition times of 60's, 90 s,
and 120 s (p < 0.05). These findings suggest that PPHA on the surface of Ti6Al4V alloy can
enhance BMSCs proliferation; this effect is partially dependent on the deposition time.

10pm

Figure 5. Cont.
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Figure 5. SEM images showed BMSC adhesion on the surface after 6 h of co-culture at 1000x
(al,bl,c1,d1l) and 5000x magnification of the region in the dotted line square (a2,b2,c2,d2).
(al,a2) Deposition time of 0 s; (b1,b2) deposition time of 30 s; (c1,c2) deposition time of 45 s;
(d1,d2) deposition time of 60 s; (el,e2) deposition time of 90 s; (f1,f2) deposition time of 120 s.
Cells adhered to the Ti6Al4V alloy surface and exhibited the formation of filopodia structures,
promoting enhanced cell-to-cell interaction.
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Figure 6. The results of CCK8 assay of BMSCs on PPHA-Ti6Al4V alloy at different deposition times:
0s,30s,455s,605s,90s,120 s. The OD values increased with BMSCs culture time.
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4. Discussion

The utilization of low-temperature atmospheric pressure plasma polymerization of
n-heptylamine on the surface of Ti6Al4V alloy led to alterations in surface morphology, the
introduction of an amino group on the surface, and an improvement in surface hydrophilic-
ity. Consequently, these alterations facilitated the adhesion and proliferation of BMSCs.
These effects were time-dependent when the deposition time of PPHA was less than 60 s.
However, for longer deposition times, the effects did not exhibit a significant improvement
compared to those observed exceeding a 60 s deposition time.

In several excellent reviews, plasma deposition mechanisms have been described in
greater detail [18-20]. Within the plasma deposit, a limited number of structural compo-
nents originating from the monomer and its chain-growth may be present [21]. Plasma
polymer properties and structures might be further improved by a low-pressure regime
and a short deposition time to solve its inherent stochastic and high excess energy character-
istics [21]. Therefore, we developed an atmospheric pressure plasma system and conducted
a thorough investigation into the impact of various deposition times. Hydrophilicity and
surface energy occurred after storage in ambient air or water; these are referred to as
post-plasma processes, which influence the hydrophilicity and surface energy by changing
the surface chemical compositions [22]. Consequently, to eliminate post-plasma processes
as much as possible in the current study, samples were preserved within airtight vacuum
bags before undergoing surface analysis and cell cultivation.

Plasma polymer films commonly demonstrate resilient mechanical integrity, which
can be attributed to their branched and substantial cross-linking in comparison to conven-
tional polymers, which are composed of repeating units [22]. However, upon extending
the deposition time to 90 s and 120 s, nanosized cavities (white region in Figure 2e,f)
were observed within thin PPHA film layers in this current study, meaning a portion of
the polymer was stripped away during the process. The occurrence of plasma etching
could potentially result in the removal of atomic or molecular species from the surface of
ultrathin PPHA polymer films on the material [23]. Ultrathin polymer films and coatings
with deliberately integrated nanocavities have attracted significant attention due to their
potential applications in corrosion prevention, separation processes, biosensing, release
systems, etc. [24]. In this study, the formation of these nanocavities became increasingly
obvious over an extended deposition time. These films hold significant potential for various
applications, including delivery, storage, and release systems, as well as catalysis. Given
the controllability of surface topography through plasma deposition time and power of
the glow discharge [8,18], it is imperative to investigate appropriate plasma deposition
conditions for the production of plasma polymer thin films with or without regulated
free-volume cavities.

The XPS survey scans revealed the existence of nitrogen, carbon, and oxygen in PPHA
across all deposition times during the surface elemental analysis (Table 1). The percentage
of oxygen (O%) for the Ti6Al4V surface without PPHA was 22.52%. A passive oxide
film that formed naturally on the Ti6Al4V alloy surface was found to be responsible for
the significant corrosion resistance and bioactivity of the alloy [25]. This native passive
film was thin and not completely stable [25]. During the low-temperature atmospheric
pressure plasma polymerization, heptylamine was ionized to a high-energy excited state
and then bonded to the surface in the form of amino groups (-NH; and C-NH,) [26].
This phenomenon resulted in a high ratio of nitrogen to carbon (N/C), then decreased
Ti6Al4V surface carbon contaminations, leading to surface activation. As presented in
Figure 3 and Table 1, the results of N1s peak separation showed that the amount of -NH,
and C-NH, significantly increased after plasma polymerization. In the present study, the
nitrogen-to-carbon ratio (N/C) ranged from 6.34% to 8.38% at a discharge power of 9 W, in
accordance with the findings of Kirby et al., who reported an N/C ratio between 5% and
7% at discharge powers ranging from 5 W to 20 W [9]. The NH, /C% ranged from 3.39%
to 7.65%, aligning with prior research that reported NH; /C% within the range from 2%
to 4% [4], but notably higher compared to the range from 0.96% to 1.37% in Kirby et al.’s
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study [9]. The heptylamine plasma exhibits a negative relationship between glow discharge
power and nitrogen atom concentration [8,26]. High discharge power (e.g., 50 W) could
produce less extent of abstraction of amine groups [26]. Therefore, the application of a low
discharge power (9 W) in the current study might demonstrate a similarity to the theoretical
elemental composition of heptylamine [26].

The hydrophilicity of plasma-modified materials is determined by the discharge
power and polarity of the surface functional groups [4]. The surface exhibited increased
hydrophilicity as the contact angle decreased, while the surface energy heightened as a
result. At a PPHA deposition time of 30 s, the contact angle became 62.1° £ 1.6°, indicating
that a large number of hydrophilic groups (amino groups) appeared on the Ti6A4V surface.
However, when the deposition time extended to 90 s and 120 s, the water contact angle
recovered, becoming similar to that of the Ti6Al4V alloy surface without PPHA. As reported,
the water contact angle increased from 20° £ 1° to 125° £ 3° after heptylamine plasma
polymerization onto porous alumina [27]. The observed increase in the water contact angle
might be attributed to the dense, extensively interconnected, and heterogeneous structures
of plasma polymer, which exhibited significant similarities to the monomer heptylamine
itself [19]. The polymerization process exhibited competition between the formation of
film-forming species through deposition and the ablation of the polymer film [21]. As the
duration of the deposition process increased, a greater degree of polymer ablation was
observed, resulting in the formation of nanocavities as observed during SEM. However,
the presence of these nanocavities failed to enhance the material’s hydrophilic properties.
In conclusion, the current study did not find that prolonging the PPHA deposition time
would improve the material’s hydrophilicity.

This study revealed that the presence of PPHA on the surface of Ti6Al4V alloy resulted
in increased proliferation of BMSCs, as determined via the CCKS8 assay. This effect was
observed at deposition times of 60 s, 90 s, or 120 s after a 7-day culture period. The
cell activity of any substance is impacted by protein adsorption onto the surface. The
heptylamine plasma polymer’s cross-linked structure [22] offers a notable advantage, as it
greatly reduces the likelihood of protein diffusion into the plasma polymer. Consequently,
the alterations in cell behavior could be exclusively attributed to surface interactions. The
enhanced proliferation can be attributed to three factors: (1) the introduction of nano-
scale surface morphology by PPHA, (2) modifications in the wettability of Ti6Al4V alloy
surfaces, and (3) changes in the chemical components and functional groups present on
the Ti6Al4V alloy surface. For the surface morphology, the surface nano topography
was expanded by the PPHA film, increasing the number of available attachment sites for
pseudo-like filopodia on extracellular membranes [28]. Moreover, the alteration of the
surface morphology at the nano-scale level exerted a substantial impact on the material’s
surface free energy and wettability [28]. When biological tissues come into contact, water
molecules are the first entities to reach the surface. It is expected that the initial surface
wettability plays a crucial role in influencing both protein adsorption onto the surface and
cell adhesion. Consequently, the alteration of the material’s hydrophilicity augmented
cellular activity. Water contact angles between 45° and 68° seem to be optimal for cell
responses [29]. However, the results of our study revealed discrepancies in these findings.
The proliferation of BMSCs was significantly enhanced when the deposition time was
increased to 60 s, 90 s, and 120 s, accompanied by water contact angles ranging from
88° to 90°. This outcome indicated a non-linear relationship between the water contact
angle/hydrophilicity and cell behavior [28]. The presence of synergistic effects resulted
from the combination of nano-scaled topographical features and hydrophilicity at the
interface between the substrate and cell [30].

The cell behavior of this study also suggested that the adhesion and proliferation
of BMSCs were primarily influenced by the chemical composition, functional groups,
and surface topography rather than the wettability [28]. During heptylamine plasma
polymerization, the C—N bond undergoes cleavage, resulting in the generation of an eNH,
aminyl radical, which subsequently bonds with the Ti6Al4V surface. Amine-based surfaces
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have been documented as favorable substrates for cell cultivation, with the functional
amino group associating with cell adhesion [31]. The adhesive glycoprotein fibronectin, an
important extracellular matrix protein, has substantial involvement in crucial physiological
mechanisms, mediating cell-cell adhesion and enhancing cell-substrate anchoring and
spreading [32]. The fibronectin adsorption force obtained during our study clearly indicates
a significant dependence on the chemical composition, with -NH;, > -CH3 >> -OH [33].
The synergistic effects of fibronectin adsorption force, organization, and cell traction force
facilitated the rearrangement of adsorbed fibronectin molecules according to the cellular
orientation, ultimately enhancing cell adhesion [33]. This enhancement was likely non-
specific, potentially resulting from electrostatic interactions between the cells and amine
groups present on the surface of the material [16]. This phenomenon of PPHA enhancement
cell adhesion and proliferation has been observed not only in mesenchymal stem cells [26]
but also in osteoblasts [15,34] and Schwann cells [35]. For cell proliferation, the amine
concentration of amino groups arranged from 7% to 10% was promising from a tissue
engineering perspective [36]. Notably, NH, groups have been suggested to be permissive
for the differentiation of mesenchymal stem cells into specialized cell types [37].

The operating parameters for the plasma polymerization study included the depo-
sition time, the power of the glow discharge, the distance between the electrodes, and
the monomer pressure in the reactor chamber [8]. The scope of this study was limited
to investigating the influence of deposition time. Our findings have significant practical
implications for the advancement of rapid, efficient, and cost-effective methods of surface
functionalization in the field of tissue engineering. During polymerization, a competitive
dynamic existed between the deposition of monomer species and their ablation [21]. In
our investigation, it was observed that an increase in discharge power resulted in a higher
occurrence of plasma etching on the surface of the Ti6Al4V alloy rather than the deposition
of a polymer film. In the future, more studies are needed to polymerize uniform PPHA
polymer and increase bonding energy, surface roughness, friction coefficient, and annealing
in improving the aging resistance of PPHA polymeric coatings.

5. Conclusions

In this study, the surface modification of the Ti6Al4V alloy was successfully achieved
by employing a custom-made low-temperature atmospheric pressure plasma polymer-
ization system with n-heptylamine. The introduction of amino groups on the surface of
Ti6Al4V alloy improved biocompatibility, and the modification effect was observed to be
partially time-dependent. Within the scope of this study, a PPHA deposition time of 60 s
was the most promising, as it not only offered a shorter duration but also facilitated the
adhesion and proliferation of BMSCs.

6. Patents

There is one patent resulting from the work reported in this manuscript: A device for
metal surface modification. China patent. 202120353356.9; 2021.

Author Contributions: Conceptualization, D.L., ].P. and H.X,; data curation, D.L. and H.X; formal
analysis, D.L. and H.X,; funding acquisition, H.X.; investigation, D.L. and H.X.; methodology, D.L.
and H.X.; Project administration, H.X.; resources, ].P. and H.X.; supervision, J.P.; writing—original
draft, D.L. and H.X.; writing—review and editing, D.L., ].P. and H.X. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 51801003).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within this article.



Materials 2023, 16, 6450 15 of 16

Acknowledgments: The authors are highly thankful to Suzhou Zhuolang Intelligent Creation Co.,
Ltd. for providing plasma polymerizaion technological support for this research project. The
authors also thank Shiyanjia Lab “https://www.shiyanjia.com (accessed on 24 September 2023)” for
supporting us with the XPS tests.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xue, T.; Attarilar, S.; Liu, S.; Liu, J.; Song, X.; Li, L.; Zhao, B.; Tang, Y. Surface Modification Techniques of Titanium and its Alloys
to Functionally Optimize Their Biomedical Properties: Thematic Review. Front. Bioeng. Biotechnol. 2020, 8, 603072. [CrossRef]

2. Stenport, V.E; Johansson, C.B. Evaluations of bone tissue integration to pure and alloyed titanium implants. Clin. Implant Dent.
Relat. Res. 2008, 10, 191-199. [CrossRef]

3. Ding, Z.; Wang, Y.; Zhou, Q.; Ding, Z.; Liu, J.; He, Q.; Zhang, H. Microstructure, Wettability, Corrosion Resistance and Antibacterial
Property of Cu-MTa,;O5 Multilayer Composite Coatings with Different Cu Incorporation Contents. Biomolecules 2019, 10, 68.
[CrossRef]

4. Nebe, ].B,; Rebl, H.; Schlosser, M.; Staehlke, S.; Gruening, M.; Weltmann, K.D.; Walschus, U.; Finke, B. Plasma Polymerized
Allylamine-The Unique Cell-Attractive Nanolayer for Dental Implant Materials. Polymers 2019, 11, 1004. [CrossRef]

5.  Gabler, C.; Zietz, C.; Gohler, R.; Fritsche, A.; Lindner, T.; Haenle, M.; Finke, B.; Meichsner, J.; Lenz, S.; Frerich, B.; et al. Evaluation
of osseointegration of titanium alloyed implants modified by plasma polymerization. Int. J. Mol. Sci. 2014, 15, 2454-2464.
[CrossRef]

6. Gabler, C.; Zietz, C.; Bieck, R.; Gohler, R.; Lindner, T.; Haenle, M.; Finke, B.; Meichsner, ].; Testrich, H.; Nowottnick, M.; et al.
Quantification of osseointegration of plasma-polymer coated titanium alloyed implants by means of microcomputed tomography
versus histomorphometry. Biomed. Res. Int. 2015, 2015, 103137. [CrossRef]

7. Yasuda, HK. Some Important Aspects of Plasma Polymerization. Plasma Process Polym. 2005, 2, 293-304. [CrossRef]

8. Martin, Y.; Boutin, D.; Vermette, P. Study of the effect of process parameters for n-heptylamine plasma polymerization on final
layer properties. Thin Solid Films 2007, 515, 6844-6852. [CrossRef]

9. Kirby, G.T.; Mills, S.J.; Vandenpoel, L.; Pinxteren, J.; Ting, A.; Short, R.D.; Cowin, A.J.; Michelmore, A.; Smith, L.E. Development
of Advanced Dressings for the Delivery of Progenitor Cells. ACS Appl. Bio. Mater. 2017, 9, 3445-3454. [CrossRef]

10. Thomas, H.M.; Ahangar, P; Fitridge, R.; Kirby, G.T.S.; Mills, S.J.; Cowin, A.]J. Plasma-polymerized pericyte patches improve
healing of murine wounds through increased angiogenesis and reduced inflammation. Regen. Biomater. 2021, 8, rbab024.
[CrossRef]

11. Siow, K.S.; Abdul Rahman, A.S.; Ng, P.Y.; Majlis, B.Y. Sulfur and nitrogen containing plasma polymers reduces bacterial
attachment and growth. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 107, 110225. [CrossRef] [PubMed]

12.  Siow, K.S,; Britcher, L.; Kumar, S.; Griesser, H.J]. QCM-D and XPS study of protein adsorption on plasma polymers with sulfonate
and phosphonate surface groups. Colloids Surf. B Biointerfaces 2019, 173, 447-453. [CrossRef] [PubMed]

13. Banerjee, S.; Adhikari, E.; Sapkota, P; Sebastian, A.; Ptasinska, S. Atmospheric Pressure Plasma Deposition of TiO,: A Review.
Materials 2020, 13, 2931. [CrossRef]

14. Teixeira, G.T.L.; Gelamo, R.V.; Mateus Santos Obata, M.; Andrade Silva, L.E.; Silva, M.V.D.; Oliveira, C.J.E; Silva, B.P.D.; Aoki, L.V.;
Moreto, J.A.; Slade, N.B.L. Exploring the functionalization of Ti-6Al-4V alloy with the novel antimicrobial peptide JIChis-2 via
plasma polymerization. Biofouling 2023, 39, 47-63. [CrossRef]

15.  Yu, W,; Wang, X.; Guo, Y.; Yang, S.; Zhou, Z.; Sun, X.; Zhang, R.; Guo, T.; Zhou, Y.; Zhao, ]J. The osteogenesis performance of
titanium modified via plasma-enhanced chemical vapor deposition: In vitro and in vivo studies. Biomed. Mater. 2020, 15, 055012.
[CrossRef]

16. Cernochova, P; Blahova, L.; Medalova, J.; Necas, D.; Michlicek, M.; Kaushik, P.; Pribyl, J.; Bartosikova, J.; Manakhov, A.; Bacakova,
L.; et al. Cell type specific adhesion to surfaces functionalised by amine plasma polymers. Sci. Rep. 2020, 10, 9357. [CrossRef]

17. L, L; Dai, X.J.; Xu, H.S.; Zhao, ].H.; Yang, P; Maurdev, G.; du Plessis, J.; Lamb, PR.; Fox, B.L.; Michalski, W.P. Combined
Continuous Wave and Pulsed Plasma Modes: For More Stable Interfaces with Higher Functionality on Metal and Semiconductor
Surfaces. Plasma Process. Polym. 2009, 6, 615-619. [CrossRef]

18.  Michelmore, A.; Whittle, J.D.; Bradley, ].W.; Short, R.D. Where Physics meets Chemistry: Thin Film Deposition from Reactive
Plasmas Running Title: The relationship between plasma physics and plasma chemistry. Front. Chem. Sci. Eng. 2016, 10, 441-458.
[CrossRef]

19. Khelifa, F; Ershov, S.; Habibi, Y.; Snyders, R.; Dubois, P. Free-Radical-Induced Grafting from Plasma Polymer Surfaces. Chem. Rev.
2016, 116, 3975-4005. [CrossRef]

20. Thiry, D.; Konstantinidis, S.; Cornil, J.; Snyders, R. Plasma diagnostics for the low-pressure plasma polymerization process: A
critical review. Thin Solid Films 2016, 606, 19—44. [CrossRef]

21. Friedrich, J. Mechanisms of Plasma Polymerization—Reviewed from a Chemical Point of View. Plasma Process. Polym. 2011, 8,
783-802. [CrossRef]

22.  Vandenbossche, M.; Hegemann, D. Recent approaches to reduce aging phenomena in oxygen- and nitrogen-containing plasma

polymer films: An overview. Curr. Opin. Solid State Mater. Sci. 2018, 22, 26-38. [CrossRef]


https://www.shiyanjia.com
https://doi.org/10.3389/fbioe.2020.603072
https://doi.org/10.1111/j.1708-8208.2007.00077.x
https://doi.org/10.3390/biom10010068
https://doi.org/10.3390/polym11061004
https://doi.org/10.3390/ijms15022454
https://doi.org/10.1155/2015/103137
https://doi.org/10.1002/ppap.200400071
https://doi.org/10.1016/j.tsf.2007.02.002
https://doi.org/10.1021/acsami.6b14725
https://doi.org/10.1093/rb/rbab024
https://doi.org/10.1016/j.msec.2019.110225
https://www.ncbi.nlm.nih.gov/pubmed/31761201
https://doi.org/10.1016/j.colsurfb.2018.10.015
https://www.ncbi.nlm.nih.gov/pubmed/30326361
https://doi.org/10.3390/ma13132931
https://doi.org/10.1080/08927014.2023.2183121
https://doi.org/10.1088/1748-605X/ab9096
https://doi.org/10.1038/s41598-020-65889-y
https://doi.org/10.1002/ppap.200900042
https://doi.org/10.1007/s11705-016-1598-7
https://doi.org/10.1021/acs.chemrev.5b00634
https://doi.org/10.1016/j.tsf.2016.02.058
https://doi.org/10.1002/ppap.201100038
https://doi.org/10.1016/j.cossms.2018.01.001

Materials 2023, 16, 6450 16 of 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Puliyalil, H.; Cvelbar, U. Selective Plasma Etching of Polymeric Substrates for Advanced Applications. Nanomaterials 2016, 6, 108.
[CrossRef] [PubMed]

Vasilev, K.; Casanal, A.; Challougui, H.; Griesser, H.J. Template-assisted generation of nanocavities within plasma polymer films.
J. Phys. Chem. B 2009, 113, 7059-7063. [CrossRef]

Ion, R.; Drob, S.I; ljaz, M.E; Vasilescu, C.; Osiceanu, P.; Gordin, D.M.; Cimpean, A.; Gloriant, T. Surface Characterization,
Corrosion Resistance and in Vitro Biocompatibility of a New Ti-Hf-Mo-Sn Alloy. Materials 2016, 9, 818. [CrossRef]

Sandstrom, A.M.; Jasieniak, M.; Griesser, H.].; Grendahl, L.; Cooper-White, ].J. Effects of Varying Heptylamine and Propi-
onaldehyde Plasma Polymerization Parameters on Mesenchymal Stem Cell Attachment. Plasma Process. Polym. 2012, 10, 19-28.
[CrossRef]

Losic, D.; Cole, M.A.; Dollmann, B.; Vasilev, K.; Griesser, H.]. Surface modification of nanoporous alumina membranes by plasma
polymerization. Nanotechnology 2008, 19, 245704. [CrossRef]

Liu, X.M.; Wu, S.L.; Chu, PK,; Chung, C.Y;; Chu, C.L.; Chan, Y.L.; Lam, K.O.; Yeung, KW.; Lu, WW.; Cheung, K.M.; et al.
Nano-scale surface morphology, wettability and osteoblast adhesion on nitrogen plasma-implanted NiTi shape memory alloy.
J. Nanosci. Nanotechnol. 2009, 9, 3449-3454. [CrossRef]

Van Wachem, P.B.; Beugeling, T.; Feijen, ].; Bantjes, A.; Detmers, ].P.; Van Aken, W.G. Interaction of cultured human endothelial
cells with polymeric surfaces of different wettabilities. Biomaterials 1985, 6, 403—408. [CrossRef]

Rupp, F; Liang, L.; Geis-Gerstorfer, ].; Scheideler, L.; Huttig, F. Surface characteristics of dental implants: A review. Dent. Mater.
2018, 34, 40-57. [CrossRef]

Colley, H.E.; Mishra, G.; Scutt, A.M.; McArthur, S.L. Plasma Polymer Coatings to Support Mesenchymal Stem Cell Adhesion,
Growth and Differentiation on Variable Stiffness Silicone Elastomers. Plasma Process. Polym. 2009, 6, 831-839. [CrossRef]
Vanslambrouck, S.; Chevallier, P.; Guay-Begin, A.A.; Laroche, G. Effect of linking arm hydrophilic/hydrophobic nature, length
and end-group on the conformation and the RGD accessibility of surface-immobilized fibronectin. Mater. Sci. Eng. C Mater. Biol.
Appl. 2020, 107, 110335. [CrossRef] [PubMed]

Lin, M.; Wang, H.; Ruan, C.; Xing, J.; Wang, J.; Li, Y.; Wang, Y.; Luo, Y. Adsorption force of fibronectin on various surface
chemistries and its vital role in osteoblast adhesion. Biomacromolecules 2015, 16, 973-984. [CrossRef] [PubMed]

Zhao, ] H.; Michalski, W.P,; Williams, C.; Li, L.; Xu, H.S.; Lamb, P.R.; Jones, S.; Zhou, Y.M.; Dai, X.J. Controlling cell growth on
titanium by surface functionalization of heptylamine using a novel combined plasma polymerization mode. . Biomed. Mater. Res.
A 2011, 97, 127-134. [CrossRef] [PubMed]

Zhao, J.; Guo, Y,; Lan, A.; Luo, W.; Wang, X.; Fu, L.; Cai, Q.; Zhou, Y. The effect of amino plasma-enhanced chemical vapor
deposition-treated titanium surface on Schwann cells. J. Biomed. Mater. Res. A 2018, 106, 265-271. [CrossRef]

Manakhov, A.; Landova, M.; Medalova, J.; Michli¢ek, M.; Pol¢ak, J.; Necas, D.; Zajickova, L. Cyclopropylamine plasma polymers
for increased cell adhesion and growth. Plasma Process. Polym. 2017, 14, 1600123. [CrossRef]

Benoit, D.S.; Schwartz, M.P.; Durney, A.R.; Anseth, K.S. Small functional groups for controlled differentiation of hydrogel-
encapsulated human mesenchymal stem cells. Nat. Mater. 2008, 7, 816-823. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/nano6060108
https://www.ncbi.nlm.nih.gov/pubmed/28335238
https://doi.org/10.1021/jp807986k
https://doi.org/10.3390/ma9100818
https://doi.org/10.1002/ppap.201200009
https://doi.org/10.1088/0957-4484/19/24/245704
https://doi.org/10.1166/jnn.2009.NS15
https://doi.org/10.1016/0142-9612(85)90101-2
https://doi.org/10.1016/j.dental.2017.09.007
https://doi.org/10.1002/ppap.200900040
https://doi.org/10.1016/j.msec.2019.110335
https://www.ncbi.nlm.nih.gov/pubmed/31761211
https://doi.org/10.1021/bm501873g
https://www.ncbi.nlm.nih.gov/pubmed/25685886
https://doi.org/10.1002/jbm.a.33035
https://www.ncbi.nlm.nih.gov/pubmed/21370442
https://doi.org/10.1002/jbm.a.36167
https://doi.org/10.1002/ppap.201600123
https://doi.org/10.1038/nmat2269

	Introduction 
	Materials and Methods 
	Description of the Custom-Made Low-Temperature Atmospheric Pressure PlasmaReactor System 
	Preparation of Ti6Al4V Alloy Disks and Plasma Polymerization 
	The Surface Morphology of Ti6Al4V Disks Subsequent to n-Heptylamine PlasmaPolymers Polymerization 
	X-ray Photoelectron Spectroscopy (XPS) 
	Water Contact Angle Measurement 
	Cell Culture and Seeding 
	Cellular Adhesion Morphology Observation 
	Cell Proliferation on PPHA-Ti6Al4V Alloy Disk 
	Statistical Analysis 

	Results 
	The Surface Morphology of PPHA-Ti6Al4V Alloy via SEM 
	XPS Survey Spectra of PPHA-Ti6Al4V Alloy Surface 
	The Hydrophilicity of PPHA-Ti6Al4V Alloy Surface 
	The Morphology Observation of BMSCs after Adhesion on PPHA-Ti6Al4V Surface 
	BMSCs Proliferation on PPHA-Ti6Al4V Alloy 

	Discussion 
	Conclusions 
	Patents 
	References

