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Abstract: Hydroxyapatite (HA) nanoparticles are similar
to bone apatite in size, phase composition, and crystal
structure. When compared with micron-size HA particles,
nano-HA possesses improved mechanical properties and
superior bioactivity for promoting bone growth and regen-
eration. However, scaffolds fabricated from nano-HA alone
cannot meet the mechanical requirements for direct-load-
ing applications. A number of studies suggest that nano-
structured composites may offer surface and/or chemical
properties of native bone, and therefore represent ideal
substrates to support bone regeneration.However, a common
problem with nanohydroxyapatite (nano-HA)–polymer
composites is the weak binding strength between the
nano-HA filler and the polymer matrix since they are two
different categories of materials and cannot form covalent
bonds between them during the mixing process. Often, the
mechanical strength of the composite is compromised due
to the phase separation of the HA filler from the polymer
matrix during the tissue repair process. To overcome this
problem, an ultrathin degradable polymer film was grafted
onto the surface of nano-HA using a radio-frequency
plasmapolymerization technology fromacrylic acidmonomers.

The treated nano-HA powders are expected to bind to the
polymer matrix via covalent bonds, thus enhancing the
mechanical properties of the resultant composites. High-
resolution transmission electron microscopy (HRTEM) ex-
periments showed that an extremely thin polymer film
(2 nm) was uniformly deposited on the surfaces of the nano-
particles. The HRTEM results were confirmed by X-ray pho-
toelectron spectroscopy (XPS) and time-of-flight secondary
ion mass spectroscopy (TOFSIMS). Tensile tests performed
on the specimens revealed that the degradable coating had
improved elastic and strength properties when compared
with the nondegradable and uncoated controls. XPS and
TOSIMS data revealed that more functional carboxyl groups
were formed on degradable coatings than cross-linked non-
degradable coatings. Cytocompatibility assay demonstrated
that both the degradable and nondegradable coatings are
cytocompatible. � 2007 Wiley Periodicals, Inc. J Biomed
Mater Res 82A: 373–382, 2007
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INTRODUCTION

Natural bone tissue possesses a nanocomposite
structure interwoven in a three-dimensional (3D)
matrix, which plays critical roles in conferring
appropriate physical and biological properties to the
bone tissue. For this reason, one single material may

not be sufficient to mimic the composition, structure,
and properties of native bone.

Hydroxyapatite (HA) has been used for bone
repair and tissue engineering due to its biocompati-
bility, osteoconductivity, and osteoinductivity.1–3

Through osteoconduction mechanisms HA can form
chemical bonds with living tissue. However, its poor
biomechanical properties (brittle, low tensile strength,
high elastic modulus, low fatigue strength, and low
flexibility), when compared with natural hard tissues,
limit its applications to components of small, un-
loaded, or low-loaded implants, powders, coatings,
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composites, and so on. Nano-HA crystals are similar
to bone apatite in size, phase composition, and crys-
tal structure.4,5 When compared with micron-size
particles, nano-HA possess improved mechanical
properties and superior bioactivity.1,6,7 However,
scaffolds fabricated from nano-HA alone still cannot
meet the mechanical requirements for direct-loading
applications, as well as application of dynamic force
during the in vitro bone tissue engineering process.

As a result, both natural and synthetic polymeric
materials have been studied extensively to overcome
the mechanical problems with bioceramics for bone
tissue engineering applications.8–10 Aliphatic polyest-
ers are an important class of biodegradable polymers
for bone repair. Polylactic acid (PLA), polyglycolic
acid (PGA), and their copolymer poly(dl-lactide-co-
glycolide) (PLGA) have been well-studied for bone
tissue repair and regenerations applications.11–13

Despite a well-defined safety profile for biomedical
applications, literature data have indicated that deg-
radation through hydrolysis mechanisms may cause
adverse effects, such as aseptic sinus, painful swell,
and bone resorption surrounding the implant, possi-
bly due to the release and accumulation of acidic
degradation products in the local tissue.14–16 Con-
sequently, these implants exhibited excellent bone
biocompatibility initially following implantation
which then decreased dramatically as a function of
implant degradation.17 These polymers also undergo
bulk degradation in vivo leading to the formation of
voids inside the implant and a rapid deterioration
in mechanical strength. To buffer the degradation
products, bioceramics such as HA, calcium carbon-
ate, sodium bicarbonate, tricalcium phosphate, and
bioactive glass have been blended with polyesters at
different ratios.17,18

The addition of nano-HA into the degradable
polymeric matrix not only helped maintain the pH
at nontoxic levels during degradation by neutraliz-
ing the acid degradation products of PLGA, but also
enhanced the bone induction capacity of the scaffold.
However, a common problem with HA–polymer
composites is the weak binding strength between the
nano-HA filler and the polymer matrix since they
cannot form strong bonds during the mixing pro-
cess. Often, the mechanical strength of the composite
is compromised due to the phase separation of the
HA filler from the polymer matrix. One way to over-
come this is to coat the nano-HA with a polymer
film (i.e. graft functional groups that are able to
form strong bonds with the polymer matrix). The
polymer coating needs be degradable so that the bio-
activity of the nano-HA is not shielded. An ideal
coating would be biocompatible, ultrathin, degrad-
able, and form strong bonds with the polymer
matrix. To this end, we have used radio-frequency
plasma polymerization technology to activate nano-

HA powder surfaces by creating a degradable film
with functional groups (e.g., nano-HA-COOH) at
nanoscale thickness.

The purpose of this study is to improve the bind-
ing strength of the inorganic nano-HA filler and
degradable polymer matrix by creating a nanothick-
ness degradable film on the surfaces of nano-HA
particles. PLGA was used as a model biodegradable
polymer to demonstrate this concept. This technol-
ogy can be applied to nano-HA blended with other
types of biodegradable polymers as well.

MATERIALS AND METHODS

Nano-HA synthesis

Nanocrystalline hydroxyapatite (nano-HA), with aver-
age particle size 45 nm, was synthesized using a micro-
wave-assisted ‘‘combustion synthesis (auto ignition)/
molten salt synthesis’’ hybrid route as reported previ-
ously.19 Aqueous solutions containing NaNO3, Ca(NO3)2�
4H2O, and KH2PO4 (with or without urea) were irradiated
in a microwave for 5 min at 600 W of power. The
as-synthesized precursors were then simply stirred in
water at room temperature for 1 h to obtain the nano-HA
particles (Fig. 1). The diffraction pattern shows nanocrys-
talline features (insert in Fig. 1).

Degradable polymer

PLGA 50/50 copolymers (Mw ¼ 51,900; Mn ¼ 34,000
and intrinsic viscosity ¼ 0.2 dL/g; Birmingham Polymers,
Birmingham, AL) was used as a model biodegradable
polymer in this study. PLGA was purified prior to use.

Figure 1. Morphology of nano-HA particles. Diffraction
pattern shows nanocrystalline features (insert).
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The polymer was dissolved in tetrahydrofuran (5 g/dL),
and the solution was slowly added to isopropanol (IPA)
with continuous stirring. A volume ratio of 100 mL
of polymer solution to 500 mL of IPA was not exceeded.
The fibrous precipitate was then vacuum dried at room
temperature for 48 h to remove solvent prior to use.

Nanothickness polymer coating
on nano-HA powders

It is difficult to deposit thin films on nanoparticles using
the plasma polymerization process because of the tendency
of the nanoparticles to form aggregates,20 where the unex-
posed regions of nanoparticles are barely modified. To suc-
cessfully modify the surfaces of the nanoparticles, it is
necessary to expose the entire surface of the nanoparticles
to the plasma in the plasma deposition process. The fluid-
ized-bed reactor is an ideal tool for gas-particle reactions
since the nanoparticles are well dispersed in the reactor
due to plasma oscillation, there is intensive mass and heat
transfer between the two phases, a short reaction time, and
a flat temperature profile. Furthermore, the combination of
plasma polymerization and the fluidized-bed process is a
suitable approach for the surface modification of nanopar-
ticles. A homemade fluidized-bed reactor, as schematically
shown in Figure 2, was used to create nanothickness coat-
ings on the nano-HA particles. The body of the vacuum
chamber of the fluidized-bed plasma reactor is a Pyrex
glass column of about 50 cm in height and 6 cm in internal
diameter. Nanoparticles are placed on the powder holder
of a fine sieve. As the carrier gas/monomer vapor mixture
flows through the sieve, nanoparticles are vigorously fluid-
ized in the region above the sieve, where lies the center of
the plasma that is produced by the RF generator through
the connected coils. During this process, plasma polymer-
ization of monomer occurs leading to the deposition of
polymeric thin films onto the surfaces of the fluidized
nanoparticles. Vigorous fluidization of nanoparticles in the
plasma region allows homogenous coating of plasma poly-
merized thin films onto the nanoparticle surfaces. The
operational parameters of the plasma reactor, such as the
gas flow rate/reactor chamber gas pressure, the duration
and the power of the plasma, the types of the carrier gas,
the monomer and their mixing ratio, can be further con-
trolled to achieve thin film polymer coatings of different
properties on the nanoparticle surfaces. In this study,
acrylic acid monomers (AA, >99%, Sigma-Aldrich) were
used as starting materials. Low power and high gas pres-
sure (15 W and 300 mTorr) condition was identified
through a series of tests to create degradable films, and
high power and low gas pressure (30 W and 80 mTorr)
condition was identified to generate nondegradable coat-
ings. The radio-frequency unit was operated at 13.56 MHz
and an amplifier inductively coupled via an impedance
matching unit and an external wound copper coil. A vapor
delivery system was connected to the vacuum chamber to
vaporize the liquid acrylic acid. The deposition time was
30 min.

Degradation of the nanoscale coatings

Degradation of the nanofilm was studied using Fourier
transform infrared (FTIR) before and after immersion in
0.1M PBS for 1–8 weeks. The experiments were carried out
on a BIO-RAD FTS-40 instrument. The spectrum was
obtained by the deduction of uncoated sample spectra as
backgrounds.

Surface characterization of nanoscale coatings

Coated nano-HA particles were characterized using
high-resolution transmission electron microscopy (HRTEM),
energy dispersive X-ray (EDX) analysis, X-ray photoelectron
spectroscopy (XPS), and time-of-flight secondary ion mass
spectrometry (TOFSIMS). The HRTEM and EDX experi-
ments were performed on a JEM 4000EX TEM. The chemi-
cal characterization of the coating was performed on an
AXIS 165 XPS, ultra system and an ION-TOF Model IV
TOFSIMS instrument. XPS was performed using a Mg Ka

X-ray source. Wide scans (0–1200 eV) were used to obtain
the surface oxygen:carbon ratio, while narrow scans were

Figure 2. Schematic drawing shows the setup of a home-
made fluidized-bed reactor, which mainly consists of an
RF generator, long glass vacuum chamber, vacuum pump,
and a pressure gauge. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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used to determine the carbon- and oxygen-binding environ-
ment. A hydrocarbon peak was set to 285 eV to correct for
sample charging.

Hydrophilicity test

Hydrophilicity of the coating was examined by mea-
suring the water contact angle using a homemade micros-
copy based contact angle analyzer. For the ease of mea-
surement, polymer coatings were deposited on clean glass
slides.

Cytocompatability of coatings

Cytocompatibility of the coatings was examined with
human osteoblasts (CRL-11372þ) for 7 days in vitro using
viability (trypan blue) and proliferation (MTT test) assays.
In brief, 0.01 g coated or uncoated nano-HA powders were
seeded on the bottom of 96-well plates filled with 1 mL
0.1M PBS. The plates are then centrifuged at 4000 rpm in
an Eppendorf 5810R equipped with a rotor for microplate
adaptors. After centrifugation, the nano-HA powders are
spread on the bottom of the cell culture plates. Human

osteoblasts (1 � 104) were seeded in each well and moni-
tored for 7 days. The viability was tested using a trypan
blue assay, and the proliferation was tested using a MTT
assay.

Nano-HA–PLGA composite fabrication
and mechanical testing

The nano-HA–PLGA composite strips were made using
a solvent casting method. Briefly, 1.6 g of PLGA was fully
dissolved in 40 mL acetone by constant stirring at room
temperature for 24 h. Nano-HA powders (0.05 g) were
well dispersed into the PLGA solution by vigorous mixing
in an ultrasonic bath for 2 h. The mixture was then cast
into a teflon mold that produces sheets, and air-dried
at room temperature for 3 days followed by drying in a
vacuum oven at room temperature for one additional day.
The as-formed composite sheets were cut into strips of
6 mm wide, 50 mm long, and 0.15 mm thick in dimen-
sions. Tensile tests were performed using a micromech-
anical testing machine (Vitrodyne Model 1000) with a
crosshead speed of 125 mm/min.

Figure 3. HRTEM images show the uncoated nano-HA (A), nano-HA with degradable coating (B), and nano-HA with
nondegradable coating (C.). EDX curves (D) show the elements on the surface of nano-HA powders. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Statistical analysis

Data were represented as the mean þ/� the standard
error of the mean for each group. Two-tail student’s t-test
was performed to determine the statistical significance
using SPSSTM 9.0 software (SPSS, Chicago, Illinois). Statis-
tical significance was accepted at p < 0.05.

RESULTS AND DISCUSSION

Figure 3 shows the HRTEM images of nano-HA
with and without the nanothickness coatings. The
coatings, *2 nm thick, can be clearly seen. In the
EDX analysis, the coatings were identified with
HRTEM first, and then the element profile of the
coating was obtained by EDX. The EDX curves for
the nano-HA polymer coatings [Fig. 3(D)] indicate
coverage of nano-HA particles with ultrathin carbon
and oxygen based films. The phosphate (P) and
calcium (Ca) peaks were reduced significantly, indi-
cating the coverage of nano-HA particles with thin
polymeric coatings.

The degradability of the coatings was examined
using FTIR before and after immersion in 0.1 MPBS
for 1–8 weeks. The FTIR curves in Figure 4 show
that a soluble thin film was generated under low
power and high pressure conditions, and a nonsolu-
ble film was formed under high power and low
pressure conditions. The disappearance of the peaks
for the degradable coating indicates that the coating
was dissolved after 2 weeks in culture. However, as
the plasma power was increased from 15 to 30 W
[Fig. 4(B)], the film remained after 8 weeks in
culture. This indicates that highly cross-linked struc-
tures exist in the nondegradable coatings, which pre-
vented the film from dissolving in culture.

The XPS wide survey showed only carbon and
oxygen on the coating (Fig. 5). By comparing the
oxygen:carbon ratio, the oxygen contents in the
degradable coating were three times higher than that
in the nondegradable coating, which indicates that
nondegradable coatings were oxygen deficient. To
calculate the carboxyl groups in the coating, peak
deconvolution of the carbon spectrum was carried
out to identify multiple carbon containing function-
alities, followed by quantifying the contents of each
functional group in the coating (Fig. 6). The C1s core
level spectrum, starting with the hydrocarbon (C-C/H)
signal at 285 eV (Peak 1 in Fig. 6), and other four
peaks b-shifted carbon C-COOH/R at 285.5 eV
(Peak 2 in Fig. 6), alcohol/ether C-OH/R at 286.9 eV
(Peak 3 in Fig. 6), carbonyl C¼¼O at 287.9 eV (Peak 4
in Fig. 6), and carboxyl/carboxylate COOH/R at
289.35 eV were also found, respectively (Peak 5 in
Fig. 6). The coatings contain 24.6% of COOH groups
for the degradable coating and only 4.2% for the
nondegradable coating.

Both positive and negative ion SIMS spectra of the
coatings were studied to determine the chemical char-
acteristics of the coatings. The negative ion spectra
provided the most useful information in identifying
the structure of the coating. SIMS data (Fig. 7) con-
firmed the EDX and XPS findings by showing more
abundant carboxyl groups on the surface of degrad-
able coatings than on the nondegradable coatings.
Carboxyl groups act as a chemical ‘‘link’’ between the
nano-HA and the polymer matrix as they are able to
form covalent bonds. In the conventional polyacrylic
acid (PAA), a single peak was present at m/z 71 in
the m/z range of 40–80. However, in the plasma
coated film, additional peaks were seen at m/z 45, 59,
and 73. Those are either fragments or over polymer-
ized structures of liner PAA.

Due to the fact that the coatings on the nano-HA
particles were extremely thin (*2 nm), as demon-
strated using HRTEM, surface sensitive techniques,
such as XPS and SIMS, were utilized in the analysis
of the elemental and functional composition of the
coatings. Both XPS and TOSIMS elemental and func-
tional composition analysis demonstrated significant

Figure 4. FTIR curves in (A) show the dissolution of the
ultrathin film, created under 15 W and 300 mTorr, after
2 weeks in culture. FTIR curves in (B) show no dissolution
of the thin film, generated under 30 W and 80 mTorr, after
8 weeks in culture.
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differences in the functional composition between
degradable and nondegradable coatings. As demon-
strated in the XPS wide-survey of the coatings
(Fig. 5), the oxygen content in the nondegradable
coatings was three times less than that of the de-
gradable coatings, which indicates the preferential
incorporation of carbon into the coating and loss of
oxygen in the form of gaseous products. Under high
power conditions, monomers had the tendency to
fragment under electron impact to form CO2 and
CO.21 Therefore, the loss of oxygen content is related
to the increased fragmentation of the monomer to
form species that are not readily incorporated in the
deposition.22 The elemental and functional structure
of the degradable coating is more close to the acrylic
or PAA structure, as demonstrated in the XPS C1s

curve fitting plots shown in Figure 6(A). Hydrocar-
bon represents 64% of carbon and carboxyl groups
represent 24.6%, and the remaining is represented
by ester (6.4%) and ketone/aldehyde (5.4%). There-
fore, the degradable coating is very similar to the
conventional PAA or acrylic acid with the exception
that about 6.4% of carbons have been converted into
ester functionalities. In contrast, the nondegradable
coating is highly cross-linked. The contents of hy-
drocarbon in the coating increased to 75.5%, ester
contents increased to 12%, and ketone/aldehyde
contents increase to 8.3%, while the carboxyl con-
tents decrease to 4.2%. Therefore, under high power
and low pressure conditions used in this study, the
conversion of carboxyl groups into hydrocarbons,
esters, or ketone/aldhydes is favorable, along with
significant increases in cross-linking components.

The nondegradable coating is very unlike acrylic
acid or PAA, as it has a more cross-linked complex
structure.

Plasma polymerization of acrylic acid has shown
to provide highly functionalized surfaces with a
high retention of monomer structure and high den-
sity of -COOH groups.21,22 Our TOFSIMS data are in
agreement with others’ finding on the increment of
OH and CO fragments with the increase of RF
power. At low RF power, the fragmentation degree
is minimalized and the COOH retention on the coat-
ings is high. Therefore, by using low plasma power
in creating degradable coatings, fragmentation can
be kept to a minimum and the functional groups can
also be preserved from over polymerization.21,22

Hydrophilicity of the coating was examined by
measuring the water contact angle. The water con-
tact angle was (14.7 6 3.4)8 for the degradable coat-
ing and (57.2 6 4.7)8 for the nondegradable coating.
Hence, the degradable coatings were more hydro-
philic than nondegradable coatings (p < 0.05). The
increased hydrophilicity of the degradable coating
is due to a higher percentage of functional COOH
groups in the structure, when compared with the
nondegradable coatings, as demonstrated using FTIR,
XPS, and TOFSIMS.

Figure 8 shows the biocompatible nature of the
nanothickness coatings. Both degradable and nonde-
gradable thin films on the nano-HA surfaces were
biocompatible. Adding the polymer coatings to the
nano-HA did not significantly change the cytocom-
patibility of the nanoparticles or have proliferative
effects on the human osteoblasts.

Figure 5. XPS wide survey from nanothickness coatings–(A) degradable coatings, and (B) nondegradable coatings.
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Figure 9 shows three representative stress–strain
curves for nano-HA doped PLGA scaffolds in thin
sheet form. Nano-HA with the degradable coating
showed the best mechanical properties when com-
pared with uncoated and nondegradable coated nano-
HA. The tensile strength and rupture strength [Fig.
10(A,B)] of the composite strips for the uncoated,
degradable coated, and nondegradable coated nano-
HA were calculated from stress–strain data. Both ten-
sile strengths and rupture strengths are significantly
different among the three groups. The tensile
strengths are 0.67 6 0.0351 MPa, 1.72 6 0.0312 MPa,
and 1.17 6 0.1012 MPa for uncoated, degradable coat-
ing, and nondegradable coating samples, respectively.
The rapture strengths are 0.64 6 0.0538 MPa, 1.05 6
0.0697 MPa, and 0.92 6 0.0366 MPa for uncoated,

degradable coating, and nondegradable coating sam-
ples, respectively. Young’s (elastic) modulus [Fig.
10(C)] for the uncoated, degradable coated, and non-
degradable coated nano-HA was 18.22 6 2.8397 MPA,
51.17 6 4.8009 MPA, and 32.54 6 4.4896 MPa, respec-
tively. Toughness [Fig. 10(D)] for the uncoated,
degradable coated, and nondegradable coated nano-
HA was 2.06 6 0.5976, 2.67 6 0.2268, and 1.56 6
0.3999, respectively. The degradable coated nano-
HA/PLGA composite had the highest elastic modu-
lus, toughness, rupture strength, and tensile strength
when compared to the nondegradable coated and
uncoated nano-HA (p < 0.05).

Composite materials consisting of biomedical poly-
mers, bioceramics, and other inorganic materials are
good candidates for enhancing the mechanical prop-

Figure 6. XPS C1s peak from nanothickness coatings–(A) degradable coatings, and (B) nondegradable coatings.
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erties of the bone tissue engineered scaffolds, hard
tissue implants, and even dental filling composites.
Among a variety of candidate materials, polymer–
nanoparticle composites with superior mechanical
properties, improved durability, and bioactivity
appear most promising for these applications when
compared with conventional polymer composites.
For example, increased osteoblast and chondrocyte
adhesion were observed on the surfaces of nanostruc-
tured PLGA/titania composites.23 Seeded osteogenic
cells into 3D porous scaffolds of nano-HA/collagen
composites assumed morphologies similar to the ones
in the normal bone tissue.5 Enhanced bone tissue
regeneration has been demonstrated on substrates of
nano-HA/polymer composites as well.5,23 A number
of studies suggest that nanostructured composites
may offer surface and/or chemical properties of
native bone and cartilage, therefore, representing
ideal substrates to support bone regeneration.23 How-
ever, a common problem with HA–polymer compo-
sites is the weak binding strength between the HA

filler and the polymer matrix since they are two
different categories of materials and cannot form
covalent bonds during the mixing process. Often, the
mechanical strength of the composites is compro-
mised due to the phase separation of the HA filler
from the polymer matrix. To overcome this problem,
we used radio-frequency plasma polymerization
technology to activate nano-HA powder surfaces by
grafting functional groups, such as carboxyl groups
at nanoscale thickness from acrylic acid monomers.
The treated nano-HA powders showed improved
binding strength with the polymer matrix via cova-
lent bonds, thus enhancing the mechanical proper-
ties of the resultant composites. The work presented
here is just a proof of concept, and PLGA was used
as a model degradable polymer. This fluid-bed
based nanoparticle modification can be applied to
almost all chemical natures of nanopowders to graft
functional groups on their surfaces to improve
adhesion with polymer matrix or for specific biomo-
lecular conjugation.

Plasma deposition, or etching technique, is a
powerful surface modification tool for many differ-
ent areas of application, because it can be precisely
controlled at a molecular level when combined with
sophisticated in situ monitoring probes. Plasma pro-

Figure 8. Viability (A) and proliferation (B) of human
osteoblasts on nano-HA powder with or without coating
showed no significant difference, which indicates that the
nanothickness coating does not influence the cytocompati-
bility of the nano-HA powders. Error bars represent stand
error of mean for n ¼ 7.

Figure 7. Representative TOFSIMS plots show strong
signals of several types of carboxyl groups on the degrad-
able nanofilm coated surface in (A), which may play as a
chemical ‘‘link’’ in increasing the binding strength between
the nano-HA particles and PLGA matrix. However, the
signal intensity decreased dramatically in the nondegrad-
able coatings (B).
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cessing techniques have already become mature
techniques for the modification of the surfaces of
bulk materials and macrosize particles or devices.
Plasma polymerized organic layers have many
advantages, such as strong adhesion to most sub-
strates, excellent uniformity and thickness control,
no pinhole formation, modification of only extreme
superficial layers of the surface, and maintenance of
the bulk material properties, etc. In addition, the ele-
mental composition, chemical, and physical proper-
ties (such as surface energy) are easily controllable
over a wide range. Many parameters can be adjusted
to control the properties of the coating, including
choosing suitable precursors, appropriate plasma
conditions, such as power, pressure, and frequency
of plasma driving field. For example, the selectivity,
density, and mobility of the functional groups in the
polymer coating can be varied by changing the
degree of crosslinking. Therefore, the properties of
the coating can be controlled to either degradable or
nondegradable as described in this article. This is
due to the fact that energy of the plasma radicals are
comparable with chemical bond energies, and the
radical density and energies can be controlled by
plasma processing parameters, such as power, pres-
sure, frequency, etc. Therefore, even the most inert
substrates can be conveniently tailored. However, its
applications in the surface modification of particles/
powders at nanosize are not quite established due to
their extremely small size. A plasma grafting process
was utilized for the surface modification of nanopar-
ticles, in this study, due to the attractive advantages
for biomedical applications, including their ability
to modify surface properties in a controlled manner
without altering the bulk properties of the nanopar-
ticles, and the possibility of scaling-up to industrial
scale. To successfully modify the surfaces of the
nanoparticles, it is necessary to expose the entire sur-

Figure 10. Yield strength (A), rupture strength (B),
Young’s modulus (C), and toughness of PLGA material
mixed with nano-HA powders (10%) with or without coat-
ing showed a significant difference (p < 0.05), which indi-
cates that the nanothickness degradable coating can
increase the mechanical strength of the scaffold. Error bars
represent standard error of mean for n ¼ 7.

Figure 9. Representative stress–strain curves of nano-
HA–PLGA strips. Nano-HA particles with degradable
coatings show better mechanical properties than untreated
nano-HA and nano-HAwith nondegradable coatings (n¼ 7).
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face of the nanoparticles to the plasma in the plasma
deposition process. By combining the fluid-bed ap-
proach to avoid the tendency of the nanoparticles to
form aggregates during the plasma polymerization,
we were able to deposit ultrathin films on nanopar-
ticles, which demonstrates that the fluidized-bed
based plasma reactor is an ideal tool for gas-particle
reactions since the nanoparticles are well dispersed
in the reactor due to plasma oscillation.

CONCLUSION

Nanothickness films (1–2 nm) were grafted on
nano-HA particles using a fluidized-bed RF reactor.
By varying several parameters, such as monomer
vapor pressure/flow rate, RF power, and pulse fre-
quency, thin polymeric coatings with well controlled
thickness, solubility, degree of cross-linking, chemical
composition, and hydrophobicity can be achieved.
Nanothickness films formed from acrylic acid mono-
mers under 15 W and 300 mTorr can be dissolved
in vitro for 2 weeks. The major functional groups of
the degradable coating formed are carboxyl groups.
The mechanical strength of the nano-HA–PLGA
scaffold was significantly improved with ultrathin
degradable coatings when compared with uncoated
control and nondegradable nanocoated groups
(30 W and 80 mTorr). The degradable ultrathin coat-
ing was also shown to be cytocompatible using
viability and proliferation assays.
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