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ABSTRACT Ultrathin ceramic films were deposited throughout highly porous poly(styrene-divinylbenzene) (PS-DVB) particles using
a low-temperature atomic layer deposition (ALD) process. Alumina and titania films were deposited by alternating reactions of
trimethylaluminum and H2O at 33 °C and of titanium tetrachloride and H2O2 (50 wt % in H2O) at 100 °C, respectively. Analytical
characterization revealed that conformal alumina and titania films were grown on internal and external polymer surfaces. The improved
bioactivity of the polymer substrates was revealed on the basis of the formation of hydroxyapatite (HA) in simulated body fluid. The
accelerated formation of HA on the ALD-modified polymer surface was caused by the negatively charged surface provided by the
ultrathin ceramic interface. The potential for ALD films to support cell attachment was demonstrated.
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1. INTRODUCTION

Porous polymers have attracted increased interest in
the field of tissue engineering (1-3), and they can
provide three-dimensional structures as scaffolds to

guide cell growth and tissue development to replace diseased
or damaged tissues resulting from traumas, congenital
defects, or other diseases. The ability for a cell to attach and
migrate on a substrate or scaffold surface is an important
property for tissue engineering (4, 5). However, synthetic
polymers tend to have poor mechanical properties for
tissues such as bone and typically lack cell-recognition
signals, which result in insufficient cell adhesion and prolif-
eration (4). In bone tissue engineering, the interaction
between the cells and the scaffold is particularly important
to promote osseointegration for creating new bone in the
scaffold and integrating with the host bone (6). Hydroxya-
patite (HA), due to its biocompatibility and structural similar-
ity to bone mineral, has been successfully used as bone filler
(7), coating of orthopaedic implants (8), and filler of inorganic/
polymer composites (9) to facilitate osseointegration at the
implant surface. The inclusion of the HA phase in the
polymer substrates can enhance the bioactivity and subse-
quent tissue interaction. However, it is difficult to directly
deposit or grow one layer of HA on the porous polymer
substrate. Ceramics, such as alumina and titania, have been
shown to be highly biocompatible with excellent bone
bonding properties (10, 11), and titania has been shown to
accelerate the formation of HA (12). A novel process to
provide a bioactive interface between polymer substrates
and an HA layer is to coat the surface of the porous polymer
substrate with ultrathin ceramic films while maintaining the
original structure and geometric properties of the substrate.

Recently, we have successfully coated ultrathin alumina
films on highly porous poly(styrene-divinylbenzene) (PS-
DVB) particles by atomic layer deposition (ALD) (13).

ALD is a surface-controlled layer-by-layer process (14, 15)
that is particularly well-suited for depositing ultrathin and
conformal films onto porous substrates (13, 16). The films
grown by ALD are inherently controlled by self-limiting sequen-
tial surface chemical reactions. The advantages of ALD meth-
ods include low processing temperature, independence of line
of sight, low impurity content, and pinhole-free deposition. As
a result, ultrathin films can be uniformly formed along the
surface of the pores. Alumina ALD films can be obtained by
the alternating reactions of trimethylaluminum (TMA) and H2O
(17-20). Titania ALD can be synthesized from alternating
reactions of titanium tetraisopropoxide (TTIP) and H2O or H2O2

(21-24) or titanium tetrachloride (TiCl4) and H2O or H2O2

(25, 26). The growth rate of the TiO2 film from TiCl4 is much
higher than that from TTIP, due to the steric hindrance between
the large TTIP molecules (23), which decreases the concentra-
tion of surface reactive sites. In general, H2O2 has a higher
reactivity than H2O. The reaction using H2O2 is more thermo-
dynamically favorable than that which uses H2O (21).

The objective for this study was to demonstrate the feasibil-
ity of improving the bioactivity of polymer substrate by coating
an ultrathin interface film via ALD. As a proof of concept, highly
porous PS-DVB particles were employed. Specifically, ultrathin
alumina and titania films were deposited throughout both the
internal and external surfaces of highly porous polymer par-
ticles by ALD in a scalable fluidized bed reactor. The ALD films
were characterized by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). The biological prop-
erties of the deposited ceramic films were tested by HA
formation and cell adhesion.

2. EXPERIMENTAL SECTION
2.1. ALD of Alumina and Titania Films. Highly porous PS-

DVB particles were obtained by the copolymerization of styrene
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and divinylbenzene (13). The particles had a porosity of 85%, a
pore volume of 8-10 cm3/g, a surface area of 43.5 m2/g, an
average pore size of 200 nm, and a density of 70 kg/m3 (13). A
fluidized bed reactor was used to deposit alumina and titania films
on the highly porous PS-DVB particles. The system was operated
at reduced pressures. Deionized H2O and TMA (97%, Sigma
Aldrich) were used as reactants for Al2O3 ALD at a reaction
temperature of 33 °C. Concentrated H2O2 (50 wt % in H2O) and
TiCl4 (99%, Alfa Aesar) were used as reactants for TiO2 ALD at a
reaction temperature of 100 °C. High-purity N2 was used as the
purge gas to remove any byproducts formed during the reaction
and the unreacted precursor. For TiO2 ALD, a trap containing
sodium bicarbonate powders (Fisher Science Education) was
connected to the inlet of the vacuum pump to absorb HCl
byproduct.

For a typical run, ∼4 g of porous particles was loaded into
the reactor. The minimum pressure inside the reactor was ∼10
Pa. The minimum fluidization superficial gas velocity was 0.8
cm/s. Precursors were fed separately through the distributor
plate at the base of the reactor using the driving force of their
room-temperature vapor pressures. The flow rates of precursors
were adjusted manually using needle valves to ensure that the
precursor pressure (∼400 Pa) was high enough for particle
fluidization. A typical coating cycle used the following sequence:
precursor A dose, N2 purge, evacuation; precursor B dose, N2

purge, evacuation. A detailed description of the experimental
procedure for ALD coating of polymer particles has been
published elsewhere (13).

2.2. ALD Film Characterization. The coated samples were
analyzed using a JEOL 2010F 200 kV Schottky field emission
transmission electron microscope operating in the scanning trans-
mission electron microscopy (STEM, Z-contrast) mode with an
electron probe size of 0.2 nm. TEM samples were prepared by
placing the crushed porous particles on holey-carbon films sup-
ported on Cu grids. The cross-sectioned alumina- and titania-coated
porous particles were investigated using a JEOL JSM-7401F field
emission scanning electron microscope (FESEM) equipped with
an EDAXS detector unit for elemental analysis while imaging.
Specimens were prepared by cutting the coated particles using a
Super Gillette blue blade. At least three spots of two different
particles were analyzed per sample for TEM and FESEM analysis.

2.3. Hydroxyapatite Formation. In vitro bioactivity studies
of the composite particles were assessed by immersion in
simulated body fluid (SBF) for different periods of time. The
uncoated and alumina (25 cycles) and titania (50 cycles) ALD
surface modified PS-DVB particles were incubated in SBF at 37
°C. The SBF was prepared by dissolving reagent grade NaCl,
NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, and Na2SO4

in deionized water and buffering at a pH value of 7.3 with
tris(hydroxymethyl)aminomethane ((CH2OH)3CNH2) and hy-
drochloric acid (HCl) (27). All of the aforementioned chemicals
were obtained from Sigma Aldrich. The ion concentrations were
nearly equal to those of human blood plasma (27). The SBF
solution was changed every 2-3 days. After incubation at 37
°C for different periods of time, polymer particles were re-
moved from the SBF, rinsed gently with deionized water twice,
and vacuum-dried overnight. There is one duplicate run for
some of the HA formation experiments. At least three spots of
two particles of each sample were analyzed by FESEM and EDS
to verify the deposition of HA on the particle surface. Powder
X-ray diffraction (XRD) spectra were obtained using an Inel CPS
120 diffraction system (Cu KR radiation).

2.4. Cell Adhesion. The uncoated and alumina- and titania-
coated porous particles were soaked in cell growth media for 3
days (two media changes per day) prior to exposing to a cell
suspension of NIH/3T3 fibroblast cells to remove the possible
cytotoxic byproducts, such as trace residue of HCl on titania ALD
films. Using a six-well culture dish, approximately 45 mg of
particles was placed into each well with 3 mL of cell growth
media with 3.3 × 105 cells/mL. The cell suspensions were
incubated at 37 °C for 3 h, the media was aspirated, and
particles were washed gently two times in phosphate-buffered
saline (PBS). Live cells attached to the particles were visualized
by a live cell cytoplasmic stain, Calcein AM (Molecular Probes),
at a concentration of 2 µmol/L in PBS for 30 min at 37 °C.
Particles were gently rinsed two times with PBS and imaged
using laser scanning confocal microscopy (Zeiss, LSM5 Pascal).

3. RESULTS AND DISCUSSION
3.1. Conformal ALD Coatings. The alumina- and

titania-coated porous polymer particles were analyzed using

FIGURE 1. (a) Z-contrast image of crushed Al2O3-coated porous polymer particles after 25 cycles and EDS spectra of (b) the polymer substrate
and (c) the Al2O3 ALD film.
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atomic resolution Z-contrast imaging. Because of the differ-
ence in the atomic weight of the ALD films and polymer,
Z-contrast imaging is ideal to observe the degree and quality
of ALD films deposited on polymer surfaces. A representa-
tive Z-contrast image of the alumina-coated polymer par-
ticles after 25 coating cycles is shown in Figure 1. The
regions with a brighter contrast (i.e., regions with heavier
Z) in Figure 1a were determined to be mostly alumina by
elemental nanoanalysis using energy dispersive spectrom-
etry (EDS), as shown in Figure 1b,c. The alumina films
appeared to be uniform and smooth. On the basis of STEM
images, the thickness of the alumina films was ∼8 nm,
which represented a growth rate of ∼0.3 nm per coating
cycle under the experimental conditions. These results were
consistent with those previously obtained (13). A represen-
tative Z-contrast image of the titania-coated polymer par-
ticles after 50 coating cycles is shown, along with the
respective EDS plots, in Figure 2. The titania films also
exhibited the smoothness and uniformity characteristic of

ALD processes. On the basis of STEM images, the thickness
of the titania films was ∼3 nm, which represented a growth
rate of ∼0.06 nm per coating cycle and compared well with
literature values (25). The STEM images confirmed the
presence of the conformal ceramic films throughout the
porous structure, which indicated that ceramic films could
be grown on the internal and external polymer particle
surfaces using this gas-phase deposition technique.

The deposition of alumina and titania films inside the
porous network was further investigated using the FESEM
with EDS measurements on cross-sectioned samples. The
presence of titanium throughout the inner surface of the
porous particles was verified by tracking the titanium EDS
mapping signal, shown in Figure 3. An aluminum EDS
mapping signal also illustrated the presence of aluminum
throughout the cross-sectioned alumina coated porous poly-
mer sample (data not shown). Therefore, the precursors that
were used for alumina and titania film growth were able to
infiltrate the porous network to allow for the facile formation

FIGURE 2. (a) Z-contrast image of crushed TiO2-coated porous polymer particles after 50 cycles and EDS spectra of (b) the polymer substrate
and (c) the TiO2 ALD film.

FIGURE 3. Cross-sectional FESEM and EDS images of a TiO2-coated porous polymer particle: (a) FESEM image of cross-sectioned surface of a
TiO2-coated porous polymer particle after 50 cycles and (b) titanium EDS signal of the same cross-sectioned surface.
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of chemisorbed ceramic materials, distributed homoge-
neously across the polymer surfaces.

Alumina and titania ALD on this porous polymer resulted
in conformal coatings on the pore walls, since ALD reaction
is self-limiting and self-terminating, and the growth rate is a
constant per AB cycle (13). The ultrathin alumina or titania
films can provide for modifying the surface properties of
porous polymer while keeping its porous structure property
unchanged. On the basis of the Brunauer-Emmett-Teller
(BET) surface area measurement, the surface area of the
alumina-coated particles decreased with the increasing ALD
coating cycles. For example, the particle surface area was
19.4 m2/g after 25 cycles (43.5 m2/g for uncoated sample)
(13), which means some nanoscale pores (< 15 nm) were
inaccessible with the increasing coating cycles.

3.2. Hydroxyapatite Formation. To examine the
ability of the ceramic-coated polymers to nucleate and
deposit HA on the material surface in vitro, the uncoated and
the ceramic-coated samples were soaked in SBF for different
periods of time. This process is known in the literature as a
“biomimetic process” (28). The samples were characterized
after immersion in SBF for 1-2 weeks. FESEM examination
of all tested samples indicated changes in the appearance
and morphology (microstructure) of the materials after
incubation in SBF. Figure 4 shows the FESEM images of the
Al2O3-coated porous polymer samples before and after
incubation in SBF at 37 °C. In comparison to Figure 4a, after
1 week, the surface of the polymer substrate was roughened
and several small, individual HA particles (Figure 4b) were
formed. After 2 weeks (Figure 4c), the amount of HA present
on the substrate surface was greatly increased. Moreover,
nanoscale HA particles were homogeneously dispersed and
formed a fairly dense coating on the substrate surface. The
substrate surface appeared considerably rougher compared
to the surface before HA formation. In order to verify the
composition of the HA, EDS was performed to analyze the
composition of the particular matter formed on the substrate
surface. The EDS spectrum (Figure 4d) confirmed that a
considerable amount of calcium (Ca) and phosphorus (P) was
present on the roughened surface, in relative amounts that
are typical of HA compositions.

Figure 5 shows the FESEM images of the TiO2-coated
polymer substrate surfaces before and after incubation in
SBF at 37 °C. In comparison to Figure 5a, after 1 week, the
surface of the polymer became rough and some small
particles were formed, which again indicated the formation
of HA. After 2 weeks (Figure 5c), the amount of HA greatly
increased. The homogeneous distribution of nanoscale HA
particles can be seen in Figure 5c. Similar to the Al2O3-coated
case, the EDS spectrum of the TiO2-coated surface (Figure
5d) confirmed the presence of a considerable amount of Ca
and P. The trace amount of chlorine (Cl) present was due to
the residue from the low-temperature TiO2 ALD process. The
grain size of HA formed on the TiO2-coated porous polymer
surface was much larger than the size of those formed on
the Al2O3-coated polymer surface, which may suggest that

FIGURE 4. FESEM images of an alumina-coated polymer particle (a)
before and (b, c) after incubation in SBF at 37 °C for (b) 1 week and
(c) 2 weeks and (d) EDS spectrum of an alumina-coated polymer
particle after incubation in SBF for 2 weeks.
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FIGURE 6. FESEM images of an uncoated porous polymer particle
(a) before and (b, c) after incubation in SBF at 37 °C for (b) 1 week
and (c) 2 weeks and (d) EDS spectrum of an uncoated porous
polymer particle after incubation in SBF for 2 weeks.

FIGURE 5. FESEM images of a titania-coated polymer particle (a)
before and (b, c) after incubation in SBF at 37 °C for (b) 1 week and
(c) 2 weeks and (d) EDS spectrum of a titania-coated polymer particle
after incubation in SBF for 2 weeks.
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the growth rate of HA on TiO2 films could proceed much
faster. However, the reason for this higher growth rate is not
clear.

For comparison, the FESEM images of uncoated polymer
before and after incubation in SBF at 37 °C are shown in
Figure 6. In comparison to the FESEM image of the polymer
surface before incubation in SBF (Figure 6a), Figure 6b,c
revealed some evidence of HA formation over the incubation
time, but a homogeneous distribution of HA was not ob-
served. This observation was confirmed by EDS analysis
(Figure 6d) of the composition of the polymer surface after

incubation in SBF for 2 weeks, but there was only a trace
amount of Ca and P present. Ultimately, these results
confirmed that the uncoated polymer could achieve only low
HA growth rates. Hence, it is particularly compelling that
biocompatible surfaces can be formed on PS-DVB with Al2O3

and TiO2 ALD films. Such coatings are particularly attractive
for use with more conventionally used porous biocompatible
polymers.

Figure 7 shows powder XRD patterns of the uncoated and
alumina-coated (25 cycles) PS-DVB samples after incubation
in SBF solution for 2 weeks. The XRD patterns further
verified that the films formed on polymer substrate surfaces
were HA. The XRD signal of the HA formed on the alumina-
coated particle surface was stronger than that of the HA
formed on the uncoated particle surface, especially for the
peak at 51.6°, which corroborated the results observed from
FESEM and EDS.

Theoretically, as long as the pores in the polymer sub-
strate are larger than the diameter of the ions in the solution,
the ions can diffuse into the pores and form a layer of HA,
as was observed on the polymer surfaces. To ensure the
formation of HA inside the porous structure, as well as the
distribution and morphology of adhered HA, cross-sectioned
alumina-coated particles were characterized by FESEM and
EDS measurements. As shown in Figure 8, the phosphorus
and calcium EDS mapping signal illustrated the presence of
HA throughout the inner surface of the porous polymer.
Therefore, HA was formed not only on the outside surface
of the porous polymer but also throughout the inside of the
pores of the porous polymer.

FIGURE 7. XRD spectra of (a) uncoated and (b) 25 cycle alumina-coated
PS-DVB particles after incubation in SBF at 37 °C for 2 weeks.

FIGURE 8. FESEM image of cross-sectioned surface of an alumina-coated polymer particle after incubation in SBF at 37 °C for 2 weeks and
Al, P, and Ca EDS signals of the same cross-sectioned surface.
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This set of experiments indicated that the deposition of
ultrathin (∼3-8 nm) alumina and titania ALD films can
efficiently promote the formation of HA in SBF. The forma-
tion mechanism of HA on the surface of different substrates
has been examined by different research groups. Li et al.
proposed the “charged surface” theory and hypothesized
that the hydroxyl groups on the surface, which caused the
surface to be negatively charged, were critical for HA
nucleation on the surfaces in SBF (12). Takadama et al.
investigated the mechanism of biomineralization of HA on
sodium silicate glass using TEM-EDX and also proposed that
the formation of HA on the surface of sodium silicate glass
was mainly attributed to the charged surface (29, 30). The
formation of a negatively charged surface is generally re-
garded to be important to allow for the precipitation of HA
in SBF.

Both Al2O3 and TiO2 are able to absorb water at the
surface, resulting in aluminum hydroxide (Al-OH) and
titanium hydroxide (Ti-OH) groups. In the buffered and
neutral supersaturated SBF solution (pH 7.3), both Al-OH
and Ti-OH groups dissociate, leading to a negatively charged
surface that provides sites for calcium phosphate nucleation.
The calcium ions in the SBF solution are attracted to the
negatively charged surface site, and subsequently the arrival
of HPO4

2- results in a hydrated precursor cluster consisting
of calcium hydrogen phosphate. After the precursor clusters
are formed, they spontaneously grow by consuming calcium
and phosphate ions from the surrounding body fluid. The
significant increase in HA formation on the ALD-coated
polymer surface indicated the improved bioactivity of the
substrate relative to the uncoated case.

3.3. Cell Adhesion on Porous Particles. The
potential of the uncoated and ceramic-coated porous par-
ticles to promote cell attachment and spreading was as-
sessed using a model cell, NIH/3T3 fibroblasts. Particles were
washed multiple times to remove the potential cytotoxic
byproducts before the test. Figure 9a shows NIH/3T3 cell
attachment to the surface of an alumina-coated porous
particle after 3 h. A small degree of cell spreading along the
surface of the particle was observed. The cell morphology
was similar to that of cells seeded onto tissue culture treated
polystyrene and cultured for 3 h (data not shown). Figure
9b shows a section from a Z-stack through an alumina-
coated particle (10 µm thick) to illustrate the cell presence
and morphology at the outer surface of the particle. Due to
the small pore size of the particles, cells were only present
on the surface of the particles. Similar cell densities and
morphologies were seen on both the uncoated and titania-
coated porous polymers (data not shown), indicating that
ALD ceramic film surfaces promote cellular attachment and
growth. Though both uncoated and ceramic-coated porous
particles supported cell attachment and spreading, the ability
to create surfaces that both promote cell adhesion and HA
formation is attractive for designing a biomaterial for bone
regeneration, which is only observed in the ceramic-coated
substrates.

4. CONCLUSIONS
Ultrathin alumina and titania films were deposited

throughout highly porous PS-DVB particles by ALD in a
fluidized bed reactor at low temperatures. Analytical char-
acterization revealed that conformal alumina and titania
films were grown on the internal and external polymer
particle surfaces. The improved bioactivity of the polymer
substrates was revealed on the basis of the formation of
hydroxyapatite in SBF, which was confirmed by FESEM-EDS.
The accelerated formation of HA on the ALD-modified
polymer surface was caused by the negatively charged
surface provided by the ultrathin ceramic interface. The
potential for ALD films to support cell attachment was
demonstrated. However, additional studies are necessary to
assess the biocompatibility of the ALD films.

FIGURE 9. Fluorescent confocal laser scanning microscopy images
of (a) NIH/3T3 fibroblasts (green) adhered to an alumina-coated
porous polymer particle after 3 h and (b) a 10 µm slice through an
alumina-coated porous polymer particle illustrating fibroblast adhe-
sion to the particle surface. Cell cytosol was stained with Calcein
AM.
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The impetus behind this study was to demonstrate a
convenient and universal surface treatment strategy for
modifying the surface properties of porous polymer materi-
als and thus a method to promote the bioactivity and cell
adhesion of the polymer substrate. Surface modification of
porous polymers with ultrathin ceramic ALD films provides
a new class of polymer/ceramic composite materials with
potentially greater material strength and enhanced bioac-
tivity for tissue regeneration. Future work will focus on the
deposition of ceramic films on more appropriate porous
scaffolds which are being used in bone tissue engineering,
such as poly(lactic acid), poly(lactide-co-glycolide) and poly(2-
hydroxyethyl methacrylate).
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