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TABLE . Oli Primer S in Real-Time RT-PCR
Target cDNA Primer Sequence (5'-3') T (°C) Length (bp) GenBank Accession Numbers
Coll F TGCTGGACGTCCTGGTGAAG 64.8 20 NM 007742
R ACGTTGTCCAGCAATACCCTGAG 64.6 23
OPN P TACGACCATGAGATTGGCAGTGA 65.0 23 NM 009263
R TATAGGATCTGGGTGCAGGCTGTAA 65.0 25
GAPDH F TGTGTCCGTCGTGGATCTGA 63.8 20 NM 001001303
R TTGCTGTTGAAGTCGCAGGAG 63.9 21
Giem: staining. For Giemsa's staining, the medium was  Alkaline ph hatase activity

aspirated from the wells, and the cells were rinsed with a
PBS(—) solution. The cells were fixed with 4% formalin.
Then, the cells were rinsed with ultrapure water. They were
then stained with a 10% Giemsa’s solution (Merck KGaA) at
room temperature for 15 min. The cells were repeatedly
rinsed with ultrapure water after immersion in the Giemsa's

solution. On the other hand, the cells on the sputter-depos-
ited Ti and PS dish were observed using a phase-contrast
microscope without any treatments.

In addition, MC3T3-E1 cells cultured for 3 days on each
retrieved by trypsinization. They
counted on a hematocytometer with the trypan blue stain-

specimen were were
ing. Three specimens were used under the same experimen-
tal condition. The data were analyzed by the Student’s two-
tailed t-test.

15.0kV 10.0mm x1.00k

Alkaline phosphatase (ALP) activity of the MC3T3-E1 cells
differentiation-induced on each specimen was evaluated by
staining after 0, 3, 5, 7, 10, 14, and 21 days from differentia-
tion induction. The medium was aspirated from the wells,
and the cells were rinsed with a PBS(—) solution before
staining. The cells were fixed with 4% formalin and then
rinsed with ultrapure water. After fixation, the cells on each
specimen were stained using an AP Conjugate Substrate Kit
(Bio-Rad Laboratories, Hercules, CA) following standard pro-
cedures. Three specimens were used under the same experi-
mental condition for all differentiation terms.

Gene expression analysis
The total RNA of MC3T3-E1 cells differentiation-induced for
10 days on each specimen was isolated using a TRIzol®

FIGURE 1. Scanning electron micrographs of (a, b) mirror-polished bulk and (c, d) sputter-deposited Ti specimens. The sputter deposition was car

ried out on the cover glasses. Higher-magnification pictures of (a, c): Scale by
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ar: 50 um; and lower-magnification pictures of (b, d): Scale bar: 5 um.



FIGURE 2. Scanning probe micrographs of (a) mirror-polished bulk
and (b) sputter i Ti The sputter iti was
carried out on the cover glasses.

reagent (Invitrogen, Carlsbad, CA) following standard proce-
dures. For real-time PCR analysis, total RNA was reverse-tran-
scribed with a PrimeScript™ RT reagent kit (Takara Bio,
Shiga, Japan) following standard procedures. Synthesized
¢DNA was amplified by real-time PCR on an ABI 7300 Prism
real-time PCR instrument (Applied Biosystems, Foster City,
CA) using SYBR® Premix Ex Tag™ (Takara Bio) following
standard procedures. Primers for PCR were Type I collagen
(Coll), osteopontin (OPN), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Table I). The housekeeping gene of
GAPDH was used as an internal control in the reactions. This
analysis was carried out using the total RNA extracted from
cells differentiation-induced on one specimen under the same
condition and repeated three times. The obtained data were
analyzed by the comparative Ct method (2% method).?
The data were analyzed by the Student’s two-tailed ¢-test.

RESULTS

Surface observation

The scanning electron micrographs and scanning probe
micrographs of the surfaces on the bulk and sputter-depos-
ited Ti are shown in Figures 1 and 2. In addition, the pa-
rameters of surface roughness determined with SPM image
data, i.e, the values of R,, Ry, Ry, and S ratio, were summar-
ized in Table II. The surface was randomly observed on
cach specimen. From the SEM and SPM images, the surfaces
of both specimens were sufficiently smooth. In addition,
there was no significant difference in the surface roughness
on each specimen. However, the standard deviation (SD) of
the R, Ry, and R, values on the sputter-deposited Ti were
significantly smaller than those on the bulk Ti. The surface
on the sputter-deposited Ti was more uniform than that on
the bulk Ti, while both surfaces were smooth.

Surface characterization

XPS spectra of binding energy regions of Ti 2p, O 1s, N 1s,
and C 1s were obtained from both specimens. Contaminant
carbon is detected from XPS as usual. Therefore, no extra
contamination was detected in this study. The XPS spectra
of Ti 2p and O 1s regions of the bulk and sputter-deposited
Ti were shown in Figure 3. The Ti 2p spectra of both the
bulk and sputter-deposited Ti gave four peaks according to
valence, Ti’, Ti’', Ti*", and Ti*'; the O 1s spectra of both
specimens gave three peaks, 0?7, OH™, and H,0.*° The frac-
tional parts of each element were summerelized in Tables
[l and IV. Titanium existed as metallic and oxide states in a
detectable depth with XPS. Therefore, the surface oxide
films on both specimens were very thin because the metallic
states, Ti’, were detected through the surface oxide films. In
addition, the thickness of oxide film on the sputter-depos-
ited Ti was smaller than that on the bulk Ti because the
proportion of the integrated intensity of Ti’ on the sputter-
deposited Ti was larger than that on the bulk Ti. On the
other hand, the surface oxide film on each specimen mainly
consisted of TiO, with small amounts of TiO and Ti;03. The
oxide films contained hydroxide, hydroxyl groups, and water.
However, the proportions of TiO and Ti,O3 in the surface
oxide film on the sputter-deposited Ti were larger than
those on the bulk Ti, because the proportions of the inte-
grated intensities of Ti** and Ti** on the sputter-deposited
Ti were larger than those on the bulk Ti.

Cell attachment and number

The morphology of cells cultured on each specimen for 3
days after seeding is shown in Figure 4. The cells were
adhered and extended well on each specimen. No significant
difference in cell attachment status and morphology was
observed.

TABLE II. Roughness Parameters of Bulk and Sputter-deposited Titanium Surfaces

R, (nm) Ry (nm) Rq (nm) S ratio
Bulk Ti 1.853 = 0.873 28.01 = 10.63 2561 + 1.119 1.011 = 0.004
Sputter-deposited Ti 1.347 + 0.026 13.69 = 0.84 1.711 = 0.034 1.018 = 0.009

The data are the mean *+ SD; n — 3
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FIGURE 3. XPS spectra of Ti 2p and O 1s regions obtained from (a) bulk Ti and (b) sputter-deposited Ti and their component peaks.

The number of cells cultured on each specimen for 3
days after seeding is shown in Figure 5. There was no sig-
nificant difference in the cell numbers among all specimens.
In this study, the living cells were counted on the hematocy-
tometer with trypan blue staining. The trypan blue solution
stains the dead cells but not the living ones. There were
few dead cells, indicating that not all specimens showed cy-
totoxicity. It is well known that titanium is safe for use as a
biomedical material.

ALP activity

The time transient pictures by ALP activity staining on each
specimen are shown in Figure 6. In this staining, the ALP-
positive cells were stained. The ALP activities increased in
all specimens from the beginning of differentiation induction.
It is known that the ALP activity of MC3T3-E1 cells increases
after differentiation induction, then decreases once at the be-
ginning of cell mineralization, and then increases once
again.® In addition, it is demonstrated that the ALP activity
did not directly concern with the osteoblast calcification.”
Therefore, the time of the maximum activity differentiation-
induced on each specimen was focused in this study. The
time showing maximum ALP activity on the bulk Ti and PS
dish seemed to be recorded at around 10 days. On the other
hand, the time on the sputter-deposited Ti seemed to be re-
tarded, being recorded at around 14 days. Therefore, it was
suggested that the ALP activity on the bulk Ti was superior
to that on the sputter-deposited Ti.

TABLE IIl. Fractional Parts of Ti°, Ti?*, Ti*", and Ti*" on Bulk
and Sputter-deposited Titanium Surfaces

Gene expression analysis by real-time RT-PCR

The expression levels of Coll and OPN genes differentiation-
induced on each specimen for 10 days are shown in Figures 7
and 8, respectively. All data were normalized to GAPDH
housekeeping gene. The relative strength of Coll mRNA on
each specimen was as follows: Bulk Ti; 0.590 0.150,
sputter-deposited Ti; 0.942 * 0.124, and PS dish; 0.801
+ 0.076. The relative strength of OPN mRNA on each
specimen was as follows: Bulk Ti; 1.754 * 0.241, sputter-
deposited Ti; 1.121 + 0.203, and PS dish; 1.400 = 0.158,
The expression level of Coll on the sputter-deposited Ti
was higher than that on the bulk Ti. The bone matrix
consists mainly of Coll, which is secreted by osteoblasts
and is assembled in the matrix macromolecular structures
that give tensile strength and act as a scaffold for miner-
alization. Coll increases during the early stages of differ-
entiation.®'* On the other hand, the expression level of
OPN on the bulk Ti was significantly higher than that on
the sputter-deposited Ti. OPN is a phosphoprotein which
is found in the bone extracellular matrix."*'* This marker

is upregulated later than Coll in osteoblast differentia-
8-11

tion. These results indicate that bone differentiation
was faster on the bulk Ti than on the sputter-deposited
Ti.

DISCUSSION

In this study, all specimens were autoclaved with RO water
and the autoclave apparatus whose chamber was carefully

TABLE IV. Fractional Parts of 0 , OH , and H,0 on Bulk and
Sputter-deposited Titanium Surfaces

Ti® Ti?! Ti®! Ti% g* OH H,0
Bulk Ti 0.07 0.05 0.12 0.76 Bulk Ti 0.57 0.30 0.13
sputter-deposited Ti 0.21 0.20 0.19 0.40 Sputter-deposited Ti 0.59 0.35 0.06
JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | AUG 2010 VOL 94A, ISSUE 2 615



FIGURE 4. MC3T3-E1 cell morphologies cultured for 3 days on {a) mirror-polished bulk Ti, (b} sputter-deposited Ti, and (c} PS dish. The cells on
(a) were stained with Giemsa’s solution, and the cells on (b, ¢) did not undergo any treatments. Optical micrograph of (a) and phase-contrast

micrographs of (b, ¢). Scale bar: 200 ym.

cleaned with ethanol. It was demonstrated that no contami-
nation was added to titanium surface by the same autoclav-
ing process as this slud_v,l§ Therefore, the autoclaving pro-
cess did not affect to the differentiation of osteoblastic cells.

From the ALP activity staining and gene expression anal-
ysis, the osteogenesis in MC3T3-E1 cells differentiation-
induced on the bulk Ti was faster than that on the sputter-
deposited Ti. As described in the “Introduction” section, the
bulk Ti has a crystal structure, but the sputter-deposited Ti
has an amorphous structure. Titanium is passivated by
forming a thin oxide film on its surface. Defects reflected by
the composition of titanium, such as grain boundaries and
compositional segregations, exist in the surface oxide film
on the bulk Ti. On the other hand, the oxide film on the
sputter-deposited Ti is more uniform than that on the bulk
i because it does not present any grain boundaries. There-
fore, the condition of the surface oxide film is different
between the bulk and sputter-deposited Ti. This difference
may affect the bone differentiation properties of osteogenic
cells: The cells adhered on each specimen may undergo dif-
ferent effects from each surface.

From the XPS analysis, the thickness of surface oxide
film on the sputter-deposited Ti was smaller than that on
the bulk Ti. In addition, the compositions of surface oxide
films on the bulk and sputter-deposited Ti were different
each other: The proportions of TiO and Ti;0O5 in the surface
oxide film on sputter-deposited Ti were larger than those
on the bulk Ti. Cellular function is influenced by the confor-

mational changes of proteins adsorbed on the material
surfaces. The electrostatic force of a solid material influen-
ces the change in the conformation of the proteins adsorbed
on the material.'® The electrostatic force is determined by
the relative permittivity of the surface oxide film. The rela-
tive permittivity of TiO, (86-170) is similar to that of H,0
(80.1).)7 On the other hand, that of Ti,05 is 30 that is much
smaller than the aforementioned values. The surface oxide
film on the bulk Ti consist of mainly TiO, containing small
amount of TiO and Ti,05, while that on the sputter-depos-
ited Ti contains large amounts of TiO and Ti,03. Therefore,
the electrostatic force of the bulk Ti is smaller than that of
the sputter-deposited Ti; the conformational changes of pro-
teins adsorbed on the bulk Ti is smaller than that on the
sputter-deposited Ti. This difference may influence that the
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differentiation properties of MC3T3-E1 cells on the bulk Ti
was superior to those on the sputter-deposited Ti.

From the SEM and SPM observations, the surfaces on
both the bulk and sputter-deposited Ti were smooth (Figs. 1
and 2). In addition, there were no significant differences
in any roughness parameters between the bulk and sput-
ter-deposited Ti. However, the SD of the R, R, and Ry
values on the bulk Ti were much larger than those on
the sputter-deposited Ti. The sputter-deposited Ti was
prepared by the sputter deposition technique, and tita-
nium physically adsorbed on the smooth cover
glasses at an atomic level; on the other hand, the bulk Ti
was prepared by mirror-polishing using abrasives, and the
surface was physically polished. Therefore, some asperities
at the nanometer level, attributed to the polishing, were

was

Number of cells (x104 cells cm2)

FIGURE 5. Number of MC3T3-E1 cells cultured for 3 days on mirror-
polished bulk Ti, sputter-deposited Ti, and PS dish. Cells were
counted using a hematocytometer with trypan blue staining after tryp-
sinization. The data are the mean + SD; n — 3. There was no signifi-
cant difference among all specimens; p > 0.05.

BONE DIFFERENTIATION PROPERTIES OF MC3T3-E1 CELLS
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FIGURE 6. Time course of ALP activity stained MC3T3-E1 cells on {a) mirror-polished bulk Ti, (b) sputter-deposited Ti, and (c) PS dish. The ALP-
positive cells were stained. Optical micrographs of {a) and phase-contrast micrographs of (b, ¢). Scale bar: 400 ym

present on the bulk Ti. Furthermore, some impurities,
such as abrasives, were also present on it. From the SPM
image of the bulk Ti, some projections in the scale of a
nanometers were impurities

may have been the result of polishing. Although the bulk

few dozen observed. These
Ti was sufficiently rinsed by ultrasonication in acetone, it
was difficult to completely remove all contaminants from
the surface. Therefore, the surface roughness on the bulk
Ti was partially large at the nanometer level because of
some asperities and abrasives, while the surface on the
sputter-deposited Ti was sufficiently smooth and clean. It

is well known that the titanium surface condition and
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FIGURE 7. Coll gene expression analysis of MC3T3-E1 cells differ
entiation-induced for 10 days on mirror-polished bulk Ti, sputter-
deposited Ti, and PS dish. The data were normalized to the
GAPDH housekeeping gene. The data are the mean * SD; n = 3;
*p < 0.05.
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roughness affect the osteoblastic behavior. The number of
human osteoblastic cells that proliferated on the smooth
titanium was lower than that on the rough titanium. In
addition, the and
TGF-f on the rough titanjum was comparatively higher

expression of ALP, prostaglandin E,,
than that on the smooth titanium in vitro."®'? Coll and
osteocalcin expression were also enhanced.?® Furthermore,
the osteoblast adhesion increased on nanophase titanium,
Ti-6Al-4V, and Co-Cr-Mo.?! However, no significant differ-
ences were observed in the proliferative rates of osteo-
blasts cultured on sandblasted and grooved (600 grit)
commercially pure titanium and the tissue-culture-treated

25

e

05

Relative strength of OPN mRNA
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FIGURE 8. OPN gene expression analysis of MC3T3-E1 cells differen
tiation-induced for 10 days on mirror-polished bulk Ti, sputter-depos

ited Ti, and PS dish. The data were normalized to the GAPDH
housekeeping gene. The data are the mean = SD; n = 3;
*p < 0.01
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plastic dish.?? In this study, no significant differences in
the numbers of attached cells among three experimental
lines were observed, while the bone differentiation prop-
erties were greater on the bulk Ti than on the sputter-de-
posited Ti. Therefore, the bone differentiation properties
in osteogenic cells may not correlate with the cell prolif-
eration. On the other hand, the tiny differences in the
surface conditions between the bulk Ti and the sputter-
deposited Ti influence the osteogenic differentiation prop-
erties. It is important to understand the surface condi-
tions of materials that are used for cell culture tests.

CONCLUSIONS

There were no significant differences in the cell morphology
and attached number of MC3T3-E1 cells cultured on the
bulk and sputter-deposited Ti for 3 days. After differentia-
tion induction, the time showing maximum activity in the
ALP on the bulk Ti was superior to those on the sputter-de-
posited Ti. Furthermore, the cells on the bulk Ti were also
better than those on the sputter-deposited Ti in the gene
expression analysis. There was no significant difference in
the surface roughness between the bulk and sputter-depos-
ited Ti. However, the surface of the sputter-deposited Ti
was more uniform and cleaner than that of the bulk Ti. On
the other hand, the thickness of surface oxide film on the
sputter-deposited Ti was smaller than that on the bulk Ti.
Moreover, the composition of the oxide film was also differ-
ent: The proportions of TiO and Ti 03 in the surface oxide
film on the sputter-deposited Ti were larger than those on
the bulk Ti. These differences might influence the differen-
tiation of MC3T3-E1 cells.
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Abstract: Protein-resistant coatings have been studied for in-
hibiting biofilm formation on implant devices. In this study, ti-
tanium (Ti) surfaces were biofunctionalized with poly(ethylene
glycol) (PEG) by electrodeposition and were evaluated as bio-
film substrates under an oral simulated environment. Strepto-
coccus gordonii, an early colonizer of oral biofilms, was
inoculated on Ti and PEG-electrodeposited Ti (PEG-Ti) surfaces
and was analyzed quantitatively and topographically. Strepto-
coccus mutans supplemented with sucrose, a late colonizer
mainly found in dental plaque, was also used to form biofilms
on the surfaces of Ti and PEG-Ti for 20 h followed by sonica-
tion as a means of detaching the biofilms. The results indicated
that the attachment of S. gordonii on PEG-Ti surfaces was
inhibited compared with Ti, and the S. mutans biofilm was eas-

ier to be detached from the surface of PEG-Ti than that of Ti.
Moreover, the presence of PEG electrodeposited on Ti surface
inhibited salivary protein adsorption. The degree of detach-
ment of biofilms from PEG-Ti was associated with the inhibi-
tion of the salivary protein adsorption, suggesting weak basal
attachment of the biofilms to the electrodeposited surfaces.
Therefore, controlling protein adsorption at the initial stage of
biofilm formation may be an effective strategy to protect metal
surfaces from bacterial contamination not only in dental
manipulations but also in orthopedic applications. © 2010 Wiley
Periodicals, Inc. J Biomed Mater Res Part A: 95A: 1105-1113, 2010.

Key Words: titanium, poly(ethylene glycol), surface treatment,
protein adsorption, bacterial adhesion, biofilm

INTRODUCTION
Some odontopathologies are caused by interactions between
the implant or restorative materials and bacteria in the oral
cavity. In the case of dental implants, the bacteria may enter
into postoperative implanted sites, causing infections such
as peri-implantal diseases."” These infections are important
issue not only in dental manipulations but also in orthope-
dic applications such as spinal fixations devices.* The risk of
infections caused by resistant pathogens such as methicillin-
resistant  Staphylococcus aureus is particularly high in
patients with hip prosthesis, implanted spinal, or vascular
devices.™®

In recent years, biofilm formation as well as simple bac-
terial adhesion onto implanted metal surfaces has been con-
sidered major routes of infection in the oral cavity. Biofilm
formation is a multifactorial complicated process, occasion-
ally referred to as a two-step process requiring initial bacte-
rial adhesion to the surface followed by the bacteria-bacte-
ria intercommunication leading to the formation of multiple
layers of bacteria.” In addition, glucans and fructans are the

major extracellular polysaccharides produced by oral strep-
tococci, serving as reserves of energy and enabling the cells
to adhere to the tooth surface. Streptococcus mutans colo-
nize the tooth surface via both sucrose-dependent and inde-
pendent mechanisms.” In the presence of sucrose, the gluco-
syltransferase enzymes produce water-insoluble glucan
(WIG) polymers encoded by the products of the gt/B and
gtfC genes, which play key roles in adhesion and accumula-
tion (formation) of biofilms.” Once biofilms have formed, it
becomes very difficult to eliminate the glucan-embedded
pathogens because the bacteria in the interior of the biofilm
remain protected from disinfectants and even from strong
antibiotics. Therefore, a bacterial attachment-resistant sur-
face or a surface that would allow the removal of biofilms
with disinfectants or by applied physical forces (sonication,
ete.) is required for maximally efficient biomaterials.

The most common strategy to prevent the formation of
biofilms on metallic devices is to polish the metal surface
because roughening of material surface is known to enhance
bacterial adhesion because of the increase in the surface

Correspondence to: K. Matin; e-mail: matin.ope@tmd.ac.jp or T. Hanawa; e-mail: hanawa.met@tmd.ac.jp

©2010 WILEY PERIODICALS, INC.
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area and the formation of pockets for harboring bacte-
ria.'®'" Coating titanium (Ti) with nitrogen or silver (Ag)
ions has also been investigated. Ti nitride coatings minimize
the adhesion of S. mutans and Pseudomonas aeruginosa.'*
Ag nitrated coatings have also been studied for years
because Ag ion is known to exhibit antibacterial proper-
ties.' Stainless steel pins coated with Ag have been found
to decrease the adhesion and colonization of S. aureus,
Staphylococcus  epidermidis, and P. aeruginosa around the
coated implant."*'® However, there are also reports that Ag
is toxic to host cells, causing severe toxic reactions.'®!” Pro-
tein-resistant coatings are considered to be most useful for
the inhibition of the biofilm formation because protein
adsorption usually initiates this process on implant surfaces.

Recently, the immobilization of functional molecules or
biomolecules on the metal surfaces has become popular to
create protein-resistant surfaces. Immobilization of poly(eth-
ylene glycol) (PEG) on material surfaces is the preferred
strategy for inhibiting protein adsorption. Among methods
reported on the immobilization of PEG on metal surfaces,
graft copolymers of poly(i-lysine) and PEG (PLL-g-PEG)
have proven to be particularly effective for rendering metal
surfaces highly resistant to nonspecific protein adsorption.'®
However, this method includes multistage processes for the
synthesis of PLL-g-PEG and immobilization by immersion.
Therefore, a simple and universal immobilization technique
for all metals is necessary. In this study, we attempted to
immobilize PEG terminated with amines at both ends of the
polymer (NH2-PEG-NH;) onto metals by electrodeposition,
which is considered to be simple and universal for electro-
conductive materials and those with a complex morphology.
Previous studies reported electrodeposited surface inhibited
albumin adsorption and platelet adhesion,'®?® but the
behavior of electrodeposited PEG against bacterial adher-
ence and biofilm formation has not been examined.

The oral biofilm formation on materials (specifically den-
tal materials and oral biomaterials) has been currently stud-
ied in vitro by simulating the human oral environment,!%122
Evaluation of the PEG-electrodeposited Ti surface under an
oral simulated environment would certainly be helpful in
terms of obtaining data simply with minimization of possibly
confounding variable factors. Moreover, the role of dental bac-
terium on the biofilm formation followed by infections is
becoming increasingly clear relative to those of S. aureus or
S. epidermidis around orthopedic implant. Therefore, the pur-
pose of this study was to investigate dental bacterial adhesion
directly as well as biofilm formation on PEG-electrodeposited
Ti surfaces relative to untreated Ti in vitro.

MATERIALS AND METHODS

Specimen preparation and immobilization of PEG

by electrodeposition

A commercially pure titanium disk (Ti; 5 mm in diameter and
2 mm in thickness) of grade 2 (Rare Metallic Co., Inc,, Japan)
was mirror-polished (Tis) with silicon carbide paper (SiC),
9-um diamond suspension, and 0.04-um colloidal silica sus-
pension for surface characterization, biofilm formation, or sal-
ivary protein adsorption. Ti (Tig) polished with 800-SiC paper
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FIGURE 1. of PEG ition on pure Ti
surface. During cathodic polarization, NH,-PEG-NH, migrated to the
cathode Ti surface, where they were immobilized. The 2mass% NH,
PEG-NH; solution with 0.3 mol L=' NaCl solution was used as the
electrolyte.

after mirror-polishing for bacterial adhesion or biofilm forma-
tion was also prepared. A 99.99% Ag disk (5 mm in diameter
and 2 mm in thickness; Rare Metallic Co,, Inc,, Japan) was mir-
ror-polished (Ags) with SiC paper, 3-um diamond suspension,
and 0.05-pm colloidal alumina suspension for use as a nega-
tive control because Ag ion is known to exhibit antibacterial
properties. Furthermore, Ag polished with 800-SiC paper
(Agg) was also prepared. These disks were cleared of macro-
scopic contamination by sonication in acetone for 15 min,
dried with a stream of nitrogen (99.9%), and stored in a des-
iccator until immobilization with PEG.

The PEG molecules used in this study were characterized
by termination with NH, (NH,-PEG-NH,; MW = 1000,
PEG1000 Diamine, NOF Corp,, Japan) at both terminals of the
molecule. NH,-PEG-NH; was dissolved in 0.3 mol L™! NaCl
solution at a concentration of 2mass%. The resulting solution
was used as an electrolyte for electrodeposition at 310 K. The
open circuit potential of Ti relative to a saturated calomel
electrode (SCE) before electrodeposition was measured.
Thereafter, a cathodic potential was applied from the open
circuit potential with a constant sweep rate of —0.1 Vs~ and
maintained at —5.0 Vcg for 5 min. During cathodic polariza-
tion, NH,-PEG-NH, migrated to the cathodic Ti, where they
were immobilized as shown in Figure 1. After electrodeposi-
tion, each specimen was rinsed in deionized water and dried
under flowing nitrogen (99.9%).

Characterization of PEG layer immobilized on Ti by
X-ray photoelectron spectroscopy

The chemical bonding states existing in the PEG layer im-
mobilized by electrodeposition were characterized using
X-ray photoelectron spectroscopy (XPS) (SSX100, Surface
Science Instrument). For comparison, Tis electrodeposited
(=5.0 Vseg, 5 min) in 0.3 mol L™" NaCl solution without
NH2-PEG-NH, at 310 K was characterized. All binding
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FIGURE 2. (a) Schematic diagram of a chamber of the OBR. (b) Speci
mens fixed using a hydrophilic vinyl polysiloxane impression mate-
rial. (c) Biofilm formation on specimen surfaces that occurred in an
underwater environment. HI, heart infusion broth.

energies given in this article are relative to the Fermi level,
and all spectra were excited with the monochromatized Al
Kx line (1486.61 eV). The spectrometer was calibrated
against Au 4f;,, (84.07 eV) and Au 4f5,, (87.74 eV) of pure
gold and Cu 2p3/; (932.53 eV), Cu 2py,; (95235 eV), and a
Cu Auger L3MysMys line (918.65 eV) of pure Cu. The
energy values were based on published data.®® The take-off
angle for photoelectron detection was 35° from the surface
of the specimen. To estimate the photoelectron peak inten-
sities, the background was subtracted from the measured
spectrum according to Shirley’s method.**

Preparation of bacterial suspensions

Suspensions of S. gordonii ATCC10558 in phosphate-buf-
fered saline (PBS) at ODsgq = 0.1 and S. mutans MT8148 at
ODs5op = 2.0 were prepared from 16-h fresh cultures in
brain heart infusion broth (Becton Dickinson, Sparks, MD)
after washing two times with PBS. To assess initial bacterial
attachment, S. gordonii planktonic cell suspensions were
used. For biofilm formation-resistant studies, S. mutans was
used with a solution of heart infusion broth (Becton Dickin-
son) with sucrose (0.1% final concentration).

Specimen assembly and biofilm formation in the oral
biofilm reactor

As described previously, metal specimens were assembled
on the polytetrafluoroethylene holder of each oral biofilm
reactor (OBR) chamber [Fig. 2(a)] around a flat pH elec-
trode'®*"** and fixed horizontally using a hydrophilic vinyl
polysiloxane impression material (Exafine regular type, GC,
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Tokyo, Japan), as shown in Figure 2(b). As a result, the
upper surface of each specimen remained exposed (exposed
area — 19.6 mm?) for biofilm attachment. The two experi-
ments, (1) planktonic bacterial attachment without sucrose
using S. gordonii and (2) sucrose-dependent biofilm forma-
tion using S. mutans, were performed on two separate sets
of specimens. For S. mutans biofilm study, pooled sterile
human saliva was then poured onto the specimens followed
by incubation for 30 min to obtain a coat of salivary pellicle
on the specimens. All volunteers who generously provided
saliva were given informed consent on the experimental
protocol, which was approved by the Research Ethics Com-
mittee of Tokyo Medical and Dental University Faculty of
Dentistry.

The procedures in common were as follows: the holders
were placed on a silicon plug at the bottom of the chamber.
The top of the chamber was sealed with a silicon plug so
that the chamber itself in Figure 2(a) served as an incubator
with a 310 K internal temperature. The top silicon plug was
equipped with five stainless steel tubes (21 gauge), which
were separately connected to five silicon tubes to collect
bacterial suspensions and other solutions via computer-con-
trolled roller pumps (EYELA EPC-2000; Tokyo Rika, Tokyo,
Japan). S. gordonii suspension was dropped for 2 h onto the
center of the holder via one of the silicon tube to directly
observe planktonic bacterial attachment. For biofilm forma-
tion, one tube for the S. mutans suspension, two for heart
infusion broth with sucrose, and the other two for PBS were
used. All of these solutions were pumped into the chambers
at 6 mL h™' for 20 h. The solutions formed a water dome
on the surface of the holder, which was continuously stirred
by the falling drops, as shown in Figure 2(c). When the
water dome reached its maximum height, the mixture of
excess liquid overflowed from the edge of the holder. Two
chambers were used at the same time to confirm experi-
mental stability. During the experiment, the pH on the sur-
face of the holder continuously monitored and
recorded.

was

In situ quantification of attached bacterial cells

Attached S. gordonii cells on specimen surfaces were quanti-
fied after staining with LIVE/DEAD® BacLight™ Bacterial
Viability Kits (Molecular Probes; Invitrogen, Carlsbad, CA).
Immediately after removal from the OBR, the specimens
were rinsed with PBS, stained with BacLight, and inspected
using a fluorescence microscope (CKX41; Olympus, Tokyo,
Japan). The number of S. gordonii cells remaining attached
on the specimens was counted with fluorescence micro-
scopic images.

Quantitative assessment of the biofilms formed

on the specimens

S. mutans biofilm formation on the mirror-specimens in the
OBR was quantitatively assessed. The specimens with 20-h
artificial biofilms were removed from the holder in the OBR
and were rinsed with PBS. After that, loosely attached bio-
films on specimens were removed by sonication (UP50H,
hielscher; Dr. Hielscher GmbH, Stuttgart, Germany) forces at
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10, 20, and 30 W. The specimens were then incubated in
1 mL of 0.5 mol sodium hydroxide solutions (NaOH) indi-
vidually using microtubes for 15 min and vortex agitated
for 15 s to detach the adherent biofilms from the specimens
and dissolve the WIG matrix. The quantity of dissolved WIG
was measured with the phenol-H,S0, method.*® The WIG
solution (500 pL) from each specimen was disintegrated
with phenol-H,S0,, and 200 uL of each WIG was subjected
to estimation of the quantity of WIG (ug mL ') using a Bio-
trak 11 Plate reader (ODg4qz). To obtain a standard glucose
curve, 0, 25, 50, 75, 100, 150, and 200 pg mL ' of glucose
were also assayed at ODgo2.

Morphological study of the biofilms by scanning
electron microscope

Initial attachment of S. gordonii and S. mutans biofilm for-
mation on each surface were observed with a scanning elec-
tron microscope (SEM; S-3400NX, Hitachi, Japan). The speci-
mens were removed from the chamber, rinsed with PBS,
and fixed in 4% paraformaldehyde with 1% glutaraldehyde
in PBS for 1 h. They were then rinsed with PBS, dehydrated
through a series of ethanol (50, 60, 70, 80, 90, and
100vol%) washes, desiccated, and sputter-coated using gold
(SC-701AT; Elionix, Tokyo, Japan). Each of the specimens
was inspected, and photomicrographs were taken using the
SEM.

Salivary protein quantification and electrophoresis

of protein

The Agg, Tis, and PEG-Tis were immersed in saliva for 2 h to
quantify initial adsorbed proteins. After 2 h, the physically
adsorbed saliva on each specimen was removed with Milli-Q
water (Millipore) with shaking (5 min, 50 min 1, three
times). The retained salivary proteins were fully desorbed
by vortexing in extraction buffer [urea 10% (w/v), sodium
dodecyl sulfate (SDS) 20% (v/v), Triton X-100, dithiothre-
itol, pharmalyte 3-10; Millipore] and quantified at 280 nm
with a spectrophotometer (Protein A280; NanoDrop Tech-
nologies, Inc, Wilmington, DE). SDS-polyacrylamide gel
clectrophoresis (SDS-PAGE) was performed with a precast
3-10% gel gradient (PAGEL NPG-310L; Atto Corp. Tokyo,
Japan). The PAGE allows protein separation by differential
migration to the anode or cathode through a nonreactive
matrix formed by acrylamide and N,N-methylene bisacryla-
mide comonomers that undergo free radical-mediated poly-
merization. The retained salivary proteins were separated
on the gradient gels in electrophoresis buffer (0.1% SDS,
192 mmol L™* glycine, and 25 mmol L' Tris) at a constant
current (20 mA) for 90 min. A Mark12™ Unstained Stand-
ard molecular weight marker was included in each run. The
gels were stained with Ag stain kit (AE-1360 EzStain Silver,
Atto Corp.), scanned with a luminescent image analyzer
(LAS-3000; Fujifilm, Tokyo, Japan), and saved as TIFF files.

Statistical analysis

Statistical comparisons were preformed using the one-way
factorial analysis of variance, including the interaction effect
and post-hoc Tukey’s multiple comparison testing.
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FIGURE 3. The Ti 2p spectra obtained from Ti surfaces electrodepos-

ited into the electrolytes. (a) NaCl solution without NH,-PEG-NH,. (b)
NaCl solution with NH,-PEG-NH,.
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RESULTS

Characterization of PEG layer electrodeposited on Ti
The Ti 2p spectra obtained from Ti surfaces electrodepos-
ited into the electrolytes (NaCl solutions) with NHy-PEG-
NH, and without NH,-PEG-NH; are shown in Figure 3 and
gave four peaks according to valence; Ti® (metallic state),
Ti2* (Ti0), Ti** (Ti03), and Ti** (Ti0z). The metallic and
oxide states were detected from both specimens, and the
fraction of Ti® in clectrodeposited Ti into the solution with
NH,-PEG-NH; was smaller than that without NH,-PEG-NH,.

Bacteria adhered to the specimens

The WIG-free S. gordonii colonies were formed on Agg, Tig,
and PEG-Tig for 2 h in the OBR. BacLight staining images
obtained from each specimen are shown in Figure 4(a). Live
S. gordonii cells were visualized as green and dead cells as
red in the same microscopic location on each surface after a
change of emission filters. Most of cells on PEG-Tig were
barely alive, perhaps cells were about to die as they were
visualized yellowish instead of green. The total number of
live and dead cells counted from fluorescence photomicrog-
raphy was significantly less on PEG-Tig than on Tig, as
shown in Figure 4(b). The results of SEM images in Figure
4(c) corresponded with those of fluorescence photomicrog-
raphy. Also, the number of S. gordonii was less on Agg (neg-
ative control) than on Tig or PEG-Tig as shown in Figure 4.

BIOFILM FORMATION ON TITANIUM ELECTRODEPOSITED PEG
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FIGURE 4. The amount of S. gordonii cells adhered on the rough surfaces of Ag (Agg), untreated Ti (Tig), and electrodeposited Ti (PEG-Tig). (a)
Fluorescence photomicrograph of S. gordonii cells stained with BacLight Bacterial Viability Kit. (b) The number of cells counted from fluores
cence photomicrographs. The bars represent statistically significant differences (p < 0.01). (c) SEM images of S. gordonii cells on the surfaces of
the metals. All data indicate and reconfirm that Ag had minimum S. gordonii cells got attached on its surface, uncoated Ti had maximum, and
PEG-Ti had in between, but significantly less compared with Ti.

Quantity of glucan in the biofilm formed on DISCUSSION

specimen surfaces The photoelectron signals detected by XPS from a deep site
Sucrose-dependent biofilms are generally formed on the are weak because they decay while passing through mole-
surfaces dependent on superadherent WIG. The quantity of  cules and solids. In other words, the smaller the fraction of
WIG in the retained S. mutans biofilm after sonication was ~ Ti’ (metallic state just under Ti0,) is, the thicker the depos-
evaluated as an indicator of biofilm adherence. The concen- ited layer on TiO, is. This means few deposited layer was
tration of WIG in biofilms retained after 10, 20, and 30-W  formed on TiO; in electrodeposited into the NaCl solution
sonication was almost identical for Tig and PEG-Tig, as shown  without NH;-PEG-NH,, whereas thin layer was formed on
in Figure 5. Most of the biofilms on both specimens were  TiO; in the solution with NH,-PEG-NH,. The thin layer was
detached by 10-W sonication. Contrary to all expectations, the ~ characterized using ellipsometry, XPS with an angle-resolved
concentration of WIG was significantly more abundant on Agg ~ technique, glow discharge optical emission spectroscopy, and
than on Tis and P
with the increase in the sonication levels. In the case of surfa-
ces polished with 800-SiC paper, the concentration of WIG in
the retained biofilms after 30-W sonication was less on PEG-

‘Tis. The concentration of WIG decreased

-
S}

—a p<0.01 0ow
e---9 p<0.05 o20w

Tig than on Tig, as shown in Figure 6

w
=)

Amount of adsorbed saliva and salivary

protein separation

The amount of salivary proteins adsorbed on Ags was signif-
icantly higher than those of Tig and PEG-Tis, as shown in
Figure 7(a). In contrast, lesser amounts of salivary proteins

Glucan quantity (ug mL™" mm™2)
N
°

were adsorbed on PEG-Tis than on Tig, although the differ- 10 .

ence did not reach the significance level. SDS-PAGE analysis

showed a single band of about 52 kDa from each specimen, b ,//4/4
reproducibly, as shown in Figure 7(b). This band seemed to 0 V2
be amylase because its molecular mass is near 52 kDa Ags Tis

These bands on SDS-PAGE were visualized in the following
- FIGURE 5. The amount of WIG in biofilms retained on the smooth
order: Ags, Tis, and PEG-Tis. The band of the 52-kDa salivary
Bs: s 5 Y surfaces of Ag (Ags), untreated Ti (Tig), and electrodeposited Ti (PEG
Tis) after 10, 20, and 30-W sonication. The bars represent statistically
stronger in the Tig lane and strongest in the Agg lane. significant differences.

protein was barely visible in the PEG-Tis lane, which was
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FIGURE 6. SEM images of the retained S. mutans biofilms on the rough surfaces of untreated Ti (Tia) and electrodeposited Ti (PEG-Tig) after 30
W sonication. A thick layer of S. mutans biofilm was retained on untreated Ti. Compared with the latter, only few scattered colonies were
retained on PEG-electrodeposited Ti, and most of the biofilms were detached on sonication.

Fourier transform infrared reflection absorption spectroscopy
19.202627 Ag 3 result, electrodepo-
sition technique led to the immobilization of NH,-PEG-NH,
onto the Ti surface. More terminated amines combined with
hydroxyl groups on TiO as a stable bonding and formed U-
shaped conformation of PEGs looped onto the Ti surface rela-
tive to conventional immersion technique (unstable interfa-
cial bonding and random conformation). The durability of
clectrodeposited PEGs seem to be high because they were not
desorbed into platelet solution, cellular medium, and shake
water and expressed biofunctions, 20282

In this study, attachment of WIG-free S. gordonii and bio-
films of S. mutans onto untreated and PEG-Ti surfaces were
observed to clarify the behaviors of initial attachment and bio-
film formation, respectively. S. gordonii preferentially attached
on proteins initially adsorbed on the implanted material,*°
whereas S. mutans is a late colonizer mainly found in dental

in detail in previous studies.

plaque and is associated with dental caries, which is unusable
for the evaluation of initial attachment of bacteria. WIG is con-
sidered to be critically important in biofilm formation because
it is insoluble in water and also possesses a marked ability to
promote adherence when synthesized de novo on various solid
surfaces.? Because the ability to produce WIG is known to be
almost free for S. gordonii, biofilms formation by S. gordonii
will have weaker adherence on the specimens than those by S.
mutans. Hence, biofilm adherence was evaluated by the quanti-
fication of WIG synthesized by S. mutans.

110 TANAKA ET AL

PEG-Ti surfaces inhibited the attachment of S. gordonii
and, consequently, colony formation in this study. The static
stabilization and excluded-volume effects*'*? of PEG immo-
bilized on the materials results in the inhibition of protein
adsorption in general. In addition, as the both terminals of
PEGs remain immobilized on the Ti surface, no charges
would be expected on the U-shaped PEG loops. Hence, bac-
terial attachment (attachment of cell surface proteins of bac-
teria) and subsequent colony formation of bacteria was
inhibited or weakened on the PEG-Ti surface because of the
steric stabilization or excluded-volume effects of PEGs.

The properties of S. gordonii would have allowed prefer-
ential attachment of the organisms to proteins adsorbed ini-
tially on the implanted materials (acquired pellicle). The cell
surface proteins function as coaggregation receptors for
cell-cell communication in the oral biofilm community. Rog-
ers et al*® reported that the AbpA (amylase-binding pro-
teinA or SspA, SspB) of S. gordonii cells seems to play a role
in the adhesion of this bacterium to amylase in the acquired
enamel pellicle. If this protein adsorption at the initial stage
can be inhibited, colony formation after S. gordonii attach-
ment and eventual biofilm formation could be inhibited.
Therefore, adsorption of salivary proteins onto the PEG-Ti
surface was also investigated in this study. The mirror-pol-
ished surfaces were used for quantification of adsorbed
proteins. Our results showed that the PEG-Tig surface inhib-
ited saliva adsorption relative to untreated Tis. Further,
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FIGURE 7. (a) The amounts of adsorbed salivary proteins on the
smooth surfaces of Ag (Ags), untreated Ti (Tis), and electrodeposited
Ti (PEG-Tis) measured using a spectrophotometer. (b) SDS-PAGE
analysis of salivary proteins on the smooth surfaces of Ag (Ags),
untreated Ti (Tig), and electrodeposited Ti (PEG-Tig). The dashed bars
represent statistically significant differences (p < 0.05). These bands
on SDS-PAGE were emphasized in the following order: Ags, Tis, and
PEG-Tis. The band of 52-kDa salivary protein appeared almost fading
in PEG-Tig lane, which is thicker in Ti lane and thickest in Ags lane

SDS-PAGE analysis indicated that a salivary protein with a
molecular size of 52-kDa weakly bound to PEG-Tis and was
more strongly bound to Tis lane and even more tightly to
Ags. This protein is considered to be amylase because its
molecular mass is near 52 kDa. Approximately 60% of
human salivary proteins are known to be amylase, which is
randomly available in the acquired pellicle and plays a
major role in the early attachment of several oral strepto-
cocci, including S. gordonii. Evidently, the adsorption of amy-
lase was inhibited by PEG loops electrodeposited on Ti in
this study, and this might account for the weaker S. mutans
biofilm formation. One of the reasons behind this weak
aggregation might be failure in acquiring the additional
attractive electrostatic force that promote adhesion of S
mutans cell surface antigen 1/11 to saliva-coated surfaces via
salivary proteins®* because the movements (fluctuations) of
the looped PEG molecules may interfere to generate the
electrostatic interaction.

Sucrose-dependent S. mutans biofilm formation indicates
stronger colony formation by the bacteria and enhancement
of biofilm adherence by extracellular polysaccharides or
WIG deposition. With a supplement of sucrose, the S.
mutans cells used in this study become more strongly ad-
herent in the presence of WIG during biofilm formation. It
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might be noteworthy that to obtain homogenous biofilms
with reproducibility in adherence by similarly produced
WIG in all experiments, this study was restricted to single-
species biofilms rather than using consortium biofilms. The
laboratory strain S. mutans MT8148 is known to be capable
of producing three major glucosyltransferases and an opti-
mum proportion of each is necessary for maximum sucrose-
dependent adherence of the bacteria.”

No differences could be detected when the quantity of
S. mutans cells and glucan were measured from the surfaces
of untreated and treated Ti specimens. This might be because
the bacteria (S. mutans) attempt to attach as soon as they are
spread inside the dome-shaped liquid over the Ti specimens
in the OBR and instantly begin to proliferate and metabolize
sucrose. Through a series of metabolic activities, they ferment
sucrose and produce glucans around the cell bodies to form
more adherent biofilms. Also, Delmi et al** and Ha et al*®
reported extensive S. aureus and S. epidermidis cell adhesion
and biofilm formation on Ti alloys compared with stainless
steel, whereas Gracia et al.*” found no significant differences
between adhesion of S. aureus to Ti alloy and stainless steel
surfaces. The degree of biofilm formation might be different
dependent on the experimental environment and surface con-
ditions such as surface roughness, surface charge, and surface
composition. Therefore, the biofilms retained after sonication
were evaluated in this study.

The concentration of WIG retained in the biofilms was
measured as shown in Figure 5. No significant differences
could be detected between the untreated and electrodepos-
ited Tis at any of the applied sonication forces. Almost all of
the biofilms were detached by sonications at 20 and 30 W.
These results indicated that the biofilms were more readily
detached from Tig compared with that of Ags.

Tanner et al.*®
moted biofilm accumulation significantly more than
smoother materials. Moreover, the difference in protein
adsorption between Tig and PEG-Tis is expected owing to
the increase of surface areas. In this study, retained biofilms
on PEG-Ti were also observed. The degree of biofilm forma-
tion was increased by roughening the surface. Consequently,
the degree of retained biofilm was less on the PEG-Ti than
on the untreated one despite no difference in the mirror
surfaces, as shown in Figure 6. In other words, even if the
surface was roughened, the immobilization of PEG on Ti
was effective in allowing for the detachment of the biofilm.

In this study, the specimens were coated with saliva
to form an acquired pellicle. The adhesion of bacteria and
biofilm formation is considered to be a
proteins in the saliva. Prophyromonas gingivalis and other
periodontal pathogens accumulate in periodontal and peri-
implantal biofilms as late colonizers after S. gordonii form
the initial layers on proline-rich glycoproteins and other
similar proteins of the acquired pellicle.* Therefore, the
attenuation of the formation of peri-implantal biofilms on
PEG-Ti is possible as a consequence of the inhibition of the
saliva adsorption. Actually, the biofilm was easier to detach
from the PEG-Ti surface because the PEG immobilization
may have inhibited the protein (e.g., v-amylase) adsorption

reported that the rougher material pro-

ociated with the
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more than on the untreated one. At pH levels lower than
pH 6, the extracellular polysaccharides and bacteria are neg-
atively charged, whereas salivary amylase (pH = 5.6-6.4) is
positively charged based on titration curves.*” Therefore,
bacteria and WIG are strongly attracted to the adsorbed
proteins because of these electrostatic attractions. If the bio-
film was detached with an external force, the detached
interface might include the Ti surface and proteins. This
means that the degree of detachment of biofilms is associ-
ated with the proteins adsorption and conformation on Ti.
In general, the conformation of proteins on metals is influ-
enced by the relative permittivity, which is dependent on
the metal oxide. The relative permittivity in TiO, was larger
than those in other metal oxides and close to that of H,0.
Sundgren et al.*! reported that the conformation change of
fibrinogen was more extensive on Au than on Ti. When the
conformational flexibility of proteins is low, they might be
more easily detached. In the case of electrodeposited speci-
mens, bacteria and WIG are directly adsorbed onto Ti surfa-
ces because protein adsorption was inhibited. Therefore, the
binding force between the Ti surface and biofilm is expected
to be very weak, resulting in biofilms on PEG-Ti detaching
relatively easily. Hence, the null hypothesis seems to be pro-
ven correct in this study, suggesting that controlling protein
adsorption at the initial stage of biofilm formation is poten-
tially useful as a strategy for the inhibition of biofilm
formation.

CONCLUSIONS

We evaluated PEG-Ti surfaces using an OBR to determine
whether the surface was effective for the inhibition of bacte-
rial adhesion and biofilm formation. The attachment of S.
gordonii was inhibited on the PEG-Ti surfaces resulting from
the stabilization of PEGs and neutralization of surface
charges. Furthermore, S. mutans biofilms were easier to
detach from the surface of PEG-Ti. Moreover, the PEG-Ti sur-
face inhibited salivary protein adsorption. In addition, it was
determined that electrodeposited PEG was more effective
on rough surface rather than on smooth surfaces. The
degree of the detachment of biofilms from PEG-Ti indicated
an association with the inhibition of the salivary protein
adsorption, suggesting weak basal attachment of the bio-
films. Therefore, controlling protein adsorption at an initial
stage may be an effective strategy to protect the metal
surfaces from biofilm formation.
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Polyphosphoesters have a high impact in bio-related fields
because of their biocompatibilit?! and structural similarities to
naturally occurring nucleic acids. ~3The phosphoester backbone
is degradable through spontaneous hydrolysis; the degradation is
accelerated with enzymatic treatment.* A variety of synthetic
routes for polyphosphoesters have been proposed, including ring-

B o 57 .8
opening po!}'menzatlon (ROP),”™" polycondensation,” transes-
terification,”'® and enzymatic polymerization.'! Although there
have been a few reports of synthesizing high molecular weight
polyphosphoesters,‘2'13 there have been limitations on obtain-
ing high molecular weight with narrow distribution. For reliable
properties and advanced applications of polymers, the explora-
tion of novel synthetic processes is needed.

The ROP of cyclic phosphoesters is the most common process
used to obtain polyphosphoesters. This is because a variety of
polyphosphoesters can be designed in comparison with conven-
tional biodegradable polymers because cyclic phosphoesters are
obtained as from the cc ion of alcohol and 2-
chloro-2-oxo-1,3,2-dioxaphospholane.'* Using some alcohol
compounds, biodegradable macro-cross-linkers* and macroini-
tiators for atom transfer radical polymerization (ATRP)'® have

already been prepared. These polyphosph s are building

Macromolecules
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The synthetic routes of poly(2-isopropoxy-2-oxo-1,3,2-diox-
aphospholane) (PIPP) and its block copolymer are shown in
Scheme 1. According to the new synthetic process, we have
succeeded in synthesizing well-defined polyphosphoesters with
both a narrow molecular weight distribution and a high molec-
ular weight. Furthermore, block copolymers with 2-methacry-
loyloxyethylphosphorylcholine (MPC) were synthesized by using
PIPP as a macroinitiator. Such well-defined polymer synthesis
may be important for obtaining biomimetic and reliable func-
tions because a biopolymer always has an exact molecular weight
without any distribution.

IPP and HEBB were synthesized by the previously described
method."s PIPP was synthesized by ROP using an organocatalyst
as an initiator in the presence of HEBB (Scheme 1). In the case of
DBU, polymerization was homogeneously performed in a sol-
vent-free condition. In contrast, a small amount of toluene was
used for dissolving TBD to make a homogeneous solution. The
results of PIPP synthesis are summarized in Table 1. 20 mmol of
IPP was first introduced into a polymerization tube under an
argon gas atmosphere at 0 °C, and then a given amount of HEBB
was added to the tube. Finally, a given amount of organocatalyst
was introduced. Polymerization was carried out at 0 °C. The
range of molecular weights was approximately 2.0 x 10°~3.0 x
10* g/mol by a JASCO gel-permeation chromatography (GPC)
system using a calibration curve based on linear polystyrene
standards with chloroform as the mobile phase. In every case, the
molecular weight distribution was lower than 1.10. Under each
condition, the molecular weights of the synthetic polymers agreed
with the theoretical values.

Figure 1 shows the M, versus monomer conversion for the
polymerization of IPP by using DBU as a catalyst. The plot of the
number-averaged molecular weight (M) vs conversion was linear
up to 60% conversion. The linearity of the plot suggested that the
number of macromolecules in the reaction system was constant

blocks for constructing novel polymer materials.

For the ROP of cyclic phosphoesters, metallic compounds are
commonly used as initiators or polymerization catalysts.”™"'®
Although the polymerization processes are very successful in
producing polyphosphoesters, the metal compounds are envir-
onmentally sensitive, and a lack of residual metal cc i is

during pol ion. The molecular weight distribution of PIPP
was narrow and stable during polymerization. The mechanism of
ROP with organocatalysts was characterized using '"H NMR by
Hedrick and co-workers.'®'? They indicated that DBU and TBD
form hydrogen bonds to the alcohol of an initiator. ROP of IPP
with DBU then occurred through a quasi-anionic polymerization

quired in biomedical applicati Recently, organocatalysts
have been the focus of the modern synthetic processes of
polyesters, polycarbonates, and silicones.'” One of the most
successful procedures for making biodegradable polymers is
polymerization using guanidine and amidine bases both in bulk
and in solution. Nederberg and Hedrick prepared poly-
(trimethylene carbonate (TMC)) (PTMC) with the base catalysts
in the presence of benzyl alcohol.'® Excellent controlled polym-
erization conditions were performed with several catalysts, and
PTMCs with relatively high molecular weight, narrow distribu-
tion, and high yield were obtained. Although organocatalysts
have high potency for ROP, they have not been used for the
polymerization of cyclic phosphoesters. We report here the first
ROP of cyclic phosphoesters using 1,8-diazabicyclo[5.4.0Jundec-
7-ene (DBU) or 1,5,7-triazabicyclo4.4.0]dec-5-ene (TBD) as an
organocatalyst. Compared with polymerization using metallic
catalysts, control of the polymerization of cyclic phosphoesters
was much less difficult.

*Corresponding author: Fax +81-6-6368-0090; Tel +81-6-6368-0090;
e-mail yasu.bmt@kansai-u.ac.jp.

pubs.acs.org/Macromolecules Published on Web 02/26/2010

h by activation of the alcohol of the initiator. In contrast,
the increase in the monomer conversion for the polymerization of
IPP between DBU and TBD was significantly different. When
TBD was used as a catalyst, the conversion of PIPP reached a level
of more than 75% within 20 min. The heightened activity of TBD
for the polymerization of lactone and TMC was also observed.'®
TBD has two activation sites in the molecule and is capable of an
acyl transfer reaction. From a 'H NMR study, a remarkable shift
of the alcohol proton of HEBB at 3.86 ppm was observed in a
toluene-dg solution containing HEBB and TBD (1:1, 0.05 M); that
is, TBD has a hydrogen bond acceptor for the hydroxylic proton of
HEBB (see Supporting Information Figure S1). Because the N—H
site of the TBD might activate IPP, a 'H NMR analysis of the
mixture of TBD and IPP (1:5, 0.05 M) was carried out. The spectra
are summarized in Figure 2.

The dashed symbols in Figure 2 represent the shifted signals of
the protons of IPP. Although the signal of the original cyclic IPP
remained in the solution, ring-opening IPP was also observed.
According to previous literature describing ROP of TMC or
L-lactide with TBD,'®'® we assumed that TBD served as a dual
activation catalyst for the cyclic phosphoester and initiator. The

©2010 American Chemical Society
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Table 1. Synthetic Results of PIPP

code  catalyst [My/[l] HEBB(mmol) catalyst(mmol) time (min) conversion (%) Max 107 My/My  Murneoy x 107
PIPP; DBU 25 0.80 1.20 60 52.8 24 1.03 2.2
PIPP;, DBU 50 0.40 0.60 90 527 47 1.07 44
PIPP;, DBU 100 0.20 0.30 300 50.8 7.7 1.09 84
PIPP,q TBD 50 0.40 0.20 20 81.2 82 1.06 6.7
PIPP,;,  TBD 100 0.20 0.20 20 80.7 13.0 1.09 13.4
PIPP,;;  TBD 150 0.13 0.20 20 75.5 16.9 1.07 18.8
PIPP;;;  TBD 200 0.10 0.20 20 90.3 289 1.05 30.0

Scheme 1. Synthetic Routes of Poly(2-i propoxy-2-oxo-1,3,2-di holane) (PIPP) and Poly(2-methacryl hyl, yicholine-
b-PIPP)
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Figure 1. Plot of M,,/M, and M., versus monomer conversion for the
polymerization of 2-i pOXY-2 1,3,2-di hosphol: y
using 1,8-diazabicyclo[5.4.0Jundec-7-ene as a catalyst. Broken lines
suggest the theoretical amount of each polymerization condition.

N—H site of TBD scrved as a hydrogen bond donor and might
interact with the oxygen of the five-membered ring of IPP. A
nucleophilic attack of the imine nitrogen on the phosphorus
would then TBD inophosy ate, as shown in
Figure 2, following hydrogen-bond activation of the HEBB
alcohol, which should facilitate the formation of phosphoester
and regeneration of TBD. As expected, every 'H NMR signal
was caused by each molecule in the mixture of DBU and IPP
(1:1, 0.05 M), and no signals were caused by intermolecular
interactions (see Supporting Information Figure S2). DBU only
activated HEBB.

The glass transition temperature (Ty) of PIPP;,, which was
determined by differential scanning calorimetry, was —52.7 °C,
and that of the highly viscous polymers, summarized in Table 1,
was room temperature.

We have recently discovered that aqueous solutions containing
polyphosphoesters bearing simple alkyl chains showed LCST-
type phase separation behavior.”*?' The phase separation tem-
perature of polyphosphoesters is influenced by the chemical
structure of the side chain and able to control its polarity. Very

A GO

PIPP

ENGR Y

o-R )R
GOR T
LIE A

PP

5.0 4.0 30 2.0 1.0 pom

Figure 2. 'H NMR spectra of 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD), 2—isapropoxy—2-oxo—l,3,2-dioxaphospho]ane (IPP), and their
mixture in toluene-dg. Dashed symbols represent the intermolecular
interaction of TBD and IPP in the solution.

recenily, we synthesized polyphosphoesters bearing enzymatic
cleavable chains.?' The phase ion temperature i d
with an increase in the incubation time of the enzyme. Wang and
co-workers also observed the thermoresponsivity of polypho-
sphoesters. They have synthesized well-defined block copolymers
of poly(ethylene glycol) and polyphosphoester.” The block
copolymers can form core—shell type polymeric micelles in an
aqueous medium with the effect of temperature caused by self-
association of the polyphosphoester block. Although it is clear
that polyphosphoester is the new candidate thermoresponsive
polymer, its properties have only been partially evaluated. The
effect of molecular weight on the cloud point of PIPP has not
been discussed. Figure 3 shows the molecular weight dependence
of the phase separation temperature of PIPP in phosphate
buffered saline (PBS).
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Figure 3. Effect of molecular weight on cloud point of poly(2-isopro-

poxy-2-oxo-1,3,2-dioxaphospholane) (PIPP) (I wt %) in PBS: (@)
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Figure 4. Plotof M, versus monomer conversion for polymerization of
2-mcthacryloyloxyethylphosphorylcholine by using a macroinitiator
(PIPP57).

The cloud point of the polymer solution linearly decreases with an
increase in the molecular weight of PIPP. This result indicates that
the type of organocatalyst does not influence the phase separation
temperature. The phase separation temperature of polyphosphoe-
sters is influenced by the chemical structure of the side chains, the
concentration, and the ion strength of the aqueous media. 2! n our
previous report, PIPP that was synthesized using triisobutylalumi-
num as an initiator was not soluble in water even when the
molecular weight was less than 1.0 x 10%'> An uncontrolled re-
action might occur when a metallic catalyst was used. Wang
reported that long-term polymerization of cyclic phosphoeslcrs Wlth
Sn(Oct), makes some branch structures with hlgh conversion.'® In
addition, some side reactions might occur in ring-opening polym-
erization of five-membered cyclic phosphoesters at high tempera-
ture®  Furthermore, the molecular weight distribution of
polyphosphoesters synthesized with an organocatalyst was signifi-
cantly narrow compared with polymers that used metallic catalysts.
The advantages of using organocatalysts can be observed on the
synthesis of well-defined polymers with high conversion.

Using PIPP;; as a macroinitiator, we synthesized well-defined,
biocompatible block copolymers with 2-methacryloyloxyethyl-
phosphorylcholine (MPC)* in the presence of copper(I) bromide
and 2,2'-bipyridine (bpy), as shown in Scheme 1. M, and molec-
ular weight distribution of PIPP77-b-PMPC were measured with a
JASCO GPC system with a refractive index detector and size-
exclusion columns, using poly(ethylene glycol) (PEG) standard in
distilled water containing 10 mM LiBr. The concentration of
polymer solution for this measurement was adjusted to below
0.01 wt % to reduce polymer association. Figure 4 shows the
dependence, M, on conversion for ATRP of MPC from the end
of PIPP. The plot of M,, versus monomer concentration was linear
up to 80% conversion. The linearity of the plot suggests that the
number of polymer molecules remained constant and that polym-

erization could be controlled on a polymerization time scale. The
molecular weight distribution (My,/M,,) was below 1.5. Although
the intermolecular interaction of the block copolymer was too
weak to obtain stable polymer associates at this point, it was
demonstrated that well-defined block copolymers with narrow
molecular weight distributions could be obtained. Recently, it has
been also reported that zwnlerlomc phosphorylcholine showed
better stabilization than did PEG.? By controlling the structure of
the side chains of PIPP to enhance molecular interaction, novel
biocompatible nanomaterials might be obtained.

In summary, this study explored a modern synthetic route of
polyphosphoesters with the use of organocatalysts. For this
synthetic process, various types of alcohols can be used as
initiators; that is, the end functionalities of the block copolymers
can be controlled.
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Abstract In biomaterial silane treated TiO»/high-density
polyethylene(silane-TiO,/HDPE), silane connection struc-
turally corresponds to acid phosphoprotein bond, which
connects the noncalcified collagen fibril bands and the
adjacent apatite crystals in natural bones. In order to
explore the function and variation process of acid phos-
phoprotein under loading in natural bones, the microscopic
variation mechanism of silane connection in silane-TiO,/
HDPE was investigated through the compressive creep
tests in air and saline solution. Through the analysis of
creep rate curves under different stress loads, different
creep mechanisms were proposed, in which silane con-
nection plays a very important role. Through SEM obser-
vation of sample surfaces and the creep tests in saline
solution, the important role of silane connection in creep
process was further proved. That is, silane connection can
not only support the loading stress but also hinder the
failure process under loading effectively.

Introduction

Designing an ideal bone graft that emulates natural bone’s
own structure is the common design strategy for bone
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biomaterial development. It is well known that natural
bones mainly consist of noncalcified collagen fibril bands
and the adjacent apatite crystals, between which acid
phosphoprotein bonds connect them. Therefore, the com-
posites of inorganic fillers and organic matrix sound a good
choice for the design of bone biomaterials.

Based on this idea, a composite of hydroxyapatite par-
ticles with high-density polyethylene (HAPEX) was
developed by Bonfield in the early 1980s [1]. However, the
fracture toughness and elastic modulus of HAPEX are
lower than those of heavy load bearing bones. Compared
with hydroxyapatite, TiO, has higher elastic modulus, so
Kokubo et al. [2] developed biomaterial of TiO,/HDPE
with high bioactivity. The bending strength and Young’s
modulus were found to vary from almost 28 to 54 MPa and
1.4 to 7.6 GPa, respectively, depending on the TiO, con-
tent. To improve weak mechanical adhesion at interfaces
effectively, a silane coupling agent was used to modify the
surface of TiO, particles [3]. The silane coupling agent
connects TiO, and HDPE by formation of chemical bonds
at both of its ends, which can improve the mechanical
properties greatly. It should be noted that the silane con-
nection between TiO, and HDPE structurally corresponds
to acid phosphoprotein bonds in natural bones.

The mechanical behavior of bone tissue’s ultra- and
micro-structure is fundamental to assess macroscopic bone
mechanics. It is also true for biomaterials. Ascenzi et al.
made their hypothesis that the acid phosphoprotein bonds
between the noncalcified collagen fibril bands and the
adjacent apatite crystals tend to weaken and eventually
break under mechanical loading [4]. However, this
hypothesis has not been proved by other research work.
Furthermore, whether the corresponding microstructure in
synthesized biomaterials experiences the same process is
also meaningful problem.
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For polymer composites, creep behavior is very impor-
tant for practical application. There are some reports on the
creep behaviors of polymer composites filled with inor-
ganic particles [5-7]. For example, Yang et al. [8] carried
out tensile creep tests on a few polyamide 66 composites
filled with different nanoparticles. One of them was a
composite with 1 wt% 21 nm TiO, particles modified with
octylsilane. It was found that the creep resistance of
nanocomposites was significantly enhanced by nanoparti-
cles without sacrificing the tensile properties. Lietz et al.
[9] investigated the mechanical properties and creep
resistance of SBS block copolymers with nanoclay fillers
and found that the introduction of dispersed nanoclays
induced promising improvements in creep performance.
Although surface modifications of nanofillers with organic
chemicals are widely used [10-13], the effect of chemical
connection between inorganic particle and organic matrix
on creep behaviors was seldom found.

In this work, the microscopic variation mechanism of
silane connection in silane-TiO/HDPE was investigated
through compressive creep tests. Through the analysis of
creep rate curves, the creep mechanisms were proposed, in
which silane connection plays a key role. That is, upon
loading silane connection supports load, stretches to relieve
load and is finally broken by the concentrated stress.

Experimental procedures
Materials

Silane treated TiO,/high-density polyethylene (silane—
TiO-/HDPE) composite was fabricated in Japan Fine
Ceramics Center. The ratio of TiO, to HDPE is 40vol.%,
with anatase mean particle size of 535 nm. TiO, powder
was treated with silane-coupling agent of y-MPS (y[-(meth-
acryloxy)propyl]trimethoxysilane) and mixed with HDPE.
During the manufacturing process, kneading and compres-
sion molding was involved. The detailed manufacturing
process was described in literature [3]. By the analysis of
FTIR, it was confirmed that the surface of TiO, particles
was connected with HDPE through formation of Ti-O-Si
bonds.

Compressive creep

The specimens of silane-TiO,/HDPE were cut to cylin-
drical shape and polished to diameter of 6 mm and height
of 12 mm. A servo-hydraulic fatigue machine Model EHF-
EBS5 (Shimadzu Co. Ltd., Japan) was employed to carry out
the tests. In compressive strength tests, the rate of dis-
placement was maintained at 0.033 mm/s. Tests were
carried out in air or in saline solution of 0.9% NaCl. The

temperature was kept to be 25 °C in the two conditions.
The temperature controlling of saline solution was realized
by pumping and recycling the saline solution of 25 °C into
the test trough during test process.

Morphology observation

For the tested samples, it is somewhat difficult to observe
the fracture surfaces because friction of them during
compressive process has blurred the fracture information.
For explanation of the possible fracture mechanism, the
outer side surfaces of tested specimens were observed by
scanning electronic microscopy (SEM) Hitachi S-3000N.
Prior to observation, the samples were cleaned ultrason-
ically and dried. Then the outer side surfaces were coated
with Au to ensure clear images using Hitachi ion sputter
E-1010. The layer thickness of Au coating is about
10 nm.

Results and discussion

Compressive properties

Compressive tests were performed in air and saline solu-
tion at room temperature for silane-TiOo/HDPE. The
compressive curves are shown in Fig. 1. The Young’s
moduli are 2.9 GPa in air and 2.1 GPa in saline solution.
Compressive strengths are 71 MPa in air and 63 MPa in
saline solution. Obviously, silane-TiO,/HDPE is suscepti-
ble to saline solution, which resulted in lower Young’s
modulus and compressive strength.
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Fig. 1 Compressive stress—strain curves of silane-TiO,/HDPE at

room temperature in different surrounding conditions
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