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A B S T R A C T

Titanium implants (Ti) have been widely used in several medical fields. In clinical practice, Ti can become
contaminated with bacteria through a variety of mechanisms. This contamination can lead to implant failure and
serious infections. In this study, we aimed to develop a new, hybrid Ti with good biocompatibility and anti-
bacterial properties by immobilizing ceftazidime (CFT) onto the Ti surface through polydopamine (PDA) and
polyethyleneimine (PEI) chemistry. Hybrid Ti was confirmed by assessing the cell proliferation of human adi-
pose-derived stem cells using a cell counting. The biofilm formation across the Ti surface of two bacterial strains
associated with nosocomial infections, Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus,
was evaluated by scanning electron microscopy. The viability of the bacteria exposed to Ti surface was evaluated
by cell counting. Our results clearly demonstrate that the bacterial biofilm formation as well as bacterial viability
was significantly reduced on the hybrid Ti as compared to the control, Ti alone. Collectively, the Ti surface was
successfully modified to form the hybrid Ti exhibiting good biocompatibility and antibacterial properties
through PDA, PEI, and CFT grafting. Within the limitations of this in vitro study, we conclude that the hybrid Ti
may be useful for successful implant treatment.

1. Introduction

Titanium implants (Ti) are commonly used for orthopedic or dental
surgeries. This substrate exhibits relatively good corrosion resistance,
excellent fatigue strength, and biocompatibility [1]. Due to these ad-
vantages, Ti has been widely applied for use as an implant material. For
these reasons, Ti is an attractive metal substrate for biomedical appli-
cations [2]. In the clinical field, Ti failure sometimes occurs due to
contamination by contact with surgical instruments, gloves, and air in
the operating room which subsequently leads to infection [3]. The
number of these infections is relatively high due to the high number of
Ti implantations and presents a significant challenge in healthcare.

Several microorganisms are known to be involved in osteitis, period-
ontitis, osteomyelitis, and peri-implantitis, which can cause complica-
tions after implantation [4]. The resulting infections can lead to tissue
destruction including bleeding and suppuration, which can result in loss
of the supporting bone [5]. These infections can even be fatal [6].

To overcome these problems, many researchers have applied anti-
biotic agents using surface treatment strategies [3]. These formal
methods prevent severe bacterial contamination with immediate re-
sponse [7]. One of the ways for anchoring antibiotics on bare Ti is high
temperature polymerization. However, it is difficult for most antibiotic
drugs to survive this process and remain active for treatment [8].
Furthermore, many surface modifications use organic solvents which
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still remain as residues on the surface and these residues have toxic
effects towards cells [8,9]. Therefore, there is a need in biomedical
engineering to develop a more facile approach which does not use high
temperatures or organic solvents.

One facile surface treatment tool is the use of polydopamine (PDA),
a natural material derived from mussel which has been widely in-
vestigated as a bioinspired surface modification material in biomedical
engineering [10]. PDA has been used to perform surface treatment of
various substrates as it has high binding strength under basic aqueous
conditions [11]. In a previous report, Yuan et al. [12] demonstrated the
development of stainless-steel hybrids using catechol groups of coated
substrate. These hybrids were used to anchor functional biomolecules
bearing carboxylic acid moieties, including antibacterial and anti-
fouling agents. As is well known, the PDA layer can bind a biomolecule
having carboxyl groups [13,14]. However, although PDA has some
amine groups in its chemical structure, it possesses a limited grafting
capacity for antibiotics [15]. In order to obtain amine-rich Ti surface,
we employed polyethyleneimine (PEI) chemistry. PEI is a group of
amine-rich cationic polymers which has been widely used as a mod-
ification tool in biomedical engineering [16]. Thus, we assumed that
the introduction of PEI onto PDA modified Ti substrates allows for an
amine-rich surface [17].

In this study, we speculated that amine-rich Ti can facilitate the
grafting of large amounts of antibiotics containing carboxyl groups. We
designed both biocompatible and antibacterial Ti hybrids through im-
mobilization of ceftazidime (CFT) on PDA/PEI coated Ti substrates
(Fig. 1). CFT is a third-generation cephalosporin antibiotic that has a
broad spectrum of activity. It has good clinical activity against gram-
negative organisms, especially Pseudomonas aeruginosa. Additionally,

CFT presents low toxicity towards human cells while effectively pre-
venting the growth of bacteria [18].

The major aim of this study was to prepare Ti substrates having
potent antimicrobial activity via facile methods and evaluate these for
prevention of the initial period of infection and early implant failures.
The resultant products were analyzed by ultraviolet–visible absorption
spectra (UV), transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and
atomic force microscopy (AFM). Additionally, in vitro cell proliferation
was investigated. Cell morphology was confirmed by SEM, live/dead
assays, and confocal laser scanning microscopy (CLSM). Finally, in vitro
antibacterial tests were performed against pathogenic bacteria in-
cluding Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus
aureus (S. aureus). Thus, bacterial eradication by the Ti surface mod-
ification was effectively confirmed by two different methods.

2. Materials and methods

2.1. Materials

Titanium discs meeting ASTM F67 grade 4 were obtained from
Biotem (Sungnam, Republic of Korea). 1-Ethyl-3-(3-dimethyl amino-
propyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) were purchased from TCI (Tokyo Kasie Kogyo Co. Ltd., Japan).
Deionized distilled water (DW) was produced by an ultra-pure water
system (Puris-Ro800, Bio Lab Tech., Korea). Human Adipose Tissue-
derived MSC, CEFOgroTM ADMSC Human Adipose tissue-derived MSC
Growth Medium, and CEFOgroTM ADMSC Supplement (10% FBS,
0.02% Penicillin & Streptomycin) were purchased from CEFO CO.

Fig. 1. Schematic illustration of antibacterial bio-functionalization of titanium implant.
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Dopamine hydrochloride, polyethyleneimine solution (PEI) and cefta-
zidime hydrate (CFT) were purchased from Sigma–Aldrich (St Louis,
MO, USA). All reagents and solvents were used as received without
further purification.

2.2. Preparation of PDA and PEI coated Ti substrate

Specific surface treatment procedure was performed following an
our recent previously reported with some modifications [19]. Briefly, Ti
discs were washed 3 times and cleaned in an ultra-sonicator for 10min
using hexane, acetone, ethanol and distilled water, sequentially, prior
to use [20]. And then, Ti was immersed in a dopamine hydrochloride
solution (2mg/ml in 10mM of Tris buffer, pH 8.5) at room tempera-
ture. After 3 h, the PDA-coated Ti was washed with deionized water.
The cleaned products were then vortexed in Tris-HCL and this was
stirred (130 RPM) overnight. After that, PDA-coated Ti was incubated
in 2mg/ml of PEI solution (Sigma–Aldrich 482595, average Mw 1300,
50 wt% in H2O in Tris-HCL (40ml, 10mM, pH 8.5)) at room tempera-
ture for 2 h. The Ti substrates were then dried at room temperature.

2.3. Immobilization of CFT decorated Ti substrate

The amine-modified Ti substrates were decorated with CFT using
EDC/NHS carbodiimide chemistry. Briefly, 1mg/ml CFT dissolved in
50mM EDC (191.7 mg) and 25mM NHS (57.545mg) was prepared in
20ml of PBS. After 30min, the coated Ti discs were lowered into this
solution and the reaction was allowed to proceed at RT for 3 days. After
3 days, the developed Ti discs were thoroughly washed with DW and
dried at RT.

2.4. Surface charge measurement of developed Ti substrate

The surface charge potential of the developed Ti was further char-
acterized by zeta potential. Each sample was soaked in 1ml of DW
overnight at 37 °C and the sample was injected into a flow cell. The
surface charge was measured with a Malvern Instruments Zetasizer
Nano S 90 (ZEN1690, UK). All values were measured in triplicates at a
room temperature.

2.5. Quantification of amine and carboxyl groups on Ti surfaces using
colorimetric assays

The density of the amine groups of each sample was measured using
an Acid Orange II assay. All samples were immersed in 1.5ml of dye
solution (14mg/ml) in an acidic solution (pH 3 with 1M HCl) for
30min at 40 °C. The samples were then washed three times using the
acidic solution (pH 3) to remove unbound dye. Once air-dried, the
samples were immersed in 1ml of alkaline solution (pH 12 with a 1M
NaOH solution). In order to release the adsorbed Acid Orange II, the pH
was adjusted to 3 by adding 1% v/v of 12.3 M HCl. The absorbance of
the solution was then measured at 484 nm. After CFT grafting, the
number of carboxylic groups grafted on Ti-CFT was determined using
the toluidine blue (TBO) assay. Each sample was incubated in 1ml of
TBO solution (pH 10) and then shaken for 15min at 40 °C. Afterwards,
the supernatant was removed, and the stained samples were washed
under shaking conditions with NaOH solution (pH 10). Subsequently,
50% acetic acid was added to remove the TBO dye from the carboxyl
groups from each sample for 30min. The TBO absorption was measured
at 625 nm.

2.6. Release profile of CFT

To study CFT release, the samples were immersed in vials con-
taining 2ml of PBS solution at pH 5.5, pH 6.5 and pH 7.4 in an in-
cubator at 37 °C under constant shaking at 100 rpm. At each time point,
1 ml was extracted and refilled with fresh PBS (1ml). The concentration

of CFT was determined by measuring the absorbance at 254 nm using a
UV spectrophotometer (UV 1650-PC; SHIMADZU, Japan). The CFT
concentration was determined based on a calibration curve for CFT in
the range of 0.001, 0.005, 0.01, 0.05, 0.5, 1 mg in PBS (R2=0.99). All
release studies were carried out in triplicate. The cumulative drug
concentration was calculated and plotted against time to determine
drug release profiles.

2.7. In vitro ADSCs adhesion and proliferation tests

To evaluate the cytotoxicity of modified Ti, ADSCs at a density of
2× 104 (100 μl) were cultured on each scaffold sample in a 48-well
tissue culture plate in Human Adipose tissue-derived MSC growth
medium. After 1, 3 and 7 days of culture at 37C in a 5% CO2 atmo-
sphere, 100 μl of CCK (Dojindo Laboratories Kumamoto, Japan) solu-
tion was added into each well and the plate was incubated for 2 h. The
absorbance was measured at 450 nm using a Benchmark Plus micro-
plate spectrophotometer (Bio-Rad, BR170-6930). For the confirmation
of cell proliferation, the cells were visualized using a live/dead assay
utilizing Calcein-AM (Thermo Scientific, Waltham, MA) to stain the
cytoplasm of live cells (green) and ethidium homodimer-2 (Thermo
Scientific, Waltham, MA) for staining the nuclei acid of dead cells (red).
Stained cells were then observed by confocal laser scanning microscopy
(CLSM, Eclipse E600W, Nikon, Tokyo, Japan) and the images were
assayed using Nikon EZ-C1 software. For F-actin staining, the pro-
liferated cells were fixed with 4% formaldehyde solution at room
temperature for 20min. They were then treated with 1ml of rhodamine
phalloidin (1:200) and 4′,6-Diamidino-2-phenylindole (DAPI) (1:1000)
solution at 37 °C for 30min. The wells were washed with PBS to remove
the free remnants. After the removal of supernatant, the images were
also obtained by confocal laser scanning microscope (CLSM, Eclipse
E600W, Nikon, Tokyo, Japan).

2.8. Bacterial biofilm formation

All bacterial strains used in this study were purchased from the
American Type Cultures Collection (Manassas, VA). Pseudomonas aer-
uginosa ATCC 27853 and methicillin-resistant Staphylococcus aureus
ATCC 700787 were grown in Mueller-Hinton broth at 37 °C aerobically.
Each bacterial strain grown to exponential phase was adjusted to an
optical density at 600 nm (OD600) of 0.1 with new broth. Each Ti spe-
cimen was placed in each well of 24-well polystyrene plate containing
the adjusted bacterial suspension, then the plate was incubated at 37 °C
aerobically, as described previously [21,22]. After 24 h, the specimens
were removed and the bacterial biofilm formed on Ti surface was wa-
shed with physiological saline, then fixed with 2.5% glutaraldehyde in
0.1 M phosphate buffer for 1 h at room temperature and rinsed three
times for 10min each with distilled water. The biofilms were subse-
quently fixed with 1% OsO4 in 0.1 M phosphate buffer for 1 h, followed
by rinsing with distilled water. The fixed biofilms were dehydrated in
successive ethanol-water mixtures with increasing ethanol concentra-
tions of 25%, 50%, and 75% (v/v %) for 10min each, then twice in pure
ethanol for 10min each. The samples were dried by critical-point
drying and coated with gold using a sputter-coater (IB-3; Eiko, Tokyo,
Japan). The biofilms were observed using a scanning electron micro-
scope (SEM, Hitachi S-4700, Japan) at an acceleration voltage of 15 kV.

2.9. Bacterial viability

Each bacterial strain grown to exponential phase was adjusted to the
final concentrations of 106 colony forming units per milliliter (CFU/ml)
using sterile phosphate buffered saline (PBS, pH 7.4). Then, 100 μl of
the diluted bacterial suspension was dropped onto the surface of each
specimen. At appropriate time intervals, 100 μl of sterile PBS was added
onto the bacterial inoculation on the disc and mixed by pipetting. Three
10 ul aliquots were removed from the mixed suspension, spot
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inoculated (i.e., 10 ul in 3 drops) on Mueller-Hinton agar, then in-
cubated at 37 °C for 24 h. These were subsequently imaged.

2.10. Analysis equipments

Developed Ti discs were observed using a scanning electron mi-
croscope (SEM, Hitachi S-4700, Japan) at an acceleration voltage of
15 kV. All samples were dried at room temperature, and then sputter-
coated with gold using an IB-3 coater (Eiko, Japan) for 10min. The
images were evaluated using image analysis software (Eyeview-
Analyzer Digiplus, Korea). Atomic force microscope (AFM) images and
roughness were obtained by with a PUCOStation STD (NANOS® AFM
system, NanoInk, Inc., USA) operated in dynamic mode with a scanner
(NANOS® 100) at room temperature. To evaluate the hydrophilic
properties of the Ti surface, water contact angles were measured using
the sessile drop method and a video contact angle instrument (Phoenix
150; SEO, Seoul, Korea). For this process, an 8-μl distilled water droplet
was applied at room temperature. The contact angle was calculated as
the angle between the Ti surface and the tangent of the liquid on the Ti
surface using the AutoFAST algorithm and image analysis software.
These experiments were repeated in triplicate. The functionalized
chemistry compositions of each Ti surface were investigated by X-ray
photoelectron spectroscopy (XPS, Thermo Electron Manufacturing Ltd.,
UK). These experiments were performed with a K-Alpha instrument
(Thermo Electron, UK) to evaluate the surface chemistry of the treated
Ti. The survey scans were measured from 0 eV to 1300 eV.

2.11. Statistical analysis

At least three samples for each experimental condition were used.
Statistical comparisons were carried out using t-test, one-way ANOVA,
and two-way ANOVA tests. Statistically significant values are defined as
*p < 0.05, **p < 0.01, ***p < 0.001, +p < 0.05, +++p < 0.001.

3. Results

3.1. Characterization of surface morphology of Ti substrates

As shown in Fig. 2, each surface was characterized using SEM and
AFM in order to verify the surface morphology. The micrographs in
Fig. 2a–h show the morphology before and after surface treatments. As
compared to non-treated Ti, the treated Ti surfaces were confirmed to
have surface changes. The pristine Ti disc had a certain smooth surface.
After PDA treatments, the PDA coated Ti (Ti-D) had a substantial
amount of precipitated particles [23]. These results were consistent
with previous studies in which PDA-coated Ti exhibited a relatively
rough surface morphology as compared to uncoated polymer substrates
[24]. After PEI treatment of Ti-D (Ti-DP), there was no significant
change in surface morphology. After CFT grafting, the CFT immobilized
Ti-DP (Ti-DPC) had partial aggregates of CFT, which confirmed the
presence of the CFT layer on the Ti surface as compared to other groups
(Fig. 2d). Moreover, Fig. 2e–h shows a three-dimensional surface
roughness as determined by AFM analysis. The AFM imaging of each
substrate was performed in the range of 10×10 μm. The root mean
squared roughness (Rq) was calculated and is shown in Fig. 2. Non-
treated Ti had a relatively smooth and plane surface morphology while
treated-Ti showed a rough topology. After modification with PDA, the
relative roughness of Ti-D increased about 5% as compared with the
non-treated Ti [25]. The appearance of Ti-D coated with PEI changed
slightly as compared to the Ti-D surface, which may have been caused
by the addition of PEI chains on the surface membrane [26]. However,
the CFT grafting process onto the Ti-DP surface showed a much softer
surface due to binding of the CFT onto the PDA/PEI coated Ti surface.
Through surface characterization, the treated-Ti was found to be suc-
cessfully grafted onto the pristine Ti surface. As indicated by the zeta
potential measurement, Ti-D and Ti-DP are positively charged as

compared with pristine Ti (Table 2) [27]. This data clearly confirms the
changes in surface morphologies and roughness upon coating.

3.2. Characterization of wettability and elements content

Water uptake was performed to evaluate the effectiveness of the
previous surface modification protocols (Fig. 3a). Pristine Ti showed a
very poor water uptake over a very long time. However, the PDA coated
Ti exhibited a more hydrophilic interaction with water. The contact
angle with PDA significantly decreased from 75°, for the non-treated Ti,
to 60° for the PDA coated Ti. This data is in agreement with previous
research [28]. He et al. [25] reported that contact angles for PDA
coated Ti changed from 64° to 37°. After PEI treatment, the contact
angle further decreased to 58°, as compared to Ti-D. These results
correspond well with previous studies in which PDA-coated Ti fol-
lowing PEI treatment showed a relatively hydrophilic surface as com-
pared to former substrates [26]. Moreover, immobilization of CFT on
the Ti-DP surface particularly decreased the water contact angle to 51°.
The decrease in the values of water uptake was attributed to super-
hydrophilicity of CFT, which suggested that the CFT was successfully
immobilized onto the Ti surface. To further characterize the surface
elements, XPS was performed to determine the surface elemental and
chemical composition of the fabricated Ti hybrid. As shown in Fig. 3b,
the pristine Ti showed three major common peaks including Ti2p, O1s,
and C1s. However, the Ti coated with PDA displayed an increase in N1s
peak, due to the presence of amine groups along the polymer chains
[24]. This result indicates that the Ti-D treatment was successful. After
PEI treatment, the peaks corresponding to N1s showed the highest in-
tensity. As a result, the N1s count increased from 5.25% to 12.77%, due
to PEI providing an excess of amines [15]. These results demonstrate
that the PEI coated surface has a relatively higher nitrogen ratio in XPS.
Subsequently, CFT was grafted on to the amine groups by carbodiimide
conjugation techniques. The results showed that the elemental ratio of
oxygen increased from 24.28% to 62.03% while the elemental ratio of
nitrogen decreased from 12.77% to 2.96%. Furthermore, peaks corre-
sponding to S2p were found on the Ti-DPC. This indicates the existence
of sulfur. These surface characterizations indicate that our fabricated Ti
hybrids were successfully grafted with CFT. The ratios of relative
atomic composition are shown in Table 1. These results are also in good
agreement with the water contact angle results.

3.3. Quantification of amine and carboxyl groups on Ti substrates

As described previously [29], the Acid Orange II method can give
information regarding the amount of surface amine groups (Fig. 4). As
PDA was attached to the pristine Ti, the grafted amount of amine in-
creased to 13 μg (Fig. 4a). After attachment of amine-rich PEI, the
amount of amine groups rose to about 25 μg. However, the amine
content of the final substrate with CFT is lower than the previous one.
The amount of free amine measured was reduced by its reaction with
the carboxylic acid groups on CFT forming amide bonds. Additionally,
the carboxyl group on the Ti surface was measured by TBO (Fig. 4b).
This confirmed that the carboxyl group increased on the final substrate
as compared to pristine Ti surface due to CFT carboxylic acid groups.
These results indicate that the treatment of Ti surfaces served to bind
CFT to the Ti through these unique surface variations. These results
display a statistically significant difference.

3.4. Release behavior of CFT from the Ti substrates

The release of antimicrobials from biomedical implants is an ef-
fective way to prevent bacterial infections and a rapid release is desired
for a fast response time. The in vitro CFT release profiles of Ti-DPC are
shown in Fig. 5. This study found drastic differences in the drug release
trends under different pH levels. In consideration of these differences,
the in vitro release of CFT was investigated at 37 °C under the following
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conditions; (1) pH 7.4, (2) pH 6.5 and (3) pH 5.5. As shown in Fig. 5, the
amount of CFT released from the substrates was higher at pH 5.5 than at
pH 7.4. During the first early hours, there was an initial burst release of
about 40% observed from the substrate. After 24 h, approximately 80%
of drug was released from the substrates at pH 5.5. By comparison,
about 70% of drug was released at pH 6.5 and pH 7.4 within the same
period. These results indicate that pH plays an important role in drug
release and that the drug releases faster at acidic pH.

3.5. Evaluation of biocompatibility

The cytotoxicity of the antibiotics immobilized on Ti substrates is
considerably important for biomedical applications such as orthopedics
and dentistry. To investigate the cytotoxicity of antibiotics immobilized
on the Ti substrates, we carried out cytotoxicity assays on all test sur-
faces using human ADSCs at 1, 3, and 7 days of incubation. Fig. 6a
shows that no cytotoxic effects were observed from these surfaces over
that period of time, indicating that modification of the Ti surface do not
decrease cell proliferation. The cells on pristine Ti and Ti-D showed no
statistical differences in viability over 1 day. These results were

Fig. 2. SEM micrographs of surfaces including top view with high magnification (left panel) and AFM images (right panel) for Ti (a, e), Ti-D (b, f), Ti-DP (c, g), Ti-DPC
(d, h), respectively.
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consistent with a previous study [30]. Notably, surface modification of
Ti maintains better viability and cell adhesion over time [25]. As a
result, after incubating for 3 and 7 days, Ti-D, Ti-DP, and Ti-DPC
showed an increase in cell proliferation rate as compared with pristine
Ti. The viability of these cells displays statistically significant differ-
ences. The Ti-DPC group exhibited the highest cell proliferation rate on
the seventh day. These in vitro results indicate that the adhesion of
antibiotic CFT on the Ti surfaces significantly enhanced cell viability.
As shown in Fig. 6b, we visualized the cell morphologies on the various
functionalized Ti surfaces by SEM, Live/Dead, and CLSM images for
7 days. With each progressive surface treatment, the number of living
cells was confirmed to visually increase. Interestingly, the Ti-DPC
groups displayed a substantial improvement in cell viability as com-
pared to other groups. Most of the cells were dyed green in color, which
indicates that these have a possibility to survive and multiply. Also,
these results were similar with those of the cell proliferation assay.
These results confirmed that modification of Ti surfaces can positively
influence cell adhesion improving the biocompatibility of these sur-
faces.

3.6. Antibacterial property of the hybrid Ti

The results from antibacterial activity testing are shown in Fig. 7.
Each surface was tested after 24 h in contact with the bacterial sus-
pension. The density and number of colonies on the Ti surfaces were
evaluated. This in vitro testing of bacteria was performed against two
kinds of pathogens. These were gram-negative Pseudomonas aeruginosa
(P. aeruginosa), and gram-positive Methicillin-resistant Staphylococcus
aureus (S. aureus). These were selected as they are two major patho-
genic bacteria which cause community associated infections in den-
tistry and orthopedics [31]. To verify the presence of bacteria after
incubation, we investigated the antimicrobial action by SEM analysis.

Fig. 7a shows the bacterial growth on various substrates and the
morphologies of these surfaces after bacterial challenge. The surfaces of
pristine Ti and Ti-DP exhibited numerous bacterial colonies, while
fewer bacteria were counted on the surface of Ti-DPC (Fig. 7b). Re-
gardless of the type of bacteria, these results indicted notably strong
inhibition after antibiotic surface treatments. To evaluate that the an-
tibiotics loaded Ti discs have antimicrobial activity, the Ti-DPC was
compared with the pristine Ti and Ti-DP as a control group over time.
After 24 h, more bacteria were substantially eradicated from the CFT
immobilized Ti hybrids as compared to the other control groups. These
tests revealed statistically significant differences (Fig. 7c). This data
indicates that the antibiotic CFT was well grafted on these surfaces and
effectively prohibited bacterial colony growth. Therefore, we de-
termined that the antimicrobial Ti substrates could prevent infection by
pathogenic organisms.

4. Discussion

Over the past several decades, implant failure is often caused by
infection of the device with bacteria. This can occur during surgery or
by other modes of contamination [32]. In the clinical area, the failure of
Ti due to infection with bacteria has been increasing year-by-year
worldwide [33]. These failures often require additional procedures to
correct the implant failure which gives rise to higher healthcare costs.
Accordingly, this problem comes to the forefront of both patients and
surgeons. In order to solve these issues, many researchers have made an
effort to develop immobilize antibiotics on Ti surfaces through chemical
approaches. Unfortunately, previous methods have drawbacks due to
time and cost. Furthermore, the remaining residues from the chemical
reaction can cause severe toxicity which may prove to be fatal to pa-
tients.

For these reasons, we prepared a functional, antibacterial Ti using

Fig. 3. Water contact angle measurement after surface treatment (a) and XPS analysis (b) for Ti, Ti-D, Ti-DP and Ti–DPC respectively.

Table 1
Atomic chemical compositions of the surfaces of the Ti, Ti-D, Ti-DP, and Ti–DPC by XPS analysis.

Atom Ti Ti-D Ti-DP Ti-DPC

Peak BE Atomic % Peak BE Atomic % Peak BE Atomic % Peak BE Atomic %

C 286.148 52.49 285.24 62.48 285.69 62.71 286.99 34.27
O 531.26 43.03 531.48 32.02 530.99 24.28 531.09 62.03
N 398.48 3.3 400.66 5.25 399.74 12.77 401.29 2.96
S 163.77 1.16 162.76 0.26 162.58 0.24 169.01 0.74
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bio-friendly materials by a convenient and facile procedure (Fig. 1). We
utilized an adhesive PDA inspired by mussel adhesion chemistry in
order to graft substrates. PDA is a widely used adhesive material which
has catechol (DOPA) and amine (lysine) groups that can attach to all
kinds of inorganic and organic surfaces [34]. Although the poly-
merization and deposition mechanism is clearly unknown at this time,
it is likely that the adhesive-substrate interface is engaged by the ca-
techolic units [11,35]. In accordance with prior research, oxidation of
the catechol results in a quinone, which is structurally useful for
polymerization by Schiff base or Michael additions [35]. By itself, the
surface of Ti doesn't have functional groups and has limited interactions

in the wet condition. For this reason, it is extremely difficult to modify
the surface of Ti substrates. In several studies, evaporation based
methods and etching techniques have been used however these are
difficult, time consuming, and expensive [36]. Furthermore, these ap-
proaches may have a bad influence on the bio-functionalized Ti de-
velopment. The use of PDA as a modification tool has advantages over
these methods because of its high efficiency, low cost, and facile
methodology [37,38]. This can be used to modify various platforms for
secondary reactions, leading to tailoring of surface coatings for diverse
functional uses with strong covalent and noncovalent interactions.
DOPA (catechol group) attachment to the substrate surface is capable of

Fig. 4. Quantification of amine groups measured by Acid Orange II method (a) and quantification of carboxyl groups measuring by toluidine blue method (b). “***”
indicates significant difference of p < 0.001. N.D. means not detected.

Fig. 5. Cumulative ceftazidime released from Ti-DPC at different pH.
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forming strong connections with other functional groups, like amine
and thiol. Despite these advantages, PDA has insufficient amine groups
in order to bind carboxylated antibiotics. Thus, we introduced more
amine groups using PEI chemistry in order to enhance the binding.
Amine groups from the PEI polymer conjugate to the remaining ca-
techol groups on the surface. Specifically, the titanium surface reacts to
form covalent or physical bonds with PDA. Subsequently, the catechol
groups conjugate with the nucleophilic amine groups of PEI to bind the
surface modification onto the Ti implant [17]. In our recent previous
report, Lee et al. demonstrated that the PDA deposition of PEI coating
provides a lot of opportunity for grafting of carboxyl group bearing
molecules due to many amine units [19]. Through these experiments,
we clearly demonstrated changes in surface composition and mor-
phology (Fig. 2) during the surface treatments. Previously Zhang et al.

[39] developed a novel, composite nanofiltration membrane modified
with PDA followed by PEI grafting. These were successively prepared as
positively-charged membranes to enhance surface hydrophilicity by
controlling reaction time and concentration. For this reason, we
speculated that these surface modifications would increase the hydro-
philicity. In the present study, our developed Ti substrates show en-
hanced hydrophilic surface properties through these chemical mod-
ifications (Fig. 3a). This phenomenon is due to chemical composition
changes caused by increasing amine groups on the Ti surface (Fig. 3b).
In this study, we found that amine content increased with the PDA/PEI
surface treatments. The amount of amine groups on the surface was
determined by labeling with Acid Orange II (Fig. 4a). In particular, Ti-
DP was grafted with the largest number of amines. These amines pro-
vide for an environment allowing for cells to multiply across the

Fig. 6. Cell viability test of ADSCs for 7 days (a) and surface visualization of SEM, live & dead, and staining on the Ti, Ti-D, Ti-DP and Ti–DPC after 7 days of culture
(b). “*” indicates significant difference of p < 0.05. “**” indicates significant difference of p < 0.01. “***” indicates significant difference of p < 0.001.
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surfaces. Therefore, we convinced that this would improve bio-
compatibility and cell proliferation.

It is widely known that hydrophilic surfaces lead to cell adhesion,
proliferation, differentiation, and bone formation with good success
[40]. However, the majority of surfaces on Ti are generally hydro-
phobic, which occasionally leads to implant failure. Accordingly, this
indicates that the surface of the Ti can significantly influence cell be-
havior. Especially, surface wettability can have a major effect on the
surface-biology interface [40]. The initial effects of both cellular and
tissue responses to biomaterials are mainly due to blood contact as
blood proteins and molecules are the first to interact with the surface.
Subsequently, the hydrophilic surface of Ti increases the formation of a
fibrin blood clot which interacts with cells. These osteoblast cells affect
differentiation, extracellular matrix production, and tissue regenera-
tion. Thus, hydrophilic surface modifications can assist in the early
healing period and enhance integration [41]. Similarly, our cell viabi-
lity results indicated that the PDA/PEI coating also showed excellent
cell proliferation as compared to bare Ti (Fig. 6).

As is well known, Ti alone doesn't have antibacterial effect and
tends to form a surface protein layer under physiological conditions.
This protein layer is suitable for bacterial colonization [42]. To inter-
fere with the formation of a biofilm on the Ti surface, there are two
methods which can be applied at the initial and most vulnerable stages
[40]. First, anti-adhesive coatings on surfaces are applied to impede the
formation of the biofilm. These substrates consist of surface modifica-
tions, such as PDA, and cationic polymers, like PEI. In a previous report,
PDA coating has been found to be effective for providing antimicrobial
activity against biofilms [43]. A previous report by Iqbal et al. [44]
suggested that encapsulation of bacteria in the PDA film also inhibited
bacterial proliferation and survival. In another study, positively
charged polymers, such as PEI, can enhance permeability of negatively
charged bacterial outer membranes [45,46]. It is considered that the
PEI chemistry on the titanium surfaces alone can also inhibit bacterial

activity [47]. As indicated in previous research, the positive charge of
PEI due to the protonation of the primary, secondary, and tertiary
amine groups can facilitate binding to negatively charged bacteria
through electrostatic interactions [47]. After attaching to the nega-
tively-charged surface of bacteria, PEI increases the permeability of the
membrane resulting in elimination of biofilm. The utilization of ca-
tionic polymers can also help alleviate, eliminate, or eradicate micro-
bial infections as a form of antibiotic treatment [48]. Additionally,
previous reports established that PDA/PEI modified membranes clearly
have an influence on anti-fouling and antibacterial properties in com-
parison with unmodified membranes [26]. Each additional surface
treatment was found to improve the antimicrobial effect. As indicated
by the zeta potential measurement, PDA/PEI coatings are positively
charged, which can induce inhibition of biofilm formation (Table 2)
[27]. Therefore, we expected to effectively eradicate bacteria by in-
troducing PDA/PEI coatings. Second, antibiotic agents immobilized on
the surfaces can be an adequate measure to prevent infection. The
choice of antibiotics is also important for the medical field. Amongst the
many kinds of antibiotics, beta-lactam antimicrobial agents are one of
the oldest and most popular antimicrobials. The ring structure of beta-
lactam includes several classes of antimicrobial agents such as peni-
cillin's and cephalosporins. As compared to penicillin's, the cephalos-
porin antibiotic agents have lower toxicity and more powerful

Fig. 7. SEM micrographs of two kinds of bacterial binding on specimens (a), photographs of viable bacteria over time after incubation (b), antibacterial activities by
disc assay of Ti, Ti-DP and Ti–DPC over time (c). “***” indicates significant difference of p < 0.001, “*” indicates significant difference of p < 0.05 between Ti and
Ti-DP. “+++” indicates significant difference of p < 0.001 between Ti-DP and Ti-DPC.

Table 2
Surface charge of the surfaces of the Ti, Ti-D, Ti-DP, and Ti–DPC
by zeta potential analysis.

Surface treatment Zeta Potential (mV)

Ti −4.41 ± 0.79
Ti-D −0.76 ± 0.05
Ti-DP 0.35 ± 0.70
Ti-DPC −2.09 ± 0.70
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antibiotic activity [49]. In this study, we employed the third generation
of cephalosporin to cope with more severe gram-negative bacteria. The
third-generation compounds have a greater spectrum against gram
positive and negative bacteria and are effective against in vitro gram-
negative organisms. This is especially true for those with beta-lacta-
mase enzymes as compared to first and second generation drugs [50].
The basic mechanism proposed for the antibacterial action of third-
generation CFT is not yet fully understood. However, many groups have
described that CFT works by interfering with synthesis of the pepti-
doglycan layer forming the bacterial cell wall [18]. Due to CFT's broad
spectrum antibiotic activity against both gram negative and positive
organisms, it presents a promising way to inhibit the growth of bacteria.
In the present study, we used CFT because it is generally applied for
medical uses and has potent antimicrobial activity against Pseudo-
monas (Fig. 7).

Many bacteria are known to excrete acid and lower the pH level of
the surrounding environment [51]. The bacteria used in our experi-
ments also lower the pH. Since the pH environment plays an important
role, the activity of drug release under different pH conditions was
explored. The release of drugs from the Ti surface occurs by two me-
chanisms. First, drug carrier polymers are affected by pH which aids in
release of the drug. Previously, PEI polymers were found to protonate
when the pH was lower than neutral [52]. These PEIs act to release the
drug at acidic environments faster due to this protonation. Dong et al.
[53] suggested that PEI–doxorubicin conjugates can be utilized as pH
sensitive drug carriers for targeting the acidic tumor tissues
(pH 6.5–6.8). Second, adequate pH conditions can be an appropriate
means to cleave amide bonds. CFT bonds were cleaved from the sub-
strates in response to the acidic environment. This led to a higher re-
lease of antibiotics from the substrate as compared to the release found
in physiological pH conditions. This occurs as the hydrolysis of amide
bonds occurs more readily at lower pH [54]. Specifically, CFT was re-
leased from the Ti-DPC more rapidly under acidic pH conditions (5.5).
This is is due to cleavage of the labile amide bond. It has been pre-
viously demonstrated that the amide bond formed between PEI and CFT
is prone to pH-dependent hydrolysis [55]. This result (Fig. 5) confirms
that drugs are released faster in low pH environments. Since bacteria
act to lower the pH conditions of the surrounding environment, this is
representative of the bacterial habitat environment. In this environ-
ment, the release of antibiotics from the surface of Ti was particularly
important for the antimicrobial action. The most appropriate mea-
surement time and methods for determining antibacterial effect has
been discussed for several years. In previous reports, Alasdair et al.
proposed to measure IE (intensity of effect) as the optimal measurement
method. In the case of exposure to antibiotics, this measurement is
determined by comparing the control bacterial growth curve with the
test curve. Under this method, the test group is evaluated over the
course of the initial inhibition period and during regeneration to reach
the same density as the control after the control phase. Generally this
occurs after 24 or 48 h and the evaluation criteria is the time to kill
99.9% or 99% of the initial inoculum and the resultant changes in
survival count (log cfu/ml) [56]. In the absence of antibacterial effect,
implantation may create an opening for bacterial invasion leading to
peri-implantitis and nosocomial infections. In this situation, the in-
hibition of the bacteria within the earlier time points that occur im-
mediately after surgical implantation is key to prevention fatal infec-
tions [57]. In this study, we focused on and carried out only preliminary
assessments to confirm if the material could be applied to clinical ap-
plications. However, almost all bacteria were substantially eradicated
from the CFT immobilized Ti hybrids after about 12 h. Over this time,
approximately 80% of the CFT was released from the substrates. In this
study, the cleavage of amide bonds in acidic environments would
promote the release of antimicrobial agents, eventually preventing
bacteria adhesion and improving antibacterial effects. This remarkable
result indicates the great potential of pH-responsive Ti substrates as
drug carriers. These provide for a rapid and controlled release of

antibiotics.
Overall, the development of Ti substrates grafted with CFT using the

PDA/PEI coating represents a desirable approach for biomedical ap-
plications. We expect that application of both anti-adhesive coating and
antibiotics can provide for simultaneous and synergistic efficacy. In this
study, we determined these substrates to have both bioactive and an-
timicrobial results through in vitro assessment. In this case, our devel-
oped substrates provide for a potential tool for use in clinical treatment.

5. Conclusion

In summary, we designed and prepared a hybrid Ti surface in-
cluding a PDA/PEI coating followed by grafting of an antibiotic agent,
CFT in order to enhance its biocompatibility and antibacterial activity
against pathogens through a facile synthesis method. We confirmed the
novel modification of Ti surface via physicochemical assessments. The
In vitro biological analysis showed that the CFT immobilized Ti had
good antibacterial activity. These findings indicate that this bio-
compatible Ti surface can be used as an effective tool for the generation
of an antimicrobial implant to eradicate bacterial infections.
Furthermore, we confirmed an osteogenic possibility through loading of
cephalosporin antibiotic such as CFT (Fig. S1) [58]. Based on this
finding, we will do an in vivo animal study to treat osteomyelitis in the
near future. This preliminary study will pave the way for future in-
vestigations. Therefore, our developed Ti surface may play a role in
delivery of antibiotics which can reduce the incidence of infection for Ti
implants.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsusc.2019.143675.
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