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ABSTRACT: Heterogeneous metal implants have been applied in clinical
treatments of skeletal wounds, but their low antibacterial properties and the
possibility of a release of metal ions may have harmful influences on the human
body. Therefore, a polymer implant with low cost, high safety, an elastic
modulus similar to that of human bone, and a good antibacterial property must
be produced for orthopedic treatments. In this study, the surface of a 3D-
printed polyetheretherketone (PEEK) disk was grown with ZnO/TiO, rodlike
arrays using a chemical bath deposition. X-ray diffraction patterns and
transmission electron microscopy images showed that TiO,/ZnO rodlike
arrays were deposited onto the PEEK substrate. With the direct absorption of
antibiotic agents onto the surface of TiO,/ZnO/PEEK samples, their
antibacterial performances greater than the values of minimum inhibitory
concentration required to inhibit the growth of 90% of Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus) remained for around 10 days. The
concentration of Zn*" ions in a buffer solution is reduced with the coating of a
TiO, layer on a ZnO rodlike array. The sample with absorption from a mixture
containing ampicillin and vancomycin salts with a weight ratio of 1:1 had the
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best inhibitory effect on the growth of E. coli and S. aureus.

1. INTRODUCTION

With the fast increase in industrialization and population
around the world, a decrease in manufacturing time for
mechanical processes is necessary. Recently, a new technology
called 3D-printing has been developed and applied in the
industrial field due to it having low cost, simple procedures,
and short manufacturing time compared with traditional
mechanical processes. For Wohlers Report published by
Campbell et al. (2018)," industrial applications using 3D-
printing technology will increase to around 22 billion US
dollars in 2022. Major applications using 3D-printing
technology include discrete manufacturing and medical, food,
aerospace, and biological technologies.” For applications in
fields related to medicine and biology, 3D-printing techniques
have been employed because of the difficult production of
complex structures for bone suppor‘cs.3 Various types of 3D-
printing technologies such as stereolithography appearance
(SLA), fused deposition modeling (FDM), and selective laser
sintering (SLS) have been reported in the literature.”*™°
Traditional metal-based materials such as Ti-based metal
junctions or supports are often applied in the clinical
treatments of complex skeletal wounds. However, major issues
for the treatments of these skeletal wounds using Ti-based
supports are metal ions released from metal implants caused by
corrosion in the human body and the mismatched elastic
moduli between human bone (7—30 GPa) and the metal
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implant (~110 GPa for the Ti-based metal support).””*
Another candidate material applied in clinical surgeries
involving complex skeletal wounds is semicrystalline polymer
such as polyetheretherketone (PEEK).””® PEEK has been
applied in bone or tissue engineering due to its good elastic
modulus (3—4 GPa), which is close to that of human bone
(7-30 GPa).”’~? Compared with traditional metal-based
implants, an implant made with PEEK has several advantages
such as an elastic modulus similar to that of human bone, low
stress shield, and good thermal and chemical properties. Its
elastic modulus that is similar to human bone and its low stress
shield result in an enhancement in the lifespan of implants and
a mechanical compatibility better than that of Ti-based metal
supports. Its good thermal and chemical properties are also
suitable for applications in the orthopedic treatments.'’”"
Although 3D-printing technology has been applied in
orthopedic treatments such as total knee replacement or
total hip replacement surgeries, implant-associated infection
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(IAI) is still a major problem in clinical surgeries involving
these complex skeletal wounds. The ratios of IAIs for fracture-
fixation, total hip replacement, and total knee replacement
surgeries are 5%, 1%, and 2%, respectively.14 These IAI ratios
will increase exponentially for immunocompromised patients,
and therefore, it is necessary to perform revision surgeries.
However, the infection ratios for these revision surgeries can
increase to values in the range 5—40%."° IAIs are difficult to
treat and lead to extensive morbidity and even mortality.
Moreover, orthopedic treatments of these complex skeletal
wounds with implants always result in periprosthetic joint
infection (PJI),"® which is caused by Staphylococcus aureus or
Gram-negative bacteria.'” A general surgery for PJI involves
the local delivery of a high concentration of antibiotic agent.
The delivery of a high concentration of antibiotic agent into
the desired region in the human body may lead to drug waste
and generate cytotoxicity in cells in the human body."
Therefore, maintaining a heterogeneous implant with long and
good antibacterial activity is an important issue for the care of
patients after surgical operations. The development and
improvement of these implants with long and good
antibacterial properties have thus become a new research
direction for orthopedic treatments. Hassan et al. (2013)"”
discussed various techniques for the modification or improve-
ment of these implants with suitable antibacterial properties.
Current research topics for the modification of these implants
with suitable antibacterial properties include the coating of a
thin film containing silver ions at the sample surface, surface
polymerization of the antimicrobial material, and the
production of some suitable functional groups at the implant
surface using plasma or polymerization treatments. However,
coating with a thin film containing transitional heavy metal
ions onto the implant surface may also cause some unknown
problems in clinical treatments. Another possible technique is
the coating of a thin film containing a mixture with
biodegradable polymer and antibiotic agents onto the surface
of these heterogeneous implants to reduce the possibility of
infection. A thin film with biodegradable polymer and
antibiotic agents coated onto the surface of an implant can
maintain a stable and local antibiotic agent transportation
pathway to reduce the possibility of infection of the skeletal
wounds. A polymer such as poly-lactic-co-glycolic acid (PLGA)
mixed with an appropriate concentration of an antibiotic agent,
which can be released at a maintained, stable release rate, is
thus employed as an effective treatment choice for a reduction
of the possibility of infections occurring in complex skeletal
wounds.”’"?* However, PLGA is expensive, and the attach-
ment of PLGA on a PEEK substrate is still poor.””**
Therefore, our group developed a surface modification with
ZnO rodlike arrays on the surface of a PEEK disk. Using its
high surface area and suitable microstructures on the PEEK
substrate, the values of absorption for various types of
antibiotic agents increased, and the drug concentration that
was released from the PEEK sample with the surface
modification of ZnO/antibiotic agent into the testing solution
was maintained at a level greater than the minimum inhibition
concentration required to inhibit the growth of 90% (MIC 90)
for S. aureus in 96 h (4 days).” However, the dissolution of
ZnO rodlike arrays was found in the phosphate buffer solution
because of the acidic properties of these antibiotic agents
attached on the surface of ZnO rodlike arrays.”> The release of
the Zn*" ions into the human body may result in cell
cytotoxicity and may also cause a fast release rate of the
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antibiotic agent into the human body. Similar problems caused
by a high concentration of antibiotic agent in the human body
will also appear. In order to reduce the dissolution of ZnO
rodlike arrays on the PEEK substrate, a further process for the
modification of these ZnO rodlike arrays must be carried out.
In this study, we tried to develop a simple chemical deposition
method for the coating of TiO, layers onto the surface of ZnO
rodlike arrays on PEEK substrates. Using the high surface area
of TiO,/ZnO rodlike arrays and good resistance of TiO,
against acidic properties of antibiotic agents in buffer solution,
various types of antibiotic agents might be directly attached
onto the surface of TiO,/ZnO rodlike arrays without the
dissolution of these ZnO rodlike arrays. A heterogeneous
implant with low cost, high safety, and good antibacterial
properties may be produced and applied in orthopedic
treatments. An in vitro release rate measurement of the
antibiotic agent from the sample into the buffer solution,
inhibition zone tests, and an analysis of optical densities for S.
aureus or E. coli were also performed to understand the
antimicrobial activities of these TiO,/ZnO/PEEK samples.

2. RESULTS AND DISCUSSION

In this study, we tried to prepare a PEEK disk using a 3D-
printing method with FDM technology. Then, the TiO,/ZnO
core—shell rodlike arrays were grown onto the PEEK disk
using a simple chemical bath deposition method. Using the
stable and superhydrophilicity properties of the TiO, layer on
the ZnO surface,”* the release of Zn* ions from ZnO rodlike
arrays into buffer solution may be avoided, and the amount of
antibiotic agents loaded onto the TiO, surface may also
increase. First, we used a differential scanning calorimeter
(DSC, TA DSC 50) and thermogravimetric analyzer (TGA,
TA TGA Q 50) to measure thermal properties of PEEK
samples. Results of a PEEK sample using DSC and TGA are
shown in Figure S1LII, respectively. In Figure S1I, the melting
point (T,,) and crystallization temperature (T.) of the PEEK
material were observed at 338.5 and 290.5 °C, respectively.
These results agree well with the thermal properties of PEEK
reported in the literature.”** However, decomposition of the
PEEK material was observed at a temperature higher than 580
°C, as shown in the TGA result in Figure S1II, which agrees
well with the reports proposed in the literature.”>” Therefore,
the nozzle temperature of the 3D-printing equipment has to be
kept in the range 290.5—580 °C. As proposed in the study by
Yang et al. (2017),”® increasing the temperature of the heating
nozzle and the holder for the PEEK substrate may increase its
crystallinity and therefore improve its printing quality. Without
the increase in the temperature of the heating nozzle and
holder to an optimal temperature, it is difficult to obtain a
uniform and compact PEEK disk. Therefore, we set the
temperature of the heating nozzle to 370 + 10 °C and that of
the holder for our 3D printer to 250 °C in order to obtain a
highly crystalline and uniform PEEK disk. After the 3D-printed
PEEK sample was made, the ZnO rodlike arrays were then
grown onto the surface of the PEEK substrate in order to
increase the effective surface area for further application. The
detailed growth parameters were the same as those in our
previous study.” As in the report by Chen et al. (2019),” the
decomposition of ZnO rodlike arrays was observed in buffer
solution which may have a harmful influence in the human
body due to Zn®* ions released from ZnO. Therefore, a
passivation layer must be coated onto the ZnO rodlike arrays
to avoid the release of any Zn>" ions from the sample into the
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testing solution. A TiO, passivation layer was then directly
grown onto the surface of the ZnO rodlike arrays. X-ray
diffraction (XRD) patterns of PEEK, PEEK/ZnO, and PEEK/
ZnO/TiO, samples are shown in Figure 1. The blue line
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Figure 1. XRD patterns of samples prepared in this study.

shown in Figure 1 is the 3D-printed PEEK disk. Several peaks
at 18.65°, 20.64°, 23.18°, and 28.92° are assigned to the crystal

planes of (110), (1 11),(211),and (01 1), respectively, for
the PEEK sample (JCPDS card 52-2277). For the PEEK/ZnO
sample (red line in Figure 1), several extra peaks were
observed compared to the XRD pattern of the PEEK sample.
They are located at 31.74°, 34.48°, 36.22°, 47.48°, 56.54°,
62.78°, 66.30°, and 67.87°, which correspond to the crystal
planes of (100), (002),(101),(102),(110),(103), (2
0 0), and (1 1 2) for wurtzite ZnO phase (JCPDS card 0S-
0664).

For the coating of TiO, passivation layers onto the surface of
ZnO rodlike arrays (black line in Figure 1), a small peak at a 26
of around 25° was observed, which corresponded to the
anatase TiO, phase (JCPDS card 21-1272). It seemed that the
low-crystalline anatase TiO, layer was coated on the PEEK/
ZnO sample. Pan et al. (2019)* reported that a low-crystalline
anatase TiO, layer was easily formed on the surface of a ZnO
thin film using a sol—gel method. The phase diagram of TiO,
proposed by Yamashita et al. (2018)° also shows a similar
result. However, the results shown in Figure 1 only confirmed
that the ZnO and TiO, samples could be grown onto the
PEEK disk, but the microstructures of ZnO and ZnO/TiO,
were still unknown. Therefore, a filed-emission scanning
electron microscope (FE-SEM) was used to observe the
surface microstructures of PEEK/ZnO and PEEK/ZnO/TiO,
samples. The images of FE-SEM for PEEK/ZnO and PEEK/

@
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Figure 2. FE-SEM images of (I) ZnO and (II) ZnO/TiO, samples at 10KX and (III) ZnO and (IV) ZnO/TiO, samples at SOKX.
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Figure 3. TEM images of ZnO/PEEK samples at (I) 80Kx and (II) 600Kx and (III) its SAED pattern.

ZnO/TiO, samples at 10KX are shown in Figure 2LII,
respectively.

In the FE-SEM image of the PEEK/ZnO sample (Figure
21), hexagonal rodlike arrays were observed, which agreed well
with our previous study.7 In the FE-SEM image of the PEEK/
ZnO sample with TiO, as the passivation layer (Figure 21II), a
larger diameter of the rodlike arrays was found, which may be
due to the coating of a TiO, passivation layer onto the ZnO
surface. Figure 2IILIV shows the FE-SEM images for PEEK/
ZnO and PEEK/ZnO/TiO, samples at SOKX, respectively. For
the results given in Figure 2IILIV, the diameters of ZnO and
TiO,/Zn0O rodlike microstructures were 256 and 741 nm,
respectively. The increase in the diameter of the TiO,/ZnO
rodlike microstructure is due to the TiO, passivation layer
coated onto the ZnO rodlike microstructure.

The compositions and distributions of samples are also
important factors for further applications. An energy-dispersive
spectroscopy (EDS) analysis of samples was then carried out
with a working distance of 15 mm and acceleration voltage of
15 kV. The EDS results for PEEK/ZnO and PEEK/ZnO with
TiO, as the passivation layer are shown in Figure S2LII,
respectively. The EDS spectra of PEEK/ZnO and PEEK/
ZnO/TiO, showed that zinc and oxygen and zinc, oxygen, and
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titanium element spectra were clearly detected. The weight
percentages of zinc, oxygen, and titanium elements were
converted into atomic percentages for these elements. The
atomic ratio of Zn:O in PEEK/ZnO samples is 47.52:52.48,
which indicated that some zinc vacancies formed in the ZnO
rodlike arrays. For the PEEK/ZnO/TiO, sample, the atomic
ratio of zinc, oxygen, and titanium elements is
24.48:58.53:16.99, which indicated that the Ti element was
deposited onto the ZnO surface. Figure S2III shows the
mapping results of zinc and titanium elements in the PEEK/
ZnO/TiO, sample. The mapping results indicated that
uniform distributions of zinc and titanium elements were
observed for the PEEK/ZnO/TiO, sample. However, the
XRD, FE-SEM images, and EDS results showed that the TiO,
passivation layer was coated onto the surface of ZnO rodlike
structures. Evidence for the TiO,/ZnO core—shell micro-
structures in the PEEK sample is still not enough. High-
resolution transmission electron microscopy (TEM) was
employed to examine properties of single ZnO and the
TiO,/ZnO rodlike microstructure, respectively. Figure 3I
shows the TEM image of a single ZnO rodlike microstructure
at 80KX. A ZnO rodlike microstructure can be clearly
observed. Figure 3II shows the high-resolution TEM image
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Figure 4. TEM images for ZnO/TiO,/PEEK samples at (I) 80Kx and (II) 600Kx and (III) its SAED pattern.

of a local region of the single ZnO rodlike microstructure
shown in Figure 31 at 600KX, and the inset in Figure 3II is the
local region of the TEM image for the ZnO rodlike
microstructure at 800KX. An interplanar space of around
0.261 nm is observed, which is consistent with a (0 0 2) crystal
plane for ZnO. Figure 3III shows the corresponding selected
area electron diffraction (SAED) pattern of the single ZnO
rodlike microstructure. The SAED pattern agrees well with
wurtzite ZnO phase spots, which is in agreement with the XRD
patterns in Figure 1.

Figure 41 shows the TEM image of a single ZnO/TiO,
rodlike microstructure at 80KX. A ZnO/TiO, rodlike
microstructure can also be clearly observed and agrees well
with the FE-SEM images reported in Figure 2. Figure 4II
shows the high-resolution TEM image of a local region of the
single ZnO/TiO, rodlike microstructure shown in Figure 41 at
600KX, and the inset in Figure 4II is the local region of the
TEM image for a single ZnO/TiO, rodlike microstructure at
800KX. An interplanar space of around 0.351 nm is observed,
which is consistent with the (1 0 1) crystal plane for the
anatase TiO, phase.”"”” Figure 4III shows the corresponding
SAED pattern of a single ZnO/TiO, rodlike microstructure. Its
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SAED pattern agrees well with the wurtzite ZnO and anatase
TiO, phase spots, which are also in agreement with the XRD
pattern shown in Figure 1. Therefore, we can conclude that
ZnO rodlike arrays with a TiO, passivation layer on a PEEK
disk can be directly obtained using simple chemical bath
deposition.

For possible applications of the direct attachment of
antibiotic agents onto the surface of a PEEK/ZnO/TiO,
sample, its surface area is an important factor that influences
the absorption amount of antibiotic agent in a water bath.
Therefore, a specific surface area analyzer was used to observe
its active surface area. The absorption curves of ZnO and
ZnO/TiO, rodlike arrays obtained from a specific surface area
analyzer agreed well with type II absorption isothermal curves.
Type II absorption isothermal curves of samples indicate
multilayer absorption taking place at the sample surface.” The
absorption between the sample and nonpolar gas (N, gas)
involves the formation of many molecular layers on the surface
rather than a single one. Using these absorption curves of
samples, the effective surface area values for the PEEK/ZnO
and that for TiO, as the passivation layer are around 1.42 and
1.13 m?/g, respectively. With the coating of a TiO, passivation
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Figure 5. Release profile curves of (I) vancomycin salt, p > 0.05; and (II) ampicillin salt, p > 0.0S. (III) Summary of various antibacterial agents

released from samples into buffer solution as a function of time.

layer onto ZnO rodlike arrays, the effective surface area
decreased compared with pristine ZnO rodlike arrays. The
smaller value of the effective surface area for the PEEK/ZnO/
TiO, sample indicated that the total area of the sample for
physical absorption with nonpolar compounds decreased, and
it may also reduce the amount of physical absorption for
antibiotic agents in a water bath; however, it may also avoid
the release of Zn** ions into human body.

Though we have reduced the possibility of Zn>* released
from the PEEK substrate with the TiO, passivation layer, its
antibacterial property is still a problem. In order to avoid
overuse in the local delivery of a high concentration of a drug
in the human body, an improvement of the antibacterial
property for PEEK implants is thus necessary. In this study, we
prepared three types of antibiotic agent solutions for the direct
absorption of drugs onto PEEK/ZnO/TiO, samples and
evaluated their antibacterial properties. Sample A is a PEEK/
ZnO/TiO, sample with the direct absorption of vancomycin
salt in a water bath (20 mL of SO mg/L antibiotic agent
solution). Sample B is a PEEK/ZnO/TiO, sample with the
direct absorption of an aqueous mixture containing vancomy-
cin and ampicillin salts (20 mL of 25 mg/L vancomycin and 25
mg/L ampicillin salts). Sample C is a PEEK/ZnO/TiO,
sample with the direct absorption of ampicillin salt in a
water bath (20 mL of S0 mg/L antibiotic agent solution).
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Samples A and C are PEEK/ZnO/TiO, samples with the
direct absorption of 100% of one antibiotic agent, and Sample
B is a PEEK/ZnO/TiO, sample with the direct attachment of
two kinds of antibiotic agents with a weight percentage of 50/
50 w/w. The design reason for sample B is to decrease the
amount of individual antibiotic agent loading on the sample
but to maintain a suitable antimicrobial activity on both Gram-
negative and Gram-positive bacteria. The decrease in the
amount of each antibiotic agent may also reduce their possible
influences on the human body and environmental pollution.
The cost of implants may also reduce because the cost of
vancomycin salt is much higher than that of ampicillin salt.
After the direct absorption of a suitable amount of antibiotic
agent by the sample in a water bath for 5 days, we could
evaluate the weight percent of antibiotic agent absorbed onto
the samples by the change in antibiotic agent concentrations in
the water bath before and after the absorption process. The
absorption percentages of antibiotic agent for samples A and C
are 93.1% and 89.6%, respectively. The absorption percentage
of the antibiotic agent mixture for sample B is 91.6% (the ratio
for vancomycin and ampicillin salt absorbed onto sample was
around 1:0.82). For the coating of the TiO, layer onto ZnO
rodlike arrays, the absorbed amount of vancomycin salt is a
little higher than that of ampicillin salt, which is the same result
as in our previous study.” A possible reason may be more
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Figure 6. Variations of concentrations for Zn and Ti ions in buffer solutions for (I) sample A, (II) sample B, and (III) sample C as a function of

time.

hydroxyl groups in the vancomycin salt compared with the
ampicillin salt. For the absorption isothermal curve of the
ZnO/TiO, sample, a type II absorption curve was observed,
which indicated that the multilayer absorption of nonpolar
compounds (N, gas) was taking place at the sample surface.
However, it is well-known that the superhydrophilic property
of the TiO, layer is observed due to the formation of hydroxyl
groups on the TiO, surface.”* These hydroxyl groups formed
on the surface of the TiO, layer generate hydrogen bond
interactions between the antibiotic agents and the TiO, surface
and therefore make the total amount of absorption for
vancomycin salt attached onto the sample surface a little
greater than that for ampicillin, but the difference is not too
large. For sample B, a similar tendency for the amount of drug
attached on the sample was also observed. The next
experiment is to evaluate the drug release behavior from the
sample moving into the phosphate solution in order to
estimate antimicrobial activities. In the report proposed by Sun
et al. (2018),** the release of bone morphogenetic protein-2
(BMP-2) from the sulfonated PEEK substrate into the buffer
solution is a rapid release process, which indicated that the
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good attachment and stable release profile of drugs are difficult
without any surface modification of the PEEK substrate. Figure
S shows the drug release curves for various kinds of antibiotic
agents from samples into buffer solution. It is well-known that
vancomycin salt has a good antibacterial performance on S.
aureus, and the ampicillin salt has a good antibacterial
performance on E. coli. Figure SI shows the release curves of
vancomycin salt from samples A and B (mixture of vancomycin
salt/ampicillin salt of 50:50 in the solution bath for
absorption) into phosphate solution. At 24 h, fast drops in
the concentrations of vancomycin salt from samples A and B
into the phosphate solution were observed. The release
concentration of vancomycin salt in phosphate solution for
sample A was a little greater than that for sample B at the first
24 h test because of the total influence of the interaction and
the absorption amount of vancomycin salt at the surfaces of
samples. The total absorption amount of vancomycin salt in
sample A (100% of vancomycin salt in the solution) is much
higher than that in sample B (50% of vancomycin salt in the
solution); the possible release amount of vancomycin salt from
sample A is therefore higher than that from sample B.
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Figure 7. Antibacterial properties of S. aureus for (I) sample A, (II) sample B, and (III) sample C as a function of time. Statistical analyses of p >

0.0S for samples A and B and p < 0.0S for samples B and C.

According to the two-film theory,” the release rate of
antibiotic agent from a sample into buffer solution is
influenced by the difference between the concentration of
antibiotic agent on the sample surface and that in the buffer
solution. Theoretically, the release rate of vancomycin salt
from sample A is around 2 times higher than that from sample
B in the first testing period. However, hydrogen bonds formed
between the TiO, surface and vancomycin salt resulted in the
decrease in the release rate of vancomycin salt into buffer
solution and therefore made the concentration of vancomycin
salt for sample A in buffer solution a little higher than that for
sample B in the first 24 h. Then, the stable concentrations of
drug release profiles for vancomycin salt absorbed onto
samples A and B were observed in the test time interval 24—
240 h. After around 240 h (10 days), the amount of
vancomycin salt in the buffer solution decreased and became
lower than the value of MIC 90 for S. aureus,>® which indicated
that the good antibacterial performances of samples A and B
for the inhibition of the growth of 90% S. aureus could be
maintained for at least 10 days. Compared with our previous
study,” we can extend their antibacterial performance on S.
aureus from 4 days to 10 days. Figure SII also reports the
release profiles of ampicillin salt from samples B (mixture of
vancomycin salt/ampicillin salt of 50:50 in a solution bath for

absorption) and C into buffer solution. At 10 h, fast drops in
the concentrations of ampicillin salt in phosphate solution for
samples B and C were observed. The release amount of
ampicillin salt in buffer solution for sample C was higher than
that for sample B in the first 10 h test because of the high
concentration of ampicillin salt in the water bath for the
absorption onto sample C. One possible reason is the same as
what we discussed before. The stable concentrations of drug
release profiles for ampicillin salt absorbed onto samples B and
C were observed in the test time interval 20—240 h. Also, after
the test at around 240 h (10 days), the concentration of
ampicillin salt in the phosphate solution decreased and become
lower than the value of MIC 90 for E. coli,”” which indicated
that the antibacterial performances of samples B and C for the
inhibition of the growth of 90% on E. coli could remain for at
least 10 days. We also found that the variation of concentration
for ampicillin released from sample C is higher than that from
sample B. From the results reported in Figure SLII, we
observed that the existence of vancomycin salt could make
stable the release profile of ampicillin salt from sample B into
buffer solution and control its antibacterial property to be
higher than MIC 90 on both S. aureus and E. coli, which are
Gram-negative and Gram-positive bacteria, respectively. From
the results of a statistical analysis, a comparison of release
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Figure 8. Antibacterial properties of E. coli for (I) sample A, (II) sample B, and (III) sample C as a function of time. Statistical analysis of p < 0.05

for samples A and B and p > 0.0S for samples B and C.

profiles for samples A and B in 10 days showed no statistically
significant difference (p > 0.05). A similar statistical result was
also observed from the comparison of release profiles for
samples B and C in 10 days (p > 0.05). Although no statistical
significances were observed from the results shown in Figure 5,
we can still conclude that sample B may have a good
antibacterial performance on both Gram-negative and positive
bacteria and also reduce the individual damage of antibiotic
agents on the human body and environmental pollution.
Figure SIII shows the summary of drug release profiles for
samples A—C. It indicated that their antibacterial performances
may remain for at least 10 days.

In our previous study,” we observed that the decomposition
of ZnO rodlike arrays occurred in the phosphate buffer
solution after the 4 day test due to the acidic properties of
ampicillin and vancomycin salt. The release of Zn** ions into
buffer solution may have a harmful influence on the human
body. Therefore, we examined the ionic concentrations of Zn**
and Ti* ions in the phosphate buffer solution as a function of
time. Figure 6 shows the variations of Ti** and Zn*" ions in
phosphate solution for samples A—C using an inductively
coupled plasma optical emission spectrometry (ICP-OES)
analysis. The concentrations of Ti*" ions for all samples in
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buffer solution are lower than 0.025 ppm, and the
concentrations of Zn** ions are almost zero in the 10 day
test, which indicates that we can avoid the decomposition of
ZnO rodlike arrays in the buffer solution when the antibiotic
agents are loaded onto the samples. Low release concen-
trations of metal ions in buffer solution can increase their
safety in applications of orthopedic treatments. Since we have
tested the drug release profiles of various kinds of drugs
attached onto the sample surface, the results show that all
samples can release the drugs at concentrations greater than
the values of MIC 90 on S. aureus and E. coli. However,
antibiotic agents at a concentration higher than MIC 90 of
organisms did not indicate that these samples had good
antibacterial properties. Therefore, we also tested their
antibacterial performances using a traditional disk diffusion
method.

Figure 7I-III shows the antibacterial properties and the
calculation of drug release distributions of different kinds of
drugs in Petri dishes as a function of time using the calibration
curve for the inhibition of S. aureus. For sample A (100%
vancomycin salt in a water bath for absorption onto the sample
surface, Figure 71), its antibacterial property of higher than
80% on S. aureus can be maintained for at least 3 days and

https://doi.org/10.1021/acsomega.1c06931
ACS Omega 2022, 7, 9559—-9572


https://pubs.acs.org/doi/10.1021/acsomega.1c06931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06931?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

100

80 -

60 -

40

Relative value of OD (%)

[ —®—Sample (A)
20 - —&— Sample (B)

[ —¥— Sample (C)
0 " 1 " 1 2 1 n 1 2 1 " 1

0 2 4 6 8 10 12
Time (hr.)

(D

Relative value of OD (%)

100

80 |-
60 -

40 -
[ —®— Sample (A)
- —*—— Sample (B)

[ — ¥ Sample (C)
0 1 1 1 1 i 1 L 1 1 1 1 1
0 2 4 6 8 10 12

Time (hr.)

(IT)

20

Figure 9. Optical density results for (I) S. aureus (statistical analysis: sample A with sample B, p > 0.05; sample B with sample C, p < 0.05) and (II)
E. coli (statistical analysis: sample A with sample B, p < 0.05; sample B with sample C, p > 0.05) for various samples in a solution bath.

decreased to around 70% after the 7 day test. The antibacterial
property of sample A estimated from the drug release
distribution of antibiotic agent corresponded to the paper
with the absorption of a standard concentration of vancomycin
salt with a concentration of 600—700 pg/mL. For sample C
(100% ampicillin salt in a water bath for absorption onto the
sample surface, Figure 7III), its antibacterial property on S.
aureus of higher than 80% can be maintained in the first 3 days
and decrease in the 4—5 day test. After the 6 day test, its
antibacterial property on S. aureus decreased to around 34%
and approached 20% at the 7 day test. The antibacterial
property of sample C estimated from the drug release
distribution of antibiotic agent corresponded to the paper
with the absorption of a standard concentration of ampicillin
salt with a concentration of 700—500 pg/mL. With the results
shown in Figure 7III, we can conclude that the effective
bioactivity of ampicillin salt loaded on the TiO, sample
decreases very fast. For sample B (50% vancomycin salt and
50% ampicillin salt in the solution bath, Figure 7II), its
antibacterial property can remain higher than 80% in the first 6
day test. It decreased to 70% at the 7 day test. Sample B had a
relatively longer and better antibacterial property on S. aureus
than sample A and a much better antibacterial property on S.
aureus than sample C. It is well-known that the antibacterial
property of vancomycin salt on S. aureus is much better than
that of ampicillin salt. Our study agrees well with this result.
According to our previous study,””*’ we tested various
loading ratios of vancomycin salt and ampicillin salt with
PLGA as the control-release unit of the antibiotic agents from
the ZnO surface into buffer solution. The results showed that
the loading ratio of 50:50 for vancomycin and ampicillin salts
on the ZnO sample has the best antibacterial activity on S.
aureus. For the high loading ratio of vancomycin salt, good
antibacterial properties on S. aureus for samples were observed
in the first testing day, but the dissolution of ZnO caused by
the high pK, value for vancomycin salt made it lose its
antibacterial property on S. aureus on the 4th day. A high
loading ratio of ampicillin salt on ZnO rodlike arrays had a
poor antibacterial property on S. aureus although a relatively
low amount of dissolution for ZnO rodlike arrays was
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observed. With the loading ratio of 50:50 for vancomycin
and ampicillin salts on the ZnO sample, the antibacterial
property on S. aureus for the sample can be maintained for
more than 4 days, but the time period with this antibacterial
property of the sample was not enough. Also, we did not test
its antibacterial property on E. coli with a loading ratio of 50:50
for vancomycin and ampicillin salts on the sample. Therefore,
we also tested the antibacterial properties of samples A—C on
E. coli, and they are shown in Figure 8I—III, respectively. For
sample A (100% vancomycin salt in a water bath for
absorption onto the sample surface, Figure 8I), its antibacterial
property of higher than 80% on E. coli can remain for at least 2
days and decreased to around 30% after the 7 day test. The
antibacterial property of sample A estimated from the drug
release distribution of antibiotic agent corresponded to the
paper with the absorption of standard vancomycin salt with a
concentration of 500—600 ug/mL. This indicated that the
effective antibacterial property for sample A decreased
although its estimated antibacterial property corresponded to
a standard concentration of 500—600 yg/mL for vancomycin
salt absorbed on the paper. For sample C (100% ampicillin salt
in a water bath for absorption onto the sample surface, Figure
8I1I), its antibacterial property on E. coli of higher than 80%
can remain during the first 3 days and decrease to 75% in the
4—35 day test. After the 6 day test, its antibacterial property on
E. coli decreased to 65% and approached to 55% in the 7 day
test. The antibacterial property of sample C estimated from the
drug release distribution of antibiotic agent corresponded to
the paper with the absorption of a standard concentration of
600—800 pg/mL for ampicillin salt. With the results shown in
Figure 8III, we can conclude that the effective bioactivity of
ampicillin salt loaded on the TiO, sample decreased. The
results shown in Figures 7 and 8 indicate that the pure
ampicillin and vancomycin salts loaded onto the ZnO/TiO,
rodlike array surface showed a poor antibacterial property on S.
aureus and E. coli, respectively. It is well-known that
vancomycin salt has a good antibacterial property on S. aureus,
and ampicillin salt has a good antibacterial property on E.
coli.””** Therefore, poor antibacterial properties on S. aureus
and E. coli using ampicillin salt and vancomycin salt were
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expected. For sample B (50% vancomycin salt and 50%
ampicillin salt in the solution bath for absorption, Figure 8II),
the antibacterial property of sample B on E. coli can remain
higher than 80% in the first 4 day test. It decreased to 65% at
the 7 day test. Sample B had a relatively longer and better
antibacterial property on E. coli than sample C and a much
better antibacterial property on E. coli than sample A. These
results also agree well with results shown in the literature.””*°
Upon a statistical analysis, the antibacterial activity of sample A
with sample B and sample B with sample C in 7 days did not
show enough statistical significance (p > 0.05). From the
results shown in Figures 7 and 8, we can still observe that
sample B has a good antibacterial property on both S. aureus
and E. coli.

The relatively low concentration of individual antibiotic
agent may lead to low toxicity and environmental pollution
during treatments of biomedical waste. The observations of the
values of optical density on S. aureus and E. coli in the solutions
with drugs attached onto the samples were also carried out for
an understanding of their inhibition behavior on the growth of
organisms.””**~*" With an increase in optical density value in
the organism solution, the population of organisms in the
solution increases; with a decrease in the optical density value,
the growth of organisms in the solution is reduced. Figure 9LII
shows the relative optical density (OD) values for S. aureus and
E. coli using samples A—C. The OD values of S. aureus in the
same solution without the sample as a function of time were
used as the standard test. For the concentration of S. aureus of
around 10° colony-forming units (CFU)/mL (Figure 9I), the
growth rates of S. aureus were inhibited with samples A and B
in the solution. Sample C showed a relatively poor
antimicrobial activity from the OD value observation in the
solution. The inhibition of the growth rate of S. aureus with
sample A is a little higher than that with sample B, but the
difference is not too large. The statistical analysis for sample A
with sample B showed no statistical significance p > 0.05. This
may be due to the low concentration of vancomycin salt
absorbed onto the sample B, and it may result in a relatively
poor antibacterial property of sample B compared with sample
A. For the concentration of E. coli of around 10° CFU/mL
(Figure 9II), the growth rates of E. coli were inhibited with
samples A—C in the solution. Sample C showed relatively
better antimicrobial activities from the OD value observation
in the solution, and sample A has a poor antibacterial property
on E. coli. The inhibition of the growth rate of E. coli using
sample B is a little lower than that for sample C, but the
difference is not too large. The statistical analysis for sample B
with sample C also showed no statistical significance p > 0.05.
This may be due to the low concentration of ampicillin salt
absorbed on sample B and result in a relatively poor
antibacterial property of sample B compared with sample C.
These results indicate that the direct absorption of the
antibiotic agent mixture onto the TiO,/ZnO rodlike array
sample has good antimicrobial activity. The low release
concentrations of Zn>* ions from samples in buffer solution
also indicate their good chemical resistances for corrosion
applied in orthopedic surgery. The mixture of ampicillin/
vancomycin in the solution bath with a suitable ratio for
absorption onto the PEEK samples will be developed for
biomaterials with long-term antibacterial properties of around
28 days, and an evaluation of their osteogenesis abilities will
also be performed in the near future.
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B CONCLUSION

In this work, we reported a low-cost and simple process for the
production of TiO,/ZnO rodlike arrays on a PEEK disk for
further applications in the biomaterial-related field. For the
selection of 3D-printing parameters, the temperature of the
nozzle in our 3D-printer was set at 370 + 10 °C using the
results of differential scanning calorimetry and thermogravi-
metric analysis. The 3D-printed PEEK disk was then used for
the growth of TiO,/ZnO rodlike arrays. XRD patterns and FE-
SEM images of samples indicated that the TiO, layers can be
grown onto the surface of ZnO rodlike arrays. TEM images of
samples also confirmed these results. Therefore, various kinds
of antibiotic agents loading onto the TiO,/ZnO/PEEK
samples can be produced using the direct absorption of
different concentrations of antibiotic agents in a water solution.
Around 90% of the antibiotic agents in the solution can be
directly absorbed onto the samples during a S day absorption
process. Stable antibiotic agent release profiles in the
phosphate solution for samples were observed and led to
concentrations of drugs in the buffer solution greater than
those for MIC 90 on S. aureus and E. coli within 240 h. A
suitable antibacterial property of the sample on S. aureus and E.
coli with the loading of a mixture of ampicillin and vancomycin
salts can be maintained for at least 7 days. The relatively low
amount of individual antibiotic agent also leads to low cell
cytotoxicity and environmental pollution. Relative values of
optical density for S. aureus and E. coli in the solution with a
concentration of 10° CFU/mL for organisms can decrease to
40% and 65% using the TiO,/ZnO/PEEK sample with the
loading of a mixture of vancomycin salt and ampicillin salt in
12 h. This study reported that a low-cost and simple technique
for the production of PEEK/ZnO/TiO,/antibiotic agent
materials could have further applications in biomedical
technology with almost zero concentration of metal ions
released into the human body.

B EXPERIMENTS

In this work, we grew ZnO rodlike arrays on a PEEK surface
using chemical bath deposition. A TiO, layer was then coated
onto the ZnO rodlike arrays in order to avoid the possible
release of Zn®* ions from the sample, which may be harmful
during the application of PEEK implants. The detailed process
for the 3D-printed PEEK disk is similar to those published in
our previous study,”” but the nozzle temperature of the 3D-
printer was set at 370 + 10 °C. The holder temperature of the
PEEK sample using the 3D-printer was kept at 250 °C, and the
printing speed of the 3D-printer was set at 10 mm/s for the
preparation of the PEEK disk. After that, it was put into a
Piranha solution (volume ratio of H,5O,/H,0, = 3:1) with
ultrasonic irradiation for 30 min. Then, the PEEK sample was
put into deionized water with ultrasonic irradiation for 10 min.
After these processes, the sample was cleaned by ethanol,
deionized water, acetone, and deionized water several times
and blown dry with ultrapure nitrogen gas.

The growth of ZnO rodlike arrays on the PEEK substrate
was similar to the reports published in the literature.”*" A brief
description is as follows: 0.5 mM potassium permanganate
(KMnO,, purity of greater than 99%, Aldrich Co.) with a
volume of 10 mL and 25 uL of 1-butanol [CH,(CH,);0H,
purity of greater than 99%, Alfa Aesar Co.] were mixed well
and used for the activation solution for the PEEK disk in order
generate Mn—hydroxyoxide on the PEEK surface. The PEEK

https://doi.org/10.1021/acsomega.1c06931
ACS Omega 2022, 7, 9559—-9572


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

sample was put into the activation solution with a temperature
of 85 °C and reaction time of 20 min. The PEEK disk was kept
in the water bath with ultrasonic irradiation at a time interval
of 10 min after the activation process. The apparatus for the
growth of ZnO rodlike arrays on the PEEK disk is given in
Figure S3. For ZnO rodlike arrays grown on a substrate, a
mixture containing 2 mL of zinc nitrate [concentration of 1 M,
Zn(NO;),-6H,0, purity >98%, Sigma-Aldrich Co.], 3 mL of
ammonium hydroxide (concentration of 5.5 M, NH,OH, J. T.
Baker Co.), 4 mL of 50% (v/v) ethanolamine (MEA,
NH,CH,CH,OH, purity of greater than 99%, Riedel-de
Haén Co.), and deionized water with a volume of 11 mL
was mixed well and put in a glass bottle. An activation PEEK
substrate was directly moved into the glass bottle containing
the reaction solution and kept in an oil bath with a temperature
of 85 °C for 30 min to deposit the ZnO rodlike arrays onto the
PEEK surface. After the growth of ZnO rodlike arrays on the
PEEK surface, the sample was put in an oven at 70 °C with a
time interval of 30 min. To coat TiO, thin films onto the
surface of ZnO rodlike arrays, a reaction mixture containing 50
mL of absolute ethanol (Simga-Aldrich, purity >99.8%), 1 mL
of tetrabutyl titanate (C;sH340,Ti, Sigma-Aldrich, purity
>99%), and 10 mL of deionized water with magnetic string
for 30 min was prepared. Then, the PEEK/ZnO sample was
put into this solution at 80 °C for 4 h to obtain the PEEK/
ZnO/TiO, composite sample for the further absorption of
different types of antibiotic agents.

The samples’ crystal phases and their surface microstructures
were analyzed using an X-ray diffractometer (XRD, D2 phaser,
BRUKER, A26-X1-A2B0B2A) with Cu Ka (4 = 1.5418 A)
irradiation and a field-emission scanning electron microscope
(FE-SEM, JEOL JSM-7S500F), respectively. Their composi-
tions and the values of effective surface area were also
examined using an SEM instrument (S-3000N, Hitachi)
connected to an energy-dispersive spectrometer (EDS,
HORIBA, 7021-H) at an acceleration bias set at 15 kV and
using a specific surface area analyzer (Micomeritics, ASAP
2020), respectively. Nitrogen gas for the measurement of the
samples’ surface area is employed with the pressure set at 3
pumHg. Because the specific surface area measurement for the
sample is calculated using the amount of nitrogen gas absorbed
at the sample surface, the sample has to be kept at the
temperature of 90 °C to avoid any influence of water content
in the sample. The ZnO/TiO, rodlike arrays on the PEEK
substrate were also examined using a transmission electron
microscope (TEM, JEOL JEM-2100 Plus). The TEM
specimens were prepared by mechanically scratching on the
ZnO/TiO, rodlike arrays at the substrate.

For the absorption of suitable concentrations of antibiotic
agents on the surface of TiO,/ZnO/PEEK disks, two types of
antibiotic agents, which are ampicillin sodium salt
(C1¢HsN3NaO,S, purity of greater than 98%, Aldrich Co.)
and vancomycin hydrochloride (CgsH,5CL,N,O,,-HCl, purity
of greater than 98%, Aldrich Co.), were used for the tests. The
organisms for the inhibition zone tests were S. aureus
(ATCC6538R) and E. coli (DHSa) provided from the
Bioresource Collection and Research Center (BCRC, Taiwan).
Nutrient Broth (NB, beef extract 3%, peptone Sg) was
employed for the bioactivity tests on these organisms. The
PEEK/TiO,/ZnO/antibiotic agent sample was produced
through the direct attachment of antibiotic agent on the
surface of TiO,/ZnO rodlike arrays on the PEEK disk.
Concentrations of 50 mg/L pure vancomycin salt, 25 mg/L
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vancomycin salt and 25 mg/L ampicillin salt, and 50 mg/L
pure ampicillin salt in aqueous solutions were employed for the
absorption of the antibiotic agents onto the TiO,/ZnO/PEEK
samples. They are named samples A—C, respectively. An
average area of around 1 cm? for the TiO,/ZnO/PEEK sample
was kept in the 20 mL aqueous solution containing a suitable
amount of antibiotic agent for 5 days. After the absorption of
antibiotic agent onto the sample surface was finished, the
sample was maintained in a clean glass bottle to avoid any
influence from outside chemicals or organisms.

An in vitro observation was carried out to understand the
drug release profile from the sample into buffer solution. The
approach was similar to those reported in our previous
study.””** 25 mL of the phosphate buffer solution (pH 7.4)
was employed for the observation of release behavior for
antibiotic agent from the sample into the buffer solution at 37
°C and a shaking rate of 30 rpm. An in vitro analysis test was
carried out within a suitable time interval using UV—vis
spectrophotometry (Varian Cary S0) and high-performance
liquid chromatography (HPLC, Pu-2080, JASCO Co.) with a
SYMMETRY Cg column (4.6 X 250 mm, Shim-pack, VP-
ODS). The buffer solution was replaced every test to avoid any
possible influence caused by the saturated concentration of
antibiotic agent in the solution bath. The detected wavelengths
for ampicillin and vancomycin salt were 220 and 280 nm using
the UV—vis spectrometer, respectively. They were also
checked using HPLC. The concentrations of Zn** and Ti**
ions in buffer solution were examined using inductively couple
plasma optical emission spectrometry (Varian, Vista-Pro ICP-
OES) to understand the possible dangers of cell toxicity for our
samples.

The antibacterial property test for the samples was
conducted similarly to that in our previous studies.””** We
seeded an S. aureus or E. coli inoculum with a volume of 200
uL in NB solution with a volume of 100 mL and grew
organisms in 2.5 h at a temperature of 37 °C and a constant
wavering rate of 220 rpm. The concentration of bacterial
suspension solution was modified to around 10° CFU/mL. We
used the antibiotic disk diffusion method for the examination
of their antibacterial properties on S. aureus or E. coli in the
agar containing NB in the Petri dish. 250 uL of organism
solution with a bacterial concentration of 10° CFU/mL was
seeded onto the agars in the Petri disks for the test. Their
inhibition zone test was analyzed at 37 °C. A calibration curve
for the inhibition zone of the organisms was also made using
the paper with a loading of a standard concentration of each
type of antibiotic agent (1, 10, 100, and 1000 pg/mL),
separately. The concentration of antibiotic agent released from
the sample was then calculated by interpreting these curves.
The antibacterial property of the sample on organisms was
determined by the following equation:

antibacterial properties (%)

diameter of sample inhibition zone

diameter of maximum inhibition zone

X 100 (1)

For the observation of the optical density of a solution
containing the bacterial suspension and the samples, solutions
with a concentration of bacterial suspension (10° CFU/mL)
for the S. aureus and E. coli were used in order to estimate their
antimicrobial activities (samples A—C). A standard examina-
tion with only organisms in the solution was also performed in
order to estimate the growth rate of the organism as a function
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of time. The solution containing the organism suspension was
brought to 37 °C with a wavering rate of 180 rpm. The optical
density values for these solutions containing an organism
suspension with the drug attached onto the samples were
analyzed using scanning spectrophotometry (Shimadzu, UV-
1601PC) with the light wavelength set at 600 nm. The relative
optical density value of the bacterial suspension solution was
estimated using the following equation:

relative value of OD (%)

lue of soluti
OD value of solution % 100

)

Statistical analyses of the experimental data for samples A and
B and samples B and C were carried out. For our main analysis,
we estimated a linear regression difference-in-differences
model with a binary indicator for a change at the middle
cutoff point, with time fixed effects. P-values were two-sided,
and statistical significance was established at p < 0.05. All
statistical analyses were performed using “Stata MP” (14.2,
1985—201S, StataCorp LLC, College Station, TX).

" OD value of standard solution
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