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1 | INTRODUCTION

Abstract

Periprosthetic joint infection (PJI) occurs in 1%-2% of primary total hip and knee
arthroplasties; the rate can reach 20% in individuals at risk. Due to the low local bio-
availability of systemic antibiotics and possible off-target effects, localized drug deliv-
ery systems are of great importance. Our aim was the electrophoretic deposition
(EPD) of gentamicin and chitosan in Titanium (Ti) nanotubes to establish a local, pro-
longed antibiotic delivery. Nanotubes were created on Ti wire with a two-step anodi-
zation process. For drug deposition, EPD and the air-dry methods were compared.
For a prolonged drug release, gentamicin and crosslinked chitosan were deposited in
a two-step EPD process. Drug release was quantified by fractional volume sampling.
The Ti wires were tested against Staphylococcus aureus by agar dilution and liquid cul-
ture methods. MC3T3-E1 osteoblastic cell viability was determined with trypan blue.
Nanotubes were characterized by a 100 nm diameter and 7 pum length. EPD allowed
a higher amount of gentamicin deposited than the air-dry method. Drug deposition
was controllable by adjusting the voltage and duration of the EPD process. The cross-
linked chitosan layer allowed diffusion-driven release kinetics for up to 3 days.
Gentamicin-loaded Ti wires significantly inhibited bacterial growth and resulted in a
larger inhibition zone compared to unloaded wires. Twenty-four hours of incubation
with loaded wires did not have a significant effect on osteoblast viability.
Gentamicin-loaded Ti nanotubes represent a promising approach for PJI prevention,
as well as a valuable preclinical tool for the investigation of localized drug delivery

systems created on Ti surface.
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undergoing knee or hip replacement develop PJI, and this
rate can be over 20% in patients with risk factors.® Staphylococcus

Primary hip and knee arthroplasty ranks among the top 5 most
common procedures performed each year across all surgical disci-
plines in the United States.! Among post-operative complications,
periprosthetic joint infection (PJI) is the most common reason for

revision and re-revision of implants.? Almost 1%-2% of patients

aureus (S. aureus) accounts for 20%-30% of cases of orthopedic
device-related infections.*””

Different strategies have been implemented to prevent infec-
tion at the surgical site®; nevertheless, the development of PJI

remains a significant problem.” Nowadays, PJI prevention and
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treatment strategies include prolonged systemic antibiotic
administration, which has limitations such as low efficiency, poor
bioavailability and distribution, lack of selectivity, potential drug
overdose and toxicity in non-target tissues'® as well as the
spread of antibiotic resistance.’* To overcome this issue, localized
drug delivery systems like the incorporation of antibiotic in the
bone cement,’? beads and dissolvable sponges are commonly
used.r®1* Gentamicin is an aminoglycoside antibiotic, exerting a
concentration-dependent bactericidal effect against the majority of
microbes associated with PJI.

Titanium (Ti) and its alloys are recognized as joint replacement
materials due to their excellent biocompatibility, moderate elasticity,
and high corrosion resistance.r® In addition, Ti can spontaneously
form a stable and inert layer of titanium oxide (TiO,) on its surface
making it one of the most widely used materials for metallic
implants.*® When the oxide layer is manipulated at the nanoscale,
arrays of nanopores, nanopillars or nanotubes can be created.’” Nano-
tubes are cylindrical hollow structures with diameters ranging from
1 to 800 nm and they provide an improved level of osseointegration,
anti-inflammatory/antimicrobial function and shielding/scaffolding
effects.’®? Ti surface coatings containing antibiotics have been

investigated in recent years.20-24

Several animal models have been developed to study PJI.2>2¢
Our group and others have successfully investigated PJI previously in
a mouse PJI model; to mimic the implant, an orthopedic-grade stain-
less steel Kirschner wire was inserted in the knee joint of the
mouse.?”-28

The aim of the present study was to create a nanotubular struc-
ture on Ti alloy Kirschner wire and to establish a localized, prolonged

antibiotic delivery through EPD of gentamicin and chitosan.
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2 | MATERIALS AND METHODS

Titanium alloy (Ti6Al4V) ELI wires (0.6 mm diameter, 30 mm length)
were purchased from Custom Wire Technologies (Port Washington,
WI). The following items were purchased from the indicated sources:
gentamicin sulfate, chitosan, sodium tripolyphosphate, ammonium
fluoride, ethylene glycol, absolute ethanol, ninhydrin-Millipore Sigma
(St. Louis, MO); methanol-Fisher Scientific (Waltham, MA); S. aureus
Xen36-Perkin  Elmer (Waltham, MA), acetone-VWR Chemicals
(Radnor, PA).

21 |
Ti wire

Nanotube creation and characterization on

Titanium ELI wires were sonicated in acetone and in methanol for
10 min each to remove any contamination. Nanotubes were fabri-
cated on the wire by anodization.2”° First, an ethylene glycol-based
solution with 0.3 wt% of ammonium-fluoride (NH4F) was prepared
24 h prior use to ensure complete NH4F dissolution. The anodization
setup is illustrated in Figure 1A. Briefly, the Ti wire (anode) was posi-
tioned in the middle of a hollow graphite cylinder (cathode). A power
supply (Delta Elektronika BV SM700) was used to provide the
required voltage and the process was performed under a chemical
fume hood. Different anodization voltages and times were tested for
their effect on nanotube diameter and length. Furthermore, a two-
step anodization process (1 h anodization at 70 V followed by 15 min
of sonication in methanol, and an additional 30 min of anodization at

70 V) was tested as described to be an effective method to create

highly ordered nanotubes.®:*2

FIGURE 1 Titanium
anodization process and
nanotube morphology.

(A) Schematic illustration of the
anodization setup (B) Higher
anodization voltage resulted in a
significantly larger nanotube
diameter (n = 2-7/group,

*p < .05, one-way ANOVA).

(C) SEM top view of 100 nm
nanotubes created by anodization
(30,000x). (D) Side view of the
fractured nanotubular film to
estimate thickness (7000x).

(E) FIB cut as seen by SEM
(10,000x). Note that the
nanotubular structure reaches
from the Ti6Al4V substrate to the
PT-cover. (The structure within
the substrate is an artifact
generated during FIB polishing
within the substrate to gain a

i‘ - thickness of about 30 nm within

Mag= 1000KX S -se2 Merin
o the tubular area).

T=200°
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The morphology of nanotubes was first assessed using a Scan-
ning Electron Microscope (SEM, Jeol JSM-IT500HR inTouchScope).
A 10 kV acceleration voltage and a working distance of 9.8 mm were
used to view the surface of the anodized coating and its cross-
section after fracturing. In addition, for a more detailed analysis,
focused ion beam (FIB) cross-sections were obtained. Using FEI
Helios Nanolab 600l and Ga-ions a lamella with a transmittable area
of 3.5 x 7.6 um? and about 30 nm thickness was cut from the previ-
ously characterized SEM section. For protection, a 3 um thick Pt
cover was applied and a copper grid was used as carrier. The FIB
cuts were then transferred into an SEM (Zeiss Gemini Merlin) for
energy-dispersive X-ray spectroscopy (EDS) and electron backscat-
ter diffraction (EBSD) analyses.

2.2 | Drugloading and coating

Gentamicin sulfate was used as an antimicrobial drug and loaded by
EPD. The loading solution consisted of 30% 50 mg/mL gentamicin in
distilled water (DI) and 70% of absolute ethanol. All EPD solutions
contained ethanol to prevent water hydrolysis. The EPD setup is illus-
trated in Figure 2B. In the electrochemical cell, the anodized titanium
wire represented the cathode, and the platinum wire represented the
anode. The latter was arranged as a spiral around the cathode in order
to obtain a uniform deposition in all directions. A potential difference
of varying magnitude (—4 V and —10 V) was applied using an Inter-

face 1010E potentiostat (Gamry Instruments) with a two-electrode
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set-up. The setup was placed on a magnetic stirrer to ensure thorough
mixing. To determine the efficiency of the EPD method, the air dry
method (ADM) was compared to EPD performed at different voltage
and time. For both methods, 100 mg/mL gentamicin solution was
used. As for ADM, 40 uL of gentamicin solution was pipetted over
the wire and dried in a desiccator. EPD was performed with different
parameters (—4 V, =10V, 10 and 15 min), and samples were analyzed
after 10 min in PBS solution to determine drug deposition. The differ-
ence in the weight of the wires before and after loading was
compared to the amount of drug loaded based on in vitro release and
UV-vis spectroscopy.

Chitosan is a naturally occurring, linear polysaccharide used in
biomedical applications due to its biodegradability, non-toxicity and
versatility.>3-3” Due to the positively charged nature of chitosan in
solutions below pH = 6, EPD can be used to apply a chitosan coating
over the nanotube surface. Low-molecular weight chitosan with
sodium tripolyphosphate (TPP) crosslinking®® was used in order to
establish an extended drug release. TPP was dissolved in DI at
1 mg/mL concentration, then added dropwise into the chitosan
mixture. Gentamicin loading and chitosan coating were applied as a
two-step EPD process. In the first step, a solution containing
50 mg/mL gentamicin and 2 mg/mL chitosan was used, while in the
second step, a 2 mg/mL chitosan solution was applied. The EPD
parameters were —5 V and 5 min for each step.

In order to confirm the deposition of gentamicin in the nanotubes,
SEM imaging and EDS were performed on the surface of a

loaded wire.

(B)

Potentiostat

FIGURE 2 Electrophoretic
deposition of gentamicin and (C)
chitosan on anodized Ti wire.
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2.3 | Drugrelease from the nanotubes

The amount of gentamicin released from the nanotubes was deter-
mined by fractional volume sampling. The wire was immersed in 2 mL
of PBS (pH = 7.4), constantly stirred and kept at 37°C on a Hot Plate
Stirrer (Fisher Scientific, Waltham, MA). 0.2 mL of sample was taken
at different time points and replaced with fresh PBS each time. Due
to the low absorbance of gentamicin in the visible light range, we used
the ninhydrin reaction to determine the optical density.3’ Firstly, gen-
tamicin solutions with known concentrations were prepared in PBS
(25, 50, 100, and 500 pg/mL) to establish a standard curve. For the
ninhydrin reaction, a 1 w/v % ninhydrin solution was freshly prepared
and mixed with the gentamicin solutions at 1:3. The mixture was
placed in a 98°C water bath for 15 min followed by cooling on ice for
5 min. The absorbance was determined from the average of 3 read-
ings per sample with a UV-vis spectrophotometer (Nanodrop 2000,
Fisher Scientific) at 380 nm. Three different standard curves were
established to account for inter-assay variability. Fractional volume
sampling of the loaded wires was carried out for up to 3 days. In order
to account for the potential interference of chitosan with the ninhy-
drin assay, wires coated with chitosan only were also tested by frac-

tional volume sampling.

24 | Microbiological assessment

To determine the antimicrobial activity of the loaded wires, S. aureus
(Xen36, derived from ATCC 49525) bacteria were cultured overnight at
37°C in Luria-Bertani medium. The minimal inhibitory concentration
(MIC) of gentamicin was determined by the broth dilution method.*°

In the agar diffusion test,*? 100 uL of 1 x 10° colony forming
units (CFU)/ml S. aureus solution was inoculated on agar plates and
dried. A gentamicin-loaded chitosan-coated wire, an anodized non-
loaded wire and a gentamicin-soaked filter paper were placed on the
plate at a distance. The inhibition zone (IZ) around the wires was mea-
sured following 24 h incubation at 37°C.

In the liquid broth culture, three tubes with 4 mL of 1 x 10°
CFU/ml S. aureus were prepared. A gentamicin-loaded chitosan-coated
wire was placed in one tube (loaded wire, LW). 0.25 mg gentamicin was
added to the second tube (antibiotic control, AC). The third tube con-
tained bacteria only and served as growth control (GC). The tubes were
incubated for 24 h, and the absorbance of the solutions was measured
with a spectrophotometer (UV-2501, Shimadzu, Japan) in each tube.

2.5 | Osteoblast viability test

Mouse osteoblast-like cell line (MC3T3-E1) was cultured in Dulbec-
co's Modified Eagle Medium supplemented with 10% fetal bovine
serum. Ti wires were placed into the wells of a tissue culture plate.
Cells were seeded at 2.5 x 10* cells/cm? density and cultured
(1) without wire (Cells), (2) with anodized, non-loaded wire (NLW),
(3) with gentamicin-loaded wire (LW). Cell viability was determined

following 24 h of incubation at 37°C, 5% CO,, by a Vi-Cell XR cell via-
bility analyzer (Beckman Coulter, Brea, CA).

2.6 | Statistical analysis

Data are presented as mean + standard deviation. Group means have
been tested for statistical significance with one-way ANOVA. Group
sizes have been determined based on data obtained with similar
methods by others. p <.05 was considered statistically significant.
Data analysis has been carried out using the GraphPad Prism 9.4.0
statistical software.

3 | RESULTS AND DISCUSSION

3.1 | Nanotube creation on Ti wire
The anodization setup is shown in Figure 1A generated TiO, nano-
tubes on the surface of Ti. We found that higher anodization voltage
resulted in a larger diameter, while longer anodization time did not
have a significant effect on diameter (Figure 1 B). In samples anodized
at high voltage (70 V) or for a long time (3 h), a grass-like structure
was obtained, as previously observed by others.*>*® These samples
were sonicated for 5 min in methanol, resulting in the removal of the
small collapsed part of the oxide layer. The best morphology was
obtained with the two-step anodization method, resulting in larger
diameter, open holes, highly ordered nanotubes and low variability in
the diameter between samples. Hence, for the subsequent experi-
ments, the two-step anodization process was selected. The nano-
tubes' surface morphology was investigated by SEM; highly ordered
tubular structures showed a 100 nm average diameter at the surface
(Figure 1 C). Based on the morphology obtained after fracture of the
coating, the nanotubes were estimated to be between 6 and 7 um in
length (Figure 1 D). With a diameter of 0.6 mm of the Ti wire and an
11 mm anodized length, a surface area of about 1700 mm? was
obtained, compared to 20 mm? of the non-treated Ti wire.

The FIB cut revealed an amorphous TiO, coating, approximately
5.9 um in thickness. As shown in Figure 1 E, the titania nanotubes
reach from the Ti6Al4V substrate to the Pt-cover. They are not per-
fectly straight. The black appearances in the image are cut-outs during
ion beam polishing at locations where the tube walls became too thin.
EDS areal distribution of O and Ti showed a strong and clean demar-
cation line, separating substrate from coating (shown in supplement).
Based on EBSD analyses, the coating revealed no Kikuchi pattern and
was deemed amorphous, while the substrate demonstrated an hcp

Kikuchi pattern as for o-Ti.

3.2 | EPD asdrugloading

Pipetting a drug solution over nanotubes and drying has been used

for drug loading by others,** however, it is time and drug consuming.
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Due to the positive charge of gentamicin and chitosan in solutions
with pH below their pKa values, both can be deposited by applying a
negative potential to the Ti wire. EPD performed with different volt-
ages and time were compared for gentamicin deposition. Figure 2A
shows that the amount of drug in the solution determined by UV
spectroscopy corresponded to around 85%-90% of the weight
increase measured after loading. The two values showed linear corre-
lation, with R? = 0.9952 and equation:

Drug (UV) =0.9968 « Drug (Weight) + 34.869. (1)

With a slope of 0.9968 between the difference in weight and the
drug amount measured by UV-vis, it can be concluded that the
increase in weight was due to the drug loaded and not to some alter-
ation of the oxide layer.

Next, the amount of drug loaded was correlated to the voltage
applied and to the duration of the experiment to build a multiple
linear regression model between the parameters of the loading pro-
cedure. The values considered in the analysis are shown in
Figure 2C. The results were characterized by an R? = 0.9335, indi-
cating that 93.35% of the variation in weight can be explained by
the difference in voltage applied and by the time of the process.
Significance F = 0.001138 indicated that the combination of volt-
age and time had statistically significant association with the differ-
ence in weight. The final equation given by the regression model is

as follows:

Weight [pg] = 39.79 « Voltage [V] + 62.26 « Time [min] —273.85. (2)

As shown, almost 94% of the data are consistent with the model
and both time (p < .0001) and voltage (p = 0.0478) can be considered
significant factors in determining the final amount of drug loaded.
Equation (2) can be used to calculate the required EPD parameters to
obtain the desired amount of drug loaded into the nanotubes (ug),
considering the voltage difference (V), and the time (min).

Overall, we observed that ADM resulted in a markedly lower gen-
tamicin load compared to EPD with all parameters tested (deposition
with ADM was an average of 83.63 ug (by weight) and 104.12 pg

Y sk W LEY_L7

(by UV-vis)), therefore, EPD proved to be an efficient method for
drug deposition.

SEM in combination with EDS was performed at selected pores
(Figure 2 D, E). The spectra obtained corresponded to the compo-
nents of the titanium alloy (Ti, Al, and V). In addition, Fluorine (F) was
detected, as a remaining product from the anodization process. The
presence of Sulfur (S) provided proof that gentamicin sulfate entered

the nanotubes.

3.3 | Drugrelease

Recording the optical density of gentamicin solutions with known
concentrations at 380 nm resulted in a standard curve (Figure 3A).
The amount of drug in the release solution was calculated with the

following equation derived from linear regression:

Absorbance = 0.000502 « concentration +0.018683. (3)

Fractional volume sampling was carried out for 3 days. Figure 3
B illustrates the gentamicin concentration in the release solution,
Figure 3 C represents the cumulative release of gentamicin. We
observed an initial burst release of around 78% in the first 10 min,
then gentamicin was released at a slower rate for up to 3 days. The
drug concentration stayed above the MIC determined in our system
for the entire period tested and a cumulative amount of 400-550 pg
gentamicin was detected. To characterize the mechanism of drug
release, the release data were fitted to the Korsmeyer-Peppas

equation:
Q=kt", 4)

where Q stands for the percent drug release at time t, k is a release
constant characterizing the device and n is a diffusional exponent. We
found n to be 0.039 indicating a release mechanism driven primarily
by Fickian diffusion.

We observed that the application of low molecular weight chito-

san and TPP-crosslinking allowed for a continuous drug release for up
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FIGURE 3 Gentamicin release from chitosan coated Ti nanotubes. (A) Gentamicin standard curve and linear regression (optical density at
380 nm), (B) Gentamicin concentration in the release medium (ug/ml), and (C) cumulative release of gentamicin (%).
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(A) (B) FIGURE 4 Antibacterial
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only gentamicin-loaded nanotubes.
(A-B) Agar diffusion assay
/ comparing gentamicin-loaded,
unloaded and chitosan-coated
! I wires and a gentamicin soaked
: ," filter paper, (C) S. aureus growth
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to 3 days. When wires coated with chitosan only were tested, we
found consistently low absorbance values in the release medium, cor-
responding to not more than 10 ug gentamicin. Compared to the total
released gentamicin amount (501.5 + 0.707 pg), this interference
would mean 2% difference and was disregarded in subsequent
experiments.

3.4 | Invitro antibacterial effect of gentamicin
loaded Ti wires

We found a gentamicin MIC of 3.6 pg/mL against S. aureus Xen36.
In the agar diffusion assay, we observed an elliptical shaped IZ
around the loaded wire (35 mm shorter and 45 mm longer axis)
(Figure 4A). No IZ was observed around the unloaded wire, thus
indicating that the presence of nanotubes alone did not inhibit bac-
terial growth. The gentamicin-soaked filter paper resulted in an 1Z
of 30 mm in diameter, confirming the effectivity of gentamicin sul-
fate to inhibit S. aureus growth. In a separate set, an EPD process
with a solution containing chitosan only was performed to investi-
gate if an only chitosan-coated wire has any antibacterial effect
(Figure 4 B). It can be observed that the elliptical IZ around the
drug-loaded wire was comparable to the previous one in Figure 4
A. A very small IZ was found around the chitosan-coated wire. This
is in accordance with the natural antibacterial effect of chitosan

described by others.*

In the liquid culture assay (Figure 4 C), we found that both AC
and LW significantly decreased bacterial density compared to GC, fur-
ther confirming the antibacterial effect of the loaded wire.

3.5 | Osteoblast viability

Figure 4 D illustrates the percent viable cells compared to the total
number of mouse MC3T3-E1 cells after 24 h of incubation with anod-
ized, non-loaded wire (NLW), gentamicin-loaded wire (LW) or without
wire (Cells). While we observed a lower cell viability in the LW group,
the difference was not statistically significant between the groups
(cells 98.86%, NLW 99.5%, and LW 92.56%, respectively). Therefore,
we believe that the gentamicin-loaded chitosan-coated Ti wires are
effective against S. aureus without significantly affecting the viability
of healthy cells. Future plans include the implantation of the device
into the infected femur of mice to test its antibacterial behavior

against S. aureus in our in vivo PJI model.2®

4 | CONCLUSION

The current study has several strengths, including the creation of Ti
nanotubes and EPD of gentamicin and chitosan. Our results indicate
that TiO, nanotubes created on an implantable Ti wire are suitable for

local drug delivery and prevention of PJI. Furthermore, two-step EPD
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proved to be an effective and fast method for drug loading and coat-
ing and might represent a helpful tool for the development of local
drug delivery systems. However, our study is not without limitations.
Drug release was followed for 3 days, and future experiments are
needed to evaluate the release over a longer time course. In addition,
a limited evaluation of osteoblast viability was performed; additional
experiments are necessary to exclude potential cytotoxicity over a

longer period.
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