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Abstract

Orthopedic devices are often associated with increased risk for diabetic patients due to impaired wound healing capabilities.
Adpverse biological responses for immunocompromised patients at the implant—tissue interface can lead to significant bone
resorption that may increase failure rates. The goal of this study was to characterize the surface of implants removed from
diabetic patients to determine underlying mechanisms of diabetes-induced impaired osseointegration. Thirty-nine retrieved
titanium and stainless-steel orthopedic devices were obtained from diabetic and non-diabetic patients, and compared to
non-implanted controls. Optical Microscopy, Scanning Electron Microscopy, Energy-Dispersive X-ray Spectroscopy, and
X-ray Photoelectron Spectroscopy revealed changes in morphology, chemical composition, oxidation state, and oxide thick-
ness of the retrieval specimens, respectively. Additionally, titanium disks were immersed for 28 days in simulated in vitro
diabetic conditions followed by Inductively Coupled Plasma-Optical Emission Spectroscopy to quantify metal dissolution.
Electrochemical testing was performed on specimens from retrievals and in vitro study. Aside from biological deposits,
retrievals demonstrated surface discoloration, pit-like formations, and oxide thinning when compared to non-implanted
controls, suggesting exposure to unfavorable acidic conditions. Cyclic load-bearing areas on fracture-fixation screws and
plates depicted cracking and delamination. The corrosion behavior was not significantly different between diabetic and non-
diabetic conditions of immersed disks or implant type. However, simulated diabetic conditions elevated aluminum release.
This elucidates orthopedic implant failures that potentially arise from diabetic environments at the implant—tissue interface.
Design of new implant surfaces should consider specific strategies to induce constructive healing responses in immunocom-
promised patients while also mitigating corrosion in acidic diabetic environments.
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1 Introduction

While orthopedic device implantation is widely consid-
ered a relatively safe and predictable procedure, patients
still experience failure rates that range between 4.9 and
14.4% after an average of 6.5 years post-implantation
due to varying underlying pathologies [1]. Orthopedic
implants are considered higher risk for patients that have
compromised wound healing capabilities from disorders
like diabetes mellitus, which can consequently lead to
implant failure [2]. In 2018, 34.2 million Americans were
reported to have diabetes, which translates to 10.5% of the
population with an estimated increase of 1.5 million per
year [3]. Complications arising from poorly controlled dia-
betes have been shown to negatively impact bone metabo-
lism, growth factor expression, cartilage formation, and
neurovascularization [4]. Despite these findings, there is
limited evidence from retrieval studies addressing the dif-
ference seen in failure rates between diabetic and non-dia-
betic patients [4]. Common causes of early implant failure
include corrosion of the surface, micromotion, infection of
the surrounding tissues, and surgical error. Clinical con-
sequences of implant failure include nonunion, malunion
of fractures, and implant loosening. Through analysis of
implant surface morphological features, the extent of the
biological issues can be further identified and quantified
[5].

Surface-level diffusion of metal ions through an intact
oxide layer typically occurs at minute amounts, but a com-
promised oxide layer resulting from damage due to corro-
sion, pitting, mechanical scratches, and stress may result
in large amounts of metal ions and debris released causing
severe inflammatory responses [6]. Surface characteristics
are recognized to play a crucial role in modulating tissue
response to implants, including the extent of the bone-
implant osteointegration, which is vital to retention of the
implant. In the absence of applied mechanical loading,
studies have shown that mature osteoclasts alone are able
to directly corrode titanium, aluminum, and stainless steel,
which resulted in increased metal ion release that induces
the secretion of pro-inflammatory cytokines [7]. Sustained
inflammation leads to both deterioration of healthy bone
at the local level and systemic buildup of metal ions as
they are transported via protein transport in the blood-
stream and lymph fluid [8]. Biological responses to prod-
ucts released from these degradation processes can lead to
decreased osteoblast activity and significant bone loss [8].

Previous retrieval studies have shown that wear and
stress-corrosion fatigue are the most common causes of
orthopedic implant failures [9]. Corrosion may lead to
total failure of the implant, that can result in third body
wear from particles trapped between articulating surfaces
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[10], osteolysis, and local granulomatous reactions. Topo-
graphic analyses of retrieved implants from total hip and
knee implants demonstrated surface fretting corrosion and
wear through abrasion and deformation of load-bearing
surfaces [9]. Modularity between implant components
greatly increases the amount of debris produced from
both fretting and crevice corrosion, leading to an increased
focus on tribocorrosion [10]. Repassivation of the dam-
aged surface results in a peri-implant buildup of H* and
CI™ ions that lower the pH within the crevice fluidic envi-
ronment, sustaining corrosion processes [11]. Additional
hip implant retrieval studies have shown that wear debris
can contribute to osteolysis and aseptic loosening at screw
holes through the formation of granulomatous tissue at the
bone—implant interface [9]. Metal corrosion products have
been shown to migrate along prosthesis components and
accumulate in the surrounding tissue, which poses signifi-
cant implications for larger and more pervasive implants
[8].

While many studies have elucidated these mechanisms
as the most common with orthopedic implants, very few
studies have fully explored the role or contribution of
a diabetic environment in triggering or sustaining these
mechanisms. Previous literature has found that diabetic
patients were statistically more likely to require surgi-
cal interventions (p <0.001) for either irrigation and
debridement or amputation within 136 days compared
to their non-diabetic counterparts [12]. Diabetes mel-
litus is a metabolic disease characterized by hypergly-
cemia along with a chronic inflammatory response that
affects fibrogenesis, collagen synthesis, tensile strength,
angiogenesis, and the production of cytokines. A com-
bination of these factors and the microvascular disease
associated with diabetics lead to delayed or incomplete
wound healing [6, 13]. Following surgery, physiological
stress alters glucose homeostasis and influences the early
healing response, inducing chronic inflammation [14].
Uncontrolled diabetes can lead to a reduced response of
cytotoxic and helper T cells, issues with humoral B-cells,
and neutrophil dysfunction, limiting healing abilities [15].
Diabetic patients undergoing total joint arthroplasty also
exhibit 10% higher infection rates than non-diabetic
patients which contributes to poor osseointegration at
the implant—tissue interface [16]. Diabetics usually have
decreased osteoprogenitor cell recruitment activity and
suppressed expression of osteogenesis-related genes [17].
The diabetic environment has also been found to increase
bone resorption, with increased reactive oxygen species
production and activation of RANKL protein osteoclast
activation [18]. Much of the literature concerning corro-
sion of implants in diabetic environments focused on den-
tal implants, with few having been conducted specifically
on orthopedic implants. However, studies on commercial
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Ti orthopedic implants have found that exposure to lower
pH values and higher dextrose concentrations resulted in
increased corrosion rates compared to implants immersed
in Ringer’s solution in vitro [19]. Other studies have
found that in acidic conditions, such as seen with diabetic
ketoacidosis, there is decreased corrosion resistance, indi-
cating that repassivation was hindered by the deviation
of pH from the physiological norm [5]. Further research
demonstrated that in the presence of hydrogen perox-
ide (H,0,) and albumin, the electrochemical potential-
dependent passivation of commercially pure Ti alloy was
disturbed and a higher current density was seen in tita-
nium alloys [20]. Additional work showed that the rate of
Ti alloy corrosion was increased when H,O, and albumin
were examined in conjunction with inflammatory prod-
ucts such as reactive oxygen species in vitro [21]. This
holds relevance to the study of orthopedics in relation to
Type 2 Diabetes Mellitus (T2DM) patients, where oxida-
tive stress resulted in H,O, concentrations four times that
of non-diabetics [22].

Given the lack of clarity in regard to the impact of dia-
betes on the surface performance of orthopedic implants
and to address the question of why implants fail at a
higher rate for diabetic patients, the goal of this study is
to investigate the surface characteristics, morphological
features, and corrosion behavior of orthopedic implants
retrieved in various early and late stages of failure of dia-
betics. Furthermore, characterization of explanted sur-
faces and analysis of metal ion elution after immersion
of metallic disks under simulated diabetic conditions
can help inform the design of future surface modifica-
tion procedures.

2 Materials and Methods
2.1 Implant Specimens

After Institutional Review Board approval (IRB 19-85),
thirty-nine explanted metallic (titanium alloy (Ti6Al4V)
and stainless-steel (SS)) orthopedic implants from internal
fixation of fractures (ankles, wrists, and long bones) were
obtained from the Department of Orthopaedic Surgery at
John Peter Smith Hospital (Ft. Worth, TX). The number of
implants used for this study was determined solely by the
amount of previously retrieved implants that were available
at the John Peter Smith Hospital. Table 1 summarizes the
received implants. A preliminary visual inspection and clas-
sification of the implants was initially performed to iden-
tify the severity of damage present (scratches, discolora-
tion, cracking, metallic debris/imperfections, and biological
deposits on the surface). Implants were then separated into
groups of screws, plates, and intramedullary rods for further
analysis (Table 1).

2.1.1 Sample Preparation

Following de-identification, implants were each ultrasoni-
cated three times at 15-min time intervals each in acetone,
then in deionized (DI) water, and finally in ethanol to remove
biological and non-biological debris. Implant specimens
were then cut into three rectangular-shaped sections with
5-15 mm? of bone contacting surface area using an auto-
mated saw (Pace Technologies). Samples underwent further
ultrasonication in each of the three solvents listed above to
remove potential debris produced during the cutting process.

Table1 Summary of

- L Location Type of implant Material Number of Implants
specimens evaluated in this implants from dia-
study showing number of betics
implants obtained from each
location, type of implant, bulk Ankle Plate and screws SS 7 3
material, and whether they were .
obtained from diabetic patients Ti6Al4vV 4 !

SS and Ti6Al4V 2 1

Foot Screw SS 2 1
Leg Rod/Plates and screws Ti6Al4V 8 4
Plates and screws SS 3 1

Femur Rods and screws Ti6Al4V 3 1
SS 2 0

SS and Ti6Al4V 1 1

Elbow Plates and screws SS 3 0
Arm/wrist Plates and screws SS 3 0
Rod and screws Ti6Al4V 1 1
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2.2 InVitro Testing Under Simulated Diabetic
Conditions

2.2.1 Sample Preparation

Metallic disks of titanium alloy (Ti6AL4V) were cut and
polished to be a clinically relevant surface (3 mm & X2 mm,
McMaster Carr). Samples were tested in triplicates, taking
into consideration the different experimental immersion
fluids (DMEM, artificial saliva, and PBS) in combination
with either high or low solute concentrations (glucose, urea,
beta-hydroxybutyrate). Non-immersed samples and both
positive and negative controls were also accounted for in
the total number of samples to accurately assess the effects
of solutes that could be present in the biological environ-
ment. Although the surface of titanium is considered to be
chemically stable, the biological capability of titanium to
attract proteins and osteogenic cells can change over time,
especially in a wet environment. The number of days that
the samples were immersed for was selected based on the
endochondral ossification process, which should show a hard
callous formation 28 days after injury. During this time, any
release of ions could significantly affect the early healing
process. Previous studies have also shown to analyze metal-
lic samples after 28-day immersion periods [23, 24]. Sam-
ples were polished until mirror-like surface finish using an
automated polisher (NANO 1000T and FEMTO 1100, Pace
Technologies) to simulate the current industry standard for
removing lines following the casting and grinding process
for the majority of orthopedic implants [23]. Disks were then
ultrasonicated for 15-min time intervals in acetone, DI water,
and ethanol to remove all potential debris from polishing as
performed with received retrieved implant specimens.

2.2.2 Immersion Solution Preparation

To assess surface responses to fluidic environments, metal
disks were subjected to immersion in different fluids (glu-
cose-free Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, Carlsbad, CA), Fusayama/Meyer Artificial saliva
(Pickering Laboratories, Mountain View, CA), and phos-
phate buffered saline (PBS) as a control) in 24-well plates

which were sealed to prevent evaporation. Solutes includ-
ing glucose, urea, and beta-hydroxybutyrate (Beta-OH) were
used in diabetic and non-diabetic concentrations based on
previous literature (Table 2) to assess potential for acceler-
ated metallic corrosion. Table 2 shows the concentrations of
each solute within the immersion media. Concentrations of
each solute within DMEM correlate to the concentrations
found in blood [24, 25]. Concentrations of each solute in
PBS were chosen based on the highest values used between
DMEM and artificial saliva [26]. Although saliva is not
specifically relevant to the environment in which orthope-
dic implants are exposed to, this medium was included in
the study to represent another physiological scenario where
titanium can be exposed in acidic conditions (e.g., in the
case of dental implant components). Artificial saliva repre-
sents the naturally more acid environment found in the oral
cavity; thus, it could prove another interesting medium to
further compare surface changes between diabetics and non-
diabetics populations. Citric acid (30% w/w in DI water) was
used as a positive control. The following treatment groups
were studied: citric acid (CA), immersion control (IC), glu-
cose in high (HG) and low (LG) concentrations, urea in high
(HU) and low (LU) concentrations, beta-hydroxybutyrate in
high (HB) and low (LB) concentrations, and the untreated
non-immersed (NI) control. “High” treatments represented
simulated diabetic environments, and “Low” treatments
represented simulated non-diabetic environments. Addition-
ally, pH measurements were taken before and after 28-day
immersion at 37 °C to evaluate the fluid response to the
metal disks.

2.2.3 InVitro Analysis of Metal Dissolution in Immersion
Fluids

Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) (Perkin Elmer Optima 5300 DV, Waltham, MA)
was used to quantify the amount of metal dissolution present
in each immersion fluid after metal disks were immersed
for 28 days. The carrier gas tube and a torch tube made of
quartz were connected to a radio-frequency (RF) genera-
tor. Argon was introduced to the torch and RF applied to
create a magnetic field, initiating production of ions and

Table 2 Concentrations of

A X . Control Normal Diabetic Normal urea  Diabetic urea  Normal Diabetic

solutes used in biological media glucose  glucose beta-OH  beta-OH
DMEM 0 72 200 7 38 40 60
Artificial Saliva 0 3 11 17 27 26 52
PBS 0 72 200 17 38 40 60

Each noted solvent was added in concentrations corresponding to diabetic patients and non-diabetic

patients identified as “normal”

All concentrations reported in this table are in mg/dL of solution
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electrons. As the resultant current flow heated the gas, the
introduced sample in the nebulizer was converted to aerosol
and directed towards the torch. Light emitted by atoms of
metals from samples in plasma was then adapted to quantifi-
able electrical signals. Standards (Al, Ti, and V 1000 ppm)
(Perkin Elmer, Waltham, MA) were used for the generation
of linear responses using deionized water and 2% nitric acid
(HNO;). A solution of 2% HNO; was used in the calibra-
tion as a blank. Calibration concentrations ranged from 0 to
150 ppm for all analyzed elements.

2.3 Surface Characterization

Microscopic analysis of the implant specimens was per-
formed to evaluate the amount of surface damage present.
A preliminary visual inspection was used to first identify
areas of interest on all specimens, which were then further
investigated at higher magnifications. Optical microscopy
images were taken using both low and high magnifications
(300 x to 500x) in high dynamic range mode (HDR) (Key-
ence VHX-2000). Further surface morphological features,
biological deposits, and metallic imperfections (pit-like for-
mations, delamination) from wear were seen on the surface
of implants using scanning electron microscopy (SEM) in
high vacuum mode (SEM/EDS, JEOL SM-6010LA, Jeol
Peabody, MA). SEM images were again taken at higher
magnification (1000x). For each of the three large regions
of interest on a specimen seen via OM, three specific areas
were chosen, yielding a total of nine specific regions per
implant. The surface areas of features such as localized pits
and delamination on the SEM images from each specific
region were quantified and averaged as a percentage using
Image J software (Imagel, National Institutes of Health,
Bethesda, MD). The implant specimens were ranked using
a point-based system, wherein defects such as pitting,
fractures, discoloration, and degree of delamination were
assigned values based on the averaged Image J numerical
data.

2.4 Composition Analysis

Surface elemental composition and oxidation layer thick-
nesses of retrieved and control (non-implanted) titanium
alloy (Ti6Al4V) and stainless-steel (SS) screws were deter-
mined using X-ray Photoelectron Spectroscopy (XPS, PHI
5000 Versa Probe II, Physical Electronics Inc., Chanhassen,
MN, USA). Screws were selected as a consistent specimen
that was common in all patients. Three different areas were
selected from the bone contacting thread area per specimen
at random. Measurements were taken at an angle of 45° in
relation to the sample surface using a monochromatic Al
K source of 1486.6 eV. The pressure in the analysis cham-
ber was kept below 1078 torr, and the survey spectra were

obtained using a pass energy of 187.850 eV and 0.8 eV step
size. The high-resolution spectra were acquired using a pass
energy of 23.5 eV and step size of 0.2 eV. Both types of
scans were acquired with charge neutralization enabled in
order to eliminate surface charging caused by large amount
of adventitious carbon. The regions scanned each had area
dimensions of approximately 200 mm?. In general, the ano-
dization treatment resulted in varying thicknesses of the
oxide layer that can visually be seen in the colored surface
[27]. Screws were separated into Ti6Al4V (further separated
based on oxide color into blue, green, gold, and grey) and
SS groups. The depth profile of the passivation layer was
determined by sputtering the surface with an argon source
(1 kV) until the oxygen peak could no longer be detected
or became static with bulk elemental states being detected,
and the oxide thickness was estimated on sputtering times
for standard titanium oxide samples of known thickness
(50 um). Elemental composition of Ti6Al4V screws was
further verified and quantified using energy-dispersive
X-ray spectroscopy (EDS) in high vacuum mode (SEM/
EDS, JEOL SM-6010LA, Jeol Peabody, MA) using method
ASTM E1508. For each element, the weight % of that ele-
ment is the difference between 100% and the total of all
other elements.

2.5 Analysis of Corrosion Behavior

Evaluation of corrosion behavior was analyzed with respect
to different fluidic/environmental conditions, implant mate-
rial, and surface anodization. Electrochemical testing of
specimens from retrieved implants and disk specimens (n=3
after immersion in various electrolyte solutions that were
representative of diabetic and non-diabetic environments
(Table 2)) was performed using a potentiostat (Interface
1000, Gamry Instruments) and a standard three-electrode
electrochemical cell setup per ASTM F2129-15. The work-
ing electrode was the specimen being tested, the reference
electrode was a saturated calomel electrode (SCE), the
counter electrode was a graphite rod, and the electrolyte
was PBS kept at 37 °C under naturally aerated conditions.
Prior to testing, samples were mounted with an alligator clip,
wrapped with electrical tape, and further covered with para-
film to prevent condensation and possible fluid contact with
the alligator clip. During testing, the open-circuit potential
(OCP) was monitored first for one hour to ensure electro-
chemical equilibrium was sufficiently achieved. The final
value was recorded as the corrosion potential (E,,). Linear
polarization resistance measurements were then conducted
within+ 10 mV of Ecorr at a scan rate of 0.1667 mV/s
based on ASTM G59-05. Afterward, anodic Tafel plots
were obtained for the same specimen by polarizing the
sample from Ecorr to 250 mV above Ecorr at a scan rate
of 1 mV/s in the anodic direction. The corrosion potential
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(Ecorr) measured from the Tafel plots was determined to be
similar in value (2 mV) to the value measured after OCP
monitoring which ensured that no samples were significantly
changed during polarization resistance measurements. Based
on the extrapolated corrosion current density (icorr), the cor-
rosion rate (CR) was calculated per ASTM G102-89.

2.6 Statistical Analysis

Two-way ANOVA followed by post hoc Tukey’s test was
employed to detect any significant differences between mean
values of the measured parameters (a=0.05). The factors
were the (i) type of screws based on bulk material and ano-
dization and (ii) immersion media.

3 Results
3.1 Retrieval Study
3.1.1 Surface Characterization

All Ti6Al4V and SS implants exhibited features that are
characteristic of surface damage including discoloration,
scratches, potential pit-like features, and delamination that
were seen through OM and SEM analysis (Fig. 1) with red
arrows indicating representative areas of damage observed.
Discoloration was seen on all retrieved implants. Visual dis-
coloration of the screws was observed to be mainly at the
head and the grooves of the threads. Delamination suggested
that the area bore large mechanical stress and was primarily

Fig. 1 Surface characterization
of retrieved orthopedic implants
demonstrating damages (red
arrows) shown through optical
microscopy at 300X (top row)
and scanning electron micros-
copy at 1000x (middle and
bottom rows) of representative
Ti6Al4V and SS screws, rods,
and plates (colour figure online)

oM
Discoloration

SEM
Pitting

Delamination
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Screws

concentrated at the junctions of screws and rods. Aside
from mechanical stress, many of the screw heads had large
and deep abrasive scratches, possibly created either during
implantation or retrieval. Analysis of the SEM images with
Image J revealed the presence of pit-like features (shown in
dark regions) and discoloration ranging from 1 to 24% of the
surface area. Pit-like features were primarily seen at junc-
tion regions of specimens that consisted of multiple metallic
components (screws with plates, or screws with rods), which
is inducive to galvanic corrosion.

3.1.2 Surface Chemical Composition Analysis

Energy-dispersive X-ray spectroscopy (EDS) was used to
evaluate differences in the atomic composition of bulk mate-
rial of randomly selected titanium screws between non-dia-
betics and diabetics (Table 3). The Ti6Al4V alloy’s respec-
tive elements (Ti, Al, and V) were observed with the rest of
the chemical makeup primarily consisting of C, N, P, Si, and
O. Although no significant differences were seen between
the non-implanted control, or implants from diabetic and
non-diabetic patients, there was a higher standard deviation
observed for oxygen and titanium in the implants retrieved
from diabetic patients.

3.1.3 Oxide Thickness (XPS)
To correlate the oxide thickness of orthopedic screws
based on bulk material and anodization treatment, XPS

measurements of Ti6Al4V and SS screws (Fig. 2) were
compared to controls. In general, XPS analysis revealed

Plates

Rods
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Table 3 EDS table depicting

denotes statistical significance
(»<0.0097), double asterisk

; Control Diabetic Non-diabetic

the average weight % of each

elemental composition on the Average Standard Average Standard deviation Average Standard

surface of titanium screws for deviation deviation

diabetics and non-diabetics
C 1.010 0.413 1.316 0.801 1.090 0.533
N 2.272 1.472 2.265 1.462 2.282 1.574
(6] 10.010 3.856 9.584 9.881 10.120 6.882
Na 0.318 0.214 0.407 0.457 0.323 0.312
Al 5.871 1.138 5.915 1.019 5.038 1.513
Si 0.849 0.952 0.590 0.958 1.105 1.855
P 0.237 0.112 0.337 0.283 0.232 0.131
Ca 0.188 0.117 0.272 0.276 0.198 0.127
Ti 76.848 4.545 75.735 10.216 76.151 5.346
v 2.359 0.379 1.768 1.229 2.455 0.269
Fe 0.337 0.075 0.447 0.184 0.312 0.063

Fig.2 X-ray Photon Spectros-

copy (XPS) analysis demon- 150= -

strating oxide layer thickness

of orthopedic screws based

on anodization color. Data

were analyzed at n=3 per

sample group. Single asterisk 100+ e

denotes (p <0.0001)

Oxide Thickness (nm)

Control Ti

thinner oxide layers for all Ti6Al4V (excluding Grey Type
IT anodized implants) and SS surfaces of implants com-
pared to controls. Also, all explanted Ti6Al4V screws
had thicker average oxide layers compared to SS sam-
ples. Ti oxide thickness increased in the following order:
Yellow < Blue < Green < Control < Grey.

3.1.4 Corrosion Behavior

To evaluate the corrosion behavior between the bulk material
and type of anodization treatment of controls and explanted
screws, the corrosion rate (Fig. 3a) and polarization val-
ues (Fig. 3b) were quantified and compared. Screws were
separated into Ti6Al4V and SS groups. Ti6Al4V groups had
been originally manufactured to have blue, green, gold, and
grey II (indicative of “Type II anodization") surfaces. Corro-
sion rates for Ti6Al4V retrieval specimens were lower than
the control group and correspondingly had higher polari-
zation resistance values than control group. Stainless-steel

[Ha

BlueTi Green Ti

N

GoldTi GreyTi ControlSS SS

retrieval specimens had higher corrosion rates compared to
the control group samples, and correspondingly had lower
polarization resistance values. Despite the lack of significant
difference being observed, Ti specimens had ~2-10 times
lower average corrosion rate values than control Ti6Al4V
control while SS specimens had ~ 10 times higher aver-
age corrosion rate values than non-implanted SS control
(p>0.05).

3.2 Invitro Analysis of Particle Release
under Simulated Diabetic Conditions

3.2.1 Particle Release

To assess the influence of surrounding fluidic environment
on the metal surface, the concentration of Ti and Al parti-
cles leached into three types of immersion fluids (DMEM,
artificial saliva, and PBS) after 28 days at 37 °C is shown
in Fig. 4. Titanium alloy (Ti6Al14V) disks were immersed in

@ Springer
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Fig.3 Electrochemical a corrosion rates and b polarization resistance (R,,) values of retrieved implants (screws) separated by material anodiza-

tion color (n=23)

various fluids (DMEM (Fig. 4a, b), artificial saliva (Fig. 4c,
d), and PBS (Fig. 4e, f)) that contained solutes (glucose,
urea, and beta-hydroxybutyrate (B-OH)) representing an
implant surface in simulated diabetic and non-diabetic con-
ditions. Titanium ions were detected in higher concentra-
tions post-immersion in DMEM and PBS for all treatment
groups except DMEM HU versus non-immersed DMEM
or PBS control groups but were not significantly different
(p>0.05). In artificial saliva, Ti ion release was also higher
on average post-immersion as compared to control groups
and was statistically increased for LG (p =0.0327) and LB
(p=0.0214) treatments. Similarly, aluminum ions were
found at elevated levels in all treatments post-immersion
relative control but were only significantly different in arti-
ficial saliva for the non-treated blank and diabetic concen-
trations of glucose HG (p <0.0001), urea HU (p < 0.0001),
and beta-hydroxybutyrate (HB) (p =0.0001). Vanadium
ion concentrations were below the limit of detection for all
immersion groups.

To evaluate the influence of the metal to the surround-
ing fluidic environment, the pH levels were recorded
pre- and post-immersion for the three types of immersion

@ Springer

fluids (DMEM, artificial saliva, and PBS) after 28 days at
37 °C (Fig. 5). Solutions made with DMEM showed slight
increases of pH post-immersion but were not significantly
different (p > 0.05). Artificial saliva solutions were generally
more acidic than their DMEM/PBS counterparts. Artificial
saliva solutions primarily showed increases in the pH values
post-immersion, but the only treatment that was significantly
different was diabetic concentration of urea (HU). The pH
of the non-treated saliva post-immersion also significantly
decreased versus pre-immersion (p=0.0253). PBS groups
showed minor decreases in pH but did not result in signifi-
cant pH changes post-immersion compared to pre-immersed
solutions (p > 0.05).

3.2.2 Corrosion Behavior

To analyze the in vitro influence of simulated diabetic condi-
tions to metallic surfaces, the corrosion characteristics (cor-
rosion rates (Fig. 6a) and polarization resistance (Fig. 6b))
of Ti6Al4V disks were evaluated post-immersion in three
types of immersion fluids (DMEM, artificial saliva, and
PBS) after 28 days at 37 °C. In general, all immersed groups
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Fig.4 a, b Concentration of a Ti and b Al particles after immer-
sion of Ti6Al4V disks in simulated diabetic (high solute concentra-
tion) or non-diabetic (low solute concentrations) for 28 days at 37 °C
in various media (DMEM) using ICP-OES. Treatments were citric
acid (CA) positive control, glucose in high (HG) and low (LG) con-
centrations, urea in high (HU) and low (LU) concentrations, beta-
hydroxybutyrate in high (HB) and low (LB) concentrations, and the
untreated blank control. Single asterisk denotes statistical significance
(p<0.0097), double asterisk denotes (p<0.0001). ¢, d Concentra-
tion of ¢ Ti and d Al particles after immersion of Ti6Al4V disks in
simulated diabetic (high solute concentration) or non-diabetic (low
solute concentrations) for 28 days at 37 °C in various media (artifi-
cial saliva) using ICP-OES. Treatments were citric acid (CA) positive

had higher corrosion rates than non-immersed groups, but
the average corrosion rate and polarization resistance values
of Ti6Al4V immersed in DMEM, artificial saliva, and PBS
were not observed to be significantly different as compared
to controls (p > 0.05). The highest corrosion rate was seen
in artificial saliva with low urea concentration when com-
pared to the citric acid positive control and immersion con-
trol but was not significantly different from other treatments
(p>0.05). DMEM with beta-hydroxybutyrate showed higher
corrosion rates correspondent to higher concentrations (HB
compared to LB). The reverse trends are observed for polari-
zation resistance values.

4 Discussion

It is critical to determine the diabetic specific mechanisms
underlying poor osseointegration between metallic implants
and bone tissue. The overall goal of this study was to inves-
tigate orthopedic implant surface characteristics that could
elucidate mechanisms of implant material degradation.
The research question of why implants fail at a higher rate
for diabetic patients was addressed by microscopic and

control, glucose in high (HG) and low (LG) concentrations, urea in
high (HU) and low (LU) concentrations, beta-hydroxybutyrate in high
(HB) and low (LB) concentrations, and the untreated blank control.
Single asterisk denotes statistical significance (p<0.0097), double
asterisk denotes (p <0.0001). e, f Concentration of e Ti and f Al par-
ticles after immersion of Ti6Al4V disks in simulated diabetic (high
solute concentration) or non-diabetic (low solute concentrations) for
28 days at 37 °C in various media (PBS) using ICP-OES. Treatments
were citric acid (CA) positive control, glucose in high (HG) and low
(LG) concentrations, urea in high (HU) and low (LU) concentrations,
beta-hydroxybutyrate in high (HB) and low (LB) concentrations, and
the untreated blank control. Single asterisk denotes statistical signifi-
cance (p <0.0097), double asterisk denotes (p <0.0001)

spectroscopic techniques. The results demonstrated that all
retrieved implants (from non-diabetic and diabetic patients)
suffered a wide range of surface damage including pitting
attack, discoloration, scratches, and delamination (Fig. 1).
Although implants received from diabetic patients had
higher standard deviations in the amount of oxygen and
titanium present at the surface (Table 3), the results dem-
onstrated no significant differences in the surface chemical
composition of retrievals between non-diabetic or diabetic
groups. There are notable changes in compositions between
biological fluids of diabetic patients compared to non-dia-
betic patients that can potentially be key causative factors
in the degradation of the surface layer of metallic implants.
Topography of the implant surface has also been found to
clinically affect osseointegration by changing the mechanical
properties of implants and influencing cell responses. Physi-
cal damage to implant surfaces and subsequently oxide layer
decreases both osteoblast proliferation and osseointegration
integrity.

It is likely that changes to implanted materials begin to
occur immediately after implantation due to the varying
biological environment where changes in fluids, proteins,
mechanical, and chemical loads can occur simultaneously.
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Discoloration occurs through electrochemical interactions
with adherent proteins and surrounding fluids that create
acidic peri-implant conditions and triggers oxidation of the
surface [5]. In vivo, galvanic corrosion is possible if two
different metals are present and electrochemically interact
through fluids (synovial fluid, blood, etc.). It is presumed
that galvanic corrosion occurred primarily where stainless
steel and Ti6Al4V materials were used conjointly, leading
to a depassivation of a localized area that became anodic.
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Pitting consistent with those seen through SEM analysis
in the literature [28] were observed, indicating that local
inclusions or grain boundaries at the surface were subject
to anodic attack (Fig. 1). Delamination suggests a force
was applied to the implant surface, which could induce
microcracking that results in buckling. These forces may
have been applied by the surgeon during either implan-
tation or extraction, from external forces applied to the



Journal of Bio- and Tribo-Corrosion (2021) 7:51

Page 110f 15 51

Fig.6 Electrochemical corro-
sion rates (a) and polarization

resistance (Rp) values (b) of oy 10000
polished Ti6AI4V disks at n=3 -
immersed for 28 days at 37 °C. §
Treatments were citric acid E 1000
(CA) positive control, glucose =
in high (HG) and low (LG) con- Mt
centrations, urea in high (HU) 3
and low (LU) concentrations, E 100
beta-hydroxybutyrate in high =
(HB) and low (LB) concentra- o
tions, and the untreated blank ] 10
control g
(=]
°
NI
- |
1000000
&
3
(3]
* 100000
o
-
S
w
s
2 10000
>
o
o
1000

b NI

implant site during the healing process, tribocorrosion,
micromotion, or an aggregate of these factors [5].

The presence of surface damage-related products or
electrochemical redox interactions at the surface of unoxi-
dized metal can increase the rate at which metal ions are
leeched into the local biological environment [5]. Substan-
tial necrosis has been seen in periprosthetic tissues due to
metal ion release, which leads to implant loosening [29].
Metal ion release is a concern because it can lead to adverse
tissue responses, specifically for patients that already have
chronic forms of inflammation. Through ICP-OES analysis
(Fig. 4), higher amounts of aluminum ions from Ti6Al4V
under simulated non-diabetic and diabetic conditions were
observed to be released into the immersion solutions, while
relatively low amounts of titanium particles were released.
The release of aluminum ions was significantly higher for
diabetic conditions in artificial saliva as compared to non-
diabetic artificial saliva conditions, which is consistent
with implant failure rates seen in the oral environment of

Ti6AI4V

B DMEM [ Saliva W PBS
|
CA IC HG LG HU LU HB LB
Ti6Al4V
B DMEM B Saliva W PBS
|
CA IC HG LG HU LU HB LB

diabetic and non-diabetic patients [30]. This may be due
in part to the lower scratch hardness of Al compared to Ti,
causing the material to leach out from the bulk material at a
faster rate [31]. Aluminum has been shown to interact with
calcium and has a strong affinity for phosphate [31]. Alu-
minum ions can accumulate at the bone surface, where it
preferentially binds to the unmineralized type I collagen.
The binding impairs calcification and may also contribute to
the secondary suppression of parathyroid hormone secretion
(which regulates serum calcium), which can result in osteo-
malacia and increased pain [32]. Vanadium ions were not
detected through ICP-OES, which may be due to vanadium
being found in significantly lower amounts within the bulk
material, thus potentially releasing ions below the detection
level. Studies have shown increased vanadium concentra-
tions surrounding implants that have surface damage from
wear [11], which did not occur during simulated immersion
procedures. Although titanium ions were “detected” pre-
immersion in DMEM samples, there is a high possibility
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of baseline noise or spectral overlap (Ti emission spectra:
323 nm and 335 nm) from calcium (emission: 317 nm and
315 nm) or sodium (emission: 330 nm) found as ingredients
in DMEM as calcium chloride or sodium chloride/ sodium,
respectively. Post-immersion ion release analysis showed
increased concentrations of ions, making spectral overlap
negligible.

The influence of the metal ion release to the surrounding
fluidic environment was further shown through pH levels
of immersion fluids that generally became slightly more
basic post-immersion for the three types of immersion flu-
ids (Fig. 5). The anionic OH™ found in immersion fluids
interacts with cationic Al™ and Ti*, making the surrounding
solutions more basic. Although the pH pre- and post-immer-
sion was not significantly different, we did observe slightly
lower alkalinity in the PBS immersion solution. According
to the medium’s supplier, the formulation for PBS contains
potassium phosphate monobasic (KH,PO,), sodium chloride
(NaCl), and sodium phosphate dibasic (Na,HPO,-7H,0). In
aqueous solution, these components will dissociate. Remain-
ing anions are PO, =%, HPO, %, and H,PO, " and can poten-
tially interact with Al* and Ti* cations. Aluminum has been
shown to have a very strong affinity for phosphate [31]. K
and Na are spectator ions that dissociate in aqueous solu-
tions, which become ineffective conjugate bases, thus lower-
ing the surrounding alkalinity.

The properties of the titanium oxide layer can influence
the biocompatibility of implants. Its thickness results in
unique surface colors that are often used by surgeons to
quickly differentiate implant components [27, 33]. When
oxide layers are thinner, the potential of exposed bulk
material to release metal ions into the surrounding tissues
increases, which may induce destructive immune response
mechanisms [5]. While anodization modifications for ortho-
pedic implants are currently being studied, the parameters
have been found to be extremely sensitive and minute
changes may result in altered properties of the oxide films.
This makes establishing an industry wide standard for opti-
mal osseointegration while preventing corrosion difficult
[27]. Anodization creates a crystal lattice oxide layer that
refracts light differently in response to thickness, creating
different colors (known as Type 3 anodization). Through
XPS analysis (Fig. 2), each titanium alloy colored group of
implants exhibited different oxide thicknesses in an order
that was consistent with the literature [27] but had an overall
decrease of at least 25 nm for implanted specimens (Blue Ti-
26 nm, Green Ti- 37 nm Gold Ti- 23 nm). A different type of
anodization is Type 2 anodization that penetrates the surface,
forming a much thicker passivation layer resulting in the
unique matte grey color. Type 2 anodization increases wear-
resistance between sliding titanium surfaces. With regard to
corrosion, the oxide film can deteriorate in acidic environ-
ments, exposing an unprotected metal that is oxidized to
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the violet colored soluble trivalent ion (Ti*"). This trivalent
ion can further oxidize into a pale yellow Ti*" ion in the
abundant presence of oxidizing species [34, 35]. The relative
number of oxygen atoms in each specimen is assumed to be
present as metal oxide, which was quantified using EDS.
EDS data (Table 3) demonstrated that the average percent
of oxygen was found in greater standard deviations observed
for retrieved titanium screws from diabetic patients, as
opposed to non-diabetic patients or control screws. A simi-
lar comparison could not be made for stainless-steel screws
due to the lack of these specimens for the diabetic group.
For stainless steel, Cr in its oxide form (Cr,05) is the pri-
mary oxide component and can be damaged easily by the
fluidic environment [36]. Stainless-steel implants usually
have a much thinner oxide layer (2—4 nm) prior to implan-
tation [36] but XPS analysis in the present study revealed
thicker passivation layers in both implanted (8§—12 nm) and
control specimens (33-37 nm), which can be attributed to
potential surface coatings. Furthermore, the oxide thick-
ness based on XPS of the retrievals was thinner on average
than controls. Electrochemical testing (Fig. 3) showed that
these specimens actually had lower corrosion rates than the
controls. This behavior indicates that the longer implanta-
tion and thus exposure of the surface to biological fluids
allowed the oxide layer to become more electrochemically
stable in vivo, which correlates to the lower corrosion rates
in implanted specimens compared to controls [37]. The only
exception was the Grey Ti alloy screws, which underwent
Type II anodization treatment that imparts thicker passiva-
tion layer [27]. Ion leeching from damaged oxide layers can
be further exacerbated by microparticles produced during
implant surgery [14]. Tissues immediate to compromised
stainless-steel implants may be affected by hydrated ferric
oxide byproducts of iron that can lead to hemosiderosis if
not treated quickly [38].

Corrosion occurs through redox reactions that are heavily
influenced by the contents of the surrounding liquid medium.
The corrosion properties of metals tested were expected to be
unique to each of the solution-solute combinations (DMEM,
artificial saliva, and PBS, each with high and low concentra-
tions of glucose, urea, beta-hydroxybutyrate). For the metal
disks, the oxide that formed pre-immersion generally remained
intact post-immersion due to the simpler testing environment
(known solutes/solution as opposed to proteins and inflam-
mation experienced by the implanted devices in vivo) [38].
During immersion, a denser protective layer formed based on
the fluid properties, which was demonstrated through elec-
trochemical testing results after immersion in simulated dia-
betic environments (Fig. 6). Similarly, the corrosion proper-
ties of titanium screws and stainless-steel screws (Fig. 3) were
found to not show any significant differences between each
group, indicating that SS and Ti alloy implants are expected
to respond similarly under in vivo conditions. Despite surface
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damages seen on implant retrievals through SEM, the overall
oxide layer was electrochemically more stable for implanted
components compared to control implants. Although titanium
and stainless steel spontaneously form an oxide layer, imper-
fections from applied mechanical forces or fluid interactions
could lead to oxide thinning and exposure of the bulk material
to bodily fluids.

There were no distinctive signs of surface damage that were
correlated directly with diabetes, which may suggest that the
orthopedic implants evaluated in this study underwent similar
levels of surface degradation regardless of the acidic or hyper-
glycemic environment that is characteristically seen in dia-
betics. However, higher failure rates seen in diabetic patients
undergoing orthopedic surgery can instead be attributed to
their inflammatory response or impaired healing mechanisms
[2]. Due to hyperglycemia, diabetics have increased advanced
glycation end products that inhibit the formation of bone form-
ing cells at early healing stages [39]. Out of 39 implants that
were received, 35.9% were from diabetic patients, with the
highest percentage of those implants coming from the ankle,
foot, and legs (Table 1).

Retrieval studies have been challenging due to difficulties
in assembling larger implant pools for analysis [9]. Some of
the limitations in this study were that not all implants were
from the same area of the body (tibia, femur, wrist, foot, etc.),
or were made from the same material (titanium alloy vs. stain-
less-steel alloy). It is challenging to accurately predict how
surrounding tissues will interact with a surface, and in turn
how an implant surface will respond to an in vivo environment
subject to the large variability of inflammatory responses.
Although the immersion solutions used in the in vitro experi-
ments attempted to simulate diabetic and non-diabetic condi-
tions, the lack of applied mechanical stresses, adherent pro-
teins, and macrophages that would have better simulated the
ion release seen in vivo can have major effects on the amount
of corrosion observed. The synergy of cyclic loads and acidic
environments would promote a more physiologically relevant
scenario that could have impacted the surface differently. In
order to better determine how implants can have more stable
surface interfaces, a relationship between the amount of decay
of the implant surface and the surrounding microenvironment
needs to be further established. Future studies will explore
larger pools of retrieved specimens to investigate surface dam-
ages seen due to variations in implantation/retrieval techniques
and correlate patient lifestyles and clinical factors that may
influence the success of the implant.

5 Conclusion

All retrieved implants suffered a wide range of surface dam-
age seen through pitting attack, discoloration, scratches,
and delamination in addition to thinner oxide layers. The

in vitro analysis showed that there was higher aluminum ion
release from Ti alloy in diabetic conditions in saliva that cor-
responded to more acidic environments. Regardless of the
environment from where the implants were obtained or the
testing conditions, the corrosion properties were similar for
diabetic and non-diabetic groups. This finding may indicate
that orthopedic failures can be attributed to other biological
factors that impair osseointegration at early-stage events in
the healing. These results are important because they will
be subsequently correlated with specific factors from the
clinical profiles to help elucidate associations between the
biological significance of diabetes to implant failure. As the
population affected by diabetes increases and the field of
orthopedics evolves, it becomes even more critical to estab-
lish correlations that could potentially yield innovations that
lead to increased rates of both short- and long-term orthope-
dic implant retention.
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