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Ionic silver coating of orthopedic implants may impair
osteogenic differentiation and mineralization
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Abstract. Silver (Ag) possesses potent antimicrobial proper-
ties and is used as a coating for medical devices. The impact
of silver ions released from orthopedic implants on the
differentiation and osteoid formation of different osteogenic
cells has yet to be systematically studied. In the present study,
human mesenchymal stem cells (hMSCs) and primary human
osteoblasts (hOBs) were exposed to different static Ag* concen-
trations (0, 0.5, 1.0 or 1.5 ppm) or dynamic Ag* concentrations
(range 0 to 0.7 ppm) that simulated the temporal release pattern
from a Ag-nitrate coating of trabecular titanium (TLSN). Cell
morphology was investigated by phase contrast and fluores-
cence microscopy. The activities of alkaline phosphatase
(ALP) and lactate dehydrogenase, osteogenic gene expression
(COL1A1, COL1A2 and ALPL), and osteoid deposition were
examined for up to 4 weeks. DAPI and carboxyfluorescein
diacetate staining revealed changes in the morphology of
hOBs treated with =0.5 ppm Ag*, while osteocalcin-positive
cells were observed primarily in the untreated group. Elevated
Ag* concentrations did not impact the production of ALP by
either hMSCs or hOBs. Treatment with 1.5 ppm Ag" or TLSN
Ag* led to a modest reduction in COL1A2 and ALPL levels in
hMSCs at 2 weeks but not at 4 weeks nor in hOBs. In hMSC
cultures, mineralization decreased at =1 ppm Ag*, whereas
the same concentration range significantly reduced miner-
alization in hOB cultures. In conclusion, Ag* concentrations
ranging from 1.0 to 1.5 ppm may interfere with osteogenic
differentiation, possibly by altering gene expression, thereby
affecting mineralization. Only Ag* concentrations up to
0.5 ppm allowed undisturbed osteogenic differentiation and
mineralization. These findings pertain to creating Ag coatings
of titanium intended for cementless fixation into host bone.
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Introduction

Silver (Ag) can be used as a coating for orthopedic implants
due to its antimicrobial properties (1), with applications
primarily in arthroplasty in tumor patients (2) and in revisions
performed due to periprosthetic joint infections (3). Ionic silver
(Ag") exerts numerous intracellular effects, including opening
of pores in the bacterial membrane, denaturation of intracel-
lular proteins, and accumulation of DNA damage caused
by the generation of reactive oxygen species (4). Similarly,
Ag* poses potential toxicity to osteogenic cells (5,6). This is
why Ag-coated implants are not used clinically for cement-
less fixation of arthroplasty implants: coatings are limited to
their extraosseous components only. An exception to this is
the Kyocera® Ag-hydroxyapatite coating, which is applied to
cementless cups, stems, and lumbar interbody cages (7,8).

Several orthopedic implants equipped with Ag coatings
are currently in clinical practice. These include the electro-
chemically Ag-coated MUTARS® prosthesis (Implantcast),
containing 0.7-1.2 grams of Ag per implant, and hip or knee
megaprostheses with a thinner PorAg® coating deposited by
physical vapor deposition (Waldemar Link), containing up
to 0.33 grams per implant. The Agluna® implants intended
for primary arthroplasty are electrochemically coated with
only 0.006 g of Ag per implant (3,9), whereas the Kyocera®
implants have 0.0028 g of Ag per implant (8). Ag* levels in
the blood of patients who have received these prostheses range
from 1.4 to 200 ppb (9), and the reported side effects (e.g.,
local argyria) are generally mild and rare (10-12). Ag-coated
intramedullary nails with covalently attached Ag on the tita-
nium surface of the nail (Bactiguard®) have been used in open
long bone fractures (13), leading to uneventful bone healing
with few infections. Plates for fracture fixation have also been
coated with Ag (14). Although Ag-coated locking plates are
still not commonplace in clinical practice, evidence from a
rabbit humerus osteotomy model showed uneventful fracture
healing when bridged with an Ag-coated plate containing
60 pg of Ag (15). The PorAg® coating, commonly used in
oncological cases and periprosthetic joint infections, reduces
bacterial counts by 68% compared to uncoated, grit-blasted
titanium. This benefit, however, is offset by a reduction in
osteoblast viability (5).

Ag-mediated toxicity to osteogenic cells is dose depen-
dent (16). Therefore, below a specific concentration threshold,
the osteoconductivity of the implant should not be hampered
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while sufficient antibacterial activity is maintained. Our
previous research showed that additively manufactured trabec-
ular titanium coated with silver nitrate (TLSN) containing 7
at% of Ag effectively suppressed S. aureus biofilm formation.
Conversely, the alkaline phosphatase (ALP) and lactate dehy-
drogenase (LDH) activity of osteoblasts cultured on these
samples did not differ from that of osteoblasts cultured on
uncoated titanium (6).

The literature concerning the effects of Ag* concentrations
on the gene expression profile of osteogenic markers, bone
differentiation, and mineralization of human osteogenic cells
and primary human osteoblasts is sparse. The genes encoding
alkaline phosphatase (ALPL) and collagen type I chains al
and a2 (COL1A1 and COL1A2) are early markers of osteo-
genic differentiation and defects in these genes are implicated
in such diseases as hypophosphatasia and osteogenesis imper-
fecta (17,18). Osteocalcin (OCN) is a glycoprotein synthesized
by osteoblasts at their later stages of differentiation, plays an
important role in bone mineralization by binding calcium
and hydroxyapatite (19-21). Therefore, the expression of the
proteins mentioned above is a prerequisite for a healthy bone
matrix, which is essential for osseointegration and long-term
implant stability (22).

Consequently, this study sought to investigate the effects
of elevated Ag* concentrations on titanium's osseointegration
potential. We examined the impact of different Ag* concentra-
tions on the morphology, osteogenic differentiation, expression
of the ALPL, COL1A1, and COL1A2 genes, and mineraliza-
tion by human mesenchymal stem cells (hMSCs) and primary
human osteoblasts (hOBs).

Materials and methods

Cells and culture. hAMSCs derived from bone marrow were
purchased from Sigma (C-12974) and stored in liquid nitrogen
until use. hOBs were collected from five different patients
who underwent hip arthroplasty at Uppsala University
Hospital between Q4 2022 and Q1 2024 (Swedish Ethical
Review Authority approval number 2020-04462), using a
previously published protocol (23). Briefly, the retrieved
femoral heads were diced into small fragments, which were
rinsed with PBS and then placed in 25-cm? flasks containing
alpha-modified minimum essential medium (¢MEM; Cytiva
SH30265.01, obtained from Fisher Scientific 10346952), 10%
fetal bovine serum (FBS; Sigma-Aldrich/Merck F9665), 1%
penicillin/streptomycin, and 0.5% amphotericin B (Cytiva
HyClone®, Fisher Scientific 11556461 and Gibco® 15290026,
Fisher Scientific 11520496). The culture medium (5 ml) was
refreshed once weekly until confluence was reached.

To investigate the effects of Ag* on cell viability
and differentiation, different concentrations of AgNO,
(Sigma-Aldrich/Merck S6506) were added to the culture
media. Both hMSCs and hOBs used for immunohistochem-
istry and differentiation studies were cultured in aMEM
supplemented with 10% FBS, 1% PeSt, and 0.5% amphotericin
B for 4 weeks. AgNO,; was introduced to the growth media at
concentrations of O ppm (control), 0.5 ppm, 1 ppm, 1.5 ppm and
at the dynamic concentration range of TLSN (Table I). This
addition took place 24 h after cell seeding (day 0). The Ag*
concentrations in Table I simulate the temporal release profile

of Ag* from TLSN implants, as discussed previously (6). The
cells were seeded in 24-well plates at a density of 35,000 cells
per well, with cell numbers measured using a NucleoCounter®,
and the medium (1 ml per well) was refreshed every other day.
After 1 week of culture, the medium was supplemented with
10 mM B-glycerophosphate (Sigma-Aldrich/Merck G9422),
100 nM dexamethasone (Sigma-Aldrich/Merck D4902), and
80 uM ascorbic acid (Sigma-Aldrich/Merck A4544) to stimu-
late osteoblastic differentiation. Cell morphology and viability
were examined at 3, 7, 14, 21, and 28 days using live-image
microscopy (Leica DMi8 Microscope with INCUBATORIiS8
environmental chamber). Representative phase contrast
images were taken at all time points (10x magnification, 12 ms
exposure time).

Cell experiments with hMSCs and hOBs were performed
in triplicates. For hOBs, four biological replicates (n=4) were
used for ALP and LDH assays, two biological replicates for the
gene experiments after 1 and 2 weeks, five biological replicates
for the gene experiments after 4 weeks, and one biological
replicate for the mineralization assay (Fig. S1).

Osteogenic differentiation. Osteogenic differentiation was
expressed as the ratio between alkaline phosphatase (ALP) and
lactate dehydrogenase (LDH) ALP/LDH, and was assessed
after 1, 2, and 4 weeks of exposure to Ag*. The medium
was discarded, and the cells were rinsed with PBS, followed
by enzymatic lysis with 400 pl of lysis buffer (CelLytic®
M, Sigma-Aldrich/Merck C2978) per well for 15 min on
a shaker at room temperature (RT). 50 ul of the lysate was
mixed with the In Vitro Toxicology Assay Kit (LDH, TOX7,
Sigma-Aldrich/Merck) and the ALP substrate (p-nitrophenyl
phosphate; Sigma-Aldrich/Merck P7998) in 96-well plates, as
per the manufacturer's protocol. The 96-well plates were incu-
bated at 37°C for 30 min, and the absorbance was measured
in a spectrophotometer at 690 and 492 nm (Multiscan
Ascent, ThermoFisher Scientific, Waltham, MA, USA) for
LDH and at 405 nm for ALP. ALP absorbance values were
converted to concentrations (in mM) using a standard calibra-
tion curve of nitrophenol dilutions (4-Nitrophenol solution,
Sigma-Aldrich/Merck N7660) ranging from O to 2.5 mM.

COLIAI,COLIA2,and ALPL gene expression. The messenger
RNA (mRNA) levels of osteogenic-related genes in hMSCs and
hOBs were analyzed through real-time quantitative polymerase
chain reaction (RT-qPCR) at 1, 2, and 4 weeks. The cells were
cultured as previously described, lysed at the endpoints using
400 ul of TRIzol® (Invitrogen®, bought from ThermoFisher
15596026) and stored at -20°C until use. Ribonucleic acid
(RNA) extraction was performed according to the manufac-
turer's protocol, and the total RNA yield was determined using
a Nanodrop (ND-1000 Spectrophotometer, ThermoFisher
Scientific Inc., Waltham, MA, USA). Subsequently, RNA was
reverse transcribed into complementary DNA (cDNA) (High
Capacity RNA to c-DNA® kit, Applied Biosystems®, bought
from ThermoFisher, 4387406), and RT measured the expres-
sion of osteogenic-related genes-qPCR (7500 Fast RT-PCR
System, Applied Biosystems®, ThermoFisher Scientific Inc.
4387406). The primers listed in Table II were used for quantifi-
cation, and GAPDH (FAM®/MGB probe, non-primer limited)
(Applied Biosystems®, bought from ThermoFisher, 4333764F)
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Table I. AgNO; concentrations in the cell media for the entirety of the experiment.

Time-point Base-medium Control, ppm 0.5, ppm 1.0, ppm 1.5, ppm TLSN, ppm
Day 0 Complete medium 0.0 05 1.0 15 0.7
Day 2 Complete medium 0.0 05 1.0 1.5 0.7
Day 4 Complete medium 00 0.5 1.0 1.5 0.2
Day 6 OIM 00 0.5 1.0 1.5 0.2
Day 8 OIM 00 0.5 1.0 1.5 0.2
Day 10 OIM 0.0 0.5 1.0 1.5 0.1
Day 12 OIM 00 0.5 1.0 1.5 0.1
Day 14 OIM 0.0 0.5 1.0 1.5 0.1
Day 16 OIM 00 0.5 1.0 1.5 0.1
Day 18 OIM 00 0.5 1.0 1.5 0.1
Day 20 OIM 00 0.5 1.0 1.5 0.1
Day 22 OIM 0.0 0.5 1.0 1.5 0.0
Day 24 OIM 00 0.5 1.0 1.5 0.0
Day 26 OIM 0.0 0.5 1.0 1.5 0.0

Ppm, parts per million; TLSN, TrabecuLink® with a silver nitrate coating; OIM, osteoinductive cell culture medium.

Table II. TagMan probes for the primers used in gene expres-
sion quantification.

Acronym Name TagMan assay no. ID
COLI1Al Collagen type I alpha 1 Hs00164004_m1
COL1A2  Collagen type I alpha 2 Hs01028970_m1
ALPL Alkaline phosphatase Hs01029144_m1

was used as a housekeeping gene. All primers were purchased
from ThermoFisher Scientific [TagMan® Fast Universal PCR
Master Mix (2X), catalogue number 4331182, no AmpEras®
UNG, product code 4352042]. The melting curves' cycle
threshold (CT) values were calculated and expressed using the
2DDACT method.

Histochemistry, immunofluorescence, and mineralization
assays. Following 4 weeks of culture, the cell nuclei and
cytoplasm were stained and visualized with an inverted
Leica microscope (Leica DMi8, Microsystem CMS, Wetzlar,
Germany) after staining. The cell nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI; Invitrogen, Waltham,
MA, USA), and the cytoplasm was stained with carboxy-
fluorescein diacetate (CFDA; Merck KGaA, Darmstadt,
Germany). Intracellular osteocalcin (OCN) was detected by
immunofluorescence. In detail, cells were fixed with 4% v/v
paraformaldehyde at RT for 20 min and then permeabilized
with 0.1% Triton X-100 (Merck KGaA) for 15 min. The cyto-
plasm was stained with 500 nM CFDA for 15 min. Blocking
of unspecific epitopes was performed with a normal 10% goat
serum (s-1000; Sigma-Aldrich, Sweden) in a washing solution
consisting of PBS with 2% bovine serum albumin (BSA) and
0.3% Triton X-100 for 30 min. The plates were incubated
with a solution containing the anti-OCN antibody (20 pg/ml

monoclonal mouse anti-human OCN MAB1419; R&D Systems,
Abingdon, UK) overnight at 4°C. The wells were rinsed four
times with PBS/1% Triton X-100, and the secondary antibody
(1:200, goat anti-mouse, Biotin Novus NB7537; Bio-Techne,
Abingdon, UK) was added. The wells were left under agitation
at RT. Following the rinsing procedure, the cells were stained
with DAPI (300 nM) and Dylight Streptavidin Red (Vector
sa-5549, concentration 20 ug/ml), both dissolved in PBS, for a
duration of 30 min at RT. Subsequently, the wells were rinsed
four times with PBS/1% Triton X-100.

Calcium deposits in the culture wells were measured with
Alizarin red staining (AR; Sigma-Aldrich/Merck A5533) as
a proxy for mineralization after 4 weeks of culture. The cells
were rinsed with PBS and fixed with 70% ice-cold ethanol for
1 h. The wells were then rinsed with distilled water and stained
with 40 mM AR at pH 4.2 for 10 min at RT. Next, the dye was
removed, and the cells were rinsed with distilled water until
the supernatant became transparent, followed by rinsing with
PBS on a shaker for 15 min at 300 rpm. The AR dye was finally
eluted from the cells with 10 wt% cetylpyridinium chloride
(Sigma-Aldrich/Merck C9002) in 10 mM sodium phosphate
solution for 20 min at 300 rpm at RT. The absorbance of this
supernatant was measured at 562 nm and converted to concen-
tration values ranging from 0.05 to 0.8 mM using an alizarin
red calibration curve.

Statistics. All statistical tests were performed using R software
version 4.3.3 (24), with the level of statistical significance set
at P<0.05. To evaluate the difference of the means of the treat-
ment groups at each time point, Levene's test (leveneTest) was
used to assess whether the assumption of homogeneity of vari-
ance was met before performing an ANOVA (aov). Dunnett's
(dunn.test) or Tukey's (TukeyHSD) tests were used for post hoc
pairwise comparisons, depending on the presence of a control
group. If the condition of homogeneity of variance was not
met, the nonparametric Kruskal-Wallis test (kruskal.test) was
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Figure 1. Bright-field microscopy images of hOB and hMSC cultures after 1 and 4 weeks of exposure to various concentrations of Ag* in the cell media (scale
bar, 280 ym). h(MSC, human mesenchymal stem cells; hOB, human osteoblasts; TLSN, simulated Ag* release from TrabecuLink with silver nitrate coating.

used with Dunn's test (dunn.test) for pairwise comparisons.
Graphs were created with GraphPad Prism, the bar height
corresponding to the mean value and the error bars to the
standard deviation.

Results

Cell microscopy and immunofluorescence. Both hMSCs
and hOBs in the control wells covered the entire area of the

well plate and exhibited an elongated fibrillary shape. When
visualized with bright-field microscopy after 1 or 4 weeks of
culture, no obvious differences were evident in the cell shape
or confluence of hMSCs or hOBs after exposure to different
Ag" concentrations (Fig. 1).

Fluorescence microscopy of fixed and stained cells indi-
cated that hMSCs had a homogenous distribution across the
surface of the wells after 4 weeks of culture (Figs. 2, S2),
and the cells generally maintained an elongated shape with a
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Figure 2. Immunohistochemistry of hMSC cultures after 4 weeks with different concentrations of Ag*. Blue is DAPI, green is CFDA and red is osteocalcin
(scale bar, 140 ym); hMSC, human mesenchymal stem cells; TLSN, simulated Ag* release from TrabecuLink with silver nitrate coating.

Figure 3. Immunohistochemistry of hOB cultures after 4 weeks with different concentrations of Ag*; the arrows show an OCN* hOB aggregate. Blue is DAPI,
green is CFDA and red is osteocalcin (scale bar, 140 ym). hOB, human osteoblasts; TLSN, simulated Ag* release from TrabecuLink with silver nitrate coating.

prominent nucleus. Cell growth was slower at an Ag* concen-
tration of 1.5 ppm, as evidenced by the sparser cells (Fig. 2).
No differences in the OCN staining pattern were detected
between cells treated with different Ag* concentrations and
control cells not exposed to Ag* (Figs. 2, S3).

In the untreated hOB cultures, the cells developed a
confluent monolayer, exhibiting rapid migration in diverse
directions (Fig. 3). Agglomerations of cells, identified by OCN
staining, were observed within the untreated group (Figs. 3, S3).
With the introduction of Ag*, no major differences in cell

confluence were observed. However, the cellular cytoskeleton
of hOB cells exposed to Ag* exhibited a thinner profile and a
more leaf-shaped morphology. HOBs featured a higher CFDA
signal intensity, with a tendency to form aggregates in both the
untreated and the Ag*-exposed groups (Fig. 3). The pattern
was similar for all Ag* concentrations tested, with no evident
OCN staining compared to the untreated group (Fig. S3).

Osteogenic differentiation. In the untreated and Ag-treated
hMSC cultures, the ALP/LDH ratio increased with time
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Figure 4. Temporal changes in osteogenic differentiation in (A) hMSC and (B) hOB cultures are expressed as the ratio of ALP to LDH. There were no
statistically significant differences between the groups at any given time. The data are expressed as the means + SDs. ALP, alkaline phosphatase; LDH, lactate
dehydrogenase; hMSC, human mesenchymal stem cells; hOB, human osteoblasts; ppm, parts per million; TLSN, simulated Ag* release from TrabecuLink
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Figure 5. Influence of Ag* concentrations on the temporal expression profiles of the COL1A1, COL1A2 and ALPL genes measured by RT-qPCR in (A) hMSC or
(B) hOB cultures. The values are expressed as the fold change compared to the control cultures (without adding Ag*); the data are expressed as the means + SDs.
“P<0.05. hMSC, human mesenchymal stem cells; hOB, human osteoblasts; ppm, parts per million; TLSN, simulated Ag* release from TrabecuLink with silver

nitrate coating; RT-qPCR, reverse transcription-quantitative PCR.

(Fig. 4), and no statistically significant differences were found
between the different Ag* concentrations and the control group
not exposed to Ag* at any time. Overall, the osteogenic activity
of the hMSCs was not affected, even at higher concentrations
of Ag*. For the hOBs, the ALP/LDH ratio displayed a more
consistent rise, demonstrating a progressive trend over the
4-week period. The highest ratios were observed in the control
group not exposed to Ag* at the final time point after 4 weeks.
In contrast to hMSCs, hOBs were inclined to display decreased
osteogenic activity at concentrations of Ag* of 0.5 ppm or
higher at 4 weeks. However, similar to hMSCs, no statistically
significant differences were seen between groups at any time.

Gene expression. In hMSC cultures (Fig. 5A), exposure to Ag*
concentrations of = 1 ppm significantly suppressed COL1A2
and ALPL gene transcription after 2 weeks of culture. Gene

expression showed an upward trend during the first week
of culture but then gradually decreased over time. In hOB
cultures, no clear concentration-dependent effect was detected
(Fig. 5B). In hOB cells at 4 weeks, the genes did not generally
display a clear pattern of change with increasing concentra-
tions of Ag*. Gene expression trended upward over time
without significant differences between Ag* concentrations.

Cell mineralization. Robust mineralization was detected in
hMSCs cultured in control media after 4 weeks of culture
(Figs. 6A, S1). However, the alizarin red staining intensity
showed a decreasing trend with increasing Ag* concentra-
tion, and the lowest signal was found at 1.5 ppm; however, no
statistically significant differences were found. In hOB, on the
other hand (Fig. 6B), a statistically significant reduction in
mineralization was observed for Ag* concentrations =1 ppm
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compared to that in the control group not exposed to Ag*.
These findings indicated that osteoid deposition in hOB was
severely hampered at concentrations of =1 ppm.

Discussion

This study examined the effects of different Ag* concentrations
on the viability, osteogenic differentiation, osteogenic gene
expression, and mineralization of hMSC and hOB cultures. We
found that matrix mineralization in hOBs was notably reduced
at higher concentrations of Ag*, particularly at concentrations
>1 ppm, indicating a negative impact on mineralization by
these cells. However, after 4 weeks of culture, no cell shape
or confluence differences were discernible between media
containing varying Ag* concentrations when examined using
bright field microscopy. HOBs, however, which is a slower
proliferative cell type than hMSCs, featured a higher CFDA
signal intensity. No significant differences were observed in
ALP/LDH ratios between hMSC and hOB cultures exposed to
varying Ag" concentrations over time. A trend was observed
in the hOB cultures at 4 weeks, showing a lower ALP/LDH
ratio with an increasing Ag* concentration. The osteogenic
genes ALPL, COL1A1, and COL1A2 expression tended to
decrease with Ag* concentrations >1 ppm in both hMSCs and
hOBs. However, no clear concentration-dependent response
was detected, with statistically significant effects only being
detected in hMSCs.

The impact of Ag exposure on hMSC cultures is
variable and contingent upon culture conditions and Ag
concentrations (25-27). For example, Ag* exposure of hMSCs
(approximately 3 ppm) for up to 3 weeks in a spheroid culture
has been shown to increase osteogenic gene expression
through WNT and MAPK signaling without impacting matrix
mineralization (26). Alternatively, Ag-induced oxidative
stress might induce adipogenesis in hMSCs (27). Our study
demonstrated statistically significant differences in the expres-
sion of osteogenic genes in hMSCs treated with increasing
Ag* concentrations, as well as a trend toward decreased
mineralization. It has been suggested that Ag* in the range

of 0.1 to 1.6 ppm preserves the antibacterial properties of Ag
and prevents toxicity to osteogenic cells (28,29). A previous
study conducted by our research group (6), showed that hOBs
cultured on 3D-printed, Ag-coated trabecular titanium discs
(TLSN) and exposed to a cumulative release of 3.5 ppm
after 4 weeks did not express significant differences in ALP
production or overall viability compared to cells cultured on
uncoated control discs. While hMSC cultures exhibited an
increasing trend in osteogenic marker expression over the first
week, followed by a gradual decrease, hOB cultures tended
to increase osteogenic marker expression. This increase may
be attributable to the maturity of the hOB expressing these
markers. However, compared to the uncoated controls, we
noted a trend for downregulating the COL1A1 and COL1A2
genes in hOB at 4 weeks and an upregulation of ALPL. The
decreased gene expression observed at 4 weeks relative to
2 weeks could be attributed to contact inhibition among the
cells. Previous research conducted by our group, involving the
culture of hOB on TLSN implants, revealed a tendency towards
decreased mineralization. However, statistically significant
differences were not observed compared to cells cultured on
non-silver-coated implants (6). Nevertheless, it is noteworthy
that the TLSN implants used as substrates for the cell cultures
in those experiments had an average roughness of Ra=5.0 ym.
This factor may have improved the osteogenic cell response
despite exposure to Ag* (6,30). Ag-coated implants possessing
distinct physicochemical properties conducive to osteogenic
cell adhesion, proliferation, and differentiation might mitigate
the cytotoxic effects of Ag. This cytotoxic effect would be
more pronounced when cells are solely exposed to Ag* and
cultured on a smooth, less supportive substrate compared to
trabecular titanium. Examples of modifications supporting
osteogenic cells include specific surface geometries (31,32)
and the use of composite materials, such as those containing
Sr (33,34), Ga (35) or hydroxyapatite (8,36). Another parameter
contributing to the discrepancy between our findings and those
documented in previous works is that Ag* in nanoparticle form
may be less cytotoxic than Ag" in an aqueous solution, as in
the AgNO; solutions used in our current experiments (37).
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Our study did not observe any differences in the gene
expression of hOB for the examined range of Ag* concentra-
tions. However, osteoid deposition was adversely affected
at concentrations =1 ppm, suggesting that these levels could
compromise implant stability when employed in a press-fit
application. This disparity in the mineralization data in
comparison to our previous study (6) might be attributed to the
inherent variability that hOBs exhibit from patient to patient.

One of the strengths of our study is the use of not only
commercially available hMSCs but also patient-derived
primary hOBs. In contrast, many other studies in Ag and
osseointegration use only commercially accessible cells or
cell lines (38). HMSCs are a widely employed and relevant
cell type; however, the less frequently used hOB can more
closely mimic clinical conditions (39). A limitation of hOBs
is their greater biological variation, as they differ from patient
to patient. For this study's experiments, hOBs from up to five
patients were used. An additional strength of our study lies in
its use of diverse modalities for evaluating osteogenic differ-
entiation, encompassing morphological cell analysis, ALP
measurements, LDH enzymatic activity, a comprehensive panel
of osteogenic genes, and a mineralization assay. Long-term
cultures, lasting up to 4 weeks, were used and are preferable
to short-term experiments (25-28) in discerning the effects
of chronic Ag* exposure and facilitating investigations into
the slower mineralization processes. Future research should
explore the effects of a more restricted range of Ag* concentra-
tions on a broader spectrum of osteogenic genes, encompassing
Runx2, osteonectin, osteopontin, and osteocalcin.

Although the future looks promising for some Ag-coated
implants, such as plates (15), nails (13), and cemented mega-
prostheses (2), the question of Ag-coated press-fit hip stems
persists. Stability is achieved in the press-fit concept when
the implant transitions from primary stability to secondary
stability by osseointegration, which occurs through mineraliza-
tion and bone remodeling, eliminating micromotions. Reduced
mineralization can lead to long-term implant loosening due to
sustained micromotion. For press-fit implants featuring anti-
bacterial coatings, minimizing toxicity towards osteoblasts is
paramount (5,40). In vitro experiments offer a rough estimate
of how cells react to specific antibacterial coatings. Still,
in vivo experiments are mandatory because they can offer
biomechanical (41) and histological data on osseointegration
and bone formation around coated implants. Our study lacks
these important data (40). Overall, Ag coating is an effective
strategy for reducing infection rates (2). However, providing
clinical recommendations requires robust, randomized,
controlled trials. For example, the BASICS (42), a multicenter
randomized trial, showed that Ag-coated ventriculoperitoneal
shunts did not perform better than uncoated shunts in reducing
infection rates. However, such studies do not exist in ortho-
pedic surgery. The hOB experiments constitute a more valid
model than those using hMSCs, as hOBs are sourced from
the femoral head of human donors and more closely replicate
the cell types that would interact with an Ag*-coated implant.
Chronic Ag* release from the implant into the periprosthetic
space, and consequently through tissue continuity to the bone,
potentially hinders osteoblast activity and bone formation, as
seen in our hOB experiments. Over time, this process may
reduce bone apposition around the implant. Therefore, we

recommend limiting Ag* release from the implant both in its
concentration and duration of exposure.

The supplementation of Ag* in the growth medium of
hMSC and hOB cultures over 4 weeks did not confer any
differences in cell viability and differentiation. Still, statisti-
cally significant differences were noted in the expression of the
osteogenic genes COL1A2 and ALPL in hMSC cultures. The
presence of Ag* in the hMSC culture medium, mimicking the
release profile of TLSN implants, did not impact mineraliza-
tion. However, mineralization was profoundly compromised
in hOB cultures. This observation underscores the importance
of accounting for cell type-specific responses when evaluating
the biocompatibility of implant compounds, such as Ag, given
that the effects on hOBs are likely more representative of the
actual in vivo scenario. If the implant is designed for unce-
mented fixation within the host bone, a thorough investigation
of the Ag* release profile from the implant and its associated
cellular responses is crucial.
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