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Purpose: Bone tissue infections are a difficult problem in orthopedic surgery. Topical applica-
tion of vancomycin and tobramycin powder has been proved to significantly reduce infection
rates. However, the osteogenic effect of the topical application of these two antibiotics is unclear.
In this study, the osteogenic effect of local delivery antibiotics on bone regeneration was
investigated in vitro.

Methods: Bone marrow stromal cells (BMSCs) were incubated in the presence of vancomy-
cin (14.28ug/mL), tobramycin (28.57ug/mL), or vancomycin combined with tobramycin
(vancomycin 14.28ug/mL and tobramycin 28.57pg/mL). Cell viability, proliferation, and
migration were analyzed. The alizarin red staining as well as the alkaline phosphatase staining
was investigated. Then, the quantitative real-time (qQRT)-PCR of osteogenic mRNA expression
levels were also evaluated.

Results: The results showed that vancomycin combined with tobramycin has no adverse
effect on the viability and proliferation of BMSCs. The topical application of vancomycin
alone may interfere with the bone regenerative processes. However, the tobramycin can
promote the osteogenic differentiation of BMSCs and also rescue the osteogenic potential of
BMSCs inhibited by vancomycin both in vitro.

Conclusion: From this in vitro study, local application of vancomycin combined with
tobramycin does not affect the osteogenic potential of BMSCs.

Keywords: vancomycin, tobramycin, osteogenesis, bone regeneration

Introduction
Orthopedic surgical infections could lead to delayed union or nonunion of fractures,
delayed rehabilitation, increased re-operation rates, and increased morbidity and
mortality. Prophylactic systemic intravenous antibiotics could reduce the surgical
site infection rate 2 to 4-fold. However, the local application of antibiotics after
orthopedic surgery has been shown to reduce infection rates as much as 10-fold.'
Furthermore, the local delivery of antibiotics can reduce antibiotic resistance and
the undesirable effects related to systemic administration, such as ototoxic,
nephrotoxicity.” Thus, the local administration of antibiotic powder has become a
prophylactic measure to help reduce bacterial infection in many orthopedic proce-
dures. Many clinical studies have advocated that the use of vancomycin or tobra-
mycin in orthopedic procedures is safe and could reduce the infection rate.>°
Vancomycin is a widely used glycopeptide, which is indicated for the treatment of
serious infection caused by methicillin-resistant staphylococcus aureus (MRSA).’
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Tobramycin which has been proved to be an excellent drug
for anti-infection belongs to the aminoglycoside family. It
has a narrow spectrum and is active against Gram-negative
bacteria infection, particularly against species of pseudomo-
nas aeruginosa.® Both two antibiotics have a low antigenicity
and present a low allergy rate. Therefore, the combination of
topically used vancomycin and tobramycin powder may
provide a broad spectrum of antimicrobial activity including
the majority of pathogens encountered in orthopedic surgery.

Several studies have shown that local administration of
antibiotics may have cytotoxic effects. An in vitro study
showed that intrawound vancomycin might interfere with
the bone regeneration process and increase the risk of non-
union.’ Furthermore, an in vivo study demonstrated that local
vancomycin treatment could reduce the heterotopic ossifica-
tion formation in the rat model.'” Recently, Ishida et al®
demonstrated in a rat model of spinal fusion that intraopera-
tive local application of vancomycin might detriment the
fusion-mass formation, while tobramycin appeared to aug-
ment spinal fusion-mass formation. To best of our knowl-
edge, no study has focused on the effect of topical delivery of
vancomycin combined with tobramycin on bone regenera-
tion in vitro.

This study aimed to investigate the osteogenic effects
of vancomycin combined with tobramycin on viability,
proliferation, migration, and osteogenic differentiation of
Bone Marrow Stromal Cells (BMSCs) in vitro.

Methods
BMSCs Culture

Human BMSCs were purchased from Cyagen (USA) and
cultured in human BMSCs basal media (Cyagen, USA) with
10% fetal bovine serum (Cyagen, USA), 1% penicillin-strep-
tomycin (Cyagen, USA), and glutamine (Cyagen, CA, USA).
And osteogenic induction was conducted by BMSCs osteo-
genic differentiation media (Cyagen, USA) with 10% fetal
bovine serum (Cyagen, USA), glutamine (Cyagen, CA,
USA), 1% penicillin-streptomycin (Cyagen, USA), ascorbic
acid (Cyagen, CA, USA), B-Glycerolphosphate disodium
(Cyagen, USA), and dexamethasone (Cyagen, USA). All the
cells were cultured at 37°C in saturated humidity containing
5% CO,. The media were changed every two days. The
BMSCs were digested using 0.25% trypsin (Solarbio, China),
when they grew to a confluence of 70-80%. To investigate the
effect of topical antibiotics, BMSCs were cultured without
antibiotics (Con group) or with antibiotics, which further sub-
divided into three subgroups: Van group: cultured with

vancomycin (Solarbio, China), (1g per person'""'? = 14.28g/
mL), Tob group: cultured with tobramycin (Solarbio, China),
(2g per person’'*=28.57ug/mL), Van+Tob group (vancomy-
cin 14.28g/mL combined with tobramycin 28.57pug/mL).

LIVE/DEAD Assay

The LIVE/DEAD kit (L3224, InvitrogenTM, USA) was
used to evaluate the viability of BMSCs. The cells were
cultured in the media with or without antibiotics for about
7 days and then incubated with calcein AM and ethidium
homodimer solution for 30mins. The cells were then
imaged under fluorescence microscopy.

Cell Proliferation Assay

The proliferation rates of cells cultured with different anti-
biotics were detected by CCK-8 assay (Dojindo, Tokyo,
Japan) after BMSCs were cultured in different antibiotics
media for 1, 3, 5, or 7 days. BMSCs cultured without any
antibiotic served as the control. The absorbance at 450 nm
was read with a microplate reader.

Alizarin Red S (ARS) Staining

BMSCs were cultured in osteogenic media with or without
antibiotics for 14 and 21 days, the cells were fixed in ethanol
and then stained with 40 mM Alizarin Red S (Sigma-Aldrich,
USA), pH 4.0, for 20 min. Cells were rinsed with double-
distilled H20 (ddH20). Then, 10% acetic acid (Sigma-
Aldrich, USA) was used to elute the stain, followed by 10%
ammonium hydroxide (Sigma-Aldrich, USA). Finally, the
optical densities were read at each time point (14 and 21 days).

Alkaline Phosphatase (ALP) Staining

The expression of ALP at 14 and 21 days was assessed
using an ALP kit (Yeasen, China). After osteogenic induc-
tion, the BMSCs were fixed with ice-cold methanol for 30
mins. The fixed BMSCs were incubated in the BCIP/NBT
solution and then observed under a light microscope.

Wound Healing Assay

The cell migration ability was assessed by wound healing
assay. Monolayer cells were seeded in a 6-well plate and
scratched a line in the same area of each well by a pipet
tip. The suspended cells were removed gently by PBS.
Then, the serum-free medium was added into the plates
and incubated for 24hrs. Differences in the healed scratch
wound area were compared to assess cell migration by
using Image J.
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Quantitative Real-Time (qRT)-PCR
qRT-PCR was performed to evaluate the osteogenic
mRNA (Col-1, Runx2, ALP, OCN, OPN, and SOST)
expression levels in the BMSCs after 14 and 21 days of
Osteogenic induction. The total mRNA was extracted and
transcribed into cDNA using a cDNA Synthesis Kit
(Thermo-Fisher). The primers used are listed in Table 1.
The expression levels of osteoblastic genes were calcu-
lated based on the 2—AACt method.

Statistical Analysis

All statistical analyses were performed by Prism software
8.2 (GraphPad) for macOS. Data were shown as mean +
standard deviation (SD). One-way analysis of variance and
Student’s ¢-test were used to compare the differences. All
the results were biologically replicated three times. All
reported p values are 2-sided, and values of p <0.05
were considered as statistically significant.

Results
Analysis of BMSCs Viability and

Proliferation

After culturing for 7 days, BMSCs viability was assessed by
Live/Dead imaging. As shown in Figure 1A-D. The red and
green fluorescence are presented as dead and live cells, respec-
tively. A slight increase number of dead cells (red) were found
in the Van and Van+Tob group. However, there were no
statistically significant (Figure 1E, p=0.455, p=0.382). The
viability of BMSCs in four groups was all above 92%. A
CCKS8 assay was used to investigate the proliferation rate of
BMSCs over 7 days (Figure 1F). The cell number steadily
increased up to 7 days in the four groups and no significant
differences were found among four groups at each time point.
These results indicate that the viability and proliferation of
BMSCs were not affected by vancomycin and/or tobramycin.

Table | Primer Pair Sequences for qRT-PCR

Antibiotics Affect Osteogenic
Differentiation of BMSCs ARS and ALP
Staining

After osteogenic induction for 14 and 21 days, ARS and
ALP staining were performed to detect the calcium deposi-
tion and ALP activity, respectively. The ARS staining
showed that calcium deposition was enhanced under tobra-
mycin, but reduced significantly under vancomycin at both
14 and 21 days (Figure 2A). The ALP staining showed
that the Van group was lower than the other three groups,
and the Tob group was higher than the others (Figure 2C).
However, quantitative analysis found that both the ARS
and ALP staining in the Van+Tob group were higher than
the Van group (Figure 2B and D). These results indicated
that vancomycin inhibited calcium deposition of BMSCs,
which could rescue by tobramycin.

Antibiotics Affect BMSCs Migration

Wound healing assay was performed to explore the effects of
vancomycin and tobramycin on the migration of BMSCs.
The results showed that the vancomycin significantly inhib-
ited the motility of BMSCs. However, the area of healed
scratch wound in the Tob group was bigger than the other
three groups; and the area of healed scratch wound in the Van
+Tob group was bigger than the Van group (Figure 3). These
results indicated that tobramycin could rescue reduced cell
migration of BMSCs caused by vancomycin.

Antibiotics Affect the Osteogenic mMRNA
Expression of BMSCs

The osteogenesis-related mRNA expression levels of Col-1,
ALP, Runx2, OCN, OPN, SOST were determined by qRT-
PCR assay at both 14 and 21 days. As shown in Figure 4, all
the osteogenesis-related mRNA increased from 14 to 21
days. On day 14, the Col-1, Runx2, ALP, OCN in the Tob

Gene Sequences (5'-3')

Forward Reverse
GAPDH GACTTCAACAGCAACTCCCAC TCCACCACCCTGTTGCTGTA
COL-1 CCTCGCTTTCCTTCCTCTCC GTCAAGGCTGAGAACGGGAA
Runx2 TTCTCCAACCCACGAATGCAC CAGGTACGTGTGGTAGTGAGT
ALP TCCTGTTGACACCCCAAACC GGAAACGCAGGATTTCCCAC
OCN CTCACACTCCTCGCCCTATTG CGCCTGGGTCTCTTCACTAC
OPN ATCTCCTAGCCCCACAGACCC CACACTATCACCTCGGCCATC
SOST CCCTTTGAGACCAAAGACGTG GGCCCATCGGTCACGTAG
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Figure | Cell viability and proliferation. The Live/Dead staining of BMSCs cultured without antibiotics on the 7 days (A); The Live/Dead staining of BMSCs cultured with
vancomycin (B), tobramycin (C), and combination of vancomycin-tobramycin (D) on the 7 days (scale bars, 50um). The quantitative results of the Live/Dead assay (E).
Quantitative analysis of BMSCs proliferation rate by CCK-8 assay over 7 days (F).

Abbreviations: Con, control; Van, vancomycin; Tob, tobramycin.

group were higher than the Con group. And Runx2, ALP, group, but lowest in the Van group. Compared with the
and OCN in the Van+Tob group were higher than the Van ~ Van group, the Van+Tob group showed markedly higher
group. At 21 days, all markers were highest in the Tob mRNA expression at day 21. These results implied that
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Figure 2 The effect of vancomycin and tobramycin on mineralization of BMSCs was assessed by ARS and ALP staining. BMSCs were stained with ARS and ALP after cultured
14 and 21 days, respectively. ARS staining (A) and its quantification (B) in the Con, Van, Tob, and Van+Tob groups. ALP staining (C) and its quantitative analysis (D) in the

four groups. *p < 0.05, *p < 0.01, ¥**p < 0.001.
Abbreviations: Con, control; Van, vancomycin; Tob, tobramycin.

vancomycin inhibited the osteogenesis of BMSCs, while
the tobramycin offsets the osteogenic ability of BMSCs
which reduced by vancomycin.

Discussion

Clinically, local delivery of vancomycin combined with
tobramycin was wildly used for open fracture and bone
tissue infection.'*'® This dual antibiotic therapy is an
effective and safe method to reduce bacterial infections
at a traumatic wound and may reduce the undesirable
effects related to the systemic administration and the risk
of resistance. Additionally, a study has proved that local
delivery of vancomycin and tobramycin have less cyto-
toxic and did not appreciably affect cell number.'” As
expected, the results of CCK8 and Live/Dead assay
shown that local administration of vancomycin, tobramy-
cin, or vancomycin combined with tobramycin did not
affect cell viability and proliferation of BMSCs in our
study. Furthermore, we have demonstrated that local deliv-
ery of vancomycin may have detrimental effects on osteo-
genesis of BMSCs. However, tobramycin may promote
bone regeneration in vitro. Additionally, results also

shown that the combination of vancomycin-tobramycin
had no inhibitory effect on osteogenesis.

Eder et.al” have proved that local application of vancomy-
cin may reduce bone regeneration in vitro. They cultured
vancomycin with osteoblast cells and found that the migration
of osteoblast, synthesis of ALP, calcium deposition was sig-
nificantly reduced by vancomycin. Our results also showed
that ARS staining, ALP staining, migration of BMSCs, as well
as the osteogenesis-related genes were reduced in Van group.
Ishida et al® investigated the effects of vancomycin on osteo-
genesis in a rat model and found that vancomycin affects bone
fusion. In contrast, another in vivo study concluded that
vancomycin combined with recombinant human bone mor-
phogenetic protein-2 (thBMP-2) did not affect bone fusion.'?
The rhBMP-2 may offset the negative impact of vancomycin
on bone regeneration. But the application of thBMP-2 may
result in heterotopic ossification in some orthopedic
surgeries.'® Our in vitro experiments confirmed that vanco-
mycin reduced the osteogenesis process.

Our findings also proved that the tobramycin has better
bone regeneration effect than the control group in vitro.

119

Recently, Rao et al ~ found that tobramycin could promote
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Figure 3 Antibiotics affect the migration of BMSCs. In vitro scratch assays were used to analyzed the migration rate of BMSCs with different antibiotics within 24 hours (A).

Statistical analysis of scratch assay (B). **p < 0.01, **p < 0.001.
Abbreviations: Con, control; Van, vancomycin; Tob, tobramycin.

fracture healing by accelerating osteogenesis differentiation
of MSCs through the Wnt/B-catenin pathway. Another in
vivo study also found that utilizing tobramycin powder
might be beneficial for bone fusion.®> A comparative study
of tobramycin and vancomycin impregnated material
implanted into a rabbit tibia model. The results showed that
tobramycin has better osteogenesis scores than vancomycin.
All of these studies are comparable with our findings.
Tobramycin is beneficial for patients who are prone to
Gram-negative bacteria infection. However, for the MRSA
bacterial infection, vancomycin powder is more useful.
Because the presence of tobramycin has a synergistic-like
effect on bactericidal activity of vancomycin,'® several stu-
dies recommended local delivery of the combination of van-
comycin-tobramycin powder to prevent infection.*?*! In
the current study, we investigated the osteogenesis effect of
a combination of vancomycin-tobramycin. The in vitro

experiments showed that the BMSCs in the Van+Tob group
have almost the same osteogenic ability as the control group,
which are better than Van group. These results indicated that
the tobramycin could counteract the negative effect of van-
comycin on osteogenesis. Thus, the combined application of
vancomycin and tobramycin powder could cover the major-
ity of pathogens and reduce infection and nonunion rate in
orthopedic surgery.

There are several limitations in this study. First, only two
antibiotics were included in our study. The osteogenesis of
other antibiotics, such as gentamicin,22 ampicillin,23 and
amikacin,”* should be further explored. Second, we only use
the clinical concentration of two antibiotics in the current
study. Additional experiments of multiple concentrations
should be studied, which allow us to find the proper ratio of
vancomycin to tobramycin and recommended doses for
patients. Third, since the concentration of antibiotics is
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Figure 4 Real-time PCR assay was applied to evaluate the expression of osteogenic MRNA. The osteogenic mMRNA expression of Col-1 (A), Runx2 (B), ALP (C), OCN (D),
OPN (E), SOST (F) in BMSCs was quantified by real-time PCR after 14 and 21 days of incubation. *p < 0.05, **p < 0.01, ***p < 0.001.

Abbreviations: Con, control; Van, vancomycin; Tob, tobramycin.

different when it is used in vivo, preclinical experiments
should be performed in the near further. Furthermore, our
results proved the osteogenesis of the local delivery of anti-
biotics. But the bacterial infection was not addressed in this
study. We would like to investigate these in our future studies.

In conclusion, local delivery of vancomycin might
reduce the bone regeneration ability of BMSCs, while

vancomycin combined with tobramycin does not affect
the osteogenic potential of BMSCs. These results sug-
gested that appropriate randomized blinded prospective
clinical trials are needed to exam the safety and efficacy
of the combination of vancomycin-tobramycin in reducing
the risk of both nonunion and surgical site infections in

orthopedic surgery.
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