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Abstract

Background Fungal infections are rare but major prob-
lems when they involve orthopaedic implants. Preferred
treatment in North America is two-staged: resection and
then delayed reconstruction, with local delivery of an
antifungal between stages. The effect of voriconazole, a
hydrophobic antifungal, on local tissues and wound healing
is unclear.

Questions/purposes We asked: (1) Is voriconazole cyto-
toxic to fibroblasts or osteoblasts at target concentrations
for local delivery? And (2) if cytotoxic, can fibroblasts or
osteoblasts resume proliferation after voriconazole is
removed?

Methods We exposed 5000 fibroblasts or osteoblasts/well
to voriconazole concentrations of 0, 1, 5, 10, 25, 100, 500,
1000, 5000, 10,000, and 20,000 pg/mL (n =4 wells/
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concentration) in 24-well plates. At 3 and 7 days, cell
growth was assessed with alamarBlue®™ and light micros-
copy. After Day 7, exposure to voriconazole was stopped
and incubation continued for 4 days in medium with
no voriconazole. On Day 11, cell growth (recovery) was
assessed with alamarBlue® and light microscopy.

Results Increasing voriconazole concentration to more
than 100 pg/mL decreased osteoblast and fibroblast growth.
Cell growth recovered after 7 days’ exposure to 1000 pg/
mL or less.

Conclusions Voriconazole is cytotoxic to osteoblasts and
fibroblasts, but cell growth recovers over 4 days after
exposure to 1000 pg/mL or less.

Clinical Relevance Cytotoxicity seen from voriconazole
to mouse osteoblasts and fibroblasts occurs at concentra-
tions achievable clinically from local delivery. It may be
prudent to limit the dose of voriconazole in antibiotic-
loaded bone cement.

Introduction

Infection of orthopaedic implants is a devastating compli-
cation that can lead to considerable morbidity. There is
limited clinical experience managing these infections when
they are caused by fungi and a paucity of data to guide
local antifungal delivery. A 2009 multiinstitutional report
concluded resection arthroplasty should be performed in
confirmed fungal prosthetic joint infections because of
poor results from other treatment methods [3]. This opinion
is consistent with the Infectious Disease Society of
America’s guidelines [3, 18]. Anagnostakos et al. [2]
reported control of fungal infections in seven patients with
four hip arthroplasties and three knee arthroplasties using a
two-stage exchange protocol and systemic antifungal
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Fig. 1 A flowchart shows the experi-
mental design.

Wells seeded at 5000 cells/well in 24-well plates
11 concentrations (0, 1, 5, 10, 25, 100, 500, 1000, 5000, 10,000, 20,000 ug/mL)

n = 4 wells/concentration, 44 total wells
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Medium removed; fluorescence, light microscopy for cell morphology (44 total wells)
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agents. Two single-case reports described infection control
after reimplantation of a TKA [8] and after a resection
arthroplasty of the hip [9]. The very low incidence of
fungal implant infections precludes adequately powered
studies needed for high levels of evidence.

Similar to bacterial implant infections, fungal implant
infections are difficult to treat because fungi also form
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biofilms [S]. The concentration of antifungals required to
kill fungi in biofilm is much higher than that required
to treat planktonic fungi [16, 17], by as much as 1000 times
[4, 7]. Systemic toxicity is a major problem with
antifungals, which have low therapeutic indexes. Anti-
fungal-loaded bone cement (ALBC) has been used
clinically to provide high local drug levels and to reduce
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Fig. 2 A graph plots fibroblast cell growth versus voriconazole
concentration. Cell growth is quantified by RFU at 3 days (white
bars) and 7 days (gray bars). Cells exposed to 1 to 25 pg/mL had
decreased growth (p < 0.001) but normal morphology (gray bars with
dashed borders). Cells exposed to 100 pg/mL or more had decreased
growth and abnormal morphology. Control (black bar) is the RFU for
the 5000 cells initially seeded in each well. Data are shown as
mean =+ SD, for n = 4 wells/concentration.

the systemic toxicity [14]. Anecdotally, amphotericin B is
the antifungal that has typically been used to formulate
ALBC. Even with limited amphotericin B release from
ALBC, there is concern about the potential for local
toxicity, based on in vitro cell culture data [11]. Also
anecdotally, the azole antifungals have been used in
ALBC. Voriconazole, a triazole antifungal that acts by
inhibition of cytochrome P 450 14o-demethylase [19], is
hydrophobic and has a systemic toxicity profile similar to
that of amphotericin B. Multiple organ systems are affec-
ted, but the severity of the toxic effects from systemic
administration is less than that encountered with ampho-
tericin B [13]. Fungi are considered susceptible to
voriconazole if their minimum lethal concentration is
4 ng/mL or less [6]. Voriconazole reportedly elutes from
bone cement [15] in large amounts, but whether there are
cytotoxic effects from local delivery is unclear.

We therefore asked the following questions: (1)
Is voriconazole cytotoxic to fibroblasts or osteoblasts at
concentrations targeted by local delivery? And (2) if
cytotoxic, can fibroblasts or osteoblasts resume growth
after voriconazole is removed?

Materials and Methods

This study was designed to assess the susceptibility of
osteoblasts and fibroblasts to toxic effects from a range of
voriconazole concentrations, including levels exceeding
the therapeutic target for local delivery of 1000 times the
levels usually lethal to planktonic fungi (4000 pg/mL)
(Fig. 1). Exposure to various voriconazole concentrations
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Fig. 3 A graph plots osteoblast cell growth versus voriconazole
concentration. Cell growth is quantified by RFU at 3 days (white
bars) and 7 days (gray bars). Cells exposed to 1 to 100 pg/mL had
normal growth and normal morphology (gray bars with dashed
borders). Cells exposed to 500 pg/mL or more had decreased growth
and abnormal morphology. Control (black bar) is the RFU for the
5000 cells initially seeded in each well. Data are shown as
mean £ SD, for n = 4 wells/concentration.

was maintained for 7 days, over which the cellular
response was evaluated. The voriconazole was then
removed from the culture medium, and the culture was
continued for 4 more days with fresh medium. The cells
were monitored for recovery of morphology and replica-
tion. This study was a benchtop pilot study intended to
provide baseline data for effect size and was conducted on
an in vitro model. No a priori power analysis was con-
ducted for this study.

Mouse fibroblasts (BALB/3T3 A31) and mouse osteo-
blasts (MC3T3) (both from American Type Culture
Collection, Manassas, VA, USA) were grown in Dulbecco’s
Modified Eagle’s Medium with glutamine (2 mmol/L),
10% fetal bovine serum, penicillin (10 IU/mL), and strep-
tomycin (10 pg/mL) (all from Fisher Scientific, Pittsburgh,
PA, USA). Each cell line was of moderate cell passage
number. Neither of these lines is present on the lists of likely
contaminated cells [12]. These cultures do not involve
feeder layers or genetic modification. The cells behaved as
typical fibroblasts and osteoblasts, but cell type was not
independently verified. Cell morphology was monitored
daily using light microscopy.

The fibroblasts and osteoblasts were plated at 5000 cells/
well in 24-well plates in medium containing voriconazole
at concentrations of 0, 1, 5, 10, 25, 100, 500, 1000, 5000,
10,000, or 20,000 pg/mL for 7 days (n = 4 wells/concen-
tration x 11 concentrations = 44 wells). At 1, 3, 7, and
11 days, the medium was removed and replaced with 0.5 mL
fresh medium containing 50 pL alamarBlue®™ (Invitrogen,
Carlsbad, CA, USA) after washing with sterile phosphate-
buffered saline (PBS). Fluorescence from alamarBlue®™
was measured on a FLUOstar Omega Multiplate Reader
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Fig. 4A-B Cell morphology is shown for (A) healthy osteoblasts and (B) rounded, floating, dead osteoblasts.
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(BMG LABTECH GmbH, Ortenburg, Germany) to deter-
mine cell number (excitation, 540 nm; emission, 590 nm).
Cell growth was reported in relative fluorescence units
(RFU) not cell count. Relative fluorescence is nonlinear
with cell count for large cell numbers [20]. After com-
pletion of the fluorescence measurements on each of Days
1 and 3, the alamarBlue®-containing medium was replaced
with medium containing voriconazole at the concentration
each respective well had previously contained. On Day 7,
the medium was replaced with fresh medium containing no
voriconazole.

We used repeated-measures ANOVA to determine at
what concentrations voriconazole inhibited cell growth and
recovery. Standard normal plots of residuals were
employed to confirm the normality of the data evaluated
with ANOVA [1]. Data were analyzed using MINITAB®
(Minitab Inc, State College, PA, USA).
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Results

Increasing voriconazole concentration decreased (p < 0.001)
fibroblast and osteoblast growth on Days 3 and 7. Fibroblasts
exposed to voriconazole concentrations of between 1 and
25 pg/mL exhibited reduced (p < 0.001) growth at Day 3
(Fig. 2) (3820 RFU versus 2483 RFU) but appeared mor-
phologically normal. Osteoblasts exposed to 1 to 100 pg/mL
did not decrease growth (Fig. 3) and morphology remained
normal (Fig. 4). For concentrations of 500 pg/mL and
greater, both cell lines exhibited increasingly rounded mor-
phology and floating cells (Fig. 4). After 7 days of exposure
to 500 and 1000 pg/mL, cell growth was reduced in both cell
lines, fibroblasts (Fig. 2) more than osteoblasts (Fig. 3).
Neither fibroblasts (Fig. 2) nor osteoblasts (Fig. 3) survived
3 days of exposure to voriconazole concentrations of
5000 pg/mL and greater.
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After removal of voriconazole from the medium, both
fibroblasts (Fig. 5) and osteoblasts (Fig. 6) exposed to
1000 pg/mL or less for 7 days returned to a more normal
spreading morphology on light microscopy and resumed
growth, as indicated by increased RFU.

Discussion

Voriconazole is a hydrophobic antifungal with a known
systemic toxicity profile. The large amounts of cyclodex-
trin used as a carrier to achieve solubility in the parenteral
formulation of voriconazole functions as a poragen, leading
to high release from ALBC [15]. Cytotoxicity to concen-
trations targeted by local delivery has not been studied. We
therefore asked the following questions: (1) Is voriconazole
cytotoxic to fibroblasts or osteoblasts at concentrations
targeted by local delivery? And (2) if cytotoxic, can
fibroblasts or osteoblasts resume growth after voriconazole
is removed?

There are limitations to this study. First, in vitro cyto-
toxicity studies do not replicate the barriers to drug
distribution, tissue architecture, or fluid flow found in
surgical wounds. Second, mouse cells may not accurately
indicate the susceptibility of human cells to voriconazole;
however, the selected cell lines are commonly used for
preclinical toxicity testing [11]. Third, specialized cellular
functions such as osteoid production or fibroblast extra-
cellular matrix production were not studied. Cellular
morphology and proliferation are established indicators of
cytotoxicity, which are appropriate for preliminary studies.
Further work is needed to determine the effect of vorico-
nazole on specific cell functions. Fourth, guidance for
clinical dosing in ALBC cannot be determined directly
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from cell culture data. Although 5000 pg/mL was lethal in
cell culture and that is realistically achievable in clinical
practice by local delivery, it is unknown what load will
cause that concentration in any specific delivery site. Until
in vivo data are available, it may be prudent to limit the
dose of voriconazole loaded into ALBC. A guide that has
been used to limit systemic exposure of hydrophilic
antibacterials in ALBC is to use up to the equivalent of a
24-hour parenteral dose per batch of porous ALBC. For
voriconazole, this is 12 mg/kg, 840 mg for a 70-kg patient,
per batch of ALBC. However, there is no such guide for
antimicrobial loads to limit local toxicity. Anecdotally,
300 mg voriconazole per batch of ALBC has been used
without wound-healing problems. Miller et al. [15]
reported 300 mg voriconazole per batch of ALBC as a
balance point between high release and excessive loss of
mechanical strength. The large volume of cyclodextrin
added to commercially available voriconazole provides
sufficient porosity in the ALBC such that additional pora-
gens are not needed.

We found mouse fibroblasts and osteoblasts sustained
reversible, sublethal toxicity at voriconazole concentrations
of up to 1000 pg/mL. Cytotoxicity to hydrophobic antifun-
gals has been studied previously. Harmsen et al. [11]
reported concentrations of amphotericin B as low as
5 pg/mL alter morphology and decrease proliferation in
mouse fibroblasts and osteoblasts. Recovery occurred after
exposure to 10 pg/mL of amphotericin B or less for 7 days.
In their experiment, no cells survived at 100 pg/mL or
greater [6]. This s 11—0 of the target concentration of 1000 times
the lethal level for planktonic fungi and less than 10 times
greater than targeted systemic levels. Han et al. [10] reported
voriconazole is cytotoxic and alters morphology in endo-
thelial cells at concentrations of more than 100 pg/mL
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at 24 hours. Some cells survived after exposure to concen-
trations of up to 1000 pg/mL. Toxicity to cell lines from
musculoskeletal tissues has not been reported. Our cyto-
toxicity data for mouse fibroblasts and osteoblasts exposed to
voriconazole are consistent with cytotoxicity to endothelial
cells: decreased replication in cells exposed to voriconazole
concentrations of up to 1000 pg/mL. The toxic effects from
voriconazole in our study occurred at 50 to 100 times higher
concentrations than similar effects reported by Harmsen
et al. [11] for amphotericin B deoxycholate. Recoverable
morphology and replication changes occurred in our study
for concentrations of voriconazole of 1000 pg/mL or less,
for both cell lines. There are no published data on recovery of
the toxic effects caused by voriconazole after exposure to
voriconazole is removed; however, there are published data
on the recovery of cell morphology and replication when
exposure to amphotericin B is removed. Voriconazole and
amphotericin B have similar therapeutic concentrations [11],
but similar toxicity takes 100 times more voriconazole than
amphotericin B. In clinical applications, locally delivered
concentrations are transient, decreasing as the local depot is
depleted. Recovery from sublethal toxicity would be impor-
tant to allow wound healing to progress at postresection
surgical sites where local delivery is used. In the absence of
in vivo data, anecdotal experience is the best available guide.
Local depots of ALBC with 300 mg voriconazole per batch
have high delivery, acceptable loss of mechanical strength of
the ALBC, and no documented wound-healing problems.

In conclusion, voriconazole caused reversible morpho-
logic changes and decreased growth in mouse fibroblasts
and osteoblasts at concentrations of up to 1000 pg/mL.
Voriconazole was lethal at concentrations of 5000 pg/mL
or more. Although clinical studies are needed to evaluate
any potential cytotoxicity that may occur in surgical
wounds, toxicity to mouse osteoblasts and fibroblasts
occurred at concentrations achievable clinically from local
delivery. Based on empiric anecdotal experience, it may be
prudent to limit the dose of voriconazole in ALBC to
300 mg per batch of ALBC.
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