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Abstract

Background Local delivery of antifungals is an important

modality in managing orthopaedic fungal infection.

Voriconazole is a powder antifungal suitable for addition to

bone cement that is released from bone cement but the

mechanical properties of antimicrobial-loaded bone cement

(ALBC) made with voriconazole are unknown.

Questions/Purposes (1) Is voriconazole release dose-

dependent? (2) Is released voriconazole active? (3) Is the

loss of ALBC’s compressive strength caused by vorico-

nazole dose- and elution-dependent?

Methods Sixty standard test cylinders were fabricated

with ALBC: 300 or 600 mg voriconazole per batch eluted

for 30 days in deionized water. Voriconizole concentration

in the eluate was measured using high-performance liquid

chromatography. Cumulative-released voriconizole was

calculated. Biologic activity was tested. Compressive

strength was measured before and after elution. The effect

of dose and time on release and compressive strength were

analyzed using repeated-measure analysis of variance.

Results Fifty-seven percent and 63% of the loaded

voriconazole were released by Day 30 for the 300-mg and

600-mg formulations, respectively. The released vorico-

nazole was active on bioassay. Compressive strength was

reduced from 79 MPa to 53 MPa and 69 MPa to 31 MPa

by 30 days for the 300-mg and 600-mg formulations,

respectively.

Conclusions Voriconazole release from ALBC increases

with dose and is bioactive. Loss in compressive strength is

greater after elution and with higher dose.

Clinical Relevance Three hundred milligrams of vorico-

nazole in ALBC would be expected to deliver meaningful

amounts of active drug in vivo. The compressive strength

of ALBC with 600 mg voriconazole is less than expected

compared to commonly used antibacterials.

Introduction

Fungal musculoskeletal infections are rare. Much like bac-

terial infections, fungi that cause musculoskeletal infections

form biofilms [1]. Fungi in biofilms are resistant to antifun-

gals, requiring 100 to 10009 minimum inhibitory

concentration [3]. Treatment of established fungal infections

therefore requires high local concentrations of antifungal

drugs. Local delivery has the potential to deliver high anti-

fungal concentrations to the wound with reduced risk from

systemic exposure [11]. Bone cement is an established

vehicle for local delivery of antibacterials [7, 11]. Various

studies describe surgeon-directed antifungal formulations of
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antimicrobial-loaded bone cement (ALBC) [2, 6, 9, 10, 15,

16]. Published data from amphotericin B studies establish

limited release occurs, increased release using the liposome

formulation, higher than expected compressive strength,

possibly related to crosslinking with PMMA, and cytotox-

icity at low concentrations [2, 5, 8, 9]. However, clinical

experience in a case report by Marra et al. [10] suggests that

sufficient amphotericin B is released in vivo to be measur-

able and clinically efficacious. In vitro studies on other

antifungals including fluconazole, flucytosine, anidulafun-

gin, micafungin, and turbinafine [15, 16] also suggest these

agents are also released from ALBC, some in the active form.

These investigations do not provide standardized release

data to allow comparisons with other studies.

Voriconazole is a sterile antifungal powder suitable for

use in ALBC with release data reported in two studies. It is

effective against many fungal pathogens. Grimsrud et al.

[6] report that voriconazole was released in an active form

from bone cement. They used 800 mg/batch (approxi-

mately 30 vol%) in their ALBC formulation, but

cumulative mass of voriconazole recovered in infinite sink

conditions was not performed. Rousse et al. [14] reported

release from ALBC made with 7.5 wt% anidulafungin or

voriconazole. The voriconazole used in the study by

Rousse et al. was reported as 98% pure. We are unable to

obtain pure voriconazole. Clinically available formulations

contain 3200 mg of sulfobutyl ether beta-cyclodextrin for

every 200 mg of voriconazole (6% pure). Although both

studies reporting voriconazole release from ALBC confirm

release of active drug, neither provide data that can be used

to compare release rates with other doses, other vehicles, or

other animicrobials. It is also unknown how voriconazole

dose in ALBC affects drug release or how the the vorico-

nazole dose affects mechanical properties of the ALBC.

The purpose of this study was to answer the following

study questions: (1) Is voriconazole release dose-dependant?

(2) Is released voriconazole active? (3) Is the loss of ALBC’s

compressive strength caused by voriconazole dose- and

elution-dependent?

Materials and Methods

This study was designed to determine the release of

voriconazole from ALBC (Fig. 1). ALBC was made with

Simplex P bone cement with either 300 mg (14 vol%) or

600 mg (24 vol%) of voriconazole per batch. Voriconazole

release was measured by elution using five cylinders of

each formulation eluted for 30 days in deionized water.

Bioassays were performed on eluent. Compressive strength

was determined using 25 cylinders for each formulation in

five groups of five, eluted for 0, 1, 3, 7, or 30 days, and

then loaded to failure in axial compression.

Two formulations of ALBC were prepared by mixing

either 300 mg or 600 mg of voriconazole (Hospira Inc,

Lake Forest, IL, USA) per batch of Simplex P acrylic

cement (Stryker, Mahwah, NJ, USA). Voriconazole pow-

der was mixed uniformly into PMMA powder with a

spatula. Monomer was subsequently added to the powder.

Thirty test cylinders measuring 12 mm long 9 6 mm in

diameter (ASTM F451-08) were prepared in a polytetra-

fluoroethylene (Teflon) mold for each formulation. The

ends were machined flat and square for mechanical testing

and to ensure accurate length.

Five cylinders of each ALBC formulation were individ-

ually eluted in 5 mL deionized water at 37�C maintaining

infinite sink conditions. Total eluent exchange was per-

formed at 1, 3, 7, 15, and 30 days. Voriconazole

concentration in the eluate was measured using isocratic

high-performance liquid chromatography (HPLC) on a

Beckman Gold1 system (Beckman Coulter, Brea, CA,

USA). A 250 mm 9 4.0-mm LiChrisopher 100 RP-18E

column, with 5-lm particle size, was used at a flow rate of

1 mL/min. Mobile phase was 60:40 vol:vol acetonitrile to

water. Detection was performed at 220 nm [4]. A standard

curve was produced using standards of known concentration.

Voriconazole concentration was determined by interpola-

tion on the standard curve using an Excel spreadsheet

(Microsoft, Redmond, WA, USA). Cumulative recovered

voriconazole, Mt, was calculated at 1, 3, 7, 15, and 30 days.

As a pilot study, this study was performed with five cylinders

per group; an a priori power analysis was not performed.

Activity of eluted voriconazole was determined using

Kirby-Bauer bioassay against Candida albicans (ATCC

24433) [12] of eluent samples from each time point.

The compressive strength of both formulations was

tested before elution and after 1, 3, 7, and 30 days of

elution. One group of five cylinders for each formulation

was eluted in 25 mL deionized water at 37�C maintaining

infinite sink conditions for each of the five time periods.

Total eluent exchange was carried out on Days 1, 3, 7, and

30. All test cylinders were loaded to failure in axial com-

pression at 24.0 mm/min (ASTM F451-08) using a Test

Resources 830 AT mechanical testing machine (Test

Resources, Shakopee, MN, USA). Load-displacement data

were analyzed using Testbuilder1 (Test Resources,

Shakopee, MN, USA) to determine compressive strength in

accordance with ASTM Standard F451-08.

Differences in the release of voriconazole and com-

pressive strength between ALBC formulations were

determined with repeated-measures analysis of variance

(ANOVA) using time in elution and voriconazole load as

the factors. Appropriateness of the ANOVA model results

was confirmed through the use of standard normal plots of

residuals. All statistical analyses were performed using

Minitab (Minitab Inc, State College, PA, USA).
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Results

Voriconazole was released from both formulations with the

600-mg formulation releasing more drug (p \ 0.001) than

the 300-mg formulation. Recovered voriconazole, Mt, at

30 days was 1322 lg/cylinder (57% of the contained

voriconazole) for the 300-mg formulation and 2923 lg/

cylinder (63% of the contained voriconazole) for the

600-mg formulation (Fig. 2).

Voriconazole released from ALBC showed activity on

Kirby-Bauer bioassay. The radii of the fungicidal zones of

inhibition were consistent with concentrations measured by

HPLC.

The compressive strength of ALBC with 600 mg

voriconazole was less than (p \ 0.001) the compressive

ALBC Formulation

2 cement formulations 
300 or 600 mg of active voriconazole 
20 mL monomer liquid
40 g polymer powder 

Compressive Strength
50 cylinders 

elution in infinite sink conditions 
5 cylinders in 25 mL deionized water 
axial compression  to failure at 24 mm/min 
37°C 

10 cylinders; 5/formulation 
Pre-elution 
Day 0 

10 cylinders;  5/formulation 
Post-elution 
Day 7

10 cylinders;  5/formulation 
Post-elution 
Day 3

10 cylinders;  5/formulation 
total eluant exchange 
days 1, 3, 7, 30 
voriconazole concentration by HPLC 
cumulative voriconazole calculated 

Test Specimen Fabrication

60 test cylinders 
30/formulation 
12 mm long x 6 mm diameter 
        ASTM F451-08 

Voriconazole Release
10 cylinders 

elution in infinite sink conditions  
1 cylinder in 5 mL deionized water 
37°C 

10 cylinders;  5/formulation 
Post-elution 
Day 30

10 cylinders;  5/formulation 
Post-elution 
Day 1 

Fig. 1 Experimental layout for

voriconazole study is shown.

Fig. 2 Cumulative elution ALBC formulated with 300 mg or 600 mg

of voriconazole. Error bars show SD. Gray indicates the 300-mg

formulation, whereas black indicates the 600-mg formulation. Both

deliver a considerable amount of drug but the 600-mg dose cement

delivers more antifungal than the 300-mg dose cement.
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strength of ALBC with 300 mg voriconazole (Fig. 3). The

300-mg ALBC formulation had an initial compressive

strength of 79 MPa and the 600-mg formulation had an

initial strength of 69 MPa. By Day 1, the 300-mg formu-

lation had decreased to 53 MPa, and the 600-mg

formulation had decreased to 25 MPa.

Discussion

Local delivery of antifungal drugs is an important com-

ponent of treating fungal orthopaedic infections. Of the

published studies that report release data on antifungals

[6, 9, 14–16], two report voriconazole release data [6, 14]

(Table 1). Both studies report release of voriconazole but

had important methodological and formulation differences

from our study. Our study provides release, bioactivity, and

compressive strength data for high-dose voriconazole

ALBC that are consistent with the conclusions reached in

those previous reports. The study questions were: (1) Is

voriconazole release dose-dependent? (2) Is released

voriconazole active? (3) Is the loss of ALBC’s compressive

strength caused by voriconazole dose- and elution-

dependent?

Our present study has several limitations. First, these

in vitro data are appropriate for comparisons with in vitro

studies comparing delivery vehicles but do not represent

actual tissue concentration or mechanical durability that

may occur in vivo. Second, we studied only one manu-

facturer’s cement preparation. Further study is necessary to

evaluate any differences that may exist with other cements

or other antifungals. Third, we did not measure the fatigue

properties of the ALBC formulations that were studied;

however, high-dose ALBC is not used for implant fixation

because its compressive strength falls below 70 MPa, the

ISO 5833 standard for implant fixation, making fatigue

studies less important. Finally, we did not study whether

high concentrations of locally released voriconazole cause

local host toxicity that may be important for in vivo use.

At the antifungal doses studied, voriconazole elutes

effectively from ALBC (57% for 300 mg per batch of

Fig. 3 Compressive strength of ALBC formulated with 300 mg or

600 mg of voriconazole. Error bars show SD. Gray indicates the

strength of the 300-mg batch. Black indicates the strength of the

600-mg batch. The 300-mg batch is stronger than the 600-mg batch at

all time points during elution.

Table 1. Relevant literature

Study Antifungal Volume

fraction

Antifungal release

(percent of loaded drug)

Bioactivity Compressive strength

(MPa)

Rouse et al.

[14]

Anidulafungin,

voriconazole

Not reported Reported concentration

only approximately 0.6%

release by 24 hours

Not tested Not tested

Sealy et al.

[15]

Flucytosine, fluconazole,

micafungin, terbinafine,

anidulafungin

Not reported Flucytosine: 0.54%

Fluconazole: 0.67%

Micafungin: 0.04%

Terbinafine: 0.07%

Anidulafungin: 9.68%

Drug activity

reported variable

Not tested

Kweon et al.

[9]

Amphotericin B

deoxycholate

\ 3 vol% 1% of amphotericin B

recovered by Day 30

with poragen; 0.04%

without poragen

Not tested Compressive strength

decreases with

poragen; compressive

strength slightly

increased without

poragen

Grimsrud

et al. [6]

Voriconazole 30 vol% Neither percent release or

concentration measured;

release present after

2 weeks

Active Not tested

Silverberg

et al. [16]

Amphotericin B,

fluconazole,

5-flucytosine

Not reported Not measured Amphotericin B,

fluconazole active

Not tested
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cement and 63% for 600 mg per batch of cement). Both of

the voriconazole preparations studied were high-dose

preparations (greater than 10 vol%) resulting from the

volume of b-cyclodextran carrier required for the parenteral

formulation of voriconazole (14 vol% and 24 vol%), making

the resultant ALBC very porous. Additional studies are

necessary to quantify release from low-dose (less than

3 vol%) cements. The release we report is in contrast to data

on other antifungals. Sealy et al. [15] report elution data on

ALBC made with five antifungals; however, technical

details in their methods prevent comparison with our data.

Amphotericin B deoxycholate with the addition of 10 g

poragen [9] elutes less than 1% of the antifungal dose. In

recent data reported by our laboratory, 800 mg amphotericin

B deoxycholate also had low release but liposomal ampho-

tericin B had higher release (11% of dose at 200 mg, 18% of

dose at 800 mg). Release of voriconazole is five times that of

liposomal amphotericin B and the amount of poragen is less

by 30% (4% for AmBisome and 6% for voriconazole).

Possible explanations are that some of the amphotericin B is

binding to the PMMA or that cyclodextrin is a more effec-

tive poragen. It is not known if this difference in delivery

efficiency will have a meaningful difference in clinical

efficacy. Rouse et al. [14] report that small amounts of

voriconazole are released from ALBC made with 98% pure

voriconazole, presumably containing no b-cyclodextrin.

This is a low-dose formulation that has low porosity and

would not be expected to have the high release (63%) seen in

our study. Rouse et al. use a continuous flow chamber that

would be expected to achieve infinite sink conditions

making comparison of drug delivery reasonable with data

from our protocol; however, they report only concentrations,

not the amount of drug that was released. Using their

reported data to calculate accumulated voriconazole release,

0.6% of the voriconazole load was released in the first

24 hours, after which they see near zero release. The release

was of much shorter duration than typical for ALBC with

higher drug/poragen load. The voriconazole release

observed in this study can be expected to deliver sufficient

voriconazole in vivo to achieve the high concentrations

necessary to treat orthopaedic fungal infections. More

studies are needed to determine voriconazole toxicity to

local tissues at the high levels delivered by local depot.

Rouse et al. [14] did not determine bioactivity of the

delivered voriconazole; Grimsrud et al. [6] tested bioac-

tivity at 1 and 2 weeks. This report confirms the activity of

delivered voriconazole at all collection time points, veri-

fying that active voriconazole is delivered from the cement.

Recent work in our laboratory has confirmed the activity of

both liposomal and deoxycholate formulations of ampho-

tericin B eluted from bone cement [2].

Compressive strength of voriconazole ALBC has not

been measured by other investigators. The initial

compressive strength for the 300-mg formulation in our

study was 79 MPa, above the acceptable strength for

implant fixation (70 MPa, ISO 5833). Both formulations

decreased rapidly in elution. The 600-mg formulation was

less than half of the required strength by the first day in

elution. This large decrease in compressive strength is

likely related to the very large volume fraction of 24 vol%.

The loss of compressive strength caused by the 300-mg

formulation was consistent with previous studies of high-

dose ALBA with similar volume fractions after 1 day in

elution (78–52 MPa for 300 mg voriconazole, 95–59 MPa

for 10 g vancomycin) [13]. The average compressive

strength of Simplex P without antimicrobial is approxi-

mately 85 MPa under identical experimental conditions.

The compressive strength of both of the 300-mg and the

600-mg formulations is lower than recommended for

implant fixation. Compressive strength is not a limiting

factor for ALBC beads in dead space.

In conclusion, biologically active voriconazole is

delivered from voriconazole ALBC with increased release

for higher load. The compressive strength of high-dose

voriconazole ALBC is consistent with high-dose ALBC

made with similar volume fractions of antibacterials. Fur-

ther study is needed to address cytotoxicity from

concentration achievable by local delivery and whether

local delivery from these formulations is clinically effec-

tive to control orthopaedic fungal infections.
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