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ABSTRACT 
Background: Systemic candidiasis can be seen in critically ill patients admitted to intensive care units, with high rates 
of morbidity and mortality. Candida albicans is the main causative agent of it. Aim: An in vitro pharmacokinetics (PK) 
/ pharmacodynamics (PD) model has been developed in order to assess voriconazole against Candida albicans iso-
lates. Methodology: This model examined the effect of standard dosing regimens of voriconazole (3.0 and 4.0 mg/kg 
with peak plasma concentrations of 1.5 and 3 mg/L, respectively) on two C. albicans isolates (the sensitive ATCC-
90028 and the resistant ATCC-10231). A two-compartment model was used, with a 500-mL beaker filled with RPMI-
1640 solution as the external compartment (EC) containing the drug. A peristaltic pump was connected to the beaker 
so as to circulate the solution into the EC and remove it at the same rate as the drug clearance. Additionally, a dialysis 
tube was placed in the EC in order to act as an internal compartment (IC), allowing molecules smaller than 20 kD to 
diffuse freely. The dialysis tubes (IC) were inoculated with C. albicans isolates and incubated, with samples regularly 
taken for PK and PD studies. PK studies involved sampling from both compartments for drug concentration analysis 
by using a bioassay, while PD studies monitored fungal growth by assessing the relative optical density. Results: The 
two simulated doses of 3.0 and 4.0 mg/kg of voriconazole effectively inhibited the growth of the two C. albicans isolates 
in a dose-dependent manner. The exposure-effect analysis showed over 99% efficacy with 4.0 mg/kg of the drug. 
Conclusion: Overall, the in vitro PK/PD system accurately demonstrated a significant growth inhibition with both stand-
ard doses (3.0 and 4.0 mg/kg) of voriconazole, in a dose-dependent manner. 
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1. INTRODUCTION 
 
Systemic candidiasis is often observed in critically 
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ill patients admitted to intensive care units (ICUs) 
and is associated with high morbidity and mortal-
ity [1]. Candidemia and systemic candidiasis are 
not uncommon in ICU patients, affecting up to 5% 
of all admissions [2]. These conditions typically 
affect immunocompromised patients, including 
those with organ transplants or those undergoing 
chemotherapy, with a mortality rate of up to 70% 
[3]. Additionally, Candida can affect the skin, 
nails, and mucous membranes, causing a variety 
of presentations, some of which can be serious 
[4,5]. 

Voriconazole is a triazole antifungal drug with 
high efficacy in treating invasive fungal infections, 
including candidemia [6]. One of the challenges 
of antifungal treatment is the emergence of anti-
fungal resistance, particularly among Candida 
species. Although azole antifungals are associ-
ated with a developing resistance rate, which 
makes treatment options a concern [7], 
voriconazole may have mechanisms of action 
against fungal growth with a low rate of develop-
ing complete cross-resistance [8]. In vivo, the fun-
gus is exposed to non-constant drug concentra-
tions, which are not reproduced by the classical 
methods for determining the minimal inhibitory 
concentration (MIC). In vitro studies of constant 
drug concentrations against the Candida species 
have revealed that the antifungal activity of 
voriconazole was not similar after continuous and 
rapid infusion of the drug [9]. Therefore, the aim 
of this study was to develop an in vitro model so 
as to assess the pharmacokinetics (PK) of 
voriconazole after simulating the human plasma 
as well as the time-concentration pharmacody-
namics (PD) of voriconazole against Candida al-
bicans isolates. 
 

2. METHODOLOGY 
 

2.1. Candida isolates 
 

Two C. albicans isolates were used (the sensitive 
ATCC-90028 and the resistant ATCC-10231). 
The isolates were preserved in normal saline 
supplemented with 10% glycerol at -67°C, and 
were then subcultured on Sabouraud dextrose 
agar plates. The MICs for voriconazole against 
each isolate were 0.5 and 1 mg/L, respectively, 
according to the Clinical and Laboratory 
Standards Institute (CLSI) method [10]. After 
subculturing, the suspension of colonies was 
prepared in normal saline, measured using a 
Newbauer chamber slide, and their concentration 
was confirmed by cultivation on Sabouraud 
dextrose agar so as to obtain a final suspension 
2x104 colony-forming unit (CFU)/mL [10]. 

2.2. Antifungal drug and media  
 
The clinical formulation of voriconazole (vial of 200 
mg; Zydus Cadila, India) was reconstituted 
according to the manufacturer’s instructions at 
concentrations of 20 mg/mL, and stored at -67oC. 
The medium used in the in vitro PK/PD model was 
RPMI-1640 buffered to pH 7.0 (Sigma Aldrich, 
Darmstadt, Germany), supplemented with 100 
mg/L chloramphenicol (AppliChem GmbH, 
Darmstadt, Germany). Sabouraud dextrose agar 
(SDA) plates (SGC2; bioMérieux, Marcy-l'Étoile, 

France) were used for reviving and subculturing. 
 

2.3. In vitro PK/PD model 
 
As shown in Figure 1, the in vitro PK/PD system 
consists of two compartments. The external com-
partment (EC) is a 500-mL glass beaker containing 
fresh RPMI-1640 medium, while the internal com-
partment (IC) is a dialysis tube with a volume of 5 
mL. The tube’s wall is made of a cellulose perme-
able membrane, allowing the free passage of mol-
ecules with molecular weight less than 20 kD. A 
peristaltic pump machine (Minipuls Evolution, 
Gilson Inc., Middleton, WI, USA), circulates the 
IC’s content, adding EC medium at a rate equiva-
lent to the removal of drugs from human serum for 
each antifungal dosing regimen [11]. The colony 
suspension is inoculated in the IC, allowing the 
drugs to enter freely and reach equilibrium with EC, 
while the fungal growth is trapped in the IC. The 
drug is injected into the EC and the pump dilutes 
the concentration so that the average half-life cor-
responds to that seen in the human plasma after 
an administration of voriconazole intravenously (12 
h) [12]. All compartments are placed in a heated 
magnetic stirrer (37oC). 
 

 
 
Figure 1. In vitro pharmacokinetics / pharmacodynamics 
system that simulates the pharmacokinetics of voriconazole 
in humans with a growth of Candida albicans isolates’ 
assessment. 
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2.4. Microbiological methods for determining 
the concentration of drugs  
 
The drug levels in both the EC and the IC were 
determined by microbiological methods using the 
strain Candida kefyr, which is sensitive to 
voriconazole [13]. Specifically, conidia of C. kefyr 
were injected into the RPMI-1640 medium when its 
temperature reached below 50oC. After the agar 
solidified in plastic plates, 1-cm diameter holes 
were opened, and 100 μL of known drug 
concentrations (range 0.5-16 mg/L), and 100 μL of 
the solution under consideration of the EC or the 
IC were added at regular time points (after 2, 4, 6, 
12, and 24 h). The plates were incubated at 37oC 
for 24 h and the diameter of the zone of growth 
inhibition was measured. A standard curve was 
formed by correlating the known drug concentra-
tions with their inhibition zone diameters, from 
which the drug concentrations in the EC and IC 
solutions were determined.  

 
2.5. In vitro PK analysis 
 
The in vitro system simulated clinical drug doses 
as follows: voriconazole 3.0 and 4.0 mg/kg, with 
maximum concentrations in human plasma of 1.5 
and 3.0 mg/L, respectively, and an average half-
life of 12 h [11,12]. Drug levels were assessed at 
2, 4, 6, 8, 12, and 24 h after the injection of drug in 
both the IC with EC and microbiological processes. 
The data were analysed by nonlinear regression 
based on an one-compartment PK model, by using 
the equation Ct = Coe-k/t, where Ct (dependent 
variable) is the drug concentration at a given time t 
(independent variable), Co is the initial drug 
concentration.at time t = 0 h, e is the base of the 
natural logarithm (approximately 2.718), and k is 
the rate of drug removal [12]. 

 
2.6. In vitro PD analysis 
 
Fungal growth inside each dialysis tube was 
measured for each dose. A 200-μL sample was 
aspirated from the IC at regular intervals up to 24 
h and the fungal growth was assessed spectro-
photometrically by measuring the relative optical 
density (ROD) at 405 nm at each time interval. The 
ROD for each drug concentration at a specific time 
point (in relation to the control growth at the same 
time point) was plotted over time. The area under 
curve (AUC) for each drug concentration within 
24h (AUC0-24) was calculated. Fungal growth was 
determined based on the maximum effect of each 
concentration (Emax) by the equation E = Emax × Tγ 
/ (Tγ + T50), where E is a ROD (dependent varia-

ble), Emax is the maximum ROD, T is time (inde-
pendent variable), T50 is the time corresponding to 
50% of Emax, and γ is the slope of the curve. 
 

2.7. In vitro PK/PD analysis 
 
The PK/PD index as fAUC0–24/Cmax ratio was cal-
culated for each dose and isolate during the exper-
iment. This exposure-response relationship of the 
drug was expressed as the 24-h growth inhibition, 
and was compared at each time point with the ini-
tial values. The data were analysed by non-linear 
analysis using a sigmoidal model with variable 
slope. All data were statistically analysed by using 
GraphPad Prism 5.0 (Graph-Pad Software, San 
Diego, CA, USA). 
 

3. RESULTS 
 
3.1. Evaluation of microbiological methods for 
determining drug concentration  
 
The standard curves showing the diameter of inhi-
bition zone corresponding to each drug concentra-
tion are presented in Figure 2. The range of drug 
concentrations was found to be between 0.5 mg/L 
and 16 mg/L. The drug concentration points were 
linearly correlated with their inhibition zone diame-
ters (R2>0.9903). 
 

 
 
Figure 2. Microbiological methods for determining the levels 
of voriconazole. Graph shows the correlation between the 
diameter of the inhibition zone and the drug concentration. 
The intra- and inter-experimental variation was <10%. 

 

3.2. PK analysis 
 
The drug levels in both EC and IC corresponded to 
the level of voriconazole in human plasma of 
standard doses 3.0 and 4.0 mg/kg, with maximum 
concentrations in human plasma at 1.5 and 3 mg/L, 
respectively, and an average half-life of 11.8 h 
(with an intra- and inter-experimental variation 
being <10%) (Figure 3). 
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Figure 3. Pharmacokinetic analysis of simulated doses of 3 and 4 mg/kg of voriconazole in humans and the in vitro 
pharmacokinetics / pharmacodynamics system with a Cmax of 1.5 (A) and 3 (B) mg/L, respectively, and a half-life of 12 h. 

 

 
3.3. PD analysis 
 
PD analysis of different simulated voriconazole 
doses against each C. albicans isolate showed a 
sigmoidal pattern with variable slopes for maxi-
mum effect of the control and both standard doses 
of the drug, as demonstrated by non-linear analy-
sis. R2 values were 0.9589 for control, 0.9605 for 
1.5 mg/L of the drug, and 0.7402 for 3.0 mg/L of 
the drug for the sensitive isolate (ATCC-90028),  

 
and 0.9831 for control, 0.6467 for 1.5 mg/L of the 
drug, and 0.15021 for 3.0 mg/L of the drug for the 
resistant isolate (ATCC-10231) (Figure 4). The 
exposure-effect relationships for the control and 
each dose of the drug, measured as AUCs, were 
normalized to values between 0% and 100% with 
an R2 around 0.9994. The 24-h change in the ROD 
vs. fAUC0-24/Cmax relationship for both C. albicans 
isolates is displayed as a sigmoidal curve in rela-
tion to control in Figure 5. 

 

 
 
Figure 4: Pharmacodynamic analysis of simulated doses of 3 and 4 mg/kg of voriconazole against two Candida albicans 
isolates (the sensitive ATCC-90028 (A) and the resistant ATCC-10231 (B)), based on the assessment of the relative optical 
density in the in vitro pharmacokinetics / pharmacodynamics system employed in our study. 
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Figure 5: Exposure-efficacy relationship of voriconazole 
against each Candida albicans isolate in the in vitro 
pharmacokinetics / pharmacodynamics system, based on 
the increasing voriconazole AUCROD (area under the 
concentration curve of the relative optical density index). 

 

4. DISCUSSION  
 
Systemic candidiasis is one of the most virulent 
types of fungal infections. Azoles remain the first-
choice therapy for fungal infections of certain or-
gans, particularly the central nervous system, 
due to their ability to easily cross the blood-brain 
barrier [14]. Voriconazole is an important option 
for treating systemic candidiasis, especially when 
other azoles like fluconazole and itraconazole 
have resistant rates or low susceptibility. 
Voriconazole follows non-linear pharmacokinetic 
response with increasing doses, leading to non-
proportional increases in growth inhibition. In 
healthy individuals, the maximum concentration of 
voriconazole is 3.7 mg/L with a volume of distribu-
tion of ~4.5 L/kg and a creatinine clearance of 7 
L/h (~100 mL/h/kg) [15,16]. Despite in vitro results 
showing that voriconazole has a fungistatic activity 
against C. albicans at concentrations of up to 16 
times the MIC [17], differences in anti-fungal activ-
ity cannot be precisely predicted by the ordinary 
MIC method. This is where in vitro PK/PD studies 
are important. The effect of lowering voriconazole 
concentrations can be studied by the drug’s PD 
characteristics, including the sub-MIC effect, the 
time/concentration-dependent activities, and the 
post-antifungal effect. These PD effects can be 
measured by fungal growth, which reflects any dif-
ference in antifungal activity. Recent studies have 
highlighted the varying antifungal activity of 
voriconazole against two C. albicans isolates, 
which reflects the importance of studying non-con-
stant drug concentrations [18]. The growth rate of  

 

both isolates reflected the antifungal activity of 
voriconazole at both doses in the already deter-
mined PK model [19]. Our data showed complete 
inhibition of growth with a maximum concentration 
of 3 mg/L against both isolates [18].  

The system simulates the PK of different 
clinical doses of voriconazole in human serum and 
allows for the comparison of the PD regimens. It is 
noteworthy that this in vitro PK/PD system showed 
differences in the potency of the drug over time, 
with significant PD differences; thereby, indicating 
a greater potency of voriconazole against C. albi-
cans isolates at therapeutic doses [20]. 

 

5. CONCLUSION 
 
The therapeutic use of voriconazole in treating 
systemic candidiasis highlights its PK properties, 
in vitro activity, and the importance of PK/PD 
studies for optimizing treatment regimens. The in 
vitro PK/PD system reliably simulates human PK 
of voriconazole. A fungicidal effect of voriconazole 
was observed with the highest dose (4.0 mg/kg) 
assessed. Moreover, the exposure-response 
relationships (AUC0-24/Cmax) determined for each 
simulated dose showed more than a 99% efficacy 
for the highest dose (4.0 mg/kg) of the drug. 
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