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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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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
2x10* colony-forming unit (CFU)/mL [10].

Repp =y
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 -67°C.
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-I'Etoile,
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 (37°C).

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 50°C. After the agar
solidified in plastic plates, 1-cm diameter holes
were opened, and 100 pL of known drug
concentrations (range 0.5-16 mg/L), and 100 pL 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 37°C
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 C; = Coe™, where C: (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-yL 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 (AUCo-24) was calculated. Fungal growth was
determined based on the maximum effect of each
concentration (Emax) by the equation E = Emax X Ty
| (Ty + Tso0), where E is a ROD (dependent varia-

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

2.7. In vitro PK/PD analysis

The PK/PD index as fAUCo-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 (R%>0.9903).

R2: 0.9903
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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. R? 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),

Ly

- Control Sensitive C. albicans (ATCC-90028)
~=- VOR 1.5 mg/L

-+~ VOR 3.0 ma/l

Relative Optic Density (405 nm)

Time (h)

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 R? around 0.9994. The 24-h change in the ROD
vs. fAUCo-24/Cmax relationship for both C. albicans
isolates is displayed as a sigmoidal curve in rela-
tion to control in Figure 5.

-
Control Resistant C. albicans ATCC-10231

-=- VOR 1.5 mg/L
*- VOR 3.0 mg/L

Relative Optic Density (405 nm)

3 12 18 24

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 AUCrop (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 (AUCo-24/Cmax) determined for each
simulated dose showed more than a 99% efficacy
for the highest dose (4.0 mg/kg) of the drug.

ACKNOWLEDGMENTS

The authors want to acknowledge the College of
Pharmacy of the University of Babylon for the
unwavering support and resources provided
throughout the study.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

REFERENCES

1. Leroy O., Bailly S., Gangneux J. P., Mira J. P.,
Devos P., Dupont H., et al.: Systemic antifungal
therapy for proven or suspected invasive candidi-
asis: the AmarCAND 2 study. Ann. Intensive Care.
6(1): 2 (2016).

DOI: 10.1186/s13613-015-0103-7

2. Bassetti M., Giacobbe D. R., Vena A., Wolff M.:
Diagnosis and treatment of candidemia in the
intensive care unit. Semin. Respir. Crit. Care Med.
40(4): 524-539 (2019).

DOI: 10.1055/s-0039-1693704

3. Colombo A. L., Agnelli C., Kontoyiannis D. P.:
Knowledge gaps in candidaemia/invasive candidia-


https://doi.org/10.1186/s13613-015-0103-7
https://doi.org/10.1055/s-0039-1693704

238 REVIEW OF CLINICAL PHARMACOLOGY AND PHARMACOKINETICS, INTERNATIONAL EDITION 2024

sis in haematological cancer patients. J. Antimi-
crob. Chemother. 76(3): 543-546 (2012).
DOI: 10.1093/jac/dkaa446

4. Obais A. A., Al-Shukri M. S. M., Al-Rubaye A. F.
M.: Molecular detection of Candida albicans
virulence genes that isolated from periodontitis
patients in Al-Hillah city. Med. J. Babylon 20(2):
347-351 (2023).

DOI: 10.4103/MJBL.MJBL_55_23

5. Al-Hassnawi H. H. M.: The source of Candida
albicans in chronic paronychia of adults women in
Hilla city. Med. J. Babylon 3(4): 236-239 (2006).

6. de Almeida Campos L., Fin M. T., Santos K. S.,
de Lima Gualque M. W., Freire Cabral A. K. L.,
Khalil N. M., et al.: Nanotechnology-based ap-
proaches for voriconazole delivery applied to inva-
sive fungal infections. Pharmaceutics 15(1): 266
(2023).

DOI: 10.3390/pharmaceutics15010266

7. Whaley S. G., Berkow E. L., Rybak J. M.,
Nishimoto A. T., Barker K. S., Rogers P. D.: Azole
antifungal resistance in Candida albicans and
emerging non-albicans Candida species. Front.
Microbiol. 7: 2173 (2017).

DOI: 10.3389/fmich.2016.02173

8. Greer N. D.: Voriconazole: the newest triazole
antifungal agent. Proc. (Bayl. Univ. Med. Cent.)
16(2): 241-248 (2003).

DOI: 10.1080/08998280.2003.11927910

9. Van Dijck P., Sjollema J., Cammue B. P.,
Lagrou K., Berman J., d'Enfert C., et al.: Meth-
odologies for in vitro and in vivo evaluation of
efficacy of antifungal and antibiofilm agents and
surface coatings against fungal biofilms. Microb.
Cell 5(7): 300-326 (2018).

DOI: 10.15698/mic2018.07.638

10. CLSI. Reference method for broth dilution
antifungal  susceptibility testing of yeasts;
approved standard. Fourth edition M27-A3 (2017).

11.Walsh T. J., Karlsson M. O., Driscoll T.,
Arguedas A. G., Adamson P., Saez-Llorens X., et
al.: Pharmacokinetics and safety of intravenous
voriconazole in children after single- or multiple-
dose administration. Antimicrob. Agents Chemother.
48(6): 2166-2172 (2004).

DOI: 10.1128/AAC.48.6.2166-2172.2004

12. Purkins L., Wood N., Greenhalgh K., Eve M. D.,
Oliver S. D., Nichols D.: The pharmacokinetics and
safety of intravenous voriconazole - a novel wide-

Rcpp =,

spectrum antifungal agent. Br. J. Clin. Pharmacol.
56(s1): 2-9 (2003).
DOI: 10.1046/j.1365-2125.2003.01992.x

13. Perea S., Pennick G. J., Modak A., Fothergill
A.W., Sutton D. A, Sheehan D. J., et al.: Compar-
ison of high-performance liquid chromatographic
and microbiological methods for determination of
voriconazole levels in plasma. Antimicrob. Agents
Chemother. 44(5): 1209-1213 (2000).

DOI: 10.1128/AAC.44.5.1209-1213.2000

14. de Oliveira Santos G. C., Vasconcelos C. C.,
Lopes A. J. O., de Sousa Cartagenes M. D. S.,
Filho A. K. D. B., do Nascimento F. R. F., et al.:
Candida infections and therapeutic strategies:
mechanisms of action for traditional and
alternative agents. Front. Microbiol. 9: 1351
(2018).

DOI; 10.3389/fmich.2018.01351

15. Meletiadis J., Al-Saigh R., Velegraki A., Walsh
T. J., Roilides E., Zerva L.: Pharmacodynamic ef-
fects of simulated standard doses of antifungal
drugs against Aspergillus species in a new in vitro
pharmacokinetic / pharmacodynamic model. Antimi-
crob. Agents Chemother. 56(1): 403-410 (2012).
DOI: 10.1128/AAC.00662-11

16.Bellmann R., Smuszkiewicz P.: Pharma-
cokinetics of antifungal drugs: practical impli-
cations for optimized treatment of patients.
Infection 45(6): 737-779 (2017).

DOI: 10.1007/s15010-017-1042-z

17. Al Jalali V., Sauermann R., Eberl S., Zeitlinger
M.: In vitro activity of voriconazole and amphotericin
B against Candida albicans, Candida krusei, and
Cryptococcus neoformans in human cerebrospinal
fluid. Infection 47(4): 565-570 (2019).

DOI: 10.1007/s15010-019-01275-9

18. Abdalwahd N., Al-Saigh R. J., Al-Humadi H.
W.: Assessment of antifungal drugs’ activity
against some Candida albicans isolates in the
presence or absence of human albumin: a study
employing an in vitro pharmacokinetics / pharmaco-
dynamics model. Rev. Clin. Pharmacol. Pharma-
cokinet. Int. Ed. 38(s2): 39-42 (2024).

DOI: 10.61873/SEXH5182

19.Li Y., Nguyen M. H., Cheng S., Schmidt S.,
Zhong L., Derendorf H., et al.: A pharmacokinetic /
pharmacodynamic mathematical model accurately
describes the activity of voriconazole against
Candida spp. in vitro. Int. J. Antimicrob. Agents 31(4):
369-374 (2008).

DOI: 10.1016/j.ijantimicag.2007.11.015


https://doi.org/10.1093/jac/dkaa446
https://doi.org/10.4103/MJBL.MJBL_55_23
https://doi.org/10.3390/pharmaceutics15010266
https://doi.org/10.3389/fmicb.2016.02173
https://doi.org/10.1080/08998280.2003.11927910
https://doi.org/10.15698/mic2018.07.638
https://doi.org/10.1128/aac.48.6.2166-2172.2004
https://doi.org/10.1046/j.1365-2125.2003.01992.x
https://doi.org/10.1128/aac.44.5.1209-1213.2000
https://doi.org/10.3389/fmicb.2018.01351
https://doi.org/10.1128/aac.00662-11
https://doi.org/10.1007/s15010-017-1042-z
https://doi.org/10.1007/s15010-019-01275-9
https://doi.org/10.61873/SEXH5182
https://doi.org/10.1016/j.ijantimicag.2007.11.015

USING AN IN VITRO PHARMACOKINETICS / PHARMACODYNAMICS MODEL TO SIMULATE AND ASSESS THE... 239

20. Al-Saigh R., Elefanti A., Velegraki A., Zerva L.,
Meletiadis J.: In vitro pharmacokinetic / pharmaco-
dynamic modeling of voriconazole activity against
Aspergillus species in a new in vitro dynamic
model. Antimicrob. Agents Chemother. 56(10):
5321-5327 (2012).

DOI: 10.1128/AAC.00549-12


https://doi.org/10.1128/aac.00549-12

