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ABSTRACT

Background: Managing bacterial-fungal co-infections remains clinically challenging due to complex pathogen
interactions and host-related factors that can alter antimicrobial activity. Aim: This study aimed to evaluate the
influence of albumin and platelets on the pharmacodynamic behavior of combined antibacterial-antifungal therapies
against Staphylococcus aureus and Candida albicans. Methodology: Simulation of clinical drug exposures was
performed using a dynamic in vitro pharmacokinetic/pharmacodynamic (PK/PD) model. Co-infection cultures were
treated with combinations of an antibacterial (vancomycin or clindamycin) and an antifungal (caspofungin or
amphotericin B) in the presence or absence of albumin, platelets, or both. Antimicrobial efficacy was determined by
assessing microbial growth inhibition and calculating corresponding PD parameters. Results: Within this in vitro
system, host factors significantly modulated antimicrobial efficacy. Platelets produced the greatest enhancement in
growth inhibition, potentially via the release of antimicrobial peptides, while albumin appeared to modulate this platelet
effect. Among the tested regimens, the vancomycin-caspofungin combination achieved the highest overall
antimicrobial activity across the co-infection models, particularly when combined with platelets. Conversely,
vancomycin plus amphotericin B demonstrated lower maximal efficacy. Clindamycin-based combinations showed
intermediate activity and were highly sensitive to the presence of host factors. Generally, the co-infection environment
reduced overall antimicrobial activity compared to baseline single-pathogen expectations. Conclusion: These in vitro
findings suggest that host components, such as platelets and albumin, may play a meaningful role in shaping the PD
outcomes of combination therapies. While these laboratory observations highlight the potential impact of the host
microenvironment, cautious interpretation is warranted, and further in vivo research is required to validate whether
these interactions translate to a clinical setting.
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1. INTRODUCTION

Bacterial-fungal co-infections represent a complex
therapeutic challenge, particularly when involving
Staphylococcus aureus and Candida albicans, two
opportunistic pathogens frequently co-isolated in
bloodstream and device-associated infections.
Their coexistence within the same host niche ena-
bles dynamic interspecies interactions that can al-
ter microbial behavior, enhance virulence, and re-
duce susceptibility to antimicrobial agents, ulti-
mately leading to poorer clinical outcomes and in-
creased mortality rates [1,2]. These infections are
increasingly observed among critically ill and im-
munocompromised patients, where disrupted host
defenses and extensive antimicrobial exposure
further complicate treatment strategies [3]. A major
limitation in the management of such infections is
the unpredictable impact of host-related factors on
antimicrobial efficacy. Conventional susceptibility
testing often fails to account for physiological con-
ditions, particularly protein binding and host cellu-
lar components, which can significantly modify
drug activity. The integration of host-derived com-
ponents, such as human serum albumin and plate-
lets, further enhances the physiological relevance
of these models and allows a more accurate sim-
ulation of in vivo conditions. Albumin can signifi-
cantly modify antimicrobial activity through drug
protein binding, reducing the free and pharmaco-
logically active fraction of agents, thereby prolong-
ing their pharmacological effect [4,5]. Conversely,
platelets contribute to host defense by releasing
antimicrobial peptides and interacting directly with
microorganisms. As active participants in innate
immunity, they may alter microbial growth, biofilm
formation, and susceptibility to antimicrobial
agents, potentially enhancing or modulating anti-
microbial responses [6]. Dynamic in vitro pharma-
cokinetic/pharmacodynamic (PK/PD) modeling is a
critical tool for mapping the relationship between
drug exposure and antimicrobial efficacy in com-
plex infections. By simulating clinical drug concen-
tration profiles, these models replicate in vivo en-
vironments to accurately evaluate combination
therapies [7,8]. In bacterial-fungal co-infections,
combination therapy is vital to achieve adequate
coverage and leverage synergistic drug effects.
However, conventional testing falls short due to
unpredictable interspecies dynamics and poorly
defined host microenvironments. Consequently,
controlled in vitro systems are necessary to repro-
ducibly analyze microbial interactions and refine
therapeutic strategies [9]. Additionally, dynamic in
vitro PK/PD models offer a robust and cost-effec-
tive framework to evaluate exposure—-response re-
lationships. This allows researchers to identify the
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critical PD parameters required to guide precise
dose optimization [10]. These advanced models
are particularly invaluable for studying multidrug-
resistant and polymicrobial infections where clini-
cal data are scarce. They allow researchers to
evaluate long-term antimicrobial effects and use
high microbial inocula without the ethical con-
straints associated with in vivo animal testing
[11,12]. Therefore, this study aimed to investigate
the PD interactions and efficacies of combined an-
tibacterial-antifungal therapies against S. aureus
and C. albicans under co-infection conditions, us-
ing a dynamic in vitro PK/PD model system in the
presence and absence of human albumin and
platelets.

2. METHODOLOGY

2.1. Antimicrobial therapies

Vancomycin (Voxin; 1 g; Vianex S.A, Greece),
Clindamycin phosphate (Clindafit; 600 mg/am-
poule; Medizia Biotech, India), Caspofungin
(Tecaspo; 50 mg/vial; Intelico, India) and Ampho-
tericin B (Amfocare; 50mg/ vial; BPRL, India) were
used. These agents were selected to represent
commonly used antibacterial and antifungal
therapies in clinical practice.

2.2. Microbial strains and media

Reference strains of S. aureus ATCC 25923 and
C. albicans ATCC 90028 were used. Microorgan-
isms were cultured in RPMI-1640 medium (Sigma-
Aldrich, Germany) at 37°C under standard condi-
tions. Inocula were prepared from 24-h cultures
suspended in sterile normal saline and adjusted to
a final concentration of 2 x 10* colony-forming
units (CFU)/ mL using a counting chamber. The
experimental medium consisted of RPMI-1640
supplemented with 2% human albumin (Kedrion
Biopharma, Italy) and/or 2% platelet-rich plasma
(PRP tube, China) (prepared by centrifuging fresh
blood samples and used immediately in the
experiment) to simulate physiological conditions.
Simulated drug concentration—time profiles were
generated in accordance with Clinical and Labor-
atory Standards Institute (CLSI) guidelines as
(CLSI M26-A: Methods for Determining Bacteri-
cidal Activity of Antimicrobial Agents and CLSI
M100/M27: Methods for Determining Fungicidal
Activity).

2.3. PK/PD model setup

A dynamic in vitro PK/PD system driven by a peri-
staltic pump (Minipuls Evolution; Gilson Inc.,
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France) was employed. The model consisted of a
500 mL beaker of external compartment (EC) with
RPMI-1640 media containing 5 mL dialysis tubes
representing the internal compartment (IC) con-
taining the microorganisms. The dialysis mem-
brane, composed of cellulose with a molecular
weight cutoff of <50 kDa, allowed diffusion of anti-
microbial agents while retaining microorganisms
within IC. Antimicrobial agents were introduced
into the system at clinically relevant concentra-
tions, and drug elimination was simulated by con-
tinuous dilution with fresh medium at a rate corre-
sponding to human plasma clearance, assuming a
24-h half-life. To simulate local host-pathogen in-
teractions, human serum albumin and/or platelets
were introduced directly into the 5 mL IC alongside
the microbial inocula. This setup enabled dynamic,
time-dependent changes in drug concentration,
closely mimicking in vivo pharmacokinetics and
providing a reliable platform for PD assessment.
This was achieved by adding fresh broth to dilute
its content at a rate equal to the clearance of antibi-
otic and antifungal drugs in the human plasma.

2.4. In vitro PD analysis

Microbial growth within the dialysis tubes was
monitored over 24 h. At predetermined time points,
200 pyL samples were collected and analyzed
spectrophotometrically at 600 nm to determine the
relative optical density (ROD). Growth inhibition
(E) was calculated relative to baseline values.
Growth inhibition at 24 h was used as the primary
PD endpoint and analyzed using a sigmoidal
dose-response model to characterize the relation-
ship between drug exposure and the antimicrobial
effect. The PK/PD index fAUC0—24/Cmax was cal-
culated for each regimen to describe the expo-
sure—response relationship.

2.5. Statistical analysis

Data were analyzed, and PD parameters were es-
timated using nonlinear regression analysis
(GraphPad Prism 5.0 Software, San Diego, CA,
USA) based on a sigmoidal Emax model with a var-
iable slope. Emax values were determined for each
antimicrobial combination under different experi-
mental conditions (with and without albumin and/or
platelets) and compared across treatment groups.
The sigmoid Emax model provided accurate and
precise estimates when the Cmax was more than
85% of ECso. Statistical significance between the
baseline combinations and those supplemented
with host factors was evaluated, with significance
levels established at p<0.05, p<0.01, and p<0.001.

2.6. Ethical approval

This study is an in vitro laboratory evaluation
using standard reference strains from the
American Type Culture Collection (ATCC). No
human participants, clinical specimens, or animal
subjects were involved; therefore, formal
institutional ethical approval was not required for
this research protocol.

3. RESULTS

3.1. Pharmacodynamic activity (Emax) against
S. aureus and C. albicans monocultures

PD activity (Emax) of all tested antimicrobial combi-
nations against both single-pathogen models in-
creased significantly upon the addition of human
albumin, platelets, or both, with the magnitude of
enhancement depending on the specific regimen
(Table 1 and Table 2).

3.1.1 S. aureus monoculture

Vancomycin—caspofungin combinations exhibited
moderate baseline Emax values (range: 5.834—
6.054), which increased significantly in the pres-
ence of platelets (up to 13.710; p<0.001) and mod-
erately with albumin alone (p<0.01). Clindamycin—
caspofungin regimens showed intermediate base-
line activity but experienced significant enhance-
ment across all host-simulated conditions, particu-
larly with platelets (p<0.001). Vancomycin—am-
photericin B combinations demonstrated the low-
est baseline Emax values (range: 0.2695-0.3280)
but still showed statistically significant improve-
ments when exposed to albumin (p<0.01) and
platelets (p<0.001).

3.1.2. C. albicans monoculture

Vancomycin—caspofungin regimens achieved the
highest baseline Emax values (=9.948-10.104),
with further significant increases observed primar-
ily in platelet-supplemented groups (p<0.001).
Albumin alone produced a selective enhancement
that reached significance predominantly at higher
drug concentrations (p<0.001). Clindamycin—cas-
pofungin combinations displayed lower baseline
antifungal activity but were significantly enhanced
by all host factors (p<0.001). Amphotericin B com-
binations maintained the lowest baseline activity
(Emex = 0.3280) but demonstrated consistent in-
creases in platelet-supplemented environments
(p<0.001).
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Table 1. The Emax (maximum of growth inhibition) in presence and absence of human albumin and/or platelets calculated for
all antibacterial-antifungal combinations against Staphylococcus aureus-ATCC-25923.

AniecteratAntiungal | Mo e M | Mo e | withabmin
platelets
an”pcﬁg?gﬁé?fé“g’ '&.;;g " 0.2695 0.565* 0.8985*** 0.5470**
X;”pcﬁgggﬁé?nsé“gﬁgn_ 0.3280 0.6920** 0.8885 0.7370
ggg‘éimcg'l’; ﬁrgﬁq’;/"l_ 2.443 5.108* 7.385% 3.984*
82’;?;2{1‘32 12%”;%//%:' 5.070 8.188™ 9.502** 6.027*
\C/Zgggm‘;; f(')“n% L 5.834 8.115" 12151 9.114*
\C’:Z';gg?;ﬁga 52’6‘%/5/’[ 6.054 9.758* 13.710% 10.310*

Significant differences versus combination without addition (*: p<0.05; **: p<0.01, ***: p<0.001).

Table 2. The Emax (maximum of growth inhibition) in presence and absence of human albumin and/or platelets calculated for
all antibacterial-antifungal combinations against Candida albicans ATCC-90028.

Antibgcte_riaI-AntifungaI Mgan [ S : M?an Emen . Mgan Emax vaﬁznaE)rLﬂmin &
combinations without adding with albumin | with platelets platelets
Xiwnpcr?on:gr?::?n3g1 g./IS_r;g/L 0.4165 0.5880* 0.8385*** 0.6560**
Amphoterein B amalL 0:3280 036%eT |07 i
822‘33?&%331 51?21”5;_ 1.243 4.518* 8.815% 5.807*
g'a'ggim‘;; 12%?%/ /f' 3.280 7.955% 10.51%* 8.620*
\c/:aazgg?:;ﬁ:w??r%% 5.987 9.948™** 13.310** 11.720*
XiZSﬂEfSE 52’8%/;/’[_ 5.520 10.104*** 14023 11.640*

Significant differences versus combination without addition (*: p<0.05; **: p<0.01, ***: p<0.001).

3.2. PD activity (Emax) in polymicrobial
co-infection

In the polymicrobial co-infection model, baseline
Emax values for all combinations were generally
lower than those observed in single-pathogen en-
vironments. However, the addition of host factors
consistently increased PD efficacy across all regi-
mens (Table 3). Vancomycin—caspofungin combi-
nations retained high baseline activity (range:
6.865-7.065), which was significantly augmented
by platelets (p<0.001), while albumin alone had a
minimal effect. Clindamycin—caspofungin regi-
mens maintained intermediate baseline activity but

exhibited significant increases under all host
conditions, especially during combined albumin—
platelet exposure. Amphotericin B combinations
exhibited the lowest baseline values (range:
0.3445-0.3590) but showed consistent, statistically
significant increases in the presence of both host
components (p< 0.05 to p<0.001).

3.3. PK/PD modeling and exposure—
response relationships

The in vitro PK/PD model successfully simulated
human-like drug elimination kinetics. A strong,
consistent relationship was observed between
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drug exposure indexes (fAUCo-24 and Cmax) and
overall antimicrobial activity across all evaluated

regimens (mean R?=0.9, Figure 1).

Under baseline drug-only conditions, incre-
ments in drug exposure correlated with enhanced

PD responses.

Table 3: The Emax (maximum of growth inhibition) in presence and absence of human albumin and/or platelets calculated for
all antibacterial-antifungal combinations against Co-infection with both Staphylococcus aureus-ATCC-25923 and Candida

albicans ATCC-90028.

Antibacterial-Antifungal Mean Eax Mean E.x Mean Eax M-ean Emax .
combinations without adding with albumin | with platelets ety Elfuralin e
platelets
Vancomycin 3mg/L+ " ok -
Amphotericin B 2.5mg/L 0.3445 0.4875 1.093 0.6025
Vancomycin 5mg/L+ * . *
Amphotericin B 5mg/L 0.3590 0.5200 0.6910 0.5850
Clindamycin 5mg/L+ 3.280 4.655% 10.510%* 7.620™
Caspofungin 10mg/L
Clindamycin 10mg/L+ * - **
Caspofungin 20mgiL 5.995 7.363 11.750 8.461
Vancomycin 3mg/L+ * - o
Caspofungin0mg/L 7.065 9.211 13.817 10.981
Vancomycin 5mg/L+ * . -
Caspofungin 20mg/L 6.865 9.003 14.430 11.390

Significant differences versus combination without addition (*: p<0.05; **: p<0.01, ***: p<0.001).

AUC gap

1004 A 1004 1004
80 804 804
1 g 51 g ® S aureus ATCC-25922
&
o - I} B C.albicans-ATCC-90028
404 2 404 E 40 & Coinfection-S.aureus+C.albicans
204 20 - 20
L]
*
T T
i 2 3 1 2 3 1 2 3
Cpax (Vancomycin 3 mg/L+ Caspaofungin 10 maiL) Cpnax (Clindamycin 5 mg/L+ Caspofungin 10 mail) Cpax (Vancomycin 3 mg/L+ Amphoericin B 2.5 mg/L)
1004 1004 D 1004
804 80 804
60 o 60 o &0
B g
g e
404 40 < 404
20 20 204
T T » T + "
1 2 3 1 z 3 1 2 3

Cax (Wancomycin 5 mg/L+ Caspofungin 20 mgil)

Creae (Clindamy cin 10 mg/L+ Caspofungin 20 mgiL)

Cpmax (Vancomycin 5 mg/L+ Amphoericin B 5 mg/L)

Figure 1. In vitro pharmacodynamic analysis of Non-linear regression modeling of normalized AUCrop as the area under the
concentration time curve (fAUCo-24) (Y axis) versus Cmax for all six antibacterial-antifungal combinations (X-axis) (0- without
addition; 1- with 2% albumin only; 2- with 2% albumin and 2% platelets and 3- with 2% platelets only) against S.aureus-ATCC-
25923, C.albicans-ATCC-90028 and co-infection for both microorganisms. (A) Cmax (Vancomycin 3 mg/L+ Caspofungin 10 mg/L);
(B) Cmax (Vancomycin 5 mg/L+ Caspofungin 20 mg/L); (C) Cmax (Clindamycin 5 mg/L+ Caspofungin 10 mg/L); (D) Cmax
(Clindamycin 10 mg/L + Caspofungin 20 mg/L); (E) Cmax (Vancomycin 3 mg/L+ Amphotericin B 2.5 mg/L) and (F) Cmax
(Vancomycin 5 mg/L+ Amphotericin B 5 mg/L).
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The introduction of albumin and platelets caused a
distinct upward shift in the exposure-response
curves, as confirmed by normalized AUCrop
analysis. This profile shift indicates increased drug
potency in host-supplemented media. This effect
was most pronounced in setups containing
platelets, whereas albumin alone exerted a
moderate, regimen-dependent influence. Among
the combinations, amphotericin B-containing
regimens consistently yielded lower exposure—
response profiles despite showing measurable
growth inhibition. Conversely, the inclusion of
caspofungin enhanced antifungal outcomes
without compromising antibacterial efficacy.

4. DISCUSSION

This study evaluated the PD interaction between
combination antimicrobial therapies and key host
components using a dynamic in vitro PK/PD
model. Our findings demonstrate that the addition
of human albumin and platelets consistently en-
hances the growth-inhibitory activity (Emax) of both
antibacterial and antifungal regimens. This effect
was maintained across single-species cultures
and polymicrobial S. aureus—C. albicans co-infec-
tions. The pronounced augmentation of antimicro-
bial activity mediated by platelets across most reg-
imens may involve distinct biological mechanisms.
Platelets are known components of the early in-
nate immune response, capable of releasing an
array of antimicrobial peptides (e.g., thrombo-
cidins) and interacting directly with microbial cell
walls [6,13]. These interactions may destabilize
cell membranes, alter microbial growth rates, or in-
terrupt early biofilm architecture, thereby rendering
the pathogens more susceptible to conventional
antibiotics and antifungals [14,15]. Albumin, by
contrast, demonstrated a more modest and varia-
ble influence on drug activity. While albumin typi-
cally binds drugs and can restrict the free-fraction
availability of highly protein-bound agents, it also
serves as a physiological buffer and a modulator
of platelet activation pathways. The observed syn-
ergy in combined albumin—platelet environments
suggests that albumin may preserve or facilitate
platelet-mediated microbial susceptibility, com-
pensating for any potential reductions in free drug
concentrations. The observed decline in baseline
antimicrobial efficacy within the co-infection model
underscores the complicating nature of interspe-
cies dynamics. S. aureus and C. albicans are
known to form dense, synergistic polymicrobial
biofilms where the fungal extracellular matrix can
physically shield bacterial cells from antibiotic pen-
etration [1,3]. Strikingly, the addition of host factors
particularly platelets mitigated some of this protec-

Ekff ==

tion. This suggests that physiological components
might alter interspecies biofilm dynamics or modify
the expression of the surface receptors necessary
for co-aggregation, thereby partially restoring drug
efficacy. Among the specific therapeutics evaluated,
the vancomycin—caspofungin combination emerged
as the most robust regimen, maintaining superior
Emax values and favorable exposure-response
profiles across both single and polymicrobial mod-
els [16] and a standardized 24-h elimination half-
life was applied across all experimental runs. This
uniform dilution rate represents an in vitro simplifi-
cation necessary to systematically evaluate drug
combinations with disparate human PK profiles
under identical, controlled exposure kinetics [17].
This suggests a potential compatibility between
these mechanisms of action that is preserved, and
even enhanced, by host microenvironments. Con-
versely, amphotericin B-based combinations un-
derperformed relative to caspofungin-based regi-
mens, indicating that the baseline activity of the
core antimicrobial pair remains a key determinant
of overall efficacy, regardless of host-factor sup-
plementation.

A primary limitation of this investigation is its
reliance on an in vitro PK/PD model. While dy-
namic in vitro systems successfully simulate hu-
man drug concentration-time profiles, they cannot
fully replicate the complex, shifting environment of
an in vivo infection site. Furthermore, the model
utilized a unified 24 h half-life for all evaluated
agents to maintain technical reproducibility. In clin-
ical settings, these drugs exhibit divergent elimina-
tion kinetics (e.g., clindamycin half-life =6 h vs. the
prolonged clearance of amphotericin B (>24 h)).
Additionally, static concentrations of albumin and
platelets were utilized, which do not reflect the dy-
namic fluctuations in host cell counts and serum
protein levels that occur during acute clinical sep-
sis. Consequently, while these findings suggest
that integrating physiological factors into PK/PD
modeling frameworks may refine the understand-
ing of drug performance, these data must be inter-
preted with caution.

5. CONCLUSION

The findings from this in vitro model suggest that
host factors, particularly platelets and albumin,
have the potential to enhance the efficacy of anti-
bacterial-antifungal combinations against polymi-
crobial infections, though cautious interpretation is
required. Since conventional in vitro models often
underestimate this potential, integrating physiolog-
ical components is vital for more accurate assess-
ments. Moreover, among the tested regimens,
combinations involving caspofungin showed notable
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improvements in growth inhibition. Adopting host-
mimicking models ensures clinically relevant
evaluations, aiding in the optimization of treatment
strategies for complex co-infections.
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