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ABSTRACT 
Background: A mixed staphylococcal infection is a frequent opportunistic infection in immunocompromised patients 
and is often fatal, particularly in those with severe burns or other critical conditions. While S. aureus is typically the 
main culprit, S. epidermidis can also contribute significantly. Minocycline, a semisynthetic tetracycline antibiotic, can 
be effective on its own against multi-resistant staphylococcal infections. However, its exact effectiveness against 
different staphylococcal species is not fully known. Aim: We, herein, studied the efficacy of minocycline against two 
staphylococcal species (S. aureus ATCC 25923 and S. epidermidis ATCC-12228), either alone or together, by using 
a new in vitro pharmacokinetics / pharmacodynamics (PK/PD) system. Methodology: This PK/PD system simulates 
minocycline human plasma levels with a Cmax of 2 and 4 mg/L, and allowed us to monitor bacterial growth 
spectrophotometrically based on the relative optical density (ROD) at 600 nm. Results: These two staphylococcal 
isolates (S. aureus ATCC-25923 and S. epidermidis ATCC-12228) had minimum inhibitory concentrations (MICs) of 
0.125 and 0.5 mg/L, respectively, which were tested in duplicate in an in vitro PK system with a fAUC0-24 and a half-
life of 12 h. The area under the bacterial growth curve (AUGROD) was used as the PD parameter. The in vitro PK/PD 
relationship was then used in order to assess the efficacy of minocycline through the fAUC0-24-AUGROD relationship, 
which followed a sigmoid pattern (R2=0.874). Conclusion: The in vitro PK/PD modelling of minocycline’s activity 
showed that the standard dose of 4 mg/L can result in a drug exposure associated with maximal efficacy against each 
isolate, alone or together. However, a mixed staphylococcal infection with both isolates was associated with the best 
minocycline efficacy compared to S. aureus alone, although it was still non-significant. 
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1. INTRODUCTION 
 

Mixed staphylococcal infection is a common oppor-
tunistic infection in immunocompromised patients 
and is a significant cause of death in patients with 
burns [1,2] or other life-threatening conditions [2].  
Although Staphylococcus aureus is the most prev-
alent species associated with this type of infection 
[3], S. epidermidis may also play a serious role in 
these infections [4]. Minocycline, a member of the 
semisynthetic tetracycline class of antibiotics, ex-
erts its bacteriostatic activity by inhibiting the bac-
terial protein synthesis through its binding to the 
30S ribosomal subunit, thus preventing the attach-
ment of the aminoacyl-tRNA molecules to the 
mRNA-ribosome complex [5]. Additionally, mino-
cycline’s lipophilic properties facilitate its penetra-
tion into host cells and intracellular compartments, 
where S. aureus may evade extracellular antibiotic 
exposure [6]. Minocycline is one of the anti-staph-
ylococcal antibiotics that can be effective alone 
against these life-threatening infections. However, 
its efficacy against staphylococcal species is not 
well understood [7]. Despite its potent bacterio-
static effects, resistance to minocycline among S. 
aureus strains has emerged due to various mech-
anisms, including the involvement of efflux pumps 
and ribosomal protection proteins [6]. Moreover, it 
exhibits complex pharmacokinetic (PK) and phar-
macodynamic (PD) properties when used to com-
bat infections caused by S. aureus.  

Pharmacokinetically, minocycline demonstrates 
good oral absorption, allowing for convenient 
administration, with peak serum concentrations 
(Cmax) typically achieved within 1 to 4 h post-
dosing. Its distribution is extensive, penetrating 
well into various tissues, including the skin, the res-
piratory tract, the bone, and the cerebrospinal fluid, 
where S. aureus infections may manifest [8]. Im-
portantly, minocycline exhibits both time- and con-
centration-dependent killing kinetics against S. au-
reus [9]. To optimize its therapeutic efficacy, the 
understanding of its PK-PD relationship is crucial. 
PK/PD modelling has shown that by maintaining 
concentrations above the minimum inhibitory con-
centration (MIC) for an extended duration, one can 
achieve enhanced bacterial eradication and re-
duced emergence of resistance [10]. Therefore, a 
comprehensive understanding of minocycline’s PK 
and PD properties is essential for the development 
of effective treatment strategies against staphylo-
coccal infections. This can be achieved through a 
newly-developed in vitro model that simulates the 
human PK of minocycline so as to study the time-
concentration PD of the drug against a mixed 
staphylococcal inoculation of S. aureus and S. 
epidermidis. 

2. METHODOLOGY 
 

2.1. Bacterial isolates 
 
Both bacterial strains (the S. aureus ATCC-25923 
and the S. epidermidis ATCC-12228) were kept in 
normal saline with 10% glycerol at -67°C, and were 
then subcultured on trypticase soy agar plates. The 
MICs were 0.125 and 0.50 mg/L, respectively, for 
minocycline against each isolate, based on the 
Clinical and Laboratory Standards Institute (CLSI) 
method [11]. After subculturing, inoculum suspen-
sions were prepared in normal sterile saline from 
24-h cultures, and were adjusted to a final inocu-
lum of 2×104 colony-forming units (CFU) / mL by 
using a Newbauer counting chamber [11]. 

 
2.2. Minocycline and media 
 
A clinical formulation of minocycline (VULGA XR; 
105 mg; Hikma Pharmaceuticals, Jordan) was 
used in our experiments; it was reconstituted ac-
cording to the manufacturer’s instructions at a con-
centration of 10 mg/mL and it was stored at -67oC. 
The medium used in the in vitro PK/PD model was 
trypticase soy broth (Bacto; dehydrated, 500 g; 
Fisher Scientific, UK) buffered to a pH of 7.0. Tryp-
ticase soy agar was the medium used for reviving 
and subculturing. 

 
2.3. In vitro PK/PD model 
 
As shown in Figure 1, a two-compartment in vitro 
PK/PD system consists of a 500-mL beaker glass 
containing fresh trypticase soy broth as an external 
compartment (EC) in which dialysis tubes with a 
volume of 5 mL are placed in order to form the 
internal compartment (IC); the walls of the tubes 
are made from a cellulose permeable membrane 
that allows the free passing of molecules with a 
molecular weight lower than 20 kDa. A peristaltic 
pump machine (Minipuls Evolution; Gilson Inc., 
Middleton, WI, USA) takes the IC’s content and 
adds EC medium at a rate equivalent to the 
removal of drugs from the human serum for each 
isolate of the herein studied Staphylococci and 
minocycline dosing regimen [12]. The suspension 
of colonies is inoculated in the IC, in which the 
drugs enter freely in order to achieve a balanced 
merger with the EC and the bacterial growth 
trapped in the IC. The drug is injected into the EC 
and the pump dilutes the concentration so that the 
average half-life corresponds to that seen in 
human plasma after the administration of 
minocycline (12 h) [13]. All compartments were 
placed in a heated magnetic stirrer (37oC). 
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Figure 1. In vitro pharmacokinetics / pharmacodynamics 
model that simulates the pharmacokinetics of minocycline in 
humans and determines a drug’s effect on mixed 
staphylococcal growth (S. aureus ATCC-25923 and S. epi-
dermidis ATCC-12228). The model consists of an external 
compartment as a glass beaker containing 500 mL of broth 
medium, and an internal compartment as a dialysis tube that 
has a semi-permeable membrane; the tube is containing 5 
mL of broth medium with an inoculum of bacteria. All are 
placed on a heated magnetic stirrer (at 37oC) and are con-
nected with a peristaltic pump machine. 

 

2.4. Microbiological methods for determining 
the concentration of minocycline 
 

We determined the drug levels in both the EC and 
the IC through microbiological methods, by using 
an S. epidermidis strain that is known to be sensi-
tive to minocycline. Specifically, the injection of S. 
epidermidis in trypticase soy agar took place when 
its temperature reached 45oC. After the solidifica-
tion of the agar in plastic plates, we opened holes 
of 1 cm in diameter, transferred 100 μL from a 
known concentration of the drug (range: 0.125 - 8 
mg/L) and 100 μL of the solution under considera-
tion from the EC or the IC, at regular timepoints (af-
ter 2, 4, 6, 12, and 24 h). The plates were then in-
cubated at 37oC for 24 h, and we subsequently 
measured the diameter of the inhibition zone. We 
then drafted a standard curve correlating the 
known concentrations of the drug and their diame-
ters’ suspension, from which the concentrations of 
the drug in solutions of the EC and the IC were cal-
culated. 
 

2.5. In vitro PK analysis 
 

The in vitro system simulated clinical doses of 
minocycline with a maximum concentration in the 
human plasma of 2.0 and 4.0 mg/L, and an aver-
age half-life of 12 h [12,13]. The concentration lev-
els were assessed at 2, 4, 6, 8, 12, and 24 h after 
the injection of the drug in both the IC and the EC. 
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 con-
centration at time t = 0 h, e is the base of the natural 
logarithm (approximately 2.718), and k is the rate 
of drug removal [13]. 
 

2.6. In vitro PD analysis 
 

To calculate the bacterial growth inside each float-
ing dialytic tube and for each dose, 200 μL were 
aspirated from the IC at regular interval times, up 
to 24 h. Bacterial growth was then assessed spec-
trophotometrically by measuring the relative optical 
density (ROD) at 600 nm at each time interval. The 
ROD for each drug concentration at a specific 
timepoint, in relation to the control growth at the 
same timepoint and over time, was plotted. Finally, 
the area-under-the-curve (AUC) of each drug con-
centration was calculated over 24 h (AUC0-24). The 
determination of the bacterial growth was based on 
the maximum effect of each concentration (Emax) 
and was determined by the equation E = Emax × Tγ 
/ (Tγ + T50), where E is the ROD (dependent varia-
ble), Emax is the maximum ROD, T is time (inde-
pendent variable), T50 is the time corresponding to 
the 50% of the 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 a 24-h growth inhibition 
and was compared at each timepoint with the initial 
values. The data were analysed by non-linear anal-
ysis and by 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 the drug concentration 
 

The standard curves regarding the diameters of 
the inhibition zones for each drug concentration 
are presented in Figure 2. The drug concentrations 
ranged between 0.125 and 8 mg/L. The drug con-
centration points were correlated linearly with their 
diameters (R2>0.9283). 
 

3.2. PK analysis 
 

The drug levels in both the EC and the IC corre-
sponded to the level of minocycline in the human 
plasma at standard doses, with maximum concen-
trations of 2.0 and 4.0 mg/L in human plasma, and 
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an average half-life of 11.3 h (with an intra- and an 
inter-experimental variation of <10%; Figure 3). 
 

 
 

Figure 2. Microbiological method for determining the 
minocycline levels. Linear regression analysis between the 
diameter of the inhibition zone and the drug concentration. 
Error bars represent standard deviations. 

3.3. PD analysis 
 
The PD analysis of the different simulated mino-
cycline doses against each staphylococcal iso-
late, either alone or mixed, revealed a sigmoid 
pattern with a variable slope for maximum effect 
of control and both standard doses. Non-linear 
analysis yielded R2 values of 0.9692 for the con-
trol, 0.8972 for the 2.0 mg/L concentration, and 
0.296 for the 4.0 mg/L concentration in the case 
of S. aureus (ATCC-25923), 0.9143 for the 
control, 0.9293 for the 2.0 mg/L concentration, 
and 0.9741 for the 4.0 mg/L concentration in the 
case of S. epidermidis (ATCC 12228), and 0.9798 
for the control, 0.8885 for the 2.0 mg/L 
concentration, and 0.9839 for the 4.0 mg/L con-
centration in the case of the mixed inoculation 
(Figure 4). The exposure-effect relationships for 
the control and each dose measured as AUC, 
were normalized between 0% and 100% with an 
R2 around 0.9994. 

 

 
 

Figure 3. Pharmacokinetic analysis of simulated doses of minocycline with a Cmax of 2.0 [A] and 4.0 [B] mg/L in the in vitro 
pharmacokinetics / pharmacodynamics system. The drug’s half-life was about 12 h. Error bars represent standard deviations. 
 

 
 

Figure 4. Pharmacodynamic analysis of simulated doses of minocycline with a Cmax of 2.0 and 4.0 mg/L against each 
staphylococcal isolate, S. epidermidis ATCC-12228  (A) and S. aureus ATCC-25923 (B), and their mixed inoculum (C), based 
on the assessment of the relative optical density (ROD) in the in vitro pharmacokinetics / pharmacodynamics system. 
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The 24-h change in the ROD vs. fAUC0-24/Cmax 

relationship for both S. epidermidis and S. aureus 
(either alone or mixed together) is displayed as a 

sigmoidal curve relative to each control (R2= 0.815, 
0.912, and 0.874, respectively) in Figure 5. 
 

 

 
 
Figure 5. In vitro pharmacokinetic / pharmacodynamic relationship of minocycline. The relationship between the area under 
the bacterial growth curve (AUCROD) [A] and normalized AUCROD [B] and the area under the concentration time curve (fAUC0-

24) for each of the examined staphylococcal isolates (S. epidermidis ATCC-12228 and S. aureus ATCC-25923) and their 
mixed inoculum. 

 
4. DISCUSSION 
 

Mixed staphylococcal infections are among the 
most common types of serious nosocomial infec-
tions, particularly in immunocompromised patients 
or those with critical conditions. Minocycline is 
considered as one of the new anti-staphylococcal 
antibiotics that can be effective on its own against 
life-threatening staphylococcal infection [14]. 
Moreover, the importance of minocycline as a 
treatment option against serious staphylococcal 
infections has recently increased due to the 
emergence of various anti-staphylococcal resistant 
strains [15]. Minocycline follows a non-linear PK 
profile with increasing doses, leading to non-
proportional increases in growth inhibition. In 
healthy individuals, the maximum concentration of 
minocycline is 4 mg/L with a volume of distribution 
of about 16.5 L/kg, and a creatinine clearance of 
12.5 mL/min/1.73 m2 [16].  

Despite in vitro results showing a high bacteri-
ostatic activity of minocycline against staphylococ-
cal strains at concentrations of up to four times the 
MIC [17], the variability in its anti-staphylococcal 
activity may be better demonstrated through an in 
vitro PK/PD model analysis which cannot be accu-
rately predicted by standard MIC methods. The ef-
fects of decreasing minocycline concentrations 
can be studied by examining the drug’s PD 
characteristics, including its sub-MIC effect, its 
time- and concentration-dependent activities, and 

its post-antibiotic effects. These PD effects can be 
measured by the bacterial growth, which reflects 
any difference on anti-staphylococcal activity. A 
recent study has highlighted the differences in the 
anti-staphylococcal activity of minocycline against 
S. epidermidis (ATCC-12228) and S. aureus 
(ATCC-25923), whether alone or mixed together, 
and has revealed different effects than those 
predicted [12]. This emphasizes the importance of 
studying non-constant drug concentrations [12]. 
The growth rates of both isolates, whether alone 
or mixed, reflected the anti-staphylococcal activity 
of minocycline for both doses in the already 
determined PK parameters [13,18]. Our data 
showed a complete inhibition of growth at the 
maximum concentration of 4 mg/L against both 
isolates and the mixed inoculation [12].   

Our system simulates the PK of two clinical 
doses of minocycline in the human serum and al-
lows for the comparison of PD regimens. Interest-
ingly, this in vitro PK/PD system revealed differ-
ences in the potency of the drug over time [12,19]. 
Significant PD differences were observed with 
greater potency of minocycline against the mixed 
staphylococcal inoculation at therapeutic doses, 
compared to its efficacy against S. aureus alone. 
This might be due to the presence of S. epider-
midis, which could potentially reduce the virulence 
of S. aureus [20], or due to the fact that 
minocycline might be a potent option for treating 
mixed staphylococcal infections, with its efficacy 



246     REVIEW OF CLINICAL PHARMACOLOGY AND PHARMACOKINETICS, INTERNATIONAL EDITION  2024 

 

potentially being influenced by the interaction 
between different staphylococcal species [21]. 

 

5. CONCLUSION 
 
The in vitro PK/PD activity of a therapeutic dose of 
minocycline used in treating mixed staphylococcal 
infections is emphasized, along with the signifi-
cance of a treatment regimen optimization. Human 
minocycline PK levels are accurately simulated by 
the herein employed in vitro PK/PD model. The in-
hibitory effects of minocycline were observed on 
the dose-exposure effect relationships, as demon-
strated by the AUCs calculated for each simulated 
dose, with maximum efficacy observed for both 
doses against the mixed staphylococcal inocula-
tion (as compared to the S. aureus isolate alone). 
This highlights the importance of utilizing in vitro 
PK/PD models in order to optimize antibiotic ther-
apy, particularly for complex infections involving 
multiple bacterial species.  
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