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ABSTRACT Biofilm formation plays an important role in the persistence of pulmo-
nary infections, for example, in cystic fibrosis patients. So far, little is known about
the antimicrobial lung disposition in biofilm-associated pneumonia. This study aimed
to evaluate, by microdialysis, ciprofloxacin (CIP) penetration into the lungs of healthy
and Pseudomonas aeruginosa biofilm-infected rats and to develop a comprehensive
model to describe the CIP disposition under both conditions. P. aeruginosa was im-
mobilized into alginate beads and intratracheally inoculated 14 days before CIP ad-
ministration (20 mg/kg of body weight). Plasma and microdialysate were sampled
from different animal groups, and the observations were evaluated by noncompart-
mental analysis (NCA) and population pharmacokinetic (popPK) analysis. The final
model that successfully described all data consisted of an arterial and a venous cen-
tral compartment and two peripheral distribution compartments, and the disposition
in the lung was modeled as a two-compartment model structure linked to the ve-
nous compartment. Plasma clearance was approximately 32% lower in infected ani-
mals, leading to a significantly higher level of plasma CIP exposure (area under the
concentration-time curve from time zero to infinity, 27.3 � 12.1 �g · h/ml and
13.3 � 3.5 �g · h/ml in infected and healthy rats, respectively). Despite the plasma
exposure, infected animals showed a four times lower tissue concentration/plasma
concentration ratio (lung penetration factor � 0.44 and 1.69 in infected and healthy
rats, respectively), and lung clearance (CLlung) was added to the model for these ani-
mals (CLlung � 0.643 liters/h/kg) to explain the lower tissue concentrations. Our re-
sults indicate that P. aeruginosa biofilm infection reduces the CIP free interstitial
lung concentrations and increases plasma exposure, suggesting that plasma concen-
trations alone are not a good surrogate of lung concentrations.
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Chronic respiratory infection (CRI) is characterized by progressive cycles of infection
and inflammation culminating in respiratory failure (1). Biofilm formation is the

main cause of the CRI persistence since it provides increased resistance to antibiotics
and to host defense. The immune system and the antibacterial therapy can no longer
eradicate the bacteria, and patients have an accelerated decline in pulmonary function
that leads to a poor prognosis and increased mortality (2).

CRI is the primary cause of morbidity and mortality in cystic fibrosis (CF) patients (3),
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and Pseudomonas aeruginosa is the pathogen isolated from the lungs of about 80% of
adults with CF (1, 4). Ciprofloxacin (CIP) is regarded as an antipseudomonal fluoroquin-
olone since it shows high antimicrobial potency against P. aeruginosa (5) and is used
both in the prevention and in the treatment of P. aeruginosa CRI in CF patients.

The treatment of biofilm infections is a clinical challenge, and the establishment of
an efficient dosing regimen is important to maximize the effects of antimicrobials and
to prevent the development of resistance (6). Antimicrobial dosing regimen optimiza-
tion is traditionally based on pharmacokinetic (PK) and pharmacodynamic (PD) infor-
mation obtained from studies with planktonic bacteria. Only a few studies of PK and PD
with biofilm bacteria have been reported (6–8). Therefore, increasing the knowledge of
the disposition (PK) of antimicrobial agents in biofilm infections can contribute to
improve the clinical outcome of biofilm-associated diseases.

Most of the PK/PD studies with antimicrobial agents use free plasma levels of the
drug to evaluate the dosing regimen and to predict efficacy, assuming that free plasma
levels are a good surrogate for free concentrations in the infected tissue. This assump-
tion has been challenged by microdialysis studies of unbound antimicrobial tissue
concentrations showing that discrepancies between free plasma and free tissue con-
centrations may occur in tissues with active transporters, where efflux and influx
processes can contribute to the drug distribution (9, 10). Additionally, pathological
conditions can change tissue-blood relationships, and antimicrobial concentrations in
infected tissues may differ from those in healthy tissues due to increased temperature,
decreased pH, plasma extravasation, and leukocyte migration at the infection site (11).

Studies conducted with bacteria in the planktonic form showed that pneumonia
may affect or not affect the lung penetration of antimicrobials (12–15). While for
imipenem no differences in the distribution in the extracellular fluid (ECF) of the lung
were found for healthy and Acinetobacter baumannii-infected rats (12, 13), for tigecy-
cline the presence of Acinetobacter baumannii in mouse lungs enhanced the penetra-
tion of the drug into the epithelial lining fluid (ELF) (14). After Monte Carlo simulations,
Kuti and Nicolau (15) showed that the simulated levofloxacin exposure in ELF was lower
for infected patients than for noninfected patients. Whether pulmonary infection with
biofilm formation can alter antimicrobial lung penetration has not been demonstrated.
The present study was conducted to evaluate, by microdialysis, CIP free concentrations
in the lung interstitial fluid of healthy and P. aeruginosa biofilm-infected Wistar rats and
to develop a population pharmacokinetic (popPK) model that adequately describes the
rate and extent of pulmonary penetration and the correlation between plasma and
lung concentrations in both situations. A popPK model that simultaneously fits total
plasma and free tissue concentrations has the potential to increase knowledge about
the antimicrobial lung distribution and serve as a useful tool to establish a more
efficient dosing regimen for biofilm-associated infections.

RESULTS
Rat model of biofilm lung infection. The beads containing P. aeruginosa cells used

for inoculation of the animals had an average size of 222 �m (range, 89 to 376 �m), and
the bead population was homogeneous, as indicated by the low polydispersity of the
particle sizes (span value � 1.559). The animal lung infection model was able to sustain
the infection for 14 days. The histopathological analysis revealed that the lungs of
infected animals showed multifocal inflammatory infiltrates composed predominantly
of lymphocytes, plasma cells, macrophages, and intact and degenerated neutrophils
within the bronchi and bronchioles (Fig. 1a to c). There was also moderate multifocal
congestion and thickening of the alveolar septa, besides multifocal areas with emphy-
sema, characterizing pyogranulomatous pneumonia. For the animals inoculated with
the blank beads, inflammatory infiltrates in the lung were not observed, although lung
congestion and diffuse areas of bleeding due to the euthanasia procedure were noted
(Fig. 1d to f). The lung infection model was homogeneous, as shown in Fig. 1, in which
all the animals of the same group had the same physiological changes.
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The rat model of biofilm lung infection used in the CIP lung penetration study was
successful in establishing a chronic infection that mimics the pulmonary infections
observed in CF patients. The bead size and the time after inoculation (14 days) used in
this study were chosen on the basis of the findings of previous studies (16, 17) to be
more reflective of the infection seen in CF patients.

In vitro and in vivo calibration of microdialysis probes. For the in vitro calibration
of the microdialysis probes, the relative recoveries were determined by dialysis and
retrodialysis. For flow rates of 1.0, 1.5, and 2.0 �l/min, the relative recoveries by dialysis
(RRDs) were 29.7% � 2.9%, 23.0% � 2.8%, and 15.4% � 3.1%, respectively, and the
relative recoveries by retrodialysis (RRRDs) were 31.6% � 2.9%, 22.8% � 1.6%, and
15.4% � 3.1%, respectively. For the same flow rates, the relative recoveries determined
by dialysis and retrodialysis were statistically significantly similar (� � 0.05), indicating
that CIP does not bind to microdialysis tubing and that retrodialysis can be used to
determine the relative recovery in vivo. As expected, as the perfusate flow rate
increased, the relative recovery decreased. The 1.5 �l/min flow rate was chosen as the
work flow for the in vivo experiments because it allows the collection over a short

FIG 1 Photomicrographs of hematoxylin- and eosin-stained sections of lungs from infected rats (a to c) and rats inoculated
with blank beads (d to f). Each photomicrograph represents a different animal (n � 3 animals/group). Magnifications, �100.
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period of time (30 min), in relation to the CIP half-life, of sample volumes that are large
enough.

The influence of CIP concentrations on the microdialysis probe recoveries was
evaluated by both methods using the 1.5 �l/min flow rate. The average RRDs deter-
mined were 22.1% � 1.7%, 24.3% � 3.7%, and 23.1% � 2.8% for CIP concentrations of
0.25, 0.75, and 1.5 �g/ml, respectively. For the retrodialysis method, the RRRDs were
21.0% � 1.8%, 24.8% � 4.4%, and 24.7% � 5.2% for the same concentrations,
respectively. No statistically significant differences (� � 0.05) in the values obtained
between the methods (dialysis and retrodialysis) or between the CIP concentrations
tested (0.25, 0.75, and 1.5 �g/ml) were observed, indicating that the relative recovery
of the probes is concentration independent.

The in vivo recovery was determined by retrodialysis using the 1.5 �l/min flow rate
chosen. No differences in the in vivo lung relative recovery were observed between
healthy animals (11.3% � 1.9%) and infected animals (12.2% � 0.5%). The in vivo RRRD

was lower than the recovery rate determined in vitro, which could be explained by
tissue characteristics, such as tissue protein binding, blood flow, interstitial volume, and
tissue tortuosity, as previously reported for other drugs (18, 19). The in vivo recoveries
were employed to calculate the true lung free levels, measured by microdialysis, in
healthy and infected animals.

Plasma protein binding. CIP showed a low level of protein binding in rat plasma
(29.8% � 5.9%) independently of the drug concentration over the concentration range
investigated (0.3 to 6 �g/ml). The average unbound (free) fraction (fu) of 0.70 was used
in the popPK model for prediction of free plasma levels on the basis of the total plasma
concentrations and in the noncompartmental analysis (NCA) for the calculation of the
free plasma area under the concentration-time curve (AUC) from time zero to infinity
(fu · AUC0 –∞,plasma) to determine the CIP lung penetration factor (fT).

Noncompartmental analysis. The parameters obtained by NCA of total plasma and
microdialysis data following intravenous (i.v.) dosing of CIP at 20 mg/kg of body weight
(BW) are summarized in Table 1. The CIP dose used in this study (20 mg/kg) was chosen
on the basis of the dose used to treat pneumonias in CF patients. The dose was
adjusted for animals using allometric scaling (20), based on the basal metabolic rate of
rats and adults.

For healthy and infected rats, statistically significant differences in the plasma
clearance (CL; 1.59 � 0.41 liters/h/kg and 0.89 � 0.44 liters/h/kg, respectively) and the
elimination rate constant (0.23 � 0.04 h�1 and 0.14 � 0.08 h�1, respectively) were
observed. No statistically significant differences in the volume of distribution at steady
state (VSS) were observed between healthy and infected rats (5.08 � 0.68 liters/kg and
5.61 � 1.08 liters/kg, respectively). The free interstitial pulmonary penetration observed
in infected rats (fT � 0.44) was four times lower than that observed in healthy animals

TABLE 1 CIP pharmacokinetic parameters determined by NCA in plasma and lung after 20 mg/kg i.v. bolus dosing to healthy,
P. aeruginosa biofilm-infected, and blank bead-inoculated Wistar ratsc

PK parameter

Plasma Lung microdialysis

Healthy rats Infected rats Healthy rats Infected rats Blank bead-inoculated rats

t1/2 (h) 3.1 � 0.8 5.9 � 2.7a 3.0 � 0.4 3.3 � 0.8 3.3 � 0.7
AUC0–12 (�g · h/ml) 12.4 � 2.7 19.8 � 5.9 15.1 � 6.3 7.9 � 1.5 13.8 � 5.1
AUC0–∞ (�g · h/ml) 13.3 � 3.5 27.3 � 12.1a 15.8 � 6.6 8.4 � 1.8b 15.2 � 5.9
MRT (h) 3.4 � 1.2 7.8 � 3.9a

CL (liters/h/kg) 1.59 � 0.41 0.89 � 0.44a

V (liters/kg) 5.08 � 0.68 5.61 � 1.08
ƒT 1.69 0.44 1.63
aStatistically significant difference compared to the healthy group based on Student’s t test (� � 0.05).
bStatistically significant difference compared to the healthy and blank bead-inoculated groups based on one-way ANOVA with Tukey’s test (pos hoc) (� � 0.05).
cData represent averages � standard deviations (n � 6 rats/group). For microdialysis data, the midpoint approach was utilized in all calculations. Abbreviations: t1/2,
elimination half-life; AUC0 –12, area under the concentration-time curve from time zero to 12 h; AUC0 –∞, area under the concentration-time curve from time zero to
infinity; MRT, mean residence time; CL, total clearance; V, volume of distribution; ƒT, lung penetration factor (AUC0 –∞,tissue, free/fu · AUC0 –∞,plasma, where the plasma
fu is equal to 0.70).
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(fT � 1.69), with no significant differences in the lung elimination rate constants being
observed between healthy animals (� � 0.23 h�1 � 0.03 h�1) and infected animals
(0.22 � 0.06 h�1) rats. The infected animals showed a higher variability (higher
standard deviations) in all plasma PK parameters investigated. All PK parameters
determined for the blank bead-inoculated group were similar to those determined for
the healthy group, with no difference in the free interstitial pulmonary penetration
being detected (fT � 1.63).

Population pharmacokinetic modeling. Plasma data were best fitted to a three-
compartment open model with first-order elimination. When the model was expanded
to include unbound lung data, the central compartment was separated into arterial and
venous compartments to explain the high initial free CIP levels observed in the lungs.
Administration was set to occur in the venous compartment, since CIP was adminis-
tered into the femoral vein, and plasma sampling was assumed to be from the arterial
compartment because blood was collected from the carotid artery. The final model
consisted of an arterial compartment and a venous compartment, two compartments
representing different regions of the lungs, and two peripheral distribution compart-
ments, representing tissues other than lungs (Fig. 2). The intercompartmental clearance
between the venous and arterial compartments (intercompartmental clearance in the
blood [QAV] � 4.4 liters/h/kg) was fixed to the reported value of cardiac output in
urethane-anesthetized rats (21). Drug elimination was assumed to occur from the
arterial compartment. The final model had interindividual variability on clearance (CL),
intercompartmental clearance for the first peripheral compartment (Q3), and the vol-
umes of both lung compartments (V5 and V6). All parameters were allometrically scaled
with the individual rat body weights. Residual variability was described by a propor-
tional error for plasma data and combined (proportional plus additive) error for
microdialysis data. A significant infection effect (P � 0.01) was detected for CL, lung
intercompartmental clearance (Q6), and lung volume (V6), and in the final model, these
parameters were estimated separately for the infected animals (CLINFEC, Q6 INFEC, and
V6INFEC, respectively). A reduction in the plasma clearance for the infected animals
(CLINFEC) of approximately 32% was observed. Additionally, an almost 200% increase in
the lung intercompartmental clearance (Q6 INFEC) and a 511% increase in the lung
volume (V6INFEC) were observed in infected animals. No significant bead effect was
observed for any parameter. Drug elimination from the lungs (lung clearance [CLlung])
was added to the model for microdialysis data from infected animals to explain the

FIG 2 Schematic representation of the final CIP lung and plasma model. Abbreviations: A (1), amount of
drug in the venous compartment; A (2), amount of drug in the arterial compartment; A (3) and A (4),
amount of drug in the two peripheral compartments; A (5) and A (6), amount of drug in the two lung
compartments; QAV, intercompartmental clearance in the blood; Q3, Q4, Q5, and Q6, intercompartmental
clearances; VV, volume of the venous compartment; VA, volume of the arterial compartment; V3 and V4,
volumes of the two peripheral compartments; V5 and V6, volumes of the two lung compartments; CL,
central clearance; CLlung, lung clearance.
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discrepancy observed between lung and plasma exposure. The inclusion of this extra
parameter led to a drop in the objective function value (OFV) of 59.1 points and a better
fit of the model to the data for the infected groups. Additionally, the value estimated
for this lung clearance (CLlung � 0.643 liter/h/kg) was approximately of the same
magnitude as the central clearance (CL � 0.615 liter/h/kg), showing the importance of
this extra parameter for infected animals. Our model and data suggest that differences
in other physiological processes besides only differences in distribution occur in the
infected animals, given that parameters that describe the changes in the CIP distribu-
tion (Q6 INFEC and V6INFEC) and parameters other than distribution (CLlung) are necessary
to describe the infected-animals data.

All parameters of the final PK model were well estimated with low relative standard
errors (Table 2). The individual and population model predictions provided a good fit
to the plasma and lung data for all groups (healthy and infected rats and blank
bead-inoculated rats) (Fig. 3). The final PK model estimates were used to simulated
5,000 concentrations-time profiles, and the visual predictive checks (VPCs) resulting
from these simulations were stratified by plasma or lung concentrations and by the 3
different groups (healthy and infected animals and blank bead-inoculated animals) and
are shown in Fig. 4. The VPCs confirmed that the model adequately predicts both the
plasma and lung concentration data. For the healthy group, a slight overprediction of
the terminal phase for plasma data and an underprediction of the initial time points for
microdialysis data could be observed in the VPC simulations. These slight over- and
underpredictions probably occurred because of the small number of individuals per
group (n � 6 animals/group), where a greater influence of the value for one individual
on the median is expected.

DISCUSSION

In the present study, free CIP lung concentrations were evaluated in healthy and P.
aeruginosa biofilm-infected Wistar rats using microdialysis. Given that in many cases
plasma concentrations may not reflect tissue concentrations (9, 18, 22) and infection
may (22) or may not (13) alter the antimicrobial tissue disposition, knowledge of the
antimicrobial pharmacologically active free interstitial concentrations is crucial to better

TABLE 2 Parameter estimates of the final CIP modela

Model and parameter Estimate (% RSE) Median SIR (95% CI) % CV for IIV (%RSE) % shrinkage

Structural model
CL (liters/h/kg) 0.615 (5) 0.618 (0.562–0.686) 31.7 (11)b �0.79
CLINFEC (liters/h/kg) 0.416 (12) 0.418 (0.323–0.524)
V1 (liters/kg) 0.0232 (15) 0.0237 (0.0173–0.0305)
QAV (liters/h/kg) 4.4 FIX
Q3 (liters/h/kg) 0.174 (17) 0.173 (0.129–0.245) 77.6 (12) 6.33
V3 (liters/kg) 1.433 (6) 1.429 (1.291–1.595)
Q4 (liters/h/kg) 0.352 (15) 0.355 (0.253–0.463)
V4 (liters/kg) 0.474 (11) 0.476 (0.368–0.577)
Q5 (liters/h/kg) 0.381 (19) 0.389 (0.273–0.550)
V5 (liters/kg) 0.291 (16) 0.295 (0.202–0.391) 83.7 (12) 6.23
Q6 (liters/h/kg) 0.269 (17) 0.273 (0.201–0.380)
Q6 INFEC (liters/h/kg) 0.529 (18) 0.528 (0.354–0.731)
V6 (liters/kg) 0.187 (19) 0.188 (0.121–0.265) 78.9 (17)b 9.76
V6INFEC (liters/kg) 0.957 (29) 1.01 (0.516–1.55)
CLlung (liters/h/kg) 0.643 (19) 0.660 (0.427–0.921)

Residual variability
Plasma proportional error (%) 6.83 (10) 6.86 (5.79–8.38)
Microdialysis proportional error (%) 9.10 (5) 9.12 (8.28–10.10)
Microdialysis additive error (mg/liter) 0.014 (15) 0.014 (0.0098–0.017)
Shrinkage IWRES (%) 10.08

aAbbreviations: CL, clearance; Q, intercompartmental clearance; V, volume; RSE, relative standard error; CI, confidence interval; SIR, sampling importance resampling;
IIV, interindividual variability; CV, coefficient of variation. FIX, fixed value; IWRES, individual weighted residuals. All parameters are scaled on the basis of rat body
weight.

bInterindividual variability was shared between both parameters.
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design dosing regimens (23). Our results showed discrepancies between the free
plasma and free interstitial lung concentrations in the rat model of biofilm infection,
which mimics the pulmonary infection observed in CF patients. Pseudomonas aerugi-
nosa biofilm-infected rats showed higher plasma exposure, although lower free CIP
levels were founded in the interstitial lung fluid of infected animals than in that of
healthy animals.

The group inoculated with blank alginate beads, without P. aeruginosa, was used to
determine whether the eventual differences observed in the lung pharmacokinetic
parameters of the infected animals were due to the presence of the biofilm-forming
bacteria or were an artifact of the beads used for inoculation. No significant effect of the
beads could be observed in the CIP pharmacokinetic parameters (Table 1), and the data
for the blank beads were well fitted (Fig. 4) with the same parameters used to fit the
data from the healthy animals, indicating that alginate beads do not produce altera-
tions in the lung that could influence CIP penetration. These results are also in

FIG 3 Individual and population fitted plasma and microdialysis (MD) concentration-versus-time profiles
using the final popPK model. Gray dots, observations (LNDV.1); solid lines, individual model predictions
(IPRED); dashed lines, population model predictions (PRED).

FIG 4 Visual predictive checks (VPCs) of the final population PK model stratified by compartment (plasma
or lung) and group (healthy or infected rats or blank bead-inoculated rats). VPCs are based on 5,000
simulations and show a comparison of the observations (dots and thick lines for the median) with the
10th and 90th percentiles of the 5,000 simulated profiles (dashed lines and shaded areas).
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accordance with those of the histopathological analysis that indicated that no inflam-
mation was present in the lungs of animals inoculated with blank beads 14 days after
bead inoculation.

A simultaneous pharmacokinetic modeling of total plasma and free lung CIP con-
centrations allowed for quantification of the rate and extent of the lung distribution
and the plasma and lung data in healthy and biofilm-infected rats. The central com-
partment was divided into venous and arterial compartments to characterize the high
early free CIP levels achieved in the lung compared to arterial plasma. Given that CIP
was administered intravenously and plasma was sampled from the carotid artery, the
higher lung levels can be explained by the pulmonary circulation, where venous blood
leaves the heart, enters the lungs, and returns oxygenated (arterial blood) back to the
heart (24). In the model, the lung compartment is connected to the venous compart-
ment and returns to the arterial compartment (Fig. 2), as suggested previously in
physiologically based pharmacokinetic models (24–26). Initially, lung data were mod-
eled as a single compartment, but this approach resulted in a poor fit. When the lung
was divided into two compartments, the OFV dropped more than 100 points and a
significant improvement in the model fit was observed. Due to the fact that lungs have
a complex anatomy with different tissue structures and the complex anatomy can
prevent the uniform distribution of drugs, the two lung compartments represent the
parts of the lung in which CIP can have different affinities and distribution properties.
Microdialysis measurements were assumed to take place in the first compartment;
therefore, this compartment includes the pulmonary interstitial fluid (Fig. 2).

The NCA results showed that P. aeruginosa biofilm infection could affect an animal’s
exposure to CIP. The significantly higher CIP plasma exposure in infected animals (area
under the concentration-time curve from time zero to infinity [AUC0 –∞] � 27.3 � 12.1
�g · h/ml) than in healthy animals (AUC0 –∞ � 13.3 � 3.5 �g · h/ml) can be explained
by the significant 32% reduction in clearance from the central compartment observed
in infected animals (� � 0.05). In the stepwise covariate modeling (SCM) analysis, the
inclusion of infection as a covariate for clearance was statistically significant. It has been
reported earlier that infectious or inflammatory disease states can modulate drug
pharmacokinetics via different mechanisms (27). Infections and inflammatory states
may alter the rate of blood flow to the liver and kidney, major organs for drug
clearance, with a consequent decrease in elimination rates. Moreover, studies have
demonstrated that infection and inflammation are associated with the downregulation
of hepatic and extrahepatic cytochrome P450s, and alterations of PK parameters, such
as decreased clearance, have been observed for humans and animals infected with
Gram-positive and Gram-negative bacteria (27). Since CIP is eliminated by a combina-
tion of nonrenal and renal excretion (28, 29), the changes in the liver and kidneys
induced due to both infection and inflammation may explain the higher CIP plasma
exposure observed in the infected animals.

A high level of CIP lung penetration in healthy animals was observed using micro-
dialysis (fT � 1.69). High levels of lung penetration have been shown earlier for CIP and
other fluoroquinolones in microdialysis studies (10), from epithelial lining fluid (ELF)
measurements (30), and from tissue homogenate measurements (31, 32) for both
humans and rats. A penetration factor higher than 1 (fT � 1) indicates that transporters
and/or ion trapping can be involved in the CIP distribution to the lung, as previously
shown for levofloxacin (10). CIP interstitial lung exposure in animals infected with
biofilm-forming bacteria (AUC0 –∞ � 8.4 � 1.8 �g · h/ml) was approximately half of that
in healthy animals (AUC0 –∞ � 15.8 � 6.6 �g · h/ml), indicating that the chronic
inflammation resulting from pneumonia causes physiological alterations in the lung,
leading to a decrease in free interstitial drug concentrations. Although the NCA results
for microdialysis data should be interpreted with caution, since it is the average
concentration during the interval which is assayed and interpolation from time zero to
the midpoint of the initial time interval may result, in that a relatively large proportion
of the AUC may be missed, the covariate analysis in the PK modeling also revealed that
the lung distribution was significantly affected by the infection. A two times higher
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intercompartmental clearance between the two lung compartments (Q6) and a five
times higher volume of the second lung compartment (V6) were observed in the
infected than in the healthy ones (Table 2). These changes result in an increased CIP
distribution to the second lung compartment, since the increase in Q6 without changes
in the volume of the first compartment (V5) leads to an increase in the distribution rate
microconstant (k56 � Q6/V5), which describes the distribution from the first to the
second lung compartment. Additionally, a decrease in the opposite distribution rate
microconstant (k65 � Q6/V6) was also observed due to a higher increase in V6 than in
Q6. The results thereby indicate that a larger amount of the drug stayed in the second
lung compartment of the infected animals, decreasing CIP levels in the first compart-
ment, where we assume that the microdialysis probe was placed, resulting in lower
concentrations available to be sampled.

Despite having a higher total plasma exposure and, consequently, more drug that
could distribute into the tissues, the infected animals presented the lowest levels of
lung interstitial fluid exposure (AUC0 –∞ � 8.4 � 1.8 �g · h/ml; Table 1), resulting in a
lower lung penetration factor (fT � 0.44). An extra parameter, drug elimination from
the lungs (CLlung), was added to the model for the microdialysis probe-infected animals
to explain this discrepancy. Local lung changes due to infection/inflammation can alter
the local drug distribution without interfering with systemic exposure, requiring a
specific extra parameter to describe the changes observed in this biophase.

These differences in PK parameters observed in the lungs of infected animals may
have been due to the physiological changes that occur in infected and inflamed tissues,
such as increases in vascular permeability and the tissue temperature and alterations of
tissue pH (11). Studies conducted in healthy animals showed that the concentration of
protein in ELF is much lower than that in serum (33), and the level of binding to ELF
proteins can be considered negligible for drugs with a low level of protein binding,
such as CIP. However, during bacterial infection, the inflammation and tissue damage
result in increased vascular permeability and a higher protein content in ELF (34).
Additionally, infection promotes the migration of white blood cells to the site of
infection, increasing the cellular mass locally (34). The higher cellular mass at the site of
active infection can increase the intracellular amount of antimicrobials, such as fluoro-
quinolones, which penetrate intracellularly. Furthermore, changes in the tissue pH due
to infection may alter the ion-trapping characteristics of CIP, an amphoteric drug, and
more drug can be ionized intracellularly and not be able to diffuse back to the
interstitial fluid. One cannot discharge the hypothesis that the lower CIP concentrations
in infected lung interstitial fluid could be in part due to the presence of a biofilm matrix.
Experimental data from in vitro studies have shown that some antimicrobials can
interact with the biofilm matrix (35). It has been shown that CIP can easily penetrate the
P. aeruginosa biofilm matrix (36), and fluoroquinolones show high levels of permeation
of P. aeruginosa alginate (37).

Together, the physiological alterations that take place in the infected lung can
support the results found in pneumonic rats. Because CIP concentrations were mea-
sured only in the interstitial fluid and no measurements were made in other regions of
the lung, such as ELF or intracellularly, the lower levels of CIP observed in infected
animals may be due to a reduced availability of free drug in the interstitial fluid
captured by the microdialysis probe. CLlung represents the process in which CIP stays
entrapped in the lung and is not able to redistribute (ion trapping, with CIP being
retained inside the biofilm), and the differences in Q6 and V6 represent changes in the
CIP distribution process (increase in protein content and cellular mass). Distribution
changes due to infection may occur in both lung compartments, although our data and
model suggest that the physiological changes caused by the infection were more
relevant in the second compartment. Thereby, we assume that the changes that occur
in the lung tissue—the increase in the protein concentration, the increase in the
numbers of macrophages, increased amounts of mucus, and the biofilm matrix—were
more significant for the second compartment.

In summary, a population PK model was successfully developed to simultaneously
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characterize CIP total plasma and free lung interstitial fluid concentrations in healthy
and P. aeruginosa biofilm-infected rats. The developed model allowed us to integrate
all experimental data and to adequately describe the changes in the plasma and lung
distributions of CIP observed in biofilm-forming bacterial pneumonia. Our findings
indicate that the use of total plasma concentrations and even free plasma concentra-
tion is inappropriate to optimize an effective CIP dosing regimen to treat lung infec-
tions caused by biofilm-forming bacteria. The results reiterate the importance of
developing a predictive popPK model since determination of the free antimicrobial
concentrations at the site of infection is not always feasible. In conclusion, for adequate
adjustment of the CIP dose to treat biofilm-forming bacterial pneumonia, plasma
concentrations may be used to predict the pharmacologically active free interstitial
lung concentration using the popPK model described in this study.

MATERIALS AND METHODS
Bacterial strain, chemicals, and solutions. Pseudomonas aeruginosa ATCC 27853 was used in this

study. Mueller-Hinton broth and agar were purchased from Fluka (St. Gallen, Switzerland). Ciprofloxacin
(purity � 98.0%), urethane (ethyl carbamate, purity � 99.0%), and alginic acid sodium salt from brown
algae (CAS 9005-38-3) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Heparin (5,000 IU/ml) was
purchased from Cristália Produtos Químicos Farmacêuticos (São Paulo, Brazil). Ringer’s solution consisted
of 147 mM NaCl, 1.3 mM CaCl2, and 4 mM KCl. Sodium chloride, calcium chloride, and potassium chloride
were of analytical reagent grade and purchased from commercial sources. Ciprofloxacin was prepared in
saline (10 mg/ml) with the addition of a few drops of 0.1 N HCl, and the pH was adjusted to 6.0 � 0.5
prior to administration to the animals.

Quantification of CIP in rat plasma and microdialysate samples. The quantification of CIP in
plasma and microdialysate samples was performed by a validated liquid chromatography (LC) fluores-
cence detection method (38).

Briefly, for plasma analysis, a mixture of 0.4% aqueous triethylamine (the pH was adjusted to 3.0 �
0.1 with 85% phosphoric acid)-acetonitrile (88:12, vol/vol) was used as mobile phase at a flow rate of 1.2
ml/min. Ten microliters of internal standard (levofloxacin at 5 �g/ml) was added to 100 �l plasma
aliquots, and proteins were precipitated by the addition of 200 �l of ice-cold methanol containing 0.5%
formic acid. The samples were shaken for 5 min, followed by 10 min of centrifugation at 4 � 1°C and
12,000 rpm. Twenty microliters of the supernatant was injected into the LC system. The concentrations
on the plasma standard curve ranged from 10 to 2,000 ng/ml.

For the microdialysate samples, the mobile phase consisted of a mixture of 0.4% aqueous triethyl-
amine (the pH was adjusted to 3.0 � 0.1 with 85% phosphoric acid)-methanol-acetonitrile (75:15:10,
vol/vol/vol) at a flow rate of 1.0 ml/min. Twenty microliters of the microdialysate samples was injected
directly into the system without sample processing. The concentrations on the microdialysate standard
curve ranged from 5 to 1,000 ng/ml.

For both methods, a reversed-phase C18 column (Atlantis T3 column; 150 by 4.6 mm; particle size, 5
�m; Waters, Milford, MA, USA) coupled to a C18 guard cartridge (4.0 by 3.0 mm; particle size, 4 �m;
Phenomenex, Torrance, CA, USA) was used. The chromatographic analysis was carried out on a Shimadzu
system equipped with an LC-10AD VP pump, a SIL-10AD VP autoinjector, an SCL-10A VP system
controller, and a DGU-14A degasser, and the fluorescence detector was set at excitation and emission
wavelengths of 278 nm and 453 nm, respectively.

Microdialysis system. CMA/20 microdialysis probes (membrane length, 4 mm; molecular mass
cutoff, 20 kDa; CMA Microdialysis, Kista, Sweden) were employed in this study. Each probe was coupled
to a microliter syringe (500 �l; Hamilton Company, Reno, NV, USA) to provide the perfusion of the
Ringer’s solution using a PHD 2000 syringe pump (Harvard Apparatus, Holliston, MA, USA).

Microdialysis probe in vitro calibration. Initially, the in vitro microdialysis experiments were
performed with the view to investigate the influence of the flow rate and CIP concentration on
microdialysis probe relative recovery (RR). The influences of the perfusion flow rate and concentration
were investigated using dialysis and retrodialysis methods (18).

For the dialysis method, the microdialysis probes (n � 3) were placed in a glass tube containing CIP
at different concentrations in Ringer’s solution. Blank Ringer’s solution was pumped through the probes,
and microdialysate samples were collected and analyzed by the LC fluorescence detection method. The
relative recovery by dialysis (RRD; in percent) was calculated according to equation 1:

RRD � �Cdial

Cext
� � 100 (1)

where Cdial is the CIP concentration in the microdialysate samples and Cext is the CIP concentration in the
medium surrounding the probe.

For the retrodialysis method, the probes (n � 3) were placed on a glass tube and immersed in blank
Ringer’s solution. Different CIP concentrations in Ringer’s solution were pumped through the probes, and
microdialysate samples were collected and analyzed by the LC fluorescence detection method. The
relative recovery by retrodialysis (RRRD; in percent) was calculated according to equation 2:

RRRD � 100 � �Cperf � Cdial

Cperf
� 100� (2)
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where Cdial is CIP concentration in the microdialysate samples and Cperf is the drug concentration in the
perfusate solution.

Animals. The animal experiments were approved by the Federal University of Rio Grande do Sul
(UFRGS) Ethics in Animal Use Committee (protocol 24140). Six-week-old male Wistar rats (from the
CREAL/UFRGS animal facility) were used for P. aeruginosa bead and blank bead inoculation. On the day
of drug dosing, all animals (healthy and infected animals and animals inoculated with blank beads) were
8 weeks old and weighed between 250 and 300 g. The rats were maintained under controlled
temperature and humidity with a 12-h light and 12-h dark cycle. Water and standard food were allowed
ad libitum until the moment of the experiments.

Rat model of biofilm lung infection. The rat model of biofilm lung infection proposed by Johansen
and Høiby (39) was used with minor modifications. The model is reported in the literature to produce a
pulmonary infection that is stable for more than a month, and this chronic lung infection mimics what
is found in human chronic lung infections, for example, infections in patients with cystic fibrosis (16, 17,
39–41). Briefly, P. aeruginosa cells were immobilized in spherical alginate beads to mimic the biofilm
matrix effect and to prevent clearance from the lung after bacterial inoculation into the animals. For this
purpose, 1 ml of the P. aeruginosa inoculum (109 CFU/ml) was mixed with 9 ml of a sterile alginate
solution (11 mg/ml). The viscous suspension was sprayed by the use of compressed air into a cross-
linking solution of 0.1 M CaCl2 in Tris-HCl buffer (0.1 M, pH 7.0). The newly formed beads were cured for
1 h in the calcium bath with continuous stirring, after which they were centrifuged at 180 � g for 10 min
and washed twice in sterile saline. Bead sizes were determined by Mastersizer analysis, and the final
number of CFU was determined by plate dilutions. Since binding of CIP to alginate is not expected to
occur (37), no studies of binding between CIP and alginate beads were conducted.

Six-week-old male Wistar rats were anesthetized (ketamine-xylazine, 100 and 10 mg/kg, respectively,
intraperitoneally [i.p.]) and intratracheally challenged with 100 �l of the P. aeruginosa beads with the
help of a MicroSprayer syringe (model IA-1B; Penn Century, Philadelphia, PA, USA). After the beads had
been inoculated, the animals were allowed to recover from anesthesia with the head and body inclined
slightly on a heated surface. The animals were maintained under standard conditions, and at 14 days
after inoculation, CIP pharmacokinetics were investigated.

A study had earlier been conducted to determine the bacteriology in the lung after inoculation to
ensure the development of infection. At 3, 5, 7, and 14 days after inoculation, the animals (n � 3
animals/day) were sacrificed, and the lungs were aseptically excised and homogenized with 5 ml of
sterile saline. After the lung homogenates were serially diluted with sterile saline, 100-�l samples were
plated on Mueller-Hinton agar and incubated at 37 � 1°C (24 h), and the P. aeruginosa colonies were
counted.

The lungs of infected rats and rats that received the blank beads were analyzed microscopically 14
days after inoculation (n � 3 animals/group). For the histopathological analysis, the tissues were fixed in
a 10% neutral buffered formalin solution and embedded in paraffin blocks. The blocks were sliced and
stained with eosin and hematoxylin dyes. The analyses were conducted by veterinary pathologists
(Department of Veterinary Pathology, College of Veterinary, UFRGS, Porto Alegre, RS, Brazil).

Surgical procedure for probe insertion. For microdialysis probe insertion into the lung, the animals
were anesthetized with urethane (1.25 g/kg i.p.) and immobilized in a supine position. After confirmation
of anesthesia, the animals were intubated by tracheotomy and artificially ventilated using a rodent
respirator (model 683; Harvard Apparatus, Holliston, MA, USA) at a frequency of 64 to 68 min�1 and with
an air volume of 2.5 ml. The right lung was exposed through an open space between two ribs. The
CMA/20 probe was inserted carefully into the intermediate lobe with the aid of a needle, which was
removed after probe insertion. After probe insertion, the lung was thoroughly put back in place. Before
the beginning of all experiments, a 1-h probe equilibration period with perfusion of Ringer’s solution at
a flow rate of 1.5 �l/min was performed. The surgical procedure for probe insertion used in this study
is well described, and no major lung trauma induced by the microdialysis catheter has been reported in
the literature (10, 11, 42, 43).

Microdialysis probe in vivo recovery. CIP microdialysis probe recovery in vivo was determined by
retrodialysis (18). The animals were anesthetized with urethane (1.25 g/kg i.p.), and the CMA/20 probes
were inserted into the lungs as described above. After a 1-h equilibration period, Ringer’s solution was
replaced by Ringer’s solution containing CIP at 0.75 �g/ml, and five microdialysate samples of 45 �l each
were collected at 30-min intervals. The in vivo recovery of CIP was calculated using equation 2. Because
the probes were maintained under sink conditions throughout the experiments, the in vivo recovery of
each probe was used to calculate the unbound CIP concentrations in each animal’s lungs.

CIP lung penetration experimental design. To determine the CIP lung penetration, male Wistar rats
were randomly divided into five groups (n � 6 animals/group): two healthy groups (one for blood
sampling and one for lung microdialysate sampling), two P. aeruginosa-infected groups, and a control
group inoculated with blank beads. The fifth group was added to the study to verify if the observed
differences in the CIP lung free concentrations were due to the presence of alginate beads in the animals’
lungs. All animals received CIP at 20 mg/kg by intravenous injection into the femoral vein.

For the microdialysis groups, the probes were inserted into the lung and Ringer’s solution was
pumped at a flow rate of 1.5 �l/min. The microdialysate samples were collected every 30 min up to 12
h after CIP administration. The unbound CIP concentrations in the lung were determined by correcting
the measured microdialysate concentrations by the in vivo recovery.

For the plasma groups, the carotid artery was used for blood sampling. The animals were anesthe-
tized with urethane (1.25 g/kg i.p.), and a cannula was surgically inserted into the artery. The cannula was
maintained irrigated with heparinized saline (25 IU/ml). At predetermined times before (time zero) and
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after (0.08, 0.25, 0.5, 1, 2, 4, 6, 8 and 12 h) i.v. bolus dosing, approximately 200 �l of blood was collected
into heparinized tubes, and the plasma was immediately separated by centrifugation (12,000 rpm at 4 �
1°C for 10 min). The plasma samples were stored at �80 � 2°C for no more than 30 days before analysis
(38).

Determination of plasma protein binding. The in vitro CIP binding to proteins in rat plasma was
determined by microdialysis. Different CIP concentrations (0.3, 3, and 6 �g/ml) were used. The experi-
ments were carried out with a pool of plasma from different animals. The in vitro probe recovery in
plasma was determined by retrodialysis. The probe was inserted into an Eppendorf tube containing blank
plasma, and CIP at 0.75 �g/ml in Ringer’s solution was perfused at a flow rate of 1.5 �l/min.
Microdialysate samples were collected every 30 min up to 2 h, and plasma recovery was calculated
using equation 2.

For protein binding determination, blank plasma samples (990 �l) were spiked with 10 �l of the CIP
solutions to result in the final total concentrations indicated above. An aliquot (100 �l) was separated for
the determination of total plasma concentrations. Calibrated microdialysis probes (n � 3) were inserted
in plasma samples and allowed to equilibrate at 37 � 1°C for 1 h before sampling. Four samples were
collected at 30-min intervals. The unbound concentrations were corrected by the in vitro probe recovery
in plasma. Protein binding was determined as the ratio between the difference in the total and unbound
concentrations and the total concentration.

Pharmacokinetic analysis. (i) NCA. Noncompartmental analysis (NCA) was used to determine the
pharmacokinetic parameters in plasma and tissue. The plasma and lung concentration-versus-time
profiles were analyzed individually for each animal using Phoenix software (Pharsight; Certara, USA). For
the microdialysis data, the midpoint of the collection interval was used as the time set for NCA analysis,
and the assayed concentration was hence assumed to reflect the concentration at that time point. CIP
penetration into the lungs (fT) was determined as the ratio between the mean free lung tissue and the
mean free plasma area under the concentration-time curve from time zero to infinity (AUC0 –∞,tissue/fu ·
AUC0 –∞,plasma), where fu is the unbound fraction in rat plasma.

The PK parameters obtained by NCA for the healthy and infected animals and the blank bead-
inoculated animals were compared by one-way analysis of variance (ANOVA) (� � 0.05), followed by
Tukey’s test or Student’s t test (� � 0.05), as appropriate, employing SigmaStat (version 3.5) software
(Systat Software, Point Richmond, CA, USA).

(ii) Population pharmacokinetic modeling. Experimental data were analyzed using the nonlinear
mixed effect modeling approach in NONMEM (version 7.3; ICON Development Solutions, Ellicott City, MD,
USA) (44). The first-order conditional estimation method with interaction (FOCE INTER) was applied in all
estimations. The PsN (version 4.5.1) tool kit (45), the R (version 3.3.1) program (46), and the Xpose 4
(version 4.4.1) program (47) were used for automating and controlling the runs, data visualization, and
graphical analysis (goodness-of-fit graphics, including visual predictive checks [VPCs]), respectively. The
Pirana (version 2.9) program was used to keep track of run records and results.

A total of 526 observations (for 108 plasma samples and 418 lung microdialysate samples) from a
total of 30 rats were included in the data set for the analysis. Data below the limit of quantification
(BLOQ) were reported and kept in the data set since they represented less than 1% of the total data.
Missing data were excluded from the analysis, no data for plasma were missing, and less than 5% of the
data for microdialysate samples were missing.

The modeling was performed sequentially: first, a model for the plasma data was developed, and
thereafter, microdialysis data were added and the model was expanded. In the final modeling step,
parameters for both plasma and lung data were simultaneously estimated. Microdialysate samples were
described by the integral over each collection interval (48) instead of a midpoint approach; therefore, no
assumptions regarding collection times were made.

The effect of the covariate body weight (BW) on all parameters was investigated, and volume
parameters were assumed to be directly proportional to BW (exponent of 1), while clearance parameters
were raised to the power of 0.75 (49). Finally, the effects of infection and beads in all parameters were
investigated with stepwise covariate modeling (SCM), using a forward inclusion process (P � 0.05)
followed by backward elimination process (P � 0.01).

The confidence intervals for the parameters were obtained using the sampling importance resam-
pling (SIR) procedure (50) implemented in PsN.
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