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ABSTRACT:

The aim of this study was to investigate the contribution of reduced
apparent clearance to the enhanced exposure reported for biode-
gradable nanoparticles after extravascular and intravascular
routes of administration. Plasma concentration profiles for drug
and nanoparticle formulations after administration by intravenous,
intraduodenal, and oral routes were extracted from the literature.
Data were fit to pharmacokinetic models using BOOMER. The
compartmental pharmacokinetic analysis of literature data for six
drugs (camptothecin, 9-nitrocamptothecin, epirubicin, vinpoce-
tine, clozapine, and cyclosporine) showed that the encapsulation
of drug molecules in nanoparticles significantly reduced the ap-

parent clearance and prolonged the apparent circulation half-life
compared with those for the plain drug. Positively charged nano-
particles assessed in this study had lower apparent clearance,
lower elimination rate constant values, and longer apparent circu-
lation half-life than neutral and negatively charged nanoparticles.
After oral administration, a reduction in apparent clearance con-
tributed substantially to elevations in plasma drug exposure with
nanoparticles. For the drugs and delivery systems examined, the
nano-advantage in drug delivery enhancement can be explained, in
part, by reduced clearance.

Introduction

Drug-encapsulating nanoparticles or nanosystems in general have
been reported to enhance delivery to target tissue because of increased
drug permeability or absorption (Gelperina et al., 2005; Mishra et al.,
2008), thereby reducing the dosing frequency and improving patient
compliance (Gelperina et al., 2005; Emerich and Thanos, 2006; Bawa,
2008; Zhang et al., 2009). Nanoparticles also minimize side effects
(Sinha et al., 2006; Zhang et al., 2008) and sustain drug release over
a prolonged period of time. Nanosystems are being developed for
various drug molecules. Although several of the above advantages are
feasible in general, enhanced permeability-based absorption with
nanoparticles is debatable as the sole or primary contributor to the
nanoparticle delivery advantage observed in several of the previous
studies. Typical studies based on nanosystems assess a single time
point or an incomplete concentration versus time profile and conclude
enhanced drug absorption or delivery. In such studies, dissecting the
contribution of enhanced absorption versus reduced clearance is not
possible. Even in studies in which the entire concentration-time course
is obtained, the assumption of enhanced absorption is made without
fully considering the contribution of reduced clearance (El-Shabouri,
2002; Italia et al., 2007). Drug exposure is usually measured as area
under the concentration versus time curve (AUC) in target tissues or

in a surrogate tissue such as plasma. AUC can be increased owing to
an increase in fraction absorbed or a decrease in clearance rate.
Reduction in clearance contributes to elevated AUC but may be
incorrectly attributed to enhanced absorption. Therefore, the purpose
of this study was to determine the contribution of reduced clearance to
enhanced delivery or drug exposure measured as AUC in several
previously reported studies (El-Shabouri, 2002; Manjunath and Ven-
kateswarlu, 2005; Luo et al., 2006; Schluep et al., 2006; Dadashzadeh
et al., 2008; Li et al., 2010).

Nanosystems may enhance oral absorption by increasing the gastric
residence time through mucosal adhesion (Takeuchi et al., 1996) or by
increasing cell or tissue entry (e.g., Peyer’s patches and M cell-mediated
uptake) (Florence et al., 1995a,b; Torché et al., 2000; Florence, 2005). An
additional barrier for drug absorption is chemical and metabolic instabil-
ity of the drug. The gastrointestinal (GI) tract is rich in phase I and phase
II metabolic enzymes. Drugs such as cyclosporine (Italia et al., 2007),
estradiol (Mittal et al., 2007), and curcumin (Anand et al., 2007) exhibit
chemical or enzymatic instability in the GI tract. Many drug molecules
have lower systemic bioavailability after oral administration, because of
enzymatic and nonenzymatic degradation in the GI tract and first-pass
metabolism in the liver before the drug reaches the systemic circulation
(Italia et al., 2007; Mittal et al., 2007). Nanoparticle formulations can
reduce drug exposure to the adverse conditions in the GI tract, thereby
minimizing enzymatic and nonenzymatic degradations; this can lead to
an increase in AUC or drug exposure.

Intravenously administered hydrophilic drug molecules typically
undergo rapid renal clearance because of poor reabsorption after
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glomerular filtration(Lin and Lu, 1997), whereas lipophilic drugs tend
to undergo biotransformation in the liver to hydrophilic metabolites
before biliary or renal excretion (Parkinson et al., 2010). Encapsula-
tion of drug in nanoparticles reduces renal clearance because of
increased size (cutoff for renal clearance is �15 nm) (Choi et al.,
2007). Furthermore, nanoparticle formulations may protect lipophilic
drugs from metabolizing enzymes in the liver (Li and Huang, 2008).

Most of the reported studies observed an increase in the AUC or
drug exposure for drugs encapsulated in nanoparticles compared with
that for the plain drug solution or suspension administered by the
same route. After intravenous administration, it is possible to identify
the contribution of reduced total drug clearance to enhanced drug
exposure by nanoparticle formulation. For extravascular routes of
administration, assessing the contribution of reduced clearance versus
enhanced absorption becomes more difficult. Previous literature re-
ports indicated that an increase in delivery with nanoparticles com-
pared with that of plain drug solution or suspension was due to
enhanced uptake from the site of administration (Hussain et al., 1997;
El-Shabouri, 2002; Qian et al., 2006; Italia et al., 2007). Although
these conclusions may be true in part, these studies did not consider
the effect of reduced clearance from plasma or at the site of admin-
istration as a contributor to enhanced drug exposure. There are no
reports that systematically determined the contribution of reduced
clearance to nanoparticle-mediated enhancement in drug exposure.
Part of the difficulty, as elaborated through this study, includes a lack
of available methods to analyze free drug, nanoparticle-bound drug,
and protein-bound drug in the tissues of interest.

The objective of the present study was to develop pharmacokinetic
(PK) models for plain drug and nanoparticle-encapsulated drug after
oral, intraduodenal, and intravenous routes of administration and to
understand the influence of altered drug clearance on enhanced drug
exposure with nanoparticle formulations. Furthermore, efforts were
made to understand the influence of nanoparticle surface charge on
plasma pharmacokinetics.

Materials and Methods

Data Set for Modeling. The data sets used in this study were collected from
the literature for six drug molecules. Only data pertaining to the plasma
concentration profile after single-dose administration of the plain drug formu-
lation and nanoparticle formulation from the same study were considered for
analysis. The plasma concentration data were extracted from the plasma
concentration profile graphs provided in the literature, and S.D.s were not
used/available. Because of the limitation of currently available bioanalytical
methods, published reports used for this study did not distinguish free drug,
nanoparticle-bound drug, and protein-bound drug. These earlier studies re-
ported total drug concentration, which was used in the present study. The
parameter estimates obtained for nanoparticles are a combination of both
released plain drug and drug in nanoparticles. Therefore, the parameters
estimated for the nanosystems should be considered as apparent clearance,
apparent volume of distribution, and apparent circulation half-life. Nanopar-
ticle literature commonly contains the term circulation half-life as a synonym
for terminal half-life (Petros and DeSimone, 2010). Hence, we use the term
circulation half-life in this report.

Modeling Software. The mathematical compartmental modeling was per-
formed using BOOMER, a differential and integrated equation-based modeling
program (Bourne, 1989). The parameters for each compartmental model were
estimated using the simplex damping Gauss-Newton curve-fitting procedure in
this software. Numerical integration was performed using the Runge-Kutta-
Fehlberg 45 method for all analyses.

Model Development. PK model development was started as a forward
stepwise approach as in the multiple linear regression. The initial model was
developed as the simplest model based on the route of administration. For the
oral route of administration, both absorption and elimination processes were
considered as first-order processes. A distribution compartment was added to

the initial model when necessary to improve the fit to the data. Data were
weighted using two weighting schemes, equal weight and 1/Cp(i)2. The final
best-fit model was selected on the basis of the Akaike information criterion
(AIC), parameter coefficients of variation (%CV), visual inspection of the
weighted residual plots and concentration versus time plots, and coefficient of
regression (R2). Lower AIC values, lower coefficient of variation (%CV),
weighted residual plot with random distribution, and higher coefficient of
regression (R2) indicated a better fit to the model. Between the two weighting
schemes used, 1/Cp(i)2 showed better random distribution of data in weighted
residual plots for all drugs compared with the equal weight scheme; hence, the
1/Cp(i)2 weighting scheme was used for all selected models.

Results

Data Collection. Literature reports on the plasma concentration
profiles for plain drug and nanoparticle formulations were chosen for
six drug molecules administered by three different routes of admin-
istration, i.e., oral, intraduodenal, and intravenous. Table 1 summa-
rizes the drug name, particle size, surface charge, route of adminis-
tration, species of study, and dose of drug. Except for camptothecin
IT-101, which is a soluble conjugate, all other nanoformulations are
particle dispersions. To compare the effect of nanoformulation on
pharmacokinetic parameters, compartmental modeling was performed
after intravenous, intraduodenal, and oral administrations and com-
pared with plain drug formulation. To study the effect of surface
charge of nanoparticles on pharmacokinetic parameters, the phar-
macokinetic profiles of positive, negative, and neutral nanopar-
ticles were assessed. The data set contained only the small drug
molecules and not the macromolecules such as proteins and plas-
mids because of the paucity of PK profile data for macromolecules
encapsulated in nanoparticles.

Pharmacokinetic Modeling after Intravenous Administration.
Intravenous data were available for camptothecin solution and its
polymer conjugate, 9-nitrocamptothecin solution and nanoparticles,
and epirubicin solution and nanoparticles. For camptothecin, a single-
compartment model showed a poor fit to the data for both drug
solution and the polymer conjugate (AIC � 6.6 and �6.6, respec-
tively). Addition of a second distribution compartment improved the
fit significantly for drug solution and nanoparticles (AIC � �14.3 and
�9.3, respectively). The best-fit model along with a PK parameter
summary is given in Fig. 1. The polymer-drug conjugate showed
266-fold lower apparent plasma clearance, 11-fold lower apparent
volume of distribution, and 19 times longer apparent circulation
half-life than the plain drug.

For 9-nitrocamptothecin, a single-compartment model provided a
good fit for drug solution (AIC � �20.2) and a reasonable fit for
nanoparticles (AIC � 1.16). Addition of a distribution compartment
resulted in a significant improvement in the fit to the data for nano-
particles with a significant reduction in AIC value (AIC � �10.4).
Comparison of PK parameters showed that nanoparticles had a 5.4-fold
lower apparent clearance, 7.1-fold lower apparent volume of distribution,
and 2.6 times longer apparent circulation half-life (Fig. 2).

For epirubicin solution and nanoparticles, the single-compartment
model showed a poor fit to the data (AIC � 1.2 and 6.6, respectively);
however, addition of distribution compartment improved the fit sig-
nificantly for the solution (AIC � �7.7). For epirubicin nanoparticles,
addition of a second compartment improved the fit (AIC � �12.6),
but visual observation of the weighted residual plot and concentration
time plot suggested that a model with three compartments might be a
better model. Addition of a second distribution compartment resulted
in a significant improvement in the fit (AIC � �23.3) for epirubicin
nanoparticles compared with the one- and two-compartment models
(Fig. 3). Comparison of PK parameters for the final selected models
showed that the nanoparticles had 11.9-fold lower apparent clearance,
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1.2-fold lower apparent volume of distribution, and 7.2 times longer
apparent circulation half-life (Fig. 3).

Pharmacokinetic Modeling after Oral Administration. Data sets
for two drug molecules administered either orally or intraduodenally
as solution or suspension and their nanoparticles were used for PK
modeling. The model development was started with one-compartment
extravascular administration, with drug dosing in the GI compartment.
A distribution compartment was added when necessary to achieve the
best fit.

For vinpocetine drug solution and nanoparticles, the pharmacoki-
netic compartmental modeling was started with a one-compartment
model describing the GI tract and blood compartment and elimination
from the blood compartment. For vinpocetine solution, a one-
compartment model showed a better fit than a two-compartment
model (AIC � �10.8 and �6.8, respectively), but the predicted
maximum concentration (Cmax) was lower than the observed one.
Addition of a lag time component to the one-compartment model for
vinpocetine solution improved the fit significantly (AIC � �15.4)
and the predicted Cmax value was closer to the observed value (Fig. 4).
For vinpocetine nanoparticles, a two-compartment model with lag
time (Fig. 4) provided a better fit to the data than a one-compartment
model (AIC � �23.1 versus �16.4). Comparisons of the PK param-
eters for the final selected models showed that incorporation of drug
in nanoparticles results in 4.5-fold lower apparent clearance (CL/F),
1.7-fold lower apparent volume of distribution (V/F), and 1.8 times
longer apparent circulation half-life (Fig. 4) than the plain drug.

For clozapine drug suspension and nanoparticles, the data were
available for both intravenous and intraduodenal administration. The
compartmental modeling was performed using simultaneous fit to the
intraduodenal and intravenous plasma data. All of the PK parameters
except the absorption rate constant and fraction absorbed were com-
mon for both intraduodenal and intravenous data. After intravenous
administration, both nanoparticles and suspension could be explained
well by a two-compartmental model, and, therefore, simultaneous fit
was performed using a two-compartmental model. Model predicted
and observed data fit along with comparisons of PK parameters for the
final selected models are given in Fig. 5. As shown in Fig. 5,
incorporation of drug in nanoparticles results in 2.95-fold lower
apparent clearance (CL), 1.74-fold lower apparent volume of distri-
bution (V), 1.7 times longer apparent circulation half-life, 2.1-fold
higher apparent absorption rate constant(ka), and 1.5-fold higher
fraction absorbed (F).

Effect of Surface Charge of Nanoparticles on Absorption and
Elimination. To investigate the effect of surface charge of nanopar-
ticles on PK profile, compartmental modeling was performed on
positively and negatively charged cyclosporine nanoparticles admin-
istered orally and positively and neutrally charged clozapine nanopar-
ticles administered intraduodenally and intravenously. The two-com-
partment models showed a better fit to the data after the oral route of
administration for both clozapine nanoparticles and cyclosporine
nanoparticles (Figs. 6 and 7). Comparisons of PK parameters for the
final selected model for clozapine nanoparticles are given in Fig. 6.
After intravenous administration, neutral clozapine nanoparticles
showed 2-fold higher apparent clearance and 2-fold lower apparent
circulation half-life compared with positively charged nanoparticles
(Fig. 6). After intraduodenal administration, negatively charged nano-
particles had 2.3-fold higher apparent clearance and 5.3-fold lower
apparent circulation half-life than positively charged clozapine nano-
particles. Comparisons of PK parameters for the final selected models
for cyclosporine nanoparticles are given in Fig. 7. For cyclosporine,
negatively charged nanoparticles exhibited 3-fold higher apparent
plasma oral clearance and 3-fold lower apparent circulation half-life
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than the positively charged nanoparticles. Differences in the apparent
absorption rate constant were not as large (1.45-fold higher for pos-
itively charged nanoparticles).

Discussion

The relative role of enhanced uptake/absorption versus reduced
clearance on enhanced delivery and efficacy achieved by biodegrad-
able, drug-loaded nanoparticles is unclear. It is generally assumed that
the enhanced uptake/absorption is responsible for the enhanced de-
livery and efficacy observed with nanoparticles. In this study, on the
basis of compartmental pharmacokinetic analysis of literature data for
drug disposition after administration of plain drug and nanoparticle
formulations by oral, intraduodenal, and intravenous routes of admin-
istration, we assessed the contribution of changes in absorption and
clearance to the delivery of six drug molecules. We observed that the
total body apparent clearance and the elimination rate constants were
severalfold lower for the drug encapsulated in nanoparticle formula-
tions than for the plain drug after oral, intraduodenal, and intravenous
administrations. The effect of nanoparticle formulation on the absorp-

tion rate constant after oral administration was less substantial. Fur-
thermore, our analysis also shows that positively charged nanopar-
ticles evaluated in this study offer lower apparent clearance and
elimination rate constants and hence longer apparent circulation half-
life and higher plasma AUC. These findings are further elaborated on
below.

Some of the previous literature reports showed rapid clearance and
very short circulation half-lives for nano- and microsystems after
intravenous administration compared with those for the plain drug
(Grislain et al., 1983; Verrecchia et al., 1995). Keeping the rapid
clearance of nanoparticles in mind, many investigators may have
interpreted enhanced efficacy of nanosystems to be a result of en-
hanced uptake in the target organ. Various attempts were made in the
literature to prolong the circulation half-life for nanoparticles. Some
examples include the use of polyethylene glycol, polyvinyl alcohol,
polysaccharides, and surfactants such as poloxamer to coat the surface
of nanosystems to reduce the opsonization and clearance by the
reticuloendothelial system (Papahadjopoulos et al., 1991; Gref et al.,
1994; Slepushkin et al., 1997). On the basis of these developments and

FIG. 1. Model predicted and observed concen-
trations of camptothecin in plasma after intrave-
nous administration in female Sprague-Dawley
rats. Two-compartment model for camptothecin
solution and polymer conjugated camptothecin
(IT-101). kel, elimination rate constant from the
plasma compartment; k12, rate constant for
transfer of drug from the plasma compartment
to the distribution compartment; k21, rate con-
stant for transfer of drug from the distribution
compartment to the plasma compartment.

FIG. 2. Model predicted and observed concen-
trations of 9-nitocamptothecin in plasma after
intravenous administration in male Wistar rats.
One-compartment model for 9-nitocamptoth-
ecin solution and two-compartment model for
polymeric nanoparticles of 9-nitrocamptoth-
ecin. kel, elimination rate constant from the
plasma compartment; k12, rate constant for
transfer of drug from the plasma compartment
to the distribution compartment; k21, rate con-
stant for transfer of drug from the distribution
compartment to the plasma compartment.
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pharmacokinetic principles, it is critical to dissect the contributions of
reduced drug clearance (measured as changes in total body clearance
and/or apparent elimination rate constant) and enhanced absorption
(measured as apparent rate constant for absorption or fraction ab-
sorbed) to enhanced drug delivery achieved by nanosystems.

To determine the contribution of change in apparent clearance to
plasma pharmacokinetics, compartmental modeling was performed on
plain drug as well as on nanosystems of camptothecin, 9-nitrocamp-
tothecin, and epirubicin after intravenous administration (Figs. 1, 2,
and 3). Entrapment of these drugs in nanosystems resulted in reduced
apparent clearance, longer apparent circulation half-life, and lower
apparent volume of distribution, leading to protracted drug exposure
or AUC in the plasma. Because apparent volume of distribution is
lower for nanoparticles compared with that for the drug, longer
apparent circulation half-life does not appear to be a result of rapid

deposition of nanoparticles in tissues followed by slow drug redistri-
bution to blood. Furthermore, distribution compartment parameters
k12 and k21 were lower for nanoparticles than for plain drug after
intravenous administrations, indicating slower distribution of drug to
peripheral tissues for nanoparticles than for the plain drug (Figs. 1 and
3). Because of the large size of nanoparticles, small gaps between
endothelial cells of blood vessels in peripheral tissues hinder the
delivery of nanoparticles, resulting in reduced apparent volume of
distribution for nanoparticles compared with that for plain drugs. For
camptothecin and 9-nitorcamptothecin, nanosystems exhibited 11-
and 7-fold lower apparent volumes of distribution compared with
those for the plain drugs (Figs. 1 and 2).

Clinical applicability of camptothecin was limited by instability of
the lactone ring, which rapidly hydrolyzes in vivo to inactive carbox-
ylate metabolite (Scott et al., 1993; Schluep et al., 2006). Conjugation

FIG. 3. Model predicted and observed concen-
trations of epirubicin in plasma after intrave-
nous administration in male Wistar rats. Two-
compartment model for epirubicin solution and
three-compartment model for self-assembled
curdlan and cholesterol nanoparticles of epiru-
bicin. kel, elimination rate constant from the
plasma compartment; k12, rate constant for
transfer of drug from the plasma compartment
to the distribution compartment; k21, rate con-
stant for transfer of drug from the distribution
compartment to the plasma compartment; k13,
rate constant for transfer of drug from the
plasma compartment to the second distribution
compartment; k31, rate constant for transfer of
drug from the second distribution compartment
to the plasma compartment.

FIG. 4. Model predicted and observed concen-
trations of vinpocetine in plasma after oral ad-
ministration in male Wistar rats. One-compart-
ment model for vinpocetine solution and two
compartment model for vinpocetine solid-lipid
nanoparticles. ka, absorption rate constant from
GI tract to the plasma; kel, elimination rate
constant from the plasma compartment; k12,
rate constant for transfer of drug from the
plasma compartment to the distribution com-
partment; k21, rate constant for transfer of drug
from the distribution compartment to the
plasma compartment.
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of camptothecin to a cyclodextrin-based polymer (IT-101) reduces
metabolic clearance by increasing chemical stability of the lactone
ring and reduces renal clearance by increasing the size, thereby
prolonging the circulation half-life (Schluep et al., 2006). Similar to
camptothecin, 9-nitrocamptothecin has the lactone ring instability
(Chow et al., 2000). Furthermore, 9-nitrocamptothecin undergoes
phase I and phase II hepatic metabolism (Li et al., 2003). Encapsu-
lation of drug in polymeric nanoparticles imparted both chemical and
metabolic stability to 9-nitrocamptothecin, resulting in reduced he-
patic clearance and prolonged circulation half-life (Dadashzadeh et
al., 2008). Epirubicin, an antineoplastic drug, undergoes extensive
hepatic metabolism (Gurney et al., 1998), and encapsulation of drug
in nanoparticles reduces its hepatic clearance.

Nanoparticles are widely gaining attention as drug delivery systems
for oral administration of drugs having poor oral bioavailability. In
addition to enhancing drug absorption through cell-mediated uptake
(Florence, 2005), drug-loaded nanoparticles can reduce transporter-
mediated efflux (Ling et al., 2010). Furthermore, drug entrapment in
nanoparticles protects the drug from degradation by adverse condi-
tions in the gastrointestinal tract (Italia et al., 2007; Mittal and Kumar,
2009) and reduces hepatic first-pass metabolism (Anand et al., 2007;
Mittal et al., 2007). Protection of drug from degradation/metabolism
in the gastrointestinal tract and liver reduces the metabolic clearance
and enhances the apparent rate constant for absorption and fraction
absorbed. At times in the literature, the enhanced delivery with
nanoparticles after oral administration was translated as a conse-

FIG. 5. Model predicted and observed concen-
trations of clozapine in plasma after intraduo-
denal (ID) and intravenous (IV) administration
in male Wistar rats. Two-compartment model
for clozapine suspension and clozapine solid-
lipid nanoparticles. ka, absorption rate constant
from GI tract to the plasma; kel, elimination
rate constant from the plasma compartment;
k12, rate constant for transfer of drug from the
plasma compartment to the distribution com-
partment; k21, rate constant for transfer of drug
from the distribution compartment to the
plasma compartment.

FIG. 6. Model predicted and observed concentra-
tions of clozapine in plasma after intraduodenal
and intravenous administration of nanoparticles
(NP) in male Wistar rats. Two-compartment
model for neutral charged solid-lipid nanopar-
ticles and positively charged solid-lipid nano-
particles. ka, absorption rate constant from GI
tract to the plasma; kel, elimination rate con-
stant from the plasma compartment; k12, rate
constant for transfer of drug from the plasma
compartment to the distribution compart-
ment; k21, rate constant for transfer of drug
from the distribution compartment to the
plasma compartment.
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quence of enhanced permeability processes (El-Shabouri, 2002; Gelp-
erina et al., 2005; Luo et al., 2006; Mittal et al., 2007). We performed
plasma pharmacokinetic analysis for orally administered nanopar-
ticles and plain drug formulations of vinpocetine and clozapine to
determine the contribution of reduced clearance to enhanced drug
delivery observed with nanoparticles (Figs. 4 and 5). With oral or
duodenal administration, the nanoparticles showed lower apparent
clearance, lower apparent volume of distribution, lower elimination
rate constant, longer apparent circulation half-life, and higher plasma
AUC than the plain drug administered as solutions or suspensions of
vinpocetine and clozapine, respectively (Figs. 4 and 5). For vinpoce-
tine nanoparticles, the plasma concentration profile was available only
for the oral route of administration; hence, dissection of clearance and
volume of distribution from fraction observed (F) was not possible.
Nanoparticle encapsulation of vinpocetine results in a 4.5-fold reduc-
tion in apparent clearance and 1.7-fold lower apparent volume of
distribution, whereas there was a 2.6-fold increase in apparent absorp-
tion rate constant. After oral administration, vinpocetine undergoes
extensive first-pass metabolism, resulting in low bioavailability
(�7%) (El-Laithy et al., 2011). Furthermore, absorbed drug under-
goes extensive hepatic metabolism and unchanged vinpocetine could
not be detected in urine (Vereczkey et al., 1979). Incorporation of
vinpocetine in solid lipid nanoparticles protected it from enzymatic
degradation and reduced its metabolic clearance (Luo et al., 2006).
For clozapine, plasma concentration profiles were available after both
intravenous and intraduodenal administration of nanoparticles and
plain drug suspension. Simultaneous model fitting of intraduodenal
and intravenous plasma concentration profile gives fraction absorbed,
apparent clearance, and apparent volume of distribution (Fig. 6).
Clozapine nanoparticles showed 1.5-fold higher fraction absorbed,
3.0-fold lower apparent clearance, and 1.7-fold lower apparent vol-
ume of distribution than plain drug suspension after intraduodenal
administration (Fig. 5). Clozapine is a lipophilic molecule that is
rapidly absorbed after oral administration but undergoes extensive
first-pass hepatic metabolism, resulting in poor oral bioavailability
(�30%). Solid lipid nanoparticles of clozapine can be absorbed
through the lymphatic duct and bypass the presystemic hepatic me-
tabolism to an extent after oral administration (Bargoni et al., 1998).
However, clozapine in blood circulation undergoes extensive meta-
bolic clearance, resulting in low plasma half-life (4.8 h for plain

clozapine versus 8.7 h for nanoparticles). Results from clozapine
nanoparticle pharmacokinetics clearly show that orally administered
clozapine nanoparticles enhance drug exposure to the system, in part,
by reducing metabolic clearance.

Nanoparticle surface properties including surface charge, hydro-
phobicity, and functional groups are key determinants of their biolog-
ical fate. Levchenko et al. (2002) showed that negatively charged
liposomes (200 nm) have higher plasma clearance than the neutral
liposomes. On the other hand, according to Kataoka and colleagues
(Yamamoto et al., 2001) and Roser et al. (1998), surface charge has no
effect on plasma clearance of poly(ethylene glycol)-poly(D,L-lactide)
micelles (37–39 nm) and albumin nanoparticles (500–600 nm).
Piskin et al. (1994) showed that positively charged polystyrene mi-
croparticles with primary amines have higher phagocytosis and non-
specific internalization compared with the negatively charged micro-
particles. In these prior reports, it was hypothesized that positively
charged nanoparticles of have high nonspecific internalization and
short blood circulation half-life (Alexis et al., 2008). Many attempts
have been made to investigate the effect of surface charges of nano-
particle on pharmacokinetics and tissue distribution, but the contro-
versy remains. To study the effect of surface charge of nanoparticles
on absorption versus clearance, PK modeling was performed for
positively and negatively charged cyclosporine nanoparticles after
oral administration in dogs and for positively and neutrally charged
solid lipid nanoparticles of clozapine after intraduodenal and intrave-
nous administrations in rats. Compartmental modeling of these two
drugs with three different routes of administration unambiguously
showed that positive surface charge resulted in reduced apparent
clearance and longer apparent circulation half-life compared with the
neutral and negatively charged nanoparticles (Figs. 6 and 7). After the
oral route of administration, positively charged nanoparticles of clo-
zapine and cyclosporine exhibited 3.0- to 5.3-fold longer apparent
circulation half-life, respectively, than negative and neutral nanopar-
ticles of these drugs (Fig. 6 and 7). After intravenous administration,
positively charged clozapine nanoparticles have 2.0-fold longer ap-
parent circulation half-life and 1.9-fold lower apparent clearance than
neutral charged nanoparticles. Xu et al. (2009) also showed that
cationic nanoparticles have 9- and 31-fold longer circulation half-life
than untreated and anionic polymeric nanoparticles after intravenous
administration in rats. Another literature report also showed the ac-

FIG. 7. Model predicted and observed concen-
trations of cyclosporine in plasma after oral
administration of nanoparticles (NP) in male
beagle dogs. Two-compartment model for neg-
atively charged and positively charged nanopar-
ticles. ka, absorption rate constant from the GI
tract to the plasma; kel, elimination rate constant
from the plasma compartment; k12, rate constant
for transfer of drug from the plasma compartment
to the distribution compartment; k21, rate con-
stant for transfer of drug from the distribution
compartment to the plasma compartment.
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cumulation of anionic liposomes in liver and spleen (Chonn et al.,
1992).

Although we tried to dissect the contribution of various pharmaco-
kinetic parameters to enhanced delivery with nanosystems, our study
has its limitations. The plasma concentration profiles used in this
study do not distinguish free drug, nanoparticle-bound drug, and
protein-bound drug. Thus, the pharmacokinetic measures of this study
are apparent values based on the total drug concentrations measured in
the nanosystem groups. Furthermore, the amount of drug bound to
plasma proteins may be reduced by the nanoparticle formulation.
Alternatively, particles may bind plasma proteins, altering particle
size, charge, as well as drug release profile in vivo. Drug encapsulated
in nanoparticles is usually inactive and requires drug release for
activity at the target site (Li and Huang, 2008). Failure to release the
active drug molecule at the target site is one possible reason for
clinical failure of nanoparticle formulations. One example is the
cisplatin liposomal formulation (SPI-077). Tumor cisplatin levels
were 4-fold higher for SPI-077 than for plain cisplatin, but the
formulation failed to exert its anticancer activity because of failure to
release cisplatin from the liposomes (Harrington et al., 2001; Andre-
sen et al., 2005). Thus, precautions need to be taken when enhanced
delivery of nanoparticle formulation is correlated to efficacy.

Dissection of the contribution of released versus nanoparticle-
bound drug on pharmacokinetics using simulation is one approach to
understanding in vivo pharmacokinetics; however, development of
simulation models for nanoparticle pharmacokinetics is limited by in
vivo complexity. In addition to the drug being present in multiple
forms including free drug, plasma protein- or tissue-bound drug, and
nanoparticle-bound drug, drug release from polymeric nanoparticles
generally exhibits a triphasic release profile. The first phase is burst
release governed by fast release of surface adsorbed drug, the second
phase is first-order diffusion of drug from the polymeric matrix, and
the third phase is first-order release due to degradation of the poly-
meric matrix) (Zweers et al., 2006). Because the drug released from
the nanoparticle will probably exhibit pharmacokinetic parameters
similar to those with plain drug dosing, the pharmacokinetic param-
eters reported for nanoparticle groups in this study should be consid-
ered as apparent values. Furthermore, in vivo clearance and distribu-
tion of nanoparticles is governed by various factors including
nanoparticle material, size, shape, hydrophilicity, surface charge, and
surface chemistry. Alexis et al. (2008) have reviewed the factors
affecting clearance and distribution of polymeric nanoparticles in
vivo.

In summary, we have shown the influence of reduced apparent
clearance on enhanced exposure reported for various nanoparticles
using pharmacokinetic modeling. We have suggested that encapsula-
tion of drug molecules in nanoparticles significantly reduces the
apparent drug clearance from plasma, thereby enhancing the apparent
drug circulation half-life and potential cumulative drug delivery to the
target tissues. Furthermore, we have suggested that some positively
charged nanoparticles have longer apparent circulation half-life and
reduced plasma clearance than neutral and negatively charged nano-
particles, resulting in better delivery. In addition to reduced clearance
in the lumen of the gastrointestinal tract, liver, and circulation, it is
anticipated that reduced clearance from tissues at the site of admin-
istration or absorption may also contribute to enhanced drug exposure
with nanoparticles.
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