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Abstract: Z-GP-Dox, the FAPo (fibroblast activation protein-ot)-based doxorubicin prodrug,
demonstrates excellent tumor targeting effects and a favorable toxicokinetic profile. However, the
insoluble nature of Z-GP-Dox becomes a significant barrier to drug administration, particularly
when it comes to the clinical stage. Here we developed a nanomicelle system to facilitate the
systemic delivery of Z-GP-Dox, and evaluated its disposition in rats following administration
of the micelles using a physiologically-based pharmacokinetic model. Z-GP-Dox-loaded mixed
nanomicelles (ZGD-MNs) were prepared by dispersion of an ethanol solution of Z-GP-Dox,
lecithin, and sodium oleate in water. The obtained ZGD-MNs were 86.6 nm in size with a drug
loading of 14.03%. ZGD-MNs were fairly stable in phosphate-buffered saline and showed sat-
isfactory physical and chemical stability over a 2-week observation period. Accumulative drug
release was more than 56% within 24 hours. Further, the physiologically-based pharmacokinetic
rat model consisting of various organs (ie, heart, liver, spleen, lung, kidney, and intestine) was
fitted to the experimental data following administration of ZGD-loaded cosolvent (control)
or micelles. Derived partition coefficient values revealed that the nanomicelles significantly
altered the biodistribution of Z-GP-Dox. Of note, drug distribution to the lung, liver, and spleen
was greatly enhanced and the fold change ranged from 2.4 to 33. In conclusion, this is the first
report of a mixed micelle system being a viable carrier for delivery of Z-GP-Dox. Also, the
pharmacokinetic behavior of Z-GP-Dox was satisfactorily described by the physiologically-
based pharmacokinetic model.

Keywords: doxorubicin, Z-GP-Dox, micelles, systemic delivery, pharmacokinetics,
physiologically-based pharmacokinetic model

Introduction
Fibroblast activation protein-o. (FAPo) is a membrane prolyl-specific proteinase. The
FAPo enzyme is of great interest in prodrug design for tumor targeting due to its selec-
tive and high expression in reactive stromal fibroblasts of epithelial cancers.! Z-GP-Dox
(Figure 1A) is an FAPa-based doxorubicin prodrug that selectively releases doxorubicin in
tumors, showing enhanced anticancer effects and an improved toxicity profile.? However,
the insoluble nature of Z-GP-Dox becomes a significant barrier to drug administration,
particularly when it comes to clinical trials. Therefore, it would be of great value to solve the
solubility problem and achieve systemic delivery of this promising anticancer prodrug.
A variety of nanocarrier systems have shown great potential in drug solubilization,
including liposomes,* microemulsions,* nanoparticles,” and micelles.® Of these,
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Figure | Quantification of Z-GP-Dox by UPLC-QTOF/MS.
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Notes: (A) Chemical structure of Z-GP-Dox (N-terminal carbobenzoxy-glycyl-L-proline-4-(Z)-blocked dipeptides derivative of doxorubicin). (B) Representative
chromatograms for quantification of Z-GP-Dox by UPLC-QTOF/MS using a 4-minute gradient elution. The bottom panel is the total ion chromatogram (TIC), whereas the

top panel is the extracted ion chromatogram (EIC) of Z-GP-Dox.

Abbreviations: Gly, glycine; Pro, proline; UPLC, ultraperformance liquid chromatography; QTOF, quadrupole time-of-flight; MS, mass spectrometry; FAPq, fibroblast

activation protein-o.

micelles are becoming a powerful tool for systemic deliv-
ery of insoluble drugs.”!' Micelles are colloidal nanopar-
ticulates self-assembled from amphiphilic molecules with
a hydrophobic core inside and a hydrophilic shell outside.'?
The hydrophobic core serves as a drug reservoir, whereas
the hydrophilic shell provides a hydrodynamically stable
surface that can be modified for targeting effects. Due to
safety concerns, lecithin is the material most frequently used
to fabricate the micelles for intravenous delivery. Further,
a combination of lecithin and a different type of surfactant
(eg, bile salts) is often utilized in developing a micelle system
(so-called “mixed micelles™).”'>!* This is because lecithin (or
a phospholipid) alone is generally unable to form stable fine
micelles because of a lower hydrophilic-lipophilic balance
value and/or inadequate solubilization power.'
Physiologically-based pharmacokinetic (PBPK) model-
ing has gained increasing attention in drug research and
development.'®!” A PBPK model quantitatively describes drug
absorption, distribution, metabolism, and elimination in the
body, facilitating a deeper understanding of the effects of these
intricate processes on drug exposure and how these processes
interact with each other.!'®*!* An important feature of a PBPK
model is that it allows extrapolation of data from a preclinical
animal species to humans, thereby providing excellent guidance
on clinical trials.?® Although PBPK modeling has become a
powerful tool in identifying the factors determining drug phar-
macokinetics, its ability to evaluate the effects of the formulation
factor on drug disposition has not been fully established.!

In this study, we aimed to develop a mixed micelle system
that can enhance the solubility of Z-GP-Dox and facilitate
intravenous delivery of the drug. A combination of lecithin and
sodium oleate (SO) was used to fabricate mixed nanomicelles
using the solvent-diffusion technique. SO is a nonendog-
enous fatty acid salt that is frequently used in injectable lipid
emulsions,? and has been approved as a pharmaceutical excip-
ient for injection purposes in the People’s Republic of China.
The potential of nanomicelles self-assembled from lecithin
and SO for systemic delivery of Z-GP-Dox was investigated.
Further, whole-body PBPK modeling was used to compare
the disposition of Z-GP-Dox in rats following administration
of the drug micelles or the cosolvent (control).

Materials and methods

Materials

Z-GP-Dox was synthesized in our laboratory as described
elsewhere.? Soybean lecithin (S100) was obtained from
Lipoid KG (Ludwigshafen, Germany). SO was purchased
from Sigma-Aldrich (Shanghai, People’s Republic of
China). Deionized water was prepared using a water purifier
(Chengdu, People’s Republic of China). All other chemicals
were of analytical grade and used as received.

Preparation of Z-GP-Dox-loaded mixed

nanomicelles
Z-GP-Dox-loaded mixed nanomicelles (ZGD-MNs) were
prepared using the solvent-diffusion technique with a slight
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modification.? In brief, Z-GP-Dox, lecithin, and SO were
dissolved in 90% ethanol and then slowly injected into water
using a microsyringe. The materials were spontaneously
assembled into nanomicelles upon diffusion of the solvent
into the aqueous phase. Residual ethanol was removed under
reduced pressure by a rotary evaporator, and the nanosus-
pension was condensed to an appropriate volume (keeping
the Z-GP-Dox concentration at around 3.0 mg/mL). Factors
affecting the performance of nanomicelles were investigated,
including the amounts of SO, drug, and lecithin, as well as
water volume upon injection.

Characterization of ZGD-MNs

The particle size of the ZGD-MNs was determined by
dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) at 25°C. To measure particle size,
1 mL of the sample was transferred into a disposable cuvette
and then subjected to laser diffraction after equilibration for
120 seconds. The mean particle size was calculated using
the built-in software.

Transmission electron microscopy was used to observe
the morphology of the ZGD-MN:s. In brief, an aliquot of
ZGD-MNs was dropped onto a carbon-coated copper grid
and dried using a heat lamp. The anchored nanoparticles were
inspected by transmission electron microscopy (Tecnai 10,
Philips, Eindhoven, the Netherlands) and photographed at
an acceleration voltage of 100 kV.

Z-GP-Dox is almost insoluble in water (less than
25 ug/mL), so the amount of free drug in the micelle system is
negligible relative to the micellar drug. Therefore, the drug load
parameter is more indicative for evaluation of the formulation
than encapsulation efficiency. The drug load of the ZGD-MN5s
was determined by separating nonentrapped and free Z-GP-
Dox from the micelle system. Briefly, the micelle system was
centrifuged at 8,000 g for 3 minutes to remove nonentrapped
bulk drug. The resulting ZGD-MNs were then subjected to
centrifugal filtration to further remove free drug using a centrifu-
gal filter device (Amicon® Ultra-0.5, molecular weight cut-off
50,000, Millipore, Billerica, MA, USA). The concentration of
Z-GP-Dox entrapped in the mixed micelles was quantified by
ultraperformance liquid chromatography/quadrupole time-of-
flight mass spectrometry (UPLC-QTOF/MS). The drug load
was estimated according to the following equation:

Drug load (%) =M_ /(M

ent

+ M, ) x100%

where M_ is the amount of Z-GP-Dox entrapped in the
micelles quantified on the basis of the concentration of

micellar Z-GP-Dox, calculated from the difference of ini-
tial concentration of drug X initial volume of micelle — free
concentration of drug X volume of filtrate; M__denotes the
amount of all excipients used in the micelles quantified based
on weighing.

In vitro release study

Drug release from the mixed micelles was performed using
a dialysis method. In brief, 2 mL of ZGD-MNs was dia-
lyzed at 37°C against 900 mL of phosphate-buffered saline
(pH 7.4) medium containing 0.1% (w/v) sodium dodecyl
sulfate as a solubilizer. At predetermined time points, 5 mL
of the sample was withdrawn and immediately replaced with
the same volume of fresh medium. Z-GP-Dox concentrations
were determined by UPLC-QTOF/MS and the percentage of
drug release was calculated as the mean + standard deviation
(n=3). The release study was terminated at 24 hours based
on assessment on the pharmacokinetic curve previously
performed in our laboratory.

Stability studies

For evaluation of stability, the nanomicelle suspensions were
stored at room temperature (25°C+2°C) for 2 weeks and the
changes in particle size and drug content with time were
determined. Moreover, the dilution stability of ZGD-MNs
in the blood was simulated in vitro using a physiological
buffer solution (0.14 M NaCl, 20 mM phosphates, pH 7.2).%
Typically, 5 mL of ZGD-MNs was added into 500 mL of
phosphate-buffered saline. The particle size was monitored
real-timely upon dilution against the medium. The stability of
the ZGD-MNs was gleaned from particle size, polydispersity
index, and the percentage of drug remaining.

Pharmacokinetic study of Z-GP-Dox

The pharmacokinetic study was performed in male Sprague-
Dawley rats weighing 180-220 g. All animal experiments
were conducted following the Guidelines on the Care and
Use of Animals for Scientific Purposes (2004, Singapore)
and the protocol was approved by the experimental animal
ethical committee of Jinan University (Guangzhou, People’s
Republic of China). The rats were randomly divided into two
groups (n=5), ie, a control (cosolvent) group and a micelle
group. The control group received the Z-GP-Dox cosolvent
(45% propylene glycerol) by intravenous injection at a dose
of 10 mg/kg body weight, whereas the micelle group received
ZGD-MNs at the same dose. At predetermined time points
(5, 15, and 30 minutes, and 1, 2, 4, 6, and 8 hours) after drug
administration, the rats were rendered unconscious for blood
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and tissue sampling by injection of phenobarbital. Blood
was collected by cardiac puncture. After washout of blood
with ice-cold saline, the heart, liver, spleen, lung, kidney,
and intestine were rapidly removed, weighed, and stored at
—80°C for further analysis.

The blood samples were processed as described previously.?
The concentrations of Z-GP-Dox in these samples were
analyzed by UPLC-QTOF/MS. The heart, liver, spleen,
lung, kidney, and intestinal tissues were homogenized in
saline solution (1:2, w/v). Next, 0.2 mL of tissue homo-
genate was mixed with 1 mL of acetonitrile containing
2 uM internal standard (SNX-2112). The mixture was then
vortexed and centrifuged at 13,000 g for 15 minutes (4°C).
The supernatant was collected and dried using an Eppendorf
Concentrator Plus (Hamburg, Germany). The residue was
reconstituted in 250 UL of water/methanol (50:50, v/v) and cen-
trifuged at 13,000 g for 15 minutes (4°C). A 3 uL aliquot of the
supernatant was injected into the UPLC-QTOF/MS system.

Quantification of Z-GP-Dox

Quantification of Z-GP-Dox was performed using UPLC-
QTOF/MS. Our instrument configuration and parameter
settings have been described in a previous publication.?® In
brief, chromatographic separation was performed using an
Acquity UPLC BEH column (2.1x50 mm, 1.7 um; Waters,
Milford, MA, USA). A gradient elution was applied using
formic acid (0.1%) in water (mobile phase A) versus formic
acid (0.1%) in acetonitrile (mobile phase B) at a flow rate
of 0.45 mL/min. The gradient elution program was 5%
B at 0—1 minutes, 5%-95% B at 1-2 minutes, 95% B at
2-3.5 minutes, and 95%—5% B at 3.5—4 minutes. Quantitation
was performed based on the full scan analysis and extracted
ion chromatograms using MassLynx version 4.1 as described
elsewhere.?? A typical chromatogram for analysis of Z-GP-
Dox is shown with the drug molecule eluted at 2.73 minutes
in Figure 1B.

PBPK modeling and fitting

A whole-body PBPK model consisting of heart, liver,
spleen, lung, kidney, intestine, and remaining tissue was
constructed to describe Z-GP-Dox disposition in rats follow-
ing administration of the cosolvent or micelles (Figure 2A).
Elimination of Z-GP-Dox primarily occurred via the kidney
and liver, which are represented by CL, and CL,,, respec-
tively. CL,, is the sum of metabolic and biliary clearances.
Drug concentration in each tissue was determined by the
tissue to plasma partition coefficient (Kp, ), plasma flow (Q,),
and organ volume (V). A single-tissue model and the derived

function are illustrated in Figure 2B. The plasma flow and
organ volume values used for model fitting were taken from
the literature.”” The plasma cardiac output (Q_ ) for rats was
calculated as 2.69 L/hour. The mass balance equations (1-8)
for the model are shown as follows:

dc, 0[S _c ] 0
pl dt co Kplu pl
dcht _ Cht
ht dt - Qhr Cpl - Kphf (2)
v dCSp c Cxp 3
sp dt - Q,s‘p pl - Kpsp ( )
V dCin _ Q C Cin (4)
in dt = pl Kpi,,
vV dcrm _ Q C Crm (5)
rm dt — m pl K »
dc C
v —KM_0 |C —— |_CLC 6
kd df kd[ pl kadj R kd ( )
dCli — Q + Q Cin +Q CSP
li dt T Zha pl in Kpm sp Kpsp
(7
Cli
¥ K__CLHCII
li
dClu — Q Clz' + Q Cht + Q Crm
lu dt i Kpﬁ ht Kphl rm Kprm (8)
+ Q de _ Q Clu
kd kad co Kplu

The partition coefficient values (Kp) and the elimina-
tion clearance (CL, and CL,) values were obtained by
simultaneously fitting the PBPK model to experimental
data for plasma/tissue concentrations versus time. PBPK
modeling and fitting was performed with MatLab® software
(Mathsworks Inc, Natick, MA, USA) using a weighting
scheme of 1/y?. Compartmental analysis of the plasma data
was performed using WinNonlin®
Sunnyvale, CA, USA).

software (Pharmsight,

Statistical analysis

The data are expressed as the mean + standard deviation. The
two-tailed Student’s 7-test was used to compare the parameter
difference between the cosolvent (control) group and the
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Figure 2 Whole-body PBPK modeling scheme used in this study.

Notes: (A) Whole-body PBPK model consisted of heart (ht), liver (li), spleen (sp), lung (lu), kidney (kd), intestine (in), and remaining tissues (rm). (B) Schematic illustration

of the single-tissue model approach.
Abbreviation: PBPK, physiologically-based pharmacokinetic.

mixed micelle group. The level of statistical significance
was set at 5% (P<<0.05).

Results and discussion

Preparation and characterization
of ZGD-MNs

The solvent diffusion technique was used to prepare ZGD-
MN:ss for this study. The preparation methods were relatively
straightforward. All ingredients (ie, drug, lecithin, and SO)
were dissolved in 90% ethanol and then slowly injected into
water. Factors that may affect the particle size of the ZGD-
MNss include the amounts of drug, lecithin, and SO, as well
as the volume of water. Various ZGD-MNs were prepared
by varying the level of one factor at a time, while keeping
the others unchanged (Figure 3). SO had significant effects
on the formation of micelles and the drug load (Figure 3A).
Less SO (5 mg) resulted in large micelles and a low drug
load. Equally, a higher SO content was unfavorable for
production of fine micelles. Z-GP-Dox could be solubilized
by SO at a suitable level. However, more SO used in the
formulation might increase the membrane toughness of the
micelles, resulting in development of larger micelles. This
can be inferred from the drug load that the increase of SO

amount posed less effect on drug load enhancement. In the
same way, lecithin affected the performance of micelles that
amiddle proportion of lecithin would generate micelles hav-
ing a smaller particle size (Figure 3B). It was intimated that
there was a synergistic effect between SO and lecithin in the
formation of micelles and drug loading. The effect of drug
amount on the formulation was also significant (Figure 3C).
The drug load was enhanced with an increase in drug amount
below 12 mg, but the particle size of the micelles showed less
change. However, the trends went to the opposite direction
that the particle size was significantly raised and the drug
load declined at a high drug level, indicating a limited drug
load capacity provided by the micelle system. The water
volume in the organic phase versus aqueous phase upon
injection was another factor affecting the properties of the
micelles (Figure 3D). A low water-organic phase ratio was
not conducive to spontaneous formation of micelles due to
the space limitation. A water volume above 6 mL (to 1 mL
ethanol solute) was appropriate for production of Z-GP-Dox-
loaded micelles.

Based on these results, a typical micelle formulation con-
sisting of 12 mg Z-GP-Dox, 10 mg SO, and 75 mg lecithin
was selected to obtain nanoscale micelles (<100 nm). Using
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Notes: The histogram represents the particle size of the micelles and the line denotes the drug load of the micelles. The data are expressed as the mean = standard deviation (n=3).

the above formula, the obtained ZGD-MNs had a particle size
of 86.6 nm with a polydispersity index of 0.269 (Figure 4A).
The size at such a level tends to prevent rapid clearance of
nanocarriers from the body and reduce nonspecific protein
binding and uptake by the reticuloendothelial system.??* The
zeta potential was determined to be —48.4 mV, a value that is
associated with a stable colloidal system. ZGD-MNs showed
an acceptable drug load of 14.03%, and the concentration of
Z-GP-Dox was 3.0 mg/mL, ie, satisfactory for intravenous
delivery. In addition, our prepared MNs were shown to be
spherical on transmission electron microscopy (Figure 4B).
The particle size estimated from the scale bar (400 nm) was
roughly consistent with the hydrodynamic size given by the
Nano ZS analyzer.

Drug release

The release profile of Z-GP-Dox from the micelles is shown
in Figure 5. The cumulative release increased as a function of
time, indicating that drug release into the medium was contin-
uous. This was suggestive of a passive diffusion mechanism
for release of Z-GP-Dox. The observed release pattern was
consistent with that seen with other micelle systems in the
literature.**3! It was noteworthy that release was fairly slow

in the first few hours. With the passage of time, the release
was accelerated by degrees. This may be explained by the
disassembly of micelles as the result of a dilution effect, since
the volume of release medium was far more than that of the
micelle sample. The cumulative release of Z-GP-Dox was
up to 56.87% within 24 hours, suggesting that Z-GP-Dox
could be released from the nanomicelles. The pharmacologi-
cal function of Z-GP-Dox would not be shielded because of
encapsulation into the micelle. From the release kinetics, it
can be observed that the major portion of Z-GP-Dox was
retained in the micelles in the initial stages. This slow release
allowed ZGD-MN:s to circulate in the blood in the form of
micelles, avoiding drug recrystallization. Meanwhile, the
accelerated release seen upon dilution allowed the nanomi-
celles to exert the pharmacological effects of Z-GP-Dox at
the target sites in a timely manner.

Stability of ZGD-MNs

Figure 6 shows the changes in particle size and polydisper-
sity index of ZGD-MNs as a function of time. There was
no significant difference in particle size between the vari-
ous time points of storage (Figure 6A) (one-way analysis
of variance, P>0.05). Although the polydispersity index
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Figure 4 Characterization of Z-GP-Dox-loaded mixed micelles (ZGD-MNs).
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-
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Notes: (A) Size measurement of ZGD-MNs. (B) Morphology of ZGD-MNs determined by transmission electron microscopy.
Abbreviation: ZGD-MNs, Z-GP-Dox-loaded mixed nanomicelles; d, diameter; nm, nanometer.

fluctuated on a daily basis, the value was between 0.25
and 0.37, demonstrating acceptable physical stability. The
Z-GP-Dox content in the micelle suspensions at 14 days was
measured to be 99.41%x0.78% of the initial level, indicating
satisfactory chemical stability.

The particle size changes of ZGD-MNs upon dilution
against an excess of physiological buffer are shown in

1007 Z-GP-Dox release at pH 7.4
804
60-
40-

20+

Cumulative Z-GP-Dox
release (%)

0 T Ll

0 4 8 12 16 20 24

Time (hour)

Figure 5 Release curve of Z-GP-Dox from nanomicelles performed based on a
dialysis method (n=3, mean + standard deviation).

Figure 6B. The particle size of ZGD-MNs slowly increased
with the extension of dilution. The particle size increased by
37.94% (from 80.4 nm to 110.9 nm) after 24 hours. Although
the rise in particle size was less rapid, the polydispersity
index was significantly broadened with time. This might be
ascribable to dissociation of partial micelles due to dilution.
From the point of nanoarchitecture being kept, it can be
predicted that the nanomicelles would not break up immedi-
ately and abruptly release Z-GP-Dox into the blood. Overall,
the ZGD-MNs showed satisfactory physical, chemical, and
physiological stability.

Pharmacokinetic profiles and tissue
distribution of Z-GP-Dox

The plasma concentration-time profiles displayed two distinct
phases following intravenous administration of cosolvent
(control) or nanomicelles (Figure 7). The data were analyzed
using the compartmental approach and found to be well
described by the two-compartment model (Figure 7, Table 1).
Drug elimination was significantly faster in the nanomicelle
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Notes: (A) Short-term (2-week) investigation of storage stability performed under ambient conditions. (B) Blood circulation stability investigation simulated in phosphate-

buffered saline (pH 7.2).

Abbreviations: PDI, polydispersity index; ZGD-MNs, Z-GP-Dox-loaded mixed nanomicelles.

group than in the cosolvent group (P<<0.05). The elimination
half-life for the control group was almost double that for the
micelle group (2.97+0.408 hours versus 1.51£0.172 hours,
respectively). As already known, the liver and kidney are
the main organs responsible for drug elimination. Micelles
are colloidal nanoparticles that are easily sequestered
into the organs of the reticuloendothelial system,* ie, the
liver, spleen, and lymph. The rapid elimination of micellar

Z-GP-Dox could be attributable to sequestration in the liver
and its subsequent elimination. It was consistent with the
outcomes of tissue distribution.

Following administration of the cosolvent, the organ
exposures (AUC , area under the curve) of Z-GP-Dox were
1.49, 14.1, 28.3, 51.5, 21.6, and 156 pg/mL*hour for the
heart, intestine, lung, kidney, spleen, and liver, respectively.
The results indicate that drug distribution to the liver and
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Figure 7 Compartmental analyses of plasma concentration-time profiles.

Notes: The plasma data were well described by the conventional two-compartment
model. Circles and solid circles are the observed values, whereas the solid red line
and blue dashed line are data predicted from the two-compartment model.

kidney was more extensive compared with the other four
organs (ie, heart, intestine, lung, and spleen, Figure 8).
After administration of the nanomicelles, the organ
exposures of Z-GP-Dox were 5.52, 2.42, 37.0, 7.03, 147,
and 277 pug/mL*hour for the heart, intestine, lung, kidney,
spleen, and liver, respectively. Drug distribution was most
extensive in the liver, followed by the spleen, and then the
lung, kidney, heart, and intestine. It was noted that organ
exposures were significantly elevated in the liver and spleen,
but were reduced in the lung, intestine, and kidney. The organ
exposure for the heart was not significantly different between
the control and micelle groups (Figure 8A).

Table | List of pharmacokinetic parameters derived by fitting
the conventional two-compartment model to the plasma data

Parameter Unit Cosolvent Micelles

" L/h 2.2610.891 4.08£1.37
K, L/h 9.50+3.43 1.90+0.835
k,, L/h 1.3340.282 0.698%0.129
[ Hour 0.0539+0.0160 0.111£0.0374
€ Hour 2.97+0.408 1.51£0.172
(OR ug/mL 14.845.16 10.2+4.62
\% L/kg 0.678+0.215 0.98310.446
CL L/h/kg 1.5340.194 4.01£0.661
Vv, L/kg 4.84+0.620 2.67+0.782
CL, L/h/kg 6.44+0.758 1.874£0.713
AUC | ug/mL*h 5.694+0.554 2.47+0.406
AUC, . ug/mL*h 6.53+0.618 2.49+£0.410
AUMC ug/mL*h? 23.5+4.17 2.27+0.280
MRT Hours 3.60+0.515 0.912+0.149
\ L/kg 5.524+0.716 3.66%1.11

ss

Abbreviations: AUMC, area under moment curve; MRT, mean residence time.

Besides cardiotoxicity, doxorubicin-induced renal
toxicity also disappoints its anticancer acceptance.** Reduced
kidney exposure to Z-GP-Dox is advantageous when the
drug is delivered via nanomicelles. Z-GP-Dox is a prodrug
that is much less cytotoxic if it is unable to be cleaved to
doxorubicin, the parent drug. Z-GP-Dox is highly stable in
blood and various tissue homogenates such as the heart and
liver. However, Z-GP-Dox can release doxorubicin in an
opportune manner upon hydrolysis of FAPo. or incubation
with an FAPa-positive tumor homogenate.> In a previous
study, we found that Z-GP-Dox shows significantly lower
accumulation than doxorubicin in the heart at all time points,
but showed higher accumulation in tumor tissue. Generally,
nanocarriers achieve passive tumor targeting via the enhanced
permeation and retention effect.** In our study, the engineered
nanomicelles could competently solubilize, load, and intrave-
nously deliver Z-GP-Dox to target tissues. Use of micelles is
a promising approach to reducing the injection risk as well as
limiting adverse effects and enhancing tumor targeting.

PBPK modeling

The mechanistic PBPK model was fitted to the experimental
data and used to derive the pharmacokinetic parameters
(Table 2). Comparison of tissue-plasma partition coef-
ficient values (K) for control-treated and micelle-treated
rats showed that drug distribution to the liver and spleen
was markedly enhanced by using the nanomicelles
(Figure 8D and E). The K value was increased by 8.2-fold,
whereas the K was increased by 32-fold (Table 2). This is
in accordance with the notion that nanosized micelles have
the ability to target the macrophage system and accumulate
in the liver and spleen.” Enhancement of drug distribution
was also noted in the lung (Figure 8B), where the K . value
was increased by 1.4-fold. In contrast, drug distribution to
the kidney was significantly reduced (Figure 8C), ie, the
K value was 2.6-fold lower in micelle-treated rats when
compared with control rats (2.9620.587 versus 10.6+1.34,
respectively).

Further, no significant difference in K ., was observed
between the control and micelle groups, indicating that
the micelles did not alter the extent of drug distribution to
the intestine (Table 2). This appears to be in conflict with the
significantly higher intestine concentrations (at the later
phase) in control-treated rats when compared with micelle-
treated rats (Figure 8F). However, this may not be the
case. It is noteworthy that the partition coefficient (Kp) is
the ratio of tissue to plasma concentration at steady state.
The K, value rather than the absolute tissue concentration
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Figure 8 Physiologically-based pharmacokinetic modeling of Z-GP-Dox disposition following administration of cosolvent or micelles (10 mg/kg).

Notes: (A) Heart concentrations in control and micelles treated rats. (B) Lung concentrations in control and micelles treated rats. (C) Kidney concentrations in control and
micelles treated rats. (D) Spleen concentrations in control and micelles treated rats. (E) Liver concentrations in control and micelles treated rats. (F) Intestine concentrations
in control and micelles treated rats. Circles and solid circles are observed values, whereas the solid red line and blue dashed line are predicted data from the PBPK model.

Abbreviation: PBPK, physiologically-based pharmacokinetic modeling.

is a direct measure of the extent of tissue distribution.
Although absolute tissue concentrations were higher in
control-treated rats than in micelle-treated rats, the Kp
values for the intestine could be similar because the plasma
concentrations were also higher in control rats than in
micelle-treated rats.

Table 2 List of pharmacokinetic parameters derived by fitting
PBPK model to the data

Parameter Cosolvent (control) Micelles
K 10.6+1.34 2.961+0.587*
Koo 4.44+0.654 152449 4%
K 2.324+0.368 2.18+0.732
ot 2.627+0.105 2.9140.395
CL, 0.0026+0.00022 0.0025+0.00021
Ko 0.0537+0.0283 0.0227+0.00654*
o 4.84+0.967 11.4+4.86*
CL, 0.0155+0.00140 0.0163+0.00210
K 10.2+1.08 93.4+25.7*

pli

Note: Kp denotes the partition coefficient value of organs or tissues. *Significant
difference between micelle-treated rats and controls (P<<0.05).

Abbreviation: PBPK, physiologically-based pharmacokinetic; kd, kidney; sp, spleen;
in, intestine; ht, heart; lu, lung; rm, remaining tissue; li, liver.

The CL,, (and CL,) values showed no difference between
the control-treated and micelle-treated rats, suggesting that
the micelle system did not alter the elimination of the drug
(Table 2). However, as discussed previously, terminal elimi-
nation of the drug was much faster in micelle-treated rats than
in the controls (Figure 7). This was because the elimination
rate is influenced by both clearance and drug concentration
(rate = clearance X drug concentration). Drug elimination was
faster because drug concentrations in the liver were markedly
increased regardless of hepatic clearance (Figure 8E).

The micelle system showed great potential for enhancement
of Z-GP-Dox solubility and facilitating intravenous delivery
of the drug. However, it also significantly altered the phar-
macokinetic behavior of Z-GP-Dox as compared with the
cosolvent. It is possible to exploit the biodistribution pattern
in cancer treatment using micelles. For example, micelles
may be advantageous in the treatment of spleen and liver
cancers because drug molecules tend to accumulate in these
organs (Figure 8). However, whether the micelles do have
such advantages requires further investigation.
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Conclusion

Z-GP-Dox is a promising doxorubicin prodrug with a
significantly improved toxicity profile. To overcome the
administration difficulties caused by poor solubility, we
developed a mixed micelle system allowing systemic delivery
of Z-GP-Dox. ZGD-MNs were prepared by dispersion of an
ethanol solution of Z-GP-Dox, lecithin, and SO in water.
The obtained ZGD-MNs were 86.6 nm in size with a drug
load of 14.03%. They were stable in phosphate-buffered
saline and drug release was more than 56% within 24 hours.
Further, we evaluated the disposition of Z-GP-Dox in rats
following administration of the cosolvent alone or micelles
using whole-body PBPK models. The K values showed that
the micelles significantly altered the biodistribution of Z-GP-
Dox. Of note, drug distribution to the liver and spleen was
markedly enhanced. In conclusion, this is the first report of
a mixed micelle system being a viable carrier for delivery of
Z-GP-Dox. The pharmacokinetic behavior of Z-GP-Dox was
satisfactorily characterized by the established PBPK model.
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