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Fig. 1. Schematic of the structure of a Dox-bound polymeric micelle (a) and the chemical structure of the block copolymer (b). Polymer-bound Dox can be released as
doxorubicinone by acid hydrolysis. The quantity of released doxorubicinone was used as a measure of the amount of intracellular polymers.

or 48 h. All data were expressed as mean = SD of triplicate data. The
data were then plotted as a percentage of the data from the con-
trol cultures, which were treated identically to the experimental
cultures, except that no drug was added.

2.5. Confocal analysis of live cells

The intracellular trafficking of the Dox-bound micelles in live
cells was examined by confocal microscopy (Carl Zeiss LSM 510,
Oberkochen, Germany, or Nikon A1, Tokyo, Japan). Data were col-
lected using dedicated software supplied by the manufacturers and
exported as tagged image files (TIFs). Hela cells (1.5 x 105) were
plated in 35-mm glass-bottom dishes coated with poly-L-lysine
(Matsunami) in DMEM containing 10% FBS and 100U/mL peni-
cillin/streptomycin. After incubation for two days (37 °C, 5% CO3),
the cells were exposed to 50 j.g/mL Dox-bound polymers in cul-
ture medium. After the indicated durations, the cells were washed
and kept in PBS or HBSS (Invitrogen) for imaging with the confocal
microscope.

2.6. Labeling specific organelles in live cells

After incubation with Dox-bound polymers for 24 h, Hela cells
were washed with HBSS and labeled with organelle-specific fluo-
rescent probes in accordance with the manufacturer’s instructions.
LysoTracker probe (Invitrogen) was used for labeling lysosomes,
and ER-Tracker (Invitrogen) was used for labeling the endoplas-
mic reticulum (ER). A fluorescent Alexa Fluor 488 conjugate of

transferrin (Alexa-transferrin; Invitrogen) was used as an exoge-
nously added endocytic marker to delineate the endocytic recycling
pathway for live cell imaging.

We also used an expression construct containing enhanced cyan
fluorescent protein (ECFP) fused to an Golgi-targeting sequence
derived from human 3-1,4-galactosyltransferase as an Golgi local-
ization marker (ECFP-Golgi). The construct was purchased from
Clontech (Takara Bio Inc., Shiga, Japan). Cells were grown in 35-
mm glass-bottom dishes coated with poly-1-lysine and transfected
with Lipofectamine 2000 (Invitrogen). After overnight incubation,
the cells were exposed to and allowed to internalize Dox-bound
micelles for 24 h and then examined with confocal microscopy.

2.7. Efflux study of DOX-bound polymers or DBD-labeled
polymers using the ABCB1 inhibitor verapamil

Hela cells (1.5 x 10%) were plated in 35-mm glass-bottom
dishes coated with poly-L-lysine in DMEM containing 10% FBS
and 100 U/mL penicillin/streptomycin. After incubation for two
days (37°C, 5% CO,), the cells were exposed to 50 pg/mL Dox-
bound polymers in culture medium for 3h. Cells were washed
with 50 p.g/mL verapamil (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) (Davis et al., 2004; Kolwankar et al., 2005) or 0.1%
dimethyl sulfoxide as a control. After washes, the cells were incu-
bated for another 2 h in HBSS containing the same concentration of
reagent. The cells were collected and processed for measurement of
intracellular concentrations of Dox-bound polymers as described in
Section 2.3. The efflux of DBD-labeled polymers was evaluated by
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measurement of the fluorescent intensity inside cells using confo-
cal microscopy. The intensity of the intracellular fluorescence was
evaluated by image processing software (MetaMorph, Molecular
Devices, CA, USA). The intensity of a single cell was mathemati-
cally determined by dividing the total intensity by the number of
cells. Three independent experiments were averaged and analyzed
statistically with the t-test.

2.8. Knockdown of ABCB1 by siRNA

Stealth RNAI oligonucleotides (Invitrogen) were used for siRNA
experiments. Human ABCB1-siRNA sense, 5'-UCCCGUAGAAACC-
UUACAUUUAUGG-3', and antisense, 5'-CCAUAAAUGUAAGGUUU-
CUACGGGA-3', sequences were used. For a negative control, the
Stealth RNAiI Low GC Negative Control Duplex (Invitrogen) was
used. The Stealth RNAI oligonucleotides were transfected into HeLa
cells by using Lipofectamine RNAi MAX according to the man-
ufacturer’s protocols. After two days, the cells were exposed to
50 pg/mL Dox-bound polymers in culture medium for 3 h. After
incubation, cells were washed with HBSS, and then incubated for
another 2 h in HBSS without polymers. Cells were collected, and the
intracellular polymers were quantified as described in Section 2.3.

2.9. Western blotting

Cells were washed with PBS and lysed in lysis buffer (20 mM
Tris-HCl, pH 7.5; 1 mM EDTA; 10% glycerol; and 1% Triton X-100)
containing protease inhibitors, namely, 2mM phenylmethylsul-
fonyl fluoride and protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO, USA). Samples were electrophoresed on a sodium
dodecyl sulfate (SDS)-polyacrylamide gel (5-20%) and transferred
to a Polyvinylidene fluoride (PVDF) membrane. The blots were
probed with anti-MDR (G-1) antibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) and developed with anti-mouse IgG
peroxidase-linked species-specific whole antibody (from sheep)
(GE Healthcare UK Limited, Little Chalfont, UK) by chemilumines-
cence.

3. Results and discussion
3.1. Physicochemical properties of Dox-bound micelles

The micelle carrier (Fig. 1) consisted of a block copolymer of
PEG (molecular weight about 5000) and poly(aspartic acid) (poly-
merization degree, 30). To increase the hydrophobicity of the inner
core, Dox was partially conjugated (about 45%) to the side chain
of the aspartic acid. Because particle size affects the intracellular
uptake of nanoparticulate formulations, we first examined the par-
ticle size of the micelles without free Dox. The Dox-bound micelles
had a hydrodynamic diameter of about 42 nm at the dosed concen-
tration of 50 pg/mL (Fig. 2a). AFM measurement of the micelles also
confirmed that they were spherical with a particle size of around
40 nm (Fig. 2b). This size of micelle without free Dox is very similar
to that of the micelles containing free Dox in the inner core that
interacts with the conjugated Dox (Nakanishi et al., 2001), indicat-
ing that the presence of incorporated free Dox does not change the
average diameter much.
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Fig. 2. Physicochemical properties of Dox-bound polymeric micelles. (a) Average
size distribution of Dox-bound polymeric micelles by DLS. (b) The upper image
shows an AFM image of Dox-bound polymeric micelles (bar: 1 wm) and the lower
shows the cross-sectional topological profile of the image drawn in the upper panel.

3.2. In vitro cytotoxicity

We examined the in vitro cytotoxicity of the Dox-bound copoly-
mers and the micelles incorporating free doxorubicin. As shown
in Table 1, the cytotoxicity of doxorubicin-bound copolymers was
negligible. This fact has been also reported in the previously pub-
lished paper (Nakanishi et al., 2001). On the other hand, micelles
incorporating free doxorubicin showed equivalent in vitro cytotoxic
activity to free doxorubicin which is not incorporated into miceile.
Therefore, in this system, the doxorubicin was conjugated to the
block copolymer to increase the hydrophobicity of the inner core
of the micelle so that efficient amount of free doxorubicin can be
incorporated into the inner core of the micelles, and its cytotoxicity
was negligible.

3.3. Intracellular uptake of Dox-bound polymers

To evaluate the intracellular uptake of Dox-bound polymers, we
measured their intracellular amount by quantitating the doxorubi-
cinone released from the intracellular polymers by acid hydrolysis
treatment (Fig. 1b). Although the Dox-bound polymers contained
0.02% (w/w) free doxorubicinone as an impurity, no inherent free
doxorubicinone was detected in the cells in any of the experiments
in which we measured the intracellular concentration of doxoru-
bicinone without acid hydrolysis. This result also indicates that

Table 1

1C50 values (pg/mL).
24h 48h
Dox-bound polymer Micelle incorporating free Dox Free Dox Dox-bound polymer Micelle incorporating free Dox Free Dox
>10 0.37 0.27 >10 0.045 0.024
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Fig. 3. Internalization of Dox-bound polymers. (a) Change in the internalized
amount of Dox-bound polymers in cells as indicated by released doxorubicinone
overtime. HelLa cells were incubated in medium containing Dox-bound polymers for
the indicated durations, followed by washes with PBS. The doxorubicinone released
by acid hydrolysis was quantitated as a measure of the amount of intracellular poly-
mers, as described in Section 2. (b) Effect of temperature on the internalization of
Dox-bound polymers. Hela cells were incubated in medium containing Dox-bound
polymers at 37 *C or 4 °C for 3 h, followed by washes with PBS. The amount of intra-
cellular polymers was quantitated by measuring the doxorubicinone released by
acid hydrolysis, as described in Section 2. **P<0.01.

degradation of Dox-bound polymers that releases doxorubicinone
during the experiments was negligible.

We then incubated HeLa cells in medium containing Dox-bound
polymers for 1-24 h. After the incubation, the cells were washed.
By determining the amounts of doxorubicinone released from Dox-
bound polymers by acid hydrolysis of the cells, we were able to
observe a time-dependent increase in the intracellular amount of
Dox-bound polymers (Fig. 3a). Moreover, the amount of polymers
in cells was significantly lower in cells incubated with the polymers
at 4<C than at 37°C (Fig. 3b), indicating that the cells took up the
polymers by endocytosis.

3.4. Intracellular distribution of Dox-bound polymers

The intracellular distribution of Dox-bound polymers was stud-
ied by confocal microscopy using the inherent fluorescence of the
Dox covalently bound to the block copolymers. The Dox-bound
polymers were localized in the perinuclear regions but not in the
nucleus (Fig. 4a). This was different from the localization of free Dox
which was distributed in the nucleus after 1 h (Fig. 4b), as reported
previously (Beyer et al., 2001). This distribution will explain the
fact that in vitro cytotoxicity of Dox~-bound polymers was negligi-
ble (Table 1). To confirm that the Dox was not released from block
copolymers as doxorubicinone (Fig. 1b) during the incubation time
of the experiment, Dox-bound polymers were incubated in cell cul-
ture medium for 1 hat37 “C, and then removed by centrifugal filtra-
tion using a Microcon YM-3 tube (Millipore, MA, USA). The resultant
filtrate was added to the cell culture medium. Confocal microscopy
showed no fluorescence within the cells (Fig. 4c). Furthermore,
when Hela cells were cultured in cell culture medium contain-
ing 20ng/mlL free doxorubicinone, which corresponds to 0.02%
(w/w) of Dox-bound polymers, for 24 h, fluorescence was negligible
within the cells (Fig. 4d). These results show that the fluorescence

(a) Dox-bound polymers

(b) Free-Dox

(c) filtrate

(d) doxorubicinone

Fig. 4. Intracellular distribution of (a) DOX-bound polymers in Hela cells exposed
to 50 ug/mL Dox-bound polymers and (b) free DOX in cells exposed to 5 jug/mL
free Dox for 1 h. Intracellular distribution of DOX-bound polymers in Hela cells (c)
cultured for 24 h in medium containing the filtrate of medium that was preincubated
with Dox-bound polymers, and (d) cultured with 20 ng/mL free doxorubicinone for
24h. Bars: 10 p.m. Asterisk indicates the nucleus.

seen within the cells after Dox-bound polymer incubation is caused
by the uptake of polymers and not by free doxorubicinone or Dox.

We next examined the intracellular localization of Dox-bound
polymers by colocalization studies using fluorescent organelle
markers. The fluorescence derived from Dox-bound polymers coin-
cided well with the specific staining of the ER by ER-Tracker
in double-labeling experiments (Fig. 5a). High-resolution images
showed that both staining procedures clearly stained membranal
structures (Fig. 5b).

Because the Golgi apparatus is also located in the perinu-
clear area and is involved in the intracellular transport of various
molecules, we investigated the localization of the polymers by
transfecting cells with an expression construct containing ECFP
fused to a Golgi-specific protein. As shown in Fig. 5¢, the distri-
bution of polymers in the Golgi was negligible. We also confirmed
that treatment of cells with Lipofectamine treatment did not affect
the distribution of polymers (data not shown).

To what, then, can this particularly strong staining of the per-
inuclear areas be attributed? The perinuclear area is known to be
the microtubule-organizing center (MTOC), an area in eukaryotic
cells from which microtubules emerge and where endosomes and
other endocytotic vesicles cluster (Matteoni and Kreis, 1987). In
fact, a fluorescent staining image showed that the vesicles contain-
ing Dox-bound polymers in the perinuclear area (Fig. 6a, yellow
arrows) coincided with the MTOC, as marked by Alexa-transferrin,
an endocytic marker (Fig. 6a, white arrows). Some of the vesicles
containing polymers were also stained by LysoTracker, a dye that
specifically stains lysosomes (Fig. 6b). These results show that the
polymers are internalized by endocytosis and transported to endo-
somal/lysosomal compartments. Duncan and colleagues, examined
the localization of polymers by using Oregon Green as a fluorescent
tag and found that three water-soluble polymeric carriers, N-(2-
hydroxypropyl)methacrylamide, Dextran, and PEG, localized to late



406 K. Sakai-Kato et al. / International Journal of Pharmaceutics 423 (2012) 401-409

Polymer staining

(a) ER-Tracker
(ER)

(b) ER-Tracker |
(ER-enlarged)

(C) ECFP-Golgi
(Golgi)

Organelle staining

Merge

Fig. 5. Localization of Dox-bound polymers in cells co-stained with organelle-specific markers. Left, images of stained Dox-bound polymers; middle, organelle-specific
fluorescent staining images; right, merged images of the left and middle images. Localization experiments using. (a and b) ER-Tracker for ER, (c) ECFP-Golgi for Golgi. Bars:

10 wm for (a) and (c). Bars: 5 wm for (b).

endosomal compartments (including lysosomes) (Richardson et al.,
2008), findings consistent with our results. The perinuclear local-
ization of the polymers is a great advantage of this system with
regard to the incorporation of a nuclear-targeted drug or gene.
Most nanomaterials have been shown to exploit more than
one pathway to gain cellular entry, and the pathway exploited
can determine the intracellular fate (Sahay et al., 2010a). After
internalization into HeLa cells, the Dox-bound polymers might
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(endocytic
marker)
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Organelle staining

be delivered to the ER directly from endosomes; in the case of
cholesterol, there is some evidence for a direct pathway from endo-
somes to the ER (loannou, 2001; Mineo and Anderson, 2001). Or
the polymers might be delivered to the ER directly, bypassing
the endosomes/lysosomes, as do unimers of the amphiphilic tri-
block copolymer of poly(ethylene oxide), poly(propylene oxide),
and Pluronic P85 (Sahay et al., 2010b). Simian virus 40 is known to
enter the cytosol via the ER, suggesting that polymers distributed

Merge

Fig. 6. Fluorescent staining images of Dox-bound polymers in cells co-stained with organelle-specific markers. Left, images of stained Dox-bound polymers; middle, organelle-
specific fluorescent staining images; right, merged images of the left and middle images. Localization experiments using. (a) Alexa-transferrin, an endocytic compartment
marker, and (b) LysoTracker, which is specific for lysosomes. Bars: 10 pum. Yellow and white arrows in (a) indicate the MTOC area.
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Fig. 7. Efflux of Dox-bound polymers. (a) Time-dependent change in intracellular Dox-bound polymers as indicated by released doxorubicinone. After incubation in medium
with Dox~bound polymers, Hela cells were washed and incubated with HBSS at 37 “C for the indicated durations. The doxorubicinone released by acid hydrolysis was
quantitated as the amount of intracellular polymers as described in Section 2. (b) Effect of ABCB1 transporter on the efflux of Dox-bound polymers. Hela cells were exposed
to 50 p.g/mL Dox-bound polymers in culture medium for 3 h. Cells were washed with 50 jug/mL verapamil or 0.1% dimethyl sulfoxide as a control. Then, the cells were incubated
for another 2 h in HBSS containing the same concentration of each reagent. The amount of intracellular polymers was quantitated as the amount of doxorubicinone released
by acid hydrolysis, as described in Section 2. **P<0.01. (c) Effect of the knockdown of ABCB1 transporter expression by siRNA on the efflux of Dox-bound polymers. Expression
of ABCB1 in cell extracts was analyzed by immunoblot analysis (top). After 2 days of siRNA transfection, the cells were exposed to 50 pg/mL of Dox-bound polymers in culture
medium for 3 h. After incubation, the cells were washed with HBSS and then incubated for another 2 h in HBSS without polymer. The amount of intracellular polymers was
quantitated as the amount of doxorubicinone released by acid hydrolysis, as described in Section 2 (bottom). **P<0.01. Effect of ABCB1 transporter on the efflux of DBD-
labeled polymers. Hela cells were exposed to 50 pg/mL DBD-labeled polymers in culture medium for 24 h. Cells were washed with 50 pg/mL verapamil or 0.1% dimethyl
sulfoxide as a control. Then, the cells were incubated for another 2 h in HBSS containing the same concentration of each reagent. The fluorescence intensity in a single cell

was calculated as described in Section 2. *P<0.05.

in the ER might similarly gain access to the cytosol (Damm
et al., 2005). The characteristic distribution pattern of the poly-
mers did not change much with increasing incubation times from
0.5 to 24h (data not shown). Although it is not clear whether
the polymers maintain their structure as globular micelles or
exist as unimers after internalization into a cell, increasing the
dosed polymer concentration to 1mg/mL did not change the
staining pattern (data not shown). Recently, we showed PEG
and poly(glutamic acid) block copolymer micelles incorporating
dichloro(1,2-diaminocyclohexane)platinum(ll) selectively dissoci-
ate within late endosomes (Murakami et al., 2011), suggesting that
the Dox-bound polymers might also dissociate.

3.5. Efflux of Dox-bound polymers from HeLa cells to medium

As described in Section 3.2, the amount of intracellular Dox-
bound polymers increased with time when cells were continuously
exposed to Dox-bound polymers (Fig. 3a). In contrast, the amount
of Dox-bound polymers gradually decreased after the Dox-bound
polymers were removed from the medium (Fig. 7a). Interestingly,
this decrease in the intracellular amount of Dox-bound polymers
was abolished in the presence of verapamil, an inhibitor of ABCB1
(ATP-binding cassette protein B1) transporter (Fig. 7b). The ABCB1
transporter, which is also known as multidrug resistance 1 (MDR-1)
or P-glycoprotein, is a member of the ABC-type transporter family
and an efflux pump for various drugs. To further investigate the

role of this transporter in the efflux of Dox-bound polymers from
cells to medium, small interference RNAs (siRNAs) were used to
target ABCB1 RNA in Hela cells. Two days after transfection of syn-
thetic siRNA, Western blot analysis showed that levels of ABCB1
protein expression in siRNA-transfected Hela cells were drasti-
cally decreased (Fig. 7c), and the efflux of Dox-bound polymers
from these cells was also significantly inhibited (Fig. 7¢). The efflux
of DBD-labeled polymers was also inhibited by ABCB1 transporter
inhibitor, when intracellular fluorescent intensity of DBD-labeled
polymers was measured (Fig. 7d). These results suggest that ABCB1
transporter is a key regulator of the clearance of Dox-bound poly-
mers from Hela cells.

It is reported that drug-binding site of ABCB1 transporter is
located at a drug binding pocket that is formed by transmembrane
segments and allow access of molecules directly from the mem-
branes (Aller et al., 2009; Loo et al., 2003a,b). Furthermore, it is also
known that subdomains of the ER form close contact with plasma
membrane and some proteins may regulate the formation of direct
membrane contacts that facilitate sterol exchange between the ER
and plasma membrane (Ikonen, 2008).

Therefore, it is probable that a part of Dox-bound polymers
localized in ER are transported to plasma membrane and then rec-
ognized at the drug binding site in the transmembrane segments
of ABCB1 transporter.

In general, the ABCB1 transporter has very broad substrate
specificity: recent studies have shown that it mediates the efflux
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of a relatively large peptide, amyloid 3 peptide (molecular weight,
4.5kDa), across the blood-brain barrier into the bloodstream
(Cirrito et al., 2005; Kuhnke et al., 2007; Lam et al., 2001). To the
best of our knowledge, the ABCB1 transporter has not been reported
before to be involved in the clearance of block copolymers from
cells. Because ABCB1 transporter is expressed primarily in certain
normal cell types in the liver, kidney, and jejunum (Thiebaut et al.,
1987), the role of ABCB1 transporter as excretion pump of Dox-
bound polymer and the effect of ABCB1 transporter on the polymer
blood level are probably significant from a safety perspective.

Taken together, the findings presented here suggest that Dox-
bound polymers are incorporated by endocytosis. Some of the
incorporated polymers are transferred to the endosome/lysosome
system, and the rest may bypass the endosomal system. Then, the
polymers are likely delivered to other compartments, including
ER and the plasma membrane. The excretion of excess polymers
from the cells is mediated by the ABCB1 transporter. Although in
this system, the conjugated Dox was not designed to be released
from the polymers, our results concerning intracellular trafficking
and clearance of polymers would be very useful to design the car-
rier system where bound drugs are released from the carrier for
pharmacological activity.

4. Conclusion

We investigated the intracellular trafficking of Dox-bound poly-
mers. The polymers are internalized into cells by endocytosis, then
transported to endosomal/lysosomal compartments, followed by
partial distribution to the ER, or transported directly to the ER. The
active excretion of the polymers from the cells may be mediated
by the ABCB1 transporter. It is surprising that cells utilize their
endogenous transport system for intracellular trafficking of this
artificial drug carrier. Our results potentially can contribute not
only to the discussion of safety issues of polymeric therapeutics
but also the development of a DDS strategy utilizing or targeting
this endogenous pathway more effectively.
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Doxorubicin is an anti-cancer drug with a wide therapeutic range. However, it and its metabolites cause
severe side effects, limiting its clinical use. Therefore, measuring the plasma concentration of doxorubicin
and its metabolites is important to study the dosing regimen of doxorubicin. We developed a rapid and sensi-
tive method by ultra-high-performance liquid chromatography with fluorescent detection for measuring the
plasma concentration of doxorubicin and its metabolites in small volumes (around 10xL), enabling repeated
measurements from the same mouse. The sensitivity of 7-deoxydoxorubicinolone, a major metabolite of doxo-
rubicin, increased about 5 times than those ever reported using conventional HPLC, and the run time was
within 3min. The area under the curve (4UC,_,,,) of doxorubicin was 5.9ug h/mL similar to the value of
4.16 ugh/mL obtained previously using a conventional HPLC method. This method would provide informa-
tion that could be used to refine the therapeutic approach to doxorubicin use.

Key words doxorubicin; metabolite; pharmacokinetics

The anthracycline doxorubicin is one of the most widely
used anticancer agents, and it has a broad spectrum of ac-
tivity against a variety of malignancies."? New formulation
technologies to enhance the effectiveness and safety of this
anticancer drug are currently being developed. For instance,
long-circulating and sterically stabilized liposomes containing
doxorubicin can markedly increase tumor-specific deposi-
tion of drugs and have been approved as clinical products.”
However, the clinical use of doxorubicin is limited by the
side effect of cumulative, dose-dependent, irreversible chronic
cardiomyopathy caused by doxorubicin itself and its metabo-
lites, and optimal dose schedules remain a matter of debate.”
Therefore, measuring the plasma concentration of doxorubicin
and its metabolites is important to study the dosing regimen of
doxorubicin.

Mice are very useful small laboratory animals for nonclini-
cal research and are often used for pharmacokinetic, phar-
macological, or drug formulation studies of doxorubicin.”™"
Blood collection from the tail vein is becoming popular from
the perspective of animal protection, but it has the limitation
of small sample volumes. Therefore, it is often difficult to per-
form repeat investigations in the same animal to assess time-
dependent changes in plasma concentrations, and many mice
have to be killed for whole blood collection at each time point.

In a previous study, we succeeded in developing a method
for measuring intracellular concentrations of doxorubicin
and its metabolites by using ultra-high-performance liquid
chromatography (UHPLC).® The resolution, sensitivity, and
speed of analysis dramatically increased with the use of 2-um
particles in the stationary phase, high linear velocities for
the mobile phase, and instrumeéntation that operates at higher
pressures than those used in HPLC.* ™'V Specifically. the quan-
titation limit of doxorubicin was about 2 times lower than the
limit ever reported using conventional HPLC, and run time
was shorten from 20min to within 3min,’*'® Because of the
high sensitivity of our method and the small sample volumes
(around 10xL) required, in the current study we were able to
measure changes in the concentration of doxorubicin and its
metabolites over time in a single mouse, thereby diminish-

*To whom correspondence should be addressed.

e-mail: kumikato@nihs.go jp

ing the number of animals needed. This method would also
have clinical utility, because the reduction of sample volumes
and analytical times would decrease the burden of therapeutic
drug monitoring (TDM) for patients.

Experimental

Drugs and Chemicals Doxorubicin hydrochloride, dau-
norubicin hydrochloride, and verapamil were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Doxorubicinol hydrochloride, and 7-deoxydoxorubicinolone
were purchased from Toronto Research Chemicals Inc. (North
York, Canada). Doxorubicinolone was synthesized from doxo-
rubicinol by acidic hydrolysis (0.5n HCI) at 50°C for 24h,
and then extracted with chloroform by a liquid-liquid extrac-
tion method." Stock solution of each chemical was prepared
by weighing separately. The primary stock solution of each
chemical was prepared in methanol at 0.35 or 0.1 mg/mL and
stored at —80°C. The standard solutions for validation data
were obtained by mixing each chemical with mouse blank
plasma.

Preparation of Mouse Plasma Samples for HPLC
Doxorubicin was administered at 10mg/kg by tail vein injec-
tion into female Balb/c mice purchased from CLEA Japan,
Inc. (Tokyo, Japan). Blood was collected from the tail vein
into heparinized capillaries 10, 20, 40, and 60min and 2, 6,
and 24h after doxorubicin administration. Plasma obtained
from the blood sample (about 10uL) was mixed with saline,
50% methanol, and ZnSO, (final concentration: 400mg/mL)
and centrifuged at 15000g for 10min in a microcentrifuge
(Model 3740, Kubota Corp., Tokyo, Japan); the supernatants
were then collected. Plasma and saline volumes were adjusted
so that the concentration of each compound was within the
calibration curve range. A 15-uL aliquot of each supernatant
was mixed with SuL of the internal standard (daunorubi-
cin, 10ug/mL in methanol), 22.5ul. ice-cold methanol, and
7.5pL Milli-Q water, and filtered through a 0.20-um filter
(Millex-LG, Millipore Corp., Tokyo, Japan). The filtrates were
transferred to autosampler vials before UHPLC analysis. All
experimental procedures were approved by the institutional

© 2012 The Pharmaceutical Society of Japan
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animal care and use committee.

HPLC Conditions High-throughput quantification of
doxorubicin and its metabolites was performed in a Hitachi
LaChrom ULTRA system equipped with an L-2160U pump,
an L-2200U automated sample injector, an L-2300 thermostat-
ted column compartment, and an L-2485U fluorescence detec-
tor (Hitachi, Tokyo, Japan).?

Samples were analyzed on a Capcell Pak C18 IF column
(2.0X50mm; particle size, 2um; Shiseido Corp., Tokyo,
Japan). The mobile phase consisted of a mixture of 50mm so-
dium phosphate buffer (pH 2.0) and acetonitrile (65:27, v/v).
The mobile phase was delivered at a rate of 300uL/min, and

OH

carbonyl
reduction
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the column temperature was maintained at 25°C. The fluores-
cence detector was operated at an excitation wavelength of
470nm and an emission wavelength of 590nm.

Pharmacokinetics  Analysis Pharmacokinetics  were
analyzed by noncompartmental analysis using Phoenix
WinNonlin V6.1 software (Pharsight Corporation, CA.
U.S.A).

Results and Discussion

Doxorubicin is mainly metabolized in liver, and the esti-
mated metabolic pathway was shown in Fig. la. According to
a report where human metabolism of doxorubicin was studied
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Table 1. Linearity of Doxorubicinone and Its Metabolites
Slope Intercept R
”
Mean S.D. Precision (%) Mean S.D.

Doxorubicinol 1271 0.22 1.73 0.0012 0.0062 1.000
Doxorubicin 12.16 0.19 1.56 —0.0009 0.0026 1.000
Doxorubicinolone 10.89 0.22 2.04 0.0029 0.0073 0.999
7-Deoxydoxorubicinolone 14.07 0.31 2.20 0.0049 0.0069 0.999

Precision (%): expressed as % R.S.D. (S.D./mean)x100.

Table 2.

Detection Limit and Quantification Limit of Doxorubicin and Its Metabolites

Doxorubicinol

Doxorubicine

Doxorubicinolone 7-Deoxydoxorubicinolone

Detection limit (pg)

Quantification limit (pg) 12.8 1

49
6.4

6.4
214

74
245

(a)

Fluorescence
intensity (AU)

1 2

Time (min)

10

Fluorescence
intensity (AU)

Time (min)
Fig. 2. Chromatograms of (a) Mouse Plasma and (b) Mouse Plasma
Spiked with Doxorubicin and Its Metabolites

The chromatographic conditions are described in Experimental. AU: Arbitrary
units. 1, doxorubicinol; 2, doxorubicin; 3, doxorubicinolone; 4, daunorubicin (inter-
nal standard); 5, 7-deoxydoxorubicinolone.

by isolating and identifying urinary metabolites, the metabo-
lites retained doxorubicin’s specific fluorescence properties.'”
Therefore, in this report, we used the fluorescent detection
condition optimized for doxorubicin. Although the metabolites
in human urine contained sulfate and glucuronide conjugates,
which conjugate reactions also occur in liver, these conjugates
were not detected in mouse plasma in our study. When a stan-
dard solution of doxorubicin, doxorubicinol, doxorubicinolone,
7-deoxydoxorubicinolone, and an internal standard (daunoru-

bicin (Fig. 1b)) was analyzed, all compounds were separated
within 3min with good resolution (Fig. 2). The chromatogram
of mouse plasma demonstrates the lack of chromatographic in-
terference from endogenous plasma components (Fig. 22). In a
chromatogram of plasma spiked with doxorubicin and its me-
tabolites at a concentration of 20ng/mL, no interfering peaks
were observed, and doxorubicin, the three metabolites, and the
internal standard were well separated (Fig. 2b). These results
show that the specificity of this method. We created calibra-
tion plots for doxorubicin and its metabolites. The plasma cali-
bration curve was constructed using six calibration standards
(2.5—100ng/mL). The plots of relative peak area to IS versus
concentration were linear over a wide range of concentrations
(*=0.999—1.000) (Table 1). The detection limit and quantifi-
cation limit were 3.8—7.4pg and 12.8—24.5pg injected com-
pounds, respectively (signal to noise ratio, 3:1 for detection
limits and 10:1 for quantitation limit). These values were 3
times lower than the limits ever reported using conventional
HPLC'?316719 (Table 2).

We next tested the recovery of doxorubicin and its metabo-
lites from mouse plasma spiked with each compound. The re-
covery rate was satisfactory, and the values for doxorubicinol,
doxorubicin, doxorubicinolone, and 7-deoxydoxorubicinolone
were 102.7, 92.6, 947, 96.7%. respectively (n=3). Tables 3
and 4 shows the accuracy and precision data for intra- and
inter-day plasma samples. The assay values on both occasions
(intra- and inter-day) were found to be within the accepted
variable limits.””

The predicted concentrations for each analyte deviated
within £15% of the nominal concentrations in a series of
stability test; in-injector (20h), bench top (6h), repeated three
freeze/thaw cycles and at —80°C for at least 2 weeks (Table
5). Although 7-deoxydoxorubicinolone was slightly unstable
under in-injector (20h; 91.24%), other compounds were stable
at any storage conditions.

We then used the validated method described above for
the simultaneous detection of doxorubicin and its metabolites
in mouse plasma after intravenous administration of doxo-
rubicin. Doxorubicin and its metabolites doxorubicinol and
7-deoxydoxorubicinolone were detected in the plasma sample.
Although doxorubicinolone has been also reported to be pro-
duced by NADP-dependent cytochrome P450 reductase,'>!
it was not detected in this study (Fig. 3). Doxorubicinol
is produced by cytosolic carbonyl reductase through the



Table 3. Intra-Day Assay Precision and Accuracy for Doxorubicin and Its Metabolites in Mouse Plasma

Doxorubicinol Doxorubicin Doxorubicinolone 7-Deoxydoxorubicinolone
ng/mL
Mean S.D. Precision  Accuracy Mean S.D. Precision  Accuracy Mean S.D. Precision  Accuracy Mean S.D. Precision  Accuracy
5 5.12 0.41 8.08 102.45 498 0.15 3.03 99.56 4.82 0.61 12.73 96.30 4.70 0.44 9.42 93.90
25 2516 1.40 5.55 100.63 25.46 0.88 347 101.84 23.56 1.39 592 94.24 25.75 1.25 4.84 102.99
100 99.78 0.94 0.94 99.78 99.55 0.99 1.00 99.55 99.49 1.21 1.22 99.49 99.47 1.13 1.14 99.47
Precision (%): expressed as % R.S.D. (S.D./mean)X100. Accuracy (%): calculated as (mean determined concentration/nominal concentration)x100.
Table 4. Inter-Day Assay Precision and Accuracy for Doxorubicin and Its Metabolites in Mouse Plasma
Doxorubicinol Doxorubicin Doxorubicinolone 7-Deoxydoxorubicinolone
ng/mL
Mean S.D. Precision  Accuracy Mean S.D. Precision  Accuracy Mean S.D. Precision  Accuracy Mean S.D. Precision  Accuracy
5 5.13 0.16 3.04 102.51 5.35 0.49 9.18 107.05 5.31 0.35 6.55 106.18 495 0.11 2.25 98.95
25 2431 0.68 2.81 97.24 23.74 038 1.59 94.96 24.84 0.42 1.69 99.34 24.56 0.37 1.52 98.24
100 99.83 0.48 0.48 99.83 100.11 1.13 1.13 100.11 100.39 0.32 032 100.39 99.83 0.44 0.44 99.83
Precision (%): expressed as % R.S.D. (S.D./mean)x100. Accuracy (%) calculated as (mean determined concentration/nominal concentration)X100.
Table 5. Stability Data in Mouse Plasma
Doxorubicinol Doxorubicin Doxorubicinolone 7-Deoxydoxorubicinolone
Mean S.D. Precision Accuracy  Mean S.D. Precision Accuracy = Mean S.D. Precision Accuracy  Mean S.D. Precision Accuracy
Sng/mL )
20h (in-injector) 5.00 0.068 1.37 100.06 522 0.072 1.37 104.30 5.19 0.058 1.12 103.86 4.56 0.074 1.62 91.24
6h (bench-top) 5.19 0.10 2.01 103.71 5.43 0.11 2.08 108.66 5.22 0.11 2.01 104.38 492 0.073 1.48 98.39
2 weeks at —80°C 472 0.12 243 94.36 523 0.14 2.62 104.54 5.21 0.082 1.58 104.20 498 0.092 1.84 99.59
3rd freeze-thaw 4.80 0.17 3.49 96.00 5.16 0.18 3.51 103.23 5.01 0.22 448 100.19 497 0.154 3.09 99.42
50ng/mL
20h (in-injector) 51.27 1.48 2.89 102.53 54.10 2.07 3.82 108.20 47.08 1.54 328 94.16 50.69 177 3.49 101.38
6h (bench-top). 53.78 2.90 5.39 107.55 52.12 2.76 5.30 104.25 49.66 2.27 4.56 99.32 54.33 2.36 4.33 108.66
2 weeks at —80°C 4775 0.54 1.13 95.49 48.10 0.47 0.97 96.21 49.04 0.35 0.71 98.08 4799 044 0.91 95.98
3rd freeze-thaw 52.09 0.81 1.56 104.18 51.04 0.81 1.59 102.08 48.68 0.95 1,96 97.37 51.52 0.86 1.68 103.04

Precision (%): expressed as % R.S.D. (S.D./mean)x100. Accuracy (%): calculated as (mean determined concentration/nominal concentration) X100,
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Fig. 3. Chromatogram of Mouse Plasma Obtained after Intravenous

Administration of Doxorubicin

Doxorubicin (10mg/kg) was administered by tail vein injection. Blood was re-
moved from the tail vein after 10min (a) and 6h (b) of administration, and plasma
was prepared as described in Experimental. 1, doxorubicinol; 2, doxorubicin; 4,
daunorubicin (internal standard); 5,7-deoxydoxorubicinolone.

NADPH-dependent aldo-keto reduction of a carbonyl moiety
in doxorubicin'®; deglycosidation at the daunosamine sugar
in doxorubicin or doxorubicinol produces 7-deoxydoxoru-
bicinolone™?" (Fig. 1a). The major metabolites we detected
were coincident with those reported previously.”? We also
examined the time course of changes in the concentrations of
doxorubicin and its metabolites (Fig. 4a). After an initial rapid
decrease, the doxorubicin concentration decreased slowly, and
the plasma concentration of doxorubicin was 74.2ng/mL (6h)
and 61.1ng/mL (24h) (n=3). The persistence of doxorubicin
indicates that doxorubicin comes back very slowly from some
distributed tissues or circulates for a relatively long time by
binding to plasma proteins.'

The area under the curve (4UC,_,,,) and C_,, of doxoru-
bicin was 5.9ugh/mL and 10.0ug/mL, respectively, similar to
the value of 4.16ugh/mL, and 5.4 ug/mL obtained previously
using a conventional HPLC method.” In addition, our method
enabled us to trace the change in doxorubicin concentration
over time in a single mouse (Fig. 4b); this had previously
been difficult to do because of the small sample volumes. This
property will allow us to minimize the number of animals
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Fig. 4. Changes in Plasma Concentration over Time

Blood was collected from tail veins 10, 20, or 30min or 1, 2, 6, or 24h after
administration of doxorubicin, and the drug concentrations in the plasma were
measured. (Averaged results from 3 mice (a) and result of one mouse (b).) Main
graph, doxorubicin. Inset, metabolites (squares: doxorubicinol; triangles: 7-deoxy-
doxorubicinolone).

needed for pharmacokinetic analyses. Furthermore, in a clini-
cal setting, the small blood sample volumes and fast analytical
time would reduce the impact of TDM on patients.

Conclusions

Our results show that the method we developed using
UHPLC provides rapid analysis using very small plasma
samples. The method is sensitive enough to evaluate changes
in the concentrations of doxorubicin and its metabolites in a
single mouse; this will result in the use of smaller numbers of
animals, which is good for animal protection. In clinical appli-
cations, this method could also decrease the burden of TDM
for patients. We predict that it will greatly facilitate studies of
doxorubicin pharmacokinetics and clarify the effect of doxo-
rubicin metabolism on therapeutic outcome.
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Generic versions of Neoral, a microemulsion capsule formulation of cyclosporine, have been approved
worldwide. However, there are concerns about the quality and efficacy of the generics due to the formulation
specificity and differences in inactive ingredients among products. In this study, we measured the physico-
chemical properties of both the innovator and the generic formulations, and compared their biocavailability
in rats. When the capsule contents were dispersed in water, the absorbance (600 nm wavelength) of generic
products was higher than that of the innovator. Whereas the dispersion solution of the innovator in Fed State
Simulated Intestinal Fluid was nearly clear, that of all the generics became white and turbid. The mean di-
ameter of the microemulsion (or emulsion) formed in water by the generics was 39.7, 57.7, 64.5, and 74.8nm,
all of which were larger than that of the innovator (26.4nm). Although the T, of the generics tended to be
long relative to that of the innovator, there were no significant differences between the innovator and gener-
ics with regard to maximum blood concentration (C,,,,) or area under the curve (AUC). These results suggest
that the physicochemical differences between the innovator and the generics will not have a significant effect
on C .. or AUC, which is necessary to ensure bioequivalence.

Key words

Cyclosporine (CsA) is an immunosuppressive agent,* and
is categorized as a Biopharmaceutics Classification System
(BCS) Class II drug with high lipophilicity® and low aqueous
solubility.” One way to improve the aqueous solubility of such
drugs is to prepare them as self-emulsifying formulations.>®
The first generation of orally administered formulations con-
taining CsA consisted of a corn-oil-based solution encapsu-
lated in soft gelatin (Sandimmune), which is now referred to
as a “self-emulsifying drug delivery system” (SEDDS). The
oily solutions are emulsified by bile salts, which form mixed
micelles in the gastrointestinal fluid, and the CsA in these
mixed micelles is then absorbed from the upper intestinal
tract.” Thus, the absorption of CsA in Sandimmune is suscep-
tible to the effects of bile acid secretion and the ingestion of
food, resulting in variability of absorption within individual
patients.®?

To address the variability in absorption of Sandimmune, an
improved formulation of CsA, Neoral, has been developed.
Neoral is a microemulsion pre-concentrate formulation, which
has recently been referred to as a “self-microemulsifying drug
delivery system” (SMEDDS).® After oral administration of
Neoral, a microemulsion with stable dispersibility is easily
formed in the intake water or gastric fluid, and the drug is
quickly absorbed from the upper intestinal tract. Therefore,
when compared to Sandimmune, Neoral demonstrates a sig-
nificantly higher and more consistent absorption profile that
is unaffected by bile acid secretion or food consumption.'®'?

The need to reduce healthcare costs in many countries
has led to the production of generic substitutions for original
drugs. Four generic versions of Neoral have already been
approved in Japan; in other countries, several generics have
been marketed, such as Gengraf, Eon, and Cicloral. In the
U.S.A., SangCya, which is the liquid generic form of Neoral,
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was recalled because it is not bioequivalent to Neoral when
administered with apple juice.!® There are reports that in
transplant recipients the area under the curve (AUC) and
maximum blood concentration (C,,,) values of the generic
tended to be lower than those of the innovator, and that the
bioavailability of the innovator decreased when administered
after a fat-rich meal, whereas that of the generic increased.''¥
A recent report at a scientific meeting in Japan also indicated
that the physical appearance and particle diameter of gener-
ics were different from those of the innovator.'® In addition,
another group reported that after oral administration in rats,
the pharmacokinetics of CsA metabolites differed between the
innovator and generics.!”

Thus, as we describe above, there are concerns about the
quality and efficacy of generics due to the formulation speci-
ficity of the innovator and the narrow therapeutic window
of CsA. To our knowledge, there have been no direct com-
parisons of innovator and generics using both in vifro and
in vivo assessment. Therefore, in this study, we assessed the
physicochemical properties of various commercial formula-
tions of CsA when dispersed in solution, such as their physical
appearance and particle diameter. We examined the oil-based
formulation Sandimmune, the microemulsion formulation
Neoral, and 4 generic products of Neoral that are approved
by the regulatory agency in Japan. In addition, we compared
the pharmacokinetics of CsA and its metabolites for these
formulations, and investigated whether or not the differences
in physicochemical properties are likely to affect their phar-
macokinetics.

Experimental
Materials Six cyclosporine A (CsA) capsule products
were purchased from a general sales agency for drugs in

Japan and used in this study: Sandimmune® capsule, 30mg

(Product A, Lot No. S0016; Novartis Pharma K.K., Basel,

© 2012 The Pharmaceutical Society of Japan
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Switzerland); Neoral® capsule, 50mg (Product B, Lot No.

S1046; Novartis Pharma K.K., Basel, Switzerland); Amadora®
capsule, 50mg (Product C, Lot.No. 34006; TOYO CAPSULE
Co., Ltd., Shizuoka, Japan); Cicporal® capsule, 50mg (Prod-
uct D, Lot No. EC2501; Nichi-Iko Pharmaceutical Co., Ltd.,
Toyama, Japan); cyclosporine capsule, 50mg “Mylan” (Prod-
uct E, Lot No. 0450RH; Mylan Seiyaku, Tokyo, Japan); and
cyclosporine capsule, 50mg “FC” (Product F, Lot No. 9CI;
Fuji Capsule Co., Ltd., Shizuoka, Japan). The official CsA ref-
erence standard was purchased from the Phramaceutical and
Medical Device Regulatory Science Society of Japan. Sodium
taurocholate and lecithin were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Cyclosporin D (CsD)
(ALEXIS® Biochemicals) was purchased from Enzo Life
Sciences (Farmingdale, NY, U.S.A.). Rat liver microsomes
were obtained from Celsis In Vitro Technologies (Baltimore,
MD, U.S.A)). p-Nicotinamide-adenine dinucleotide phosphate
(NADP), glucose-6-phosphate 1-dehydrogenase (G-6-PDH),
and glucose-6-phosphate (G-6-P) were purchased from Orien-
tal Yeast Co., Ltd. (Tokyo, Japan).

Physicochemical Characteristics Eighty percent of the
contents of a single capsule was placed in a test tube, and
10mL of test medium was added. The solution was mixed
by gentle inversion until the capsule contents were dispersed
homogeneously in the test medium. Using this solution, 5-fold
and 25-fold dilutions were prepared in different test tubes.

Preparation of Test Medium The 1st Fluid and 2nd Fluid
for the dissolution test were prepared according to the Japa-
nese Pharmacopoiea (JP)16. Fasted State Simulated Intestinal
Fluid (FaSSIF) and Fed State Simulated Intestinal Fluid (FeS-
SIF) were prepared by the modified method reported by Galia
et al. and Jantratid er al'®'® FaSSIF was formulated using
approximately 900mL of blank buffer, which was prepared by
dissolving sodium chloride (4.01g), sodium hydrate (1.39g),
and maleic acid (2.22g) in 900mL distilled water. The pH
was then adjusted to 6.5. Sodium taurocholate (1.613g) was
dissolved in 50mL of blank buffer, to which lecithin (0.15g)
was added and dissolved with heat and agitation until the so-
lution became clear. The volume was adjusted to 1L using the
remaining blank buffer and distilled water. In the case of FeS-
SIF, sodium taurocholate (8.07g) was dissolved in 50mL of
blank buffer (potassium chloride [15.20g] and acetate [8.65g]
in 900mL distilled water, pH 5.0), to which lecithin (2.81g)
was added and dissolved with heat and agitation until the so-
lution became clear and yellow. The volume was adjusted to
1L as with FaSSIF. Mixed micelles were not detected in either
FaSSIF or FeSSIF when examined by a dynamic light scatter-
ing (DLS) photometer.

Absorbance To assess the degree of turbidity, the absor-
bance at 600nm of each capsule sample was measured by a
spectrophotometer (UV-2550/2450; Shimadzu, Kyoto, Japan)
after mixing the samples with different test media.

Solubility The solubility of CsA in the dispersed solution
was measured. The dispersed solution of each capsule sample
was filtrated by 0.45um filter, and its concentration of CsA
was measured by HPLC. The apparatus used for the HPLC
system consisted of a constant pump (L-7200, Hitachi High-
Technologies Corporation, Tokyo, Japan), a degasser (L-7610,
Hitachi), an autoinjector (L-7200, Hitachi), a column oven
(L-7300, Hitachi), an UV detector (214nm) (L-7405, Hitachi),
and a system controller (D-7000, Hitachi). The separation
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was carried out at 70°C on a Inertsil ODS-3 (100X4.0mm
i.d., 5pum) from GL Science (Tokyo, Japan). The mobile phase
consisted of water—tetrahydrofuran (5:3.6), and flow rate was
1.0mL/min. A standard stock solution of CsA was prepared
by dissolving 10mg of CsA in 10mL of ethanol, and stored at
4°C. A 10uL aliquot of a sample was injected.

Particle Size Distribution The size distribution and
mean diameter of particles in the capsule content samples
were measured using a DLS photometer DLS-7000 (Otsuka
Electronics Co., Ltd., Osaka, Japan) equipped with an He—Ne
laser source (wavelength, 632.8nm) after mixing the samples
with different test media. All DLS measurements were made -
with a scattering angle of 90° The neutral density filter was
adjusted depending on intensity. Data were gathered with a
counting period of 100s. Histogram analysis was performed to
assess the particle size distribution, and cumulant analysis was
performed to calculate the mean diameter. The data between
different products were statistically analyzed using a one-way
analysis of variance followed by Dunnett’s test.

The number of large-diameter particles (>0.54m) in the
solution of the capsule content in 10mL water was measured
by an Accusizer 780A instrument (Particle Sizing Systems,
Santa Barbara, CA, U.S.A.). This instrument is based on light
extinction (LE) or light scattering (LS) that employs a single-
particle optical sizing (SPOS) technique, and was equipped
with an automatic dilution system. In this study, the summa-
tion mode, which is a combination of LE and LS, was applied.
Duplicate measurements were made for each sample at the ap-
propriate time point using the following conditions: data col-
lecting time, 60's; flow rate, 60 mL/min; injection loop volume,
1.04mL; syringe volume, 2.5mL; second dilution factor, 40.

Sample Preparation for Assay A 100uL aliquot of each
blood sample was transferred to a microtube. A 200 4L aliquot
of internal standard (IS) solution (8.3 ng/mL of CsD in metha-
nol-0.3 mol/L ZnSO,, 7:3 v/v) was added to each tube. Tubes
were tapped and vortexed for a few minutes until the pellet
was completely dispersed. After centrifugation at 12000rpm
for 5min, the supernatant was filtered by a centrifugal filter
device (Ultrafree-MC, 0.22um polyvinylidene difluoride
(PVDF); Millipore, Billerica, MA, U.S.A.). After further cen-
trifugation at 10000rpm for 2min, the filtered sample was di-
rectly applied to the liquid chromatography/mass spectrometry
(LC/MS) system.

Due to difficulty in obtaining reference standards of CsA
metabolites, the in vitro metabolic reaction was performed by
following the method for rat liver microsomes, and reactants
containing metabolized CsA were used to confirm the LC
separation of CsA and its metabolites. First, a reduced nicotin-
amide adenine dinucleotide phosphate (NADPH) regenerating
system (NRS; 1.7mg/mL NADP, 7.8 mg/mL G-6-P, 6.0 units/
mL G-6-PDH in 2% (w/v) NaHCO,) was prepared. A 50 uL
aliquot of rat liver microsomes, SuL of 500ng/mL CsA in
acetonitrile, and 320 uL of 50mm Tris buffer were mixed in
a microtube, and then pre-incubated at 37°C for Smin. Next,
125uL NRS was added and the solution was thoroughly
mixed. After incubation at 37°C for 60min, 500 4L internal
standard solution was added to terminate the reaction. After
centrifugation at 10000rpm for 5min, the supernatant was
filtered, as described above, and applied to the LC/MS system.

Assay for Cyclosporine A and Its Metabolites CsA
and its metabolites in whole blood were measured by LC/MS
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system in accordance with Koseki et al.,>” with some modi-
fications. LC/MS was performed on a Shimadzu LCMS-2010
system that includes a constant pump, column thermostat,
degasser, autosampler, and quadrupole mass spectrometer
(Shimazdu Corporation, Kyoto, Japan). The HPLC column
was a Symmetry C8 (4.6X75mm, 3.5um; Waters, Milford,
MA, US.A) with a guard column (Opti-Guard-min C8,
I1X15mm; Optimize Technologies, Oregon City, OR, U.S.A).
LC/MS grade water and methanol were prepared as mobile
phase A and B, respectively. The flow rate was set to 0.3mL/
min and the column temperature was 80°C. A linear gradient
separation was used, with 72% of mobile phase B from 0 to
1 min, then 72% to 85% of mobile phase B over 5min, holding
for 3min, and finally 72% of mobile phase B over 6min. The
total run time was 15min for each injection. A 20 xL aliquot
of each prepared sample was injected.

The mass spectrometer was interfaced with an electrospray
ionization (ESI) source used in the positive ion mode. The fol-
lowing parameters were retained for optimal detection of all
analytes: nitrogen gas flow rate, 1.5L/min; interface voltage,
4.5kV; desolvation line voltage and temperature, 20.0V and
250°C, respectively; block heater, 200°C. For the determina-
tion of CsA and its metabolites as well as CsD, the sodium ad-
ducts were measured at m/z 1210.9 (AM4N), m/z 1224.9 (CsA),
m/z 1238.9 (CsD, 1S), and m/z 1240.9 (AM1, AM9, AMIc)
by using selected ion monitoring (SIM). Retention times for
AMI1, AMY, AMlc, AM4N, CsA, and CsD were 8.6, 8.9, 9.5,
10.4, 11.4, and 12.2min, respectively. Quantification of CsA
and its metabolites was achieved with a calibration curve of
CsA (concentration range, 7.8—500ng/mL). The limit of de-
tection (signal-to-noise ratio, 3) and quantification (signal-to-
noise ratio, 10) of CsA was approximately 1.5ng/mL and 5ng/
mL, respectively.

Animal Study The animal experiments were outsourced
to Charles River Japan and performed in accordance with the
Guideline for Animal Experiments of Charles River Japan.
Male Sprague-Dawley rats weighing 220-250g were fasted
overnight with free access to water. The content of each CsA
capsule product was diluted in distilled water to obtain a CsA
concentration of 1.0mg/mL. The CsA solution equivalent of
3.5mg/kg CsA was orally administered to rats using a stom-
ach sonde. Next, blood samples (300 4L) were collected from
the jugular vein at 0.5, 1, 2, 3, 6, 12, and 24h using a syringe
flushed with 100mg/mL ethylenediaminetetraacetic acid
(EDTA), and stored at —80°C until analysis by LC/MS. The
pharmacokinetic parameters of CsA and its metabolites, such
as AUC, C,,,. and time to reach C,_, (7,,,). were estimated
by non-compartmental analysis using WinNonlin (version
5.2; Pharsight Corporation, Sunnyvale, CA, U.S.A). The data
between different products were compared for statistical sig-
nificance by a Kruskal-Wallis test.

Results

Physicochemical Characteristics Neoral, a microemul-
sion pre-concentrate formulation, is composed of lipophilic
solvent, hydrophilic solvent, surfactant, and drug. Table 1
shows the difference in additive composition of CsA capsule
contents among products. First, we removed the contents of
each capsule and compared the physical appearances before
dispersion. Product A was the oil-based formulation Sandim-
mune, Product B was the innovator Neoral, and Products C
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to F were generic formulations. As seen in Fig. la, Product
A and Product F were yellow, Product B and Product E were
slightly yellow, and Product C and Product D were almost
clear. Next, we dispersed the contents of 1 capsule in 10mL
of each test medium and compared the physical appearances
(Fig. 1b). For the test media, water, 1st and 2nd Fluids for the
dissolution test, artificial intestinal juice, Fasted State Simu-
lated Intestinal Fluid (FaSSIF), and Fed State Simulated Intes-
tinal Fluid (FeSSIF) were used. For all capsules the contents
were homogeneously dispersed in each test medium except
for Product A. The dispersion liquid of SEDDS is typically
turbid and inhomogeneous, whereas that of SMEDDS is usu-
ally nearly clear. Thus, the dispersion state of the generics was
obviously different from that of Product A (SEDDS). When
the capsule contents were dispersed in water, Product B and
Product E produced a clear and almost clear solution, respec-
tively; Product F produced a white solution; and Product C
and D produced bluish milky solutions. Assessment using the
other test media indicated the same tendency. On the other
hand, when the capsule contents were dispersed in FeSSIF, all
generic products produced a white cloudy solution, whereas -
Product A produced a clear solution.

To quantify the degree of turbidity, we measured the absor-
bance at 600nm of the dispersion solutions. The absorbance
of the solutions formed by dispersion in water was high and
showed the following order: B=E<C=D<F<<<A. This same
tendency was observed for the other test media (Fig. 2). These
results correlated with the physical appearance of the solu-
tions, including the significantly higher absorbance of generics
dispersed in FeSSIF. In the case of Product F, a slight precipi-
tate was formed in the dispersion solution several hours after
initial dispersion (data not shown). The absorbance of Prod-
ucts B through E in each test medium decreased with increas-
ing dilution, and no creaming or precipitation was observed.
The solubility of dispersion solution was measured and found
that there were no differences between the innovator and the
generics with regard to solubility.

The distribution and number of particles of the microemul-
sion (or emulsion) in the dispersion solution were determined.
The contents of 1 capsule were dispersed in 10mL of water,
and the distribution and number of particles (>0.5 ym) were
measured by the single-particle optical sizing (SPOS) method.
As seen in Fig. 3a, the particle size of the oil-based formula-
tion Product A was significantly larger than that of the other
products. Whereas the particle number (>0.5 um) of products
B and E was almost the same, that of Products C and D was
5-fold larger, and that of Product F was 25-fold larger, than
that of Product B, which correlates with their physicochemical
appearances (Fig. 3b). These results indicated that the particle
distribution of generic products in solution is wider than that
of the innovator.

The mean diameter and distribution of the particles of
the microemulsion (or emulsion) in the dispersion solution
formed from the capsule contents were measured by dynamic
light scattering (DLS) (Fig. 4. Table 2). The mean diameter
of each product in water at a 5-fold dilution was as follows:
Product B, 26.4nm; E, 29.7nm; C, 74.8nm; D, 64.5nm; and F,
79.2nm. Thus, the mean diameter of the generics tended to be
larger than that of the innovator. The same tendency was ob-
served in Ist and 2nd Fluids for the dissolution test, and FaS-
SIF. When the capsule contents of the generics were dispersed
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b) -
Distillated water FaSSIF
A B C D E F A B C D E F
JP 1st fluid FeSSIF
A B C D E F
JP 2nd fluid
A B C D E F
Fig. 1. Physical Appearances of (a) the Contents of Each CsA Capsule and (b) the Solution of the Contents of 1 CsA Capsule in 10mL Water, 1st

Fluid, 2nd Fluid, FaSSIF, and FeSSIF

in FeSSIF, the mean diameter of the generics increased to
100-200nm. Among the generic products, dispersion of Prod-
uct F in either the 2nd fluid or FaSSIF increased the mean
diameter to 120-200nm (Table 2), and the parﬁc]e distribution
expanded with increasing dilution (Fig. 4). In addition, when
Product F was dispersed in either water or the Ist Fluid, the
value of the mean diameter varied widely when compared
with those of the other products (Table 2). These results,
including those seen in Fig. 3, indicated that the particles in
the dispersion solution of Product F could not be homoge-
neous. On the other hand, the mean diameter of the innovator,

Product B, was very small (about 30nm) in water, and in both
Ist and 2nd test Fluids, and there were no changes in the mean
diameter or distribution even when its capsule contents were
dispersed in either FaSSIF or FeSSIF containing lecithin and
taurocholic acid. This indicated that, after oral administration,
a microemulsion of Product B is likely to be formed in the
gastrointestinal tract. The mean particle diameter and distribu-
tion were not determined in the I-fold and 5-fold dilutions of
Product A because of the high scattering intensity. The small
mean diameter of the generics in FeSSIF may be caused by
multiple scattering.
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Table 1. Composition of CsA Capsule Contents
Product A Product B Product C Product D Product E Product F
Solvent Esterified comn oil Glycerol esters of Propylene glycol Propylene glycol Propylene glycol Propylene glycol
fatty acids esters of fatty acids esters of fatty acids esters of fatty acids esters of fatty acids
Ethanol Propylene glycol Triethyl citrate
Corn oil Ethanol Sorbitan monolaurate Ethanol
Surfactant Polyoxyethylene hy-  Polyoxyl 35 cas- Polyoxyl 35 cas- Polyoxyl 35 cas- Polyoxyl 35 cas-
drogenated castor oil tor oil tor oil tor oil tor oil
Other Tocopherol Other two compo-  Other two compo- Other five compo-
nents nents nents
Distillated water FaSSIF
4.0
~®~ Product A 4.0 @~ Product A
[N =0~ Product B —o- Product B
30 4 . i. @ Product C 30 - -8 Product G
- - -0~ Product D e. -0~ Product D
g | T .. & ProductE 2 ~a.. ke Product E
8 2.0 i"az\.PIf’ ct F 8 2.0 4 \"‘\\ —— Product F
o o
1.0 A
0.0 —M—u—

0OD600

0 10 20 30 0 10 30
Dilution factor Dilution factor
1st Fluid FeSSIF

4.0 4.0
@~ Product A ~@- Product A
-O- Product B =0~ Product B

3.0 - ~@- Product C 3.0 4 8- Product C
-0 Product D é\ -0~ Product D
&~ Product E 8 ~&= Product E

2.0 A —&— Product F 8 2.0 A . &~ Product F

@) e
LY
104 1.0 A
S
0.0 = 0.0 . ;
0 10 20 30 0 10 20 30
Dilution factor Dilution factor
2nd Fluid

4.0
~@~ Product A
-0~ Product B

3.0 A ~#- Product C
-+ Product D

. &~ Product E
2.0 'Q ~&— Product F
104§

10
Dilution factor

Fig. 2. Absorbance (600nm) of the Suspension of the Contents of 1 CsA Capsule in 10mL of Test Media and Diluted Solutions Thereof

Data are represented as the mean=S.D.

Pharmacokinetics of CsA and Its Metabolites in Rats
The results described above demonstrate that, although all
generic products were dispersed in each test medium unlike
Product A, the physical appearance and particle diameter of
the generic dispersion solutions were different from those

of the innovator Product B. Therefore, we next assessed the
blood concentration profiles of CsA and its metabolites (AMI,
AMY, AMlc, and AM4N) after oral administration in rats
(Fig. 5). The blood concentration was measured by liquid
chromatography-mass spectrometry (LC-MS) analysis, and the
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2.0E+05 -

1.5 E+05

1.0 E+05

counts

5.0 E+04

5
diameter (um)

Fig. 3. Particle Distribution (a) and Particle Number (>0.5 gm) (b) of CsA
Each value represents the mean*S.D. (#=3).

pharmacokinetic parameters AUC, C,,., and T, were ana-
lyzed as indicated in Table 3. The pharmacokinetic parameters
of AM4N are not shown in Table 3 because its blood concen-
tration in many samples was below the lower limit of quan-
tification. The blood concentration of CsA increased rapidly,
and that of its metabolites increased subsequently (Fig. 5). The
Crax (671295ng/mL) and AUC (7194+507h-ng/mL) of the in-
novator Product B was obviously higher than the C,,, (474=
60ng/mL) and AUC (5839*+371h-ng/mL) of the oil-based
formulation Product A (Table 3), a finding that was consistent
in principle with previous reports.*? The C,, and AUC of
the generic products also tended to be higher than those of
Product A. The C,,, of the 4 generic products tended to be
slightly lower than those of Product B. Again, however, there
were no significant differences between Product B and the ge-
neric products in either C,,, or AUC. Likewise, no significant
differences were observed in the pharmacokinetics of CsA
metabolites AM1, AM9, or AMIc. Koehler ef al. reported that
the bioavailability of a CsA generic product (Eon Labs) in rats
was lower than that of Neoral, whereas the plasma AM4N
level was significantly elevated in groups receiving Eon com-
pared to that in another group receiving Neoral.'” In our data,
a significantly elevated AM4N blood level was not observed
in groups treated with generic products compared with that
of the group treated with Neoral, Product B. In rats, CsA un-
dergoes first-pass metabolism by CYP3A, which is located in
the gastrointestinal mucosa and in the liver. Therefore, these
results suggest that the CsA contained in the generic products
tested in this study was absorbed via the same pathway used
for the CsA in the innovator. We performed the same ex-
amination again and confirmed that the bioavailability of the
generic products was similar to that of the innovator. Only the
T .. differed significantly between Product B and the generic
products. This same significant delay in 7,  of the generic
products was also observed in the second experiment.

Discussion

Regions corresponding to different phases of the formula-
tion, such as microemulsion, emulsion, micelles, or reverse
micelles, are described in a ternary phase diagram according
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b)
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Lipid Particles in Water

to different concentrations of each component (such as water,
surfactant, and oil).® The variations in components, such as
the presence or absence of co-surfactants/co-solvents and dif-
ferent types of oil, also result in the formation of different
phase regions. Additive compositions of generic products of
CsA are different from that of the innovator (Table 1). Actu-
ally, in this study, the physical appearance of the generic prod-
ucts in water was different from that of the innovator. There-
fore, the phase of dispersion solution of the generic products
might be near the emulsion phase, or might be a mixture of
emulsion and microemulsion.

In a study of microemulsion formulation, when the opti-
mized microemulsion pre-concentrate was dispersed in FeS-
SIF, the particle size remained small in the dispersion solution
(20-50nm).*» In our study, the dispersion solution of the
generics in FeSSIF was cloudy white like milk, whereas that
of the innovator was clear as in water. Although the details
were unclear, the formulations of the generic product could
be susceptible to taurocholate and lecithin in FeSSIF, and the
phase regions of their solution dispersed in FeSSIF could be
shifted to another phase region. From these points, we also
hypothesize that the 4 generic products are self-emulsifying
formulations, but their phase states are different from those of
the innovator Product B and the oil-based Product A.

The relationship between particle size and bioavailabil-
ity in CsA microemulsion or emulsion formulations has been
investigated in humans.*? In this previous report, the AUC
increased as the particle size decreased, and only the formula-
tion whose particle size was under 100nm exhibited a desir-
able bioavailability. However, the type of surfactant used for
the formulation with large particles (>150nm) was different
from the formulation with small particles (<60nm); thus, as
reported in another study,? bioavailability can be affected not
only by particle size but also by the characteristics of surfac-
tants on the particle surface. The improved bioavailability pro-
vided by self-emulsifying formulations is believed to be due
to a larger particle surface area, improved aqueous solubility
of drugs, and the enhancement of intestinal membrane perme-
ability produced by local disturbance of the cell membrane.>®
These mechanisms will be enhanced by the properties of the
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Fig. 4. Effects of Dilution and Test Media on the Size Distribution of CsA Lipid Particles

The contents of each capsule were dispersed in 10mL of test medium, and further diluted 5-fold and 25-fold with the test medium. The size distribution of CsA lipid

particles in the suspension was measured by a dynamic light scattering method.

Table 2. Particle Size of CsA Lipid Particles in Each Solution

Dilution factor Product A Product B Product C Product D Product E Product F
1 ND? 27.1+0.5 743419 68.7+3.7" 27.0*1.2 92.8+17.0"
Water 5 ND® 264%13 74.8+6.6" 64.5£8.7" 39.7+2.1 79.2+17.27
25 1423.6+1369.8 27.2+2.7 67.9+10.0” 65.1+6.7% 43.6+2.79 67.7%12.39
) 1 ND® 28.6=1.1 71.1£3.0M 69.8:2.0" 443+0.3P 80.8+61.7
. ﬁg‘? 5 5 ND® 28.5+0.3 70.3+49 72.51.99 4754147 102.3106.1
(PH1.2) 25 3075216173 28.3+0.7 65.9+4 5" 66.7+3.8" 462+1.9Y 432+0.8
. 1 ND? 283%+13 72.3+809 67.6%3.0° 455+3.0 137.8+458”
2nd g“’édg 5 ND? 282+16 7454667 68.8+2.6 457220 121.7262.19
(PH68) 25 4900.3:4128.6 29322 68.4%4.6 66.5+2.9 46.8+2.6 197.6+88.8"
1 ND® 26.5+0.9 83.4+10.9” 74.0+5.7% 420+1.0 136.3+23.49
FaSSIF (pH 6.5) 5 ND® .253%1.6 84.4+73M 80.2+5.3P 41313 151.4%+29.5”
25 388.6£65.0 ND? 79.5+11.5 78.7+4.5 ND” 204.4%23.1
ND? 30.0=1.1 72.6+3.5% 58.7+1.1» 103.6+3.07 222+3.79
FeSSIF (pH 5.0) 5 ND? 29.8+0.9 122.1+4.5" 123.5x4.7% 1224179 137.9£8.56"
25 1995.4+2169.9 ND* 254.9+649 256.9+9.0 ND® 264.1%18.1

Each value represents the mean®S.D. (#n=3). a) Not determined. ») p<0.01 compared to Product B. ¢) p<0.05 compared to Product B.

surfactant, as will particle size. Although the oil or other
components of generics are different from those of the inno-
vator, the same type of surfactant, a polyoxyethylene castor
oil derivative, is used for all of these products. Therefore, it
is possible that there were no significant differences in the
bioavailability of CsA between the innovator and the generics
because the same type of surfactant is used.

On the other hand, the 7.,  of the generic products was
longer than that of the innovator. The particle size of the in-
novator Product B can remain small in gastrointestinal tract,
because, unlike the generic products, the particle size of the
innovator Product B did not vary in any test solutions. Thus,

we think that the difference in particle size between the inno-
vator and the generics can affect 7, , the pre-concentrate of
the generics can be dispersed homogeneously in gastrointesti-
nal fluid with the same degree of small particle size, with suf-
ficiently low variability to prevent differences in AUC or C_,,
at the site of drug absorption. In the bioequivalence guidelines
(BE guidelines) published in Japan (“Guideline for Bioequiva-
lence Studies of Generic Products™ http://www.nihs.go.jp/
drug/DrugDiv-E.html), T,  is generally not required to be
equivalent because 7, is a variable parameter. The interval
of administration of CsA capsules is long (about 12h) and the
maximal change in the rate of approximate T, was less than



