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However, this has remained unrealized due to the lack of direct methodologies to quantify either the total
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Particokinetics; change in the PTX-to-copolymer ratio, the in vivo release of PTX from the PMs was estimated. The
Pharmacokinetics results revealed surprisingly rapid release, with over 88.2% and 99.0% of PTX released by 15 s and

5 min post-administration, respectively. It is concluded that PTX is released rapidly from PMs in vivo,
and PMs may merely work as “solvents” to solubilize PTX rather than as carriers for targeted delivery.
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1. Introduction

Polymeric micelles (PMs) are ‘“core/shell” nanostructures,
comprising a hydrophobic core and hydrophilic shell, spontane-
ously assembled from amphiphilic copolymers in aqueous envi-
ronments through micellization'*. PMs demonstrate significant
potential as nanocarriers for drug delivery due to their capacity to
solubilize highly hydrophobic payloads*®. Compared to micelles
formed by small-molecule surfactants, PMs offer distinct advan-
tages. The extended copolymer chains confer enhanced structural
stability and provide larger core volumes for drug encapsula-
tion”""!. Furthermore, PMs exhibit critical micelle concentrations
(CMCs) typically in the micromolar or even nanomolar range'7,
substantially lower than the millimolar CMCs characteristic of
small-molecule surfactants (SMS). Consequently, PMs can
maintain structural integrity in biological environments, as rela-
tively low copolymer concentrations suffice to exceed the CMC'>
14

Paclitaxel (PTX), a broad-spectrum anticancer taxane, suffers
from extremely poor aqueous solubility'>. Its original injectable
formulation (Taxol®) contained 6 mg PTX solubilized in a vehicle
of Cremophor EL® (polyoxyethylated castor oil, 527 mg) and
ethanol (49.7%, v/v)m’lg. However, Cremophor EL® induces sig-
nificant toxicities, including hypersensitivity reactions, necessi-
tating premedication with antihistamines, H, antagonists, and
corticosteroids'”. To circumvent these issues, Cremophor-free PTX
delivery systems—including liposomes, albumin nanoparticles, and
PMs—have been developed'®'®. A specific PTX-PM formulation,
based on methoxy poly(ethylene glycol)-poly(p,L-lactide) (mPEG-
PDLLA) copolymer self-assembly'”'®, was first marketed in South
Korea (Genexol-PM®) and then in China (Zisun®) and is currently
in various stages of global clinical trials'*'®.

PMs achieve prolonged circulation times, enabling passive
targeting to tissues beyond the mononuclear phagocyte system
(MPS), particularly tumors, via the enhanced permeation and
retention effect’®?!. Effective PTX delivery by PMs presupposes
minimal premature drug leakage en route to target sites®>%3,
Secure encapsulation, persisting at least throughout systemic cir-
culation, is essential for efficient delivery. Conversely, rapid PTX
release upon entering the bloodstream would imply that PMs
function merely as “solvents”, unloading free drug rapidly while
only “empty” micelles reach the target. Previous studies on PTX
release from polymeric nanoparticles® and in vitro PM stability>
hinted at potential premature leakage, but conclusive in vivo evi-
dence has been lacking. Therefore, elucidating the in vivo release
behavior of PTX from PMs is critically important for under-
standing their true role and translational potential.

Quantifying drug release from carrier systems typically
involves measuring either released or residual (encapsulated) drug
after separation. While readily achievable in vitro using special-
ized apparatus, this approach is impractical for multi-unit nano-
carrier systems in vivo due to the infeasibility of real-time
nanocarrier/drug separation. Consequently, methodologies for
profiling in vivo drug release kinetics remain unavailable.

This proof-of-concept study introduces a novel strategy to estimate
in vivo PTX release from model mPEG-PDLLA PMs by comparing
PTX pharmacokinetics with PM particokinetics. The results reveal a
significant divergence between the PTX pharmacokinetic profile and
the PM particokinetic profile, indicating rapid dissociation of PTX
from the micellar carriers following intravenous administration. By
dynamically monitoring the PTX-to-copolymer mass ratio, in vivo
PTX release profiles from the PMs were generated.

2. Materials and methods
2.1.  Materials

PTX and docetaxel (DTX) were supplied by Meilun Biology
Technology Co., Ltd. (Dalian, China). The ACQ dye P2 was
synthesized as previously reported®. Taxol® was purchased from
Corden Pharma Latina S.P.A. (Latina, Italy). Methoxy poly-
ethylene glycol-poly (b,L-lactide) (mPEG,-PDLLA;s,) was
kindly supplied by Prof. Zhiyong Qian at Sichuan University,
Chengdu, China. Dichloromethane and acetonitrile were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Deionized water was obtained by a Milli-Q purification
system (Molsheim, France). All other reagents used in this
study were of analytical grade and used as received. The
Sprague-Dawley (SD) rats were supplied by Shanghai Laboratory
Animal Center (Shanghai, China) and raised in the Laboratory
Animal Holding Building of the School of Pharmacy, Fudan
University (Shanghai, China). Throughout the experiment, the
animals were housed at a temperature of 25 £ 1 °C, relative hu-
midity of 55 £+ 5%, and with 12 h light-dark cycles. All animal
care and experimental procedures were conducted following the
guidelines issued by the Ethical Committee of the School of
Pharmacy (Protocol approval number: 2021-03-YJ-HHS-29),
Fudan University on the use of experimental animals, as well as
the principles outlined in the Declaration of Helsinki for all human
and animal experimental investigations.

2.2.  Preparation of fluorescently labeled PTX-loaded mPEG-
PDLLA PMs

mPEG-PDLLA PMs coloaded with P2 and PTX were prepared
according to our previous procedures with minor modifications’?’.
Briefly, accurate amounts of mPEG-PDLLA, PTX, and P2
(1600:160:1, w/w/w) were weighed and dissolved in 5 mL of
acetonitrile. After complete evaporation of acetonitrile at 50 °C and
10 Pa, the obtained thin film was hydrated by prewarmed saline
under mild stirring (60 rpm, HB 10 rotary evaporator, IKA, Germany)
at 50 °C for 2 min. Unencapsulated PTX was removed by filtration
with a 0.22 um filter. The dispersion was stored at 4 °C before use.

2.3.  Preparation of fluorescently labeled commercial Taxol

P2 (80 pg) was dissolved in 2 mL dichloromethane and added to a
brown vial. The solvent was completely evaporated under nitro-
gen; afterwards, 2 mL of Taxol was added into the vial to
encapsulate P2 under mild stirring (500 rpm, RCT basic thermo-
static magnetic stirrer, IKA, Germany) for 4 h and subsequently
stored at 4 °C. Before use, P2-loaded Taxol was diluted 8-fold
with saline and filtered through a 0.22 pum filter.

2.4.  Characterization of polymeric micelles and Taxol micelles

The average particle size, size distribution, and zeta potential of
the PMs were determined by dynamic light scattering (DLS) using
a Zetasizer Nano (Malvern Instruments, Malvern, UK) equipped
with a 4 mW He—Ne laser at 633 nm under ambient temperature.
All measurements were performed with a scattering angle of 173°
at 25 °C after diluting the micellar solution to an appropriate
volume with deionized water. The morphologies of mPEG-
PDLLA micelles and Taxol micelles were investigated using
transmission  electron  microscopy (JEM-1230  Electron
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microscope, JEOL, Japan). To prepare samples, a dilute suspen-
sion of the micelles was dropped on copper grids, negatively
stained with 1% (w/v) uranyl acetate, and allowed to dry under an
ambient atmosphere.

2.5.  Determination of the CMC

The CMCs of mPEG—PDLLA and Cremophor EL were measured
according to a previously reported method with minor modifica-
tions>*. Briefly, a series of aqueous mPEG—PDLLA solutions with
concentrations from 0.01 to 100 mg/L containing 2 pmol/L pyrene
were prepared and then incubated at 37 °C overnight under mild
shaking. Meanwhile, a series of aqueous Cremophor EL solutions
with a concentration from 0.01 to 400 mg/L containing 2 pmol/L
pyrene were prepared and then incubated at 37 °C overnight under
mild shaking. The fluorescence intensity of the samples was
measured by a fluorospectrophotometer with the excitation
wavelength fixed at 372 nm, while the emission wavelengths were
set to 333 and 339 nm. The CMC value was obtained from the
transition point in the plot of the fluorescence intensity ratio, /33¢/
I35, versus the logarithm of the amphiphile concentration.

2.6.  Invitro fluorescence stability study

The stability of PM in water and plasma was assessed by
measuring the fluorescence intensity of P2-encapsulated PM. In
brief, 0.5 mL of P2-encapsulated PM was added to 9.5 mL of
plasma and incubated at 37 °C under shaking at 100 rpm (HZ-
9211KB air thermostatic shaker, Hualida Laboratory Equipment
Co., Ltd., Taicang, China). Samples were withdrawn at time in-
tervals after incubation, and the fluorescence intensity of the
samples was immediately measured by a Cary Eclipse fluo-
rospectrophotometer (Agilent, USA). In parallel, the fluorescent
stability of PM solution diluted with the same volume of ultrapure
water was also evaluated.

2.7.  Invitro analysis of PTX by HPLC

The concentration of PTX encapsulated in micelles or release
medium was determined by high-performance liquid chromatog-
raphy (HPLC). A mixture of water and acetonitrile (45/55, v/v)
was utilized as a mobile phase. The elution rate was 1.0 mL/min,
with the detection wavelength set at 227 nm. The encapsulation
efficiency (EE) and drug loading (DL) of PTX were calculated
according to Egs. (1) and (2):

EE (%) = (Amount of PTX encapsulated in micelles)/(Theoret-
ical amount of PTX encapsulated in micelles) x 100 (1)

DL (%) = (Amount of PTX encapsulated in micelles)/(Amount of
PTX encapsulated in micelles + amount of amphiphiles in
micelles) x 100 2)

2.8.  Fluorescence-based quantification of polymeric micelles

The quantification of polymeric micelles in biological media (blood
and plasma) was performed by measuring P2 fluorescence. Their
concentrations, expressed as polymer equivalents, were determined
based on a pre-established fluorescence—concentration linear
standard curve. To construct the standard curve, rat blood or plasma

samples containing predetermined concentrations of polymeric
micelles (ranging from 15.6 to 2000 pg/mL) were prepared by
diluting P2-labeled PTX-loaded mPEG-PDLLA micelles with fresh
heparinized rat blood or rat plasma. Aliquots (100 pL) of these
samples with graded micelle concentrations were transferred to a
black 96-well plate for fluorescence measurement using the IVIS
system, with excitation and emission filters set at 710 and 760 nm,
respectively. For the particokinetic analysis, fluorescence mea-
surements of experimental blood and plasma samples were con-
ducted alongside the standardized samples under consistent
imaging parameters to ensure comparability.

2.9.  Invitro release of PTX

The in vitro PTX release profiles from mPEG-PDLLA polymeric
micelles and Taxol were investigated in PBS (pH 7.4) containing
1 mol/L sodium salicylate as reported previously?®. First, 0.5 mL
of PTX-loaded polymeric micelles or Taxol (200 pg PTX) was
sealed into dialysis bags (My cutoff = 12,000—14,000, Spectrum
Laboratories, Inc., Rancho Dominguez, CA, USA), immersed in
40 mL of release media and incubated at 37 °C under mild
shaking. At predetermined time points, 1 mL of the media was
withdrawn before replenishment with fresh media. The PTX
concentration in the samples was determined by HPLC as
described above. Experiments were conducted in triplicate.

2.10.  Pharmacokinetic and particokinetic studies

The pharmacokinetics and particokinetics of PTX-loaded mPEG-
PDLLA micelles as well as Taxol were investigated by monitoring
PTX and fluorescence simultaneously. Briefly, PTX-loaded fluo-
rescently labeled mPEG-PDLLA micelles as well as Taxol were
intravenously administered to rats at a PTX dose of 5 mg/kg and a
P2 dose of approximately 30 pg/kg. At predetermined time points
of 0.0042, 0.083, 0.25, 0.5, 1, 2, 4, 8, 12, 24, 36, and 48 h post
administration, 250 pL of blood samples were collected from the
eye socket. Throughout the pharmacokinetic study, the rats were
continuously monitored, and appropriate fluid supplementation
was provided to maintain physiological stability. No abnormal
changes in behavior, or body condition were observed in all rats.
Immediately after sampling, 100 pL of blood was taken for
fluorescence measurement by the IVIS-Spectrum system, and then
re-collected for centrifugation. The blood samples were centri-
fuged at 3000 rpm (MicroCL 17R high-speed centrifuge, Thermo
Fisher Scientific, USA) for 5 min to separate the plasma. One
hundred microliters of plasma were taken for fluorescence mea-
surement by IVIS and collected for storage at —20 °C until
analysis. To extract PTX from plasma samples, 1 mL of tert-
butylmethyl ether was added to 100 pL of plasma containing
10 pL of DTX (10 pg/mL) as an internal standard. After vortexing
for 5 min and subsequent centrifugation at 12,000x g for 10 min,
the organic layer was collected and dried under mild nitrogen flow
at 40 °C. The samples were then dissolved in 100 pL of a mixed
solvent (acetonitrile/water = 80/20, v/v) and centrifuged at
12,000xg for 15 min. Supernatants were obtained for further
analysis by LC-MS/MS.

2.11.  Invivo analysis of PTX by LC-MS/MS
Quantification of PTX by LC-MS/MS was conducted according

to our previous literature>*. Chromatography was performed uti-
lizing an Agilent 1200 HPLC system equipped with a C18 column
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(2.1 mm x 10 mm, 3.5 pm, Agilent Eclipse, USA) at a temper-
ature of 30 °C and a flow rate of 1.0 mL/min. A mixture of
acetonitrile and water (80/20, v/v) containing 0.1% formic acid
was utilized as the mobile phase, and 5 pL of sample was injected
for analysis. Mass spectrometric detection was conducted on an
AB 4000 Q TRAP TM triple quadrupole linear ion trap mass
spectrometer (SCIEX, USA) in positive ionization mode (ESI).
Detection of the ions was conducted in multiple reaction moni-
toring (MRM) mode by monitoring the transition of m/z
854.4 — 509.3 for PTX and 808.4 — 226.1 for DTX.

Pharmacokinetic parameters were calculated using the DAS
(Drug and Statistics for Windows) software (version 2.0).

3. Results and discussion

PTX-loaded PMs were prepared using a thin-film dispersion
method adapted from established procedures with minor modifi-
cations”?”. The near-infrared fluorophore P2 was co-loaded to
enable PM particle tracking and quantification. Transmission
electron microscopy confirmed the PMs as monodisperse spher-
ical particles (Fig. 1A and B), with a Z-average size of
33.88 £ 0.58 nm and polydispersity index of 0.08 + 0.01
(Fig. 1C). This size exceeds the ~24 nm reported for the com-
mercial PM product Genexol-PM®7?*% likely attributable to the
longer hydrophobic block in our copolymer (2.5 k vs. Genexol-
PM®’s 1.75 k). PTX loading was 8.42 4 0.54% (w/w), lower
than Genexol-PM®’s reported 15.9%'. Further increasing PTX
loading significantly increased particle size (to 59.6 nm) and
concurrently decreased encapsulation efficiency (to 78.45%)
(Supporting Information Fig. S1). Consequently, formulation
optimization to match Genexol-PM®’s properties was not pursued.

Figure 1

Cremophor EL micelles (Taxol-Ms), reconstituted from Taxol®
concentrate by saline dilution, served as a control. Taxol-Ms
exhibited a smaller size (13.08 = 0.10 nm) and polydispersity
index (0.05 £ 0.04), consistent with the low molecular weight of
Cremophor EL. Fluorescent labeling was achieved by incorpo-
rating P2 during initial PM preparation. The low P2 loading
(0.0625%, wiw) ensured negligible impact on physicochemical
properties®*3°.

CMCs of mPEG,-PDLLA,s;c and Cremophor EL were
determined fluorometrically using pyrene and the environment-
sensitive probe P2°°. Pyrene yielded CMCs of 0.64 pmol/L
(0.95 pg/mL) for the copolymer and 1.45 pmol/L (3.51 pg/mL)
for Cremophor EL (Supporting Information Fig. S2). Consistent
but more accurate values, validated previously®, were obtained
with P2: 0.21 pmol/L (0.31 pg/mL) and 1.37 umol/L (3.31 ng/
mL), respectively (Fig. 1D and E). The exceptionally low CMC of
mPEG,,-PDLLA, 5 confers superior stability against dilution,
supporting structural integrity maintenance’®>’.

In vitro PTX release from PMs in 1 mol/L sodium salicylate
was sustained but faster than from Taxol-Ms (Fig. 1F). PMs
exhibited a greater burst release (23% vs. Taxol-Ms’ 12%), fol-
lowed by sustained release over 24 h. The subsequent gradual
decline in cumulative release likely reflects partial PTX degra-
dation®®*. This faster initial release, despite the high structural
stability of mPEG-PDLLA micelles, can be attributed to weaker
noncovalent interactions between PTX and the relatively mobile
PDLLA core, which facilitate rapid diffusion without micelle
disassembly. In contrast, Taxol-Ms released PTX more slowly,
with less than 80% cumulative release at 48 h, despite their
relative higher CMC values. This indicates that Taxol-Ms showed
stronger affinity for PTX molecules?®°.

Characterization of P2-labeled PTX-loaded polymeric micelles (PMs) and Taxol-M. (A, B) TEM images of P2-labeled PTX-PMs

(A) and Taxol-Ms (B). Scale bar, 100 nm. (C) Size distribution profiles of P2-labeled PTX-PMs and Taxol-Ms determined by dynamic light
scattering. (D, E) The profiles of fluorescence intensity of P2 vs. the concentration of mPEG;-PDLLA, 5, (D) and Cremophor EL (E). The
intercepts of the regression line of the linear regions with the X-axis indicate the CMCs of the copolymer and Cremophor EL. (F) In vitro PTX
release profiles from PTX-PMs and Taxol-Ms. Data are presented as mean + standard deviation (n = 3).
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Accurate quantification of both PTX and PMs in biological
samples like blood is essential for pharmacokinetic and parti-
cokinetic analysis. While established methods like HPLC/
MS—MS enable precise PTX quantification®*, quantifying PMs
presents a significant challenge due to difficulties in recovering
intact particles from biological matrices. This study addressed the
challenge by establishing a linear correlation between PM con-
centration and fluorescence intensity after labeling with the
environmentally responsive near-infrared fluorophore P2.

Fig. 2A illustrates the principle for accurate PM tracking and
quantification. Fluorophore P2 exhibits ACQ properties*>*!.

Figure 2

When encapsulated within the hydrophobic core of PMs, P2
fluoresces intensely. Conversely, unencapsulated or released P2
probes immediately aggregate upon aqueous contact, resulting in
complete fluorescence quenching (intensity = 0). This effectively
eliminates interference from free probes, enabling specific quan-
tification of intact PM vehicles®>4!3,

Absorption and emission spectra of P2 in acetonitrile,
P2-encapsulated PMs, and aqueous P2 dispersion confirmed
labeling efficiency and probe water sensitivity. As shown in
Fig. 2B—D, P2 in acetonitrile and PM-encapsulated P2 dis-
played strong near-infrared absorption and emission, while the

Spectroscopic and imaging studies of P2-labeled PTX-loaded polymeric micelles (PMs). (A) Rationale of imaging PMs following

labeling by a NIR ACQ probe P2. (B) Absorption and emission spectra of P2 in acetonitrile. The inset shows the chemical structure of P2. (C, D)
Emission spectra (C) and fluorescence images (D) of P2-labeled PMs in water and quenched P2 dispersion. Fluorescence images were captured by
IVIS with excitation and emission wavelengths set to 710 and 760 nm, respectively. (E) Fluorescence stability profiles of P2-labeled PMs and
Taxol-Ms in plasma. Data are presented as mean =+ standard deviation (n = 3). (F) Fluorescence spectra of plasma samples doped with different
levels (ng/mL) of P2-labeled PMs. (G) Linear correlation between P2 fluorescence (expressed as total radiance efficiency, TRE) monitored at the
maximum emission of 760 nm and PM (expressed as the copolymer) concentration. (H) Well-plate fluorescence image of test plasma samples
withdrawn at predetermined time points after intravenous administration of P2-labeled PMs to rats (n = 4).
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aqueous dispersion was non-emissive due to ACQ. This ensures
signals only originate from intact PMs, precluding interference
from released P2 upon PM disassembly or degradation. P2 effi-
ciently labeled both PMs and Taxol-Ms, and fluorescence signals
remained stable for over 48 h in plasma (Fig. 2E), indicating
maintained structural integrity.

To validate the fluorescence—PM concentration linearity,
emission spectra and intensity of plasma spiked with varying P2-
PM concentrations were measured. Plasma dilution reduced
fluorescence intensity gradually while the emission maximum
remained constant (Fig. 2F). Fluorescence intensity, measured by
in vivo Imaging System (IVIS), showed excellent linear correla-
tion (R? = 0.9997) with PM concentration (Fig. 2G). In contrast,
PMs labeled via conventional Cy5.5 chemical conjugation
exhibited poor linearity (Supporting Information Fig. S$3)**°,
confirming the superiority of the ACQ-based approach for PM
quantification.

Notably, the linear regression for P2-PMs did not pass through
the origin (Fig. 2G), intersecting the x-axis at a copolymer con-
centration of 0.45 pg/mL. This indicates complete PM disas-
sembly below this concentration threshold. Remarkably, this
critical disassembly concentration (0.45 pg/mL) was lower than
the copolymer’s CMC (0.95 pg/mL), highlighting the superior
stability of PMs against dilution even in complex plasma'**®. In
contrast, SMS micelles like Taxol-Ms showed greater sensitivity
to plasma components, with a higher critical disassembly con-
centration (78 pg/mL, Supporting Information Fig. S4) than its
CMC (3.51 pg/mL).

Based on the established linear correlations (Fig. 2G and
Fig. S4), real-time quantification of PMs and Taxol-Ms in blood
and plasma was achieved by directly measuring sample fluores-
cence using IVIS (Fig. 2H).

The particokinetics and pharmacokinetics of PTX-PMs were
investigated and compared with those of Taxol-Ms following
intravenous administration. The original and normalized parti-
cokinetic profiles for both micellar formulations in plasma and
blood are presented in Supporting Information Fig. S5, Fig. 3A
and B, respectively. PTX-PMs were cleared from the blood faster
than Taxol-Ms over the 12-h period, except within the first 15 min.
This accelerated clearance of PTX-PMs is likely attributable to
their larger size, which promotes uptake and retention by the
MPS*7*8 " Notably, within 5 min post-administration, the
normalized concentration of PTX-PMs decreased from 100% to
91.55%, while that of Taxol-Ms decreased more markedly to
74.93% (Fig. 3A). This suggests that Taxol-Ms disassociate faster
upon entering the circulation, corresponding to their higher CMC,
indicative of lower stability compared to PTX-PMs.

Interestingly, Taxol-Ms subsequently demonstrated longer
circulation times than PTX-PMs in plasma. Specifically, Taxol-Ms
maintained higher plasma concentrations than PTX-PMs from
15 s to 12 h post-administration. The apparent inconsistency in
Taxol-Ms clearance between blood and plasma within the initial
5 min may be due to the potent effects of Cremophor EL on
erythrocytes, including inducing alterations in erythrocyte
morphology, aggregation, hemolysis, and enhanced erythrocyte
clearance®>2. Reduced uptake or attachment of Taxol-Ms to
erythrocytes accounts for their high plasma/blood micellar ratio
(Fig. 3C), which further diminishes erythrocyte uptake of the
encapsulated drug payload®*. The longer circulation time of
Cremophor EL micelles enabled higher plasma PTX
concentrations for Taxol-Ms compared to PTX-PMs for up to 24 h
(Fig. 3D and E).

The faster clearance of PTX from PTX-PMs compared to
Taxol-Ms is consistent with previous findings, which also reported
a shorter plasma PTX half-life (¢;,) for PTX-PMs (including
mPEG-PDLLA micelles) than for Taxol-Ms”>’. Reduced eryth-
rocyte uptake of PTX and the entrapment of PTX by circulating
Cremophor EL micelles are widely considered the primary causes
of this abnormal clearance pattern®>>*®, The pharmacokinetic
profile of PTX-PMs resembled that of a PTX solution, indicating
the complete and burst-like disassociation of PTX from the mi-
celles upon entering the circulation. However, it remains unclear
whether these results stem from rapid disassociation of the poly-
meric micelles themselves or rapid drug release.

To further elucidate the in vivo release behavior of PTX from
PTX-PMs, we simultaneously measured plasma concentrations of
the micellar particles and released PTX. The particokinetic pro-
files for the micelles and PTX (for both PTX-PMs and Taxol) are
shown in Fig. 3F and G, Fig. S5, respectively. Compared to the
micellar particles, the corresponding PTX was cleared much more
rapidly from the circulation. For instance, within 5 min post-
administration, approximately 10% of PTX-PMs were removed
from plasma (Fig. 3A), while the plasma PTX concentration
decreased by more than 90% (from 21.28 to 1.74 pg/mL)
(Fig. 3E).

Fitting the data to a three-compartment model yielded the
relevant pharmacokinetic and particokinetic parameters for PM
particles and encapsulated PTX, respectively (Table 1). The dis-
tribution half-lives (#1,,) and terminal elimination half-lives
(ti2y) of PTX were significantly smaller than those of the PM
particles. This indicates that the elimination rate of PTX from the
central compartment and the deep peripheral compartment was
much faster than that of the intact micelles. Correspondingly, the
elimination rate constant from the central compartment (K,() and
the distribution rate constants from the central to the shallow (K;,)
and deep (K,3) peripheral compartments were significantly greater
for PTX than for the PM particles. This demonstrates that PTX
exhibits much faster clearance from the central compartment, as
well as faster distribution to both peripheral compartments, than
the intact micelles. A much greater K, value compared to K, and
K5 for the PM particles indicates their rapid accumulation in
shallow peripheral compartments (such as MPS organs), followed
by slower redistribution to deep peripheral compartments. In
contrast, a considerable proportion of PTX is either cleared
directly from the central compartment or distributed to the deep
peripheral compartment. These distinct kinetic behaviors provide
further evidence that PTX is rapidly released from PTX-PMs and
subsequently cleared via an independent pathway.

Although the comparison between pharmacokinetics and par-
ticokinetics reveals rapid release of PTX from the PM vehicles,
calculating the exact release percentage at a specific time remains
challenging. A schematic illustrates potential events occurring in
the circulation following PTX-PMs entry into the blood stream
(Fig. 4A). Initially (+ = 0), all PTX is encapsulated within PM
vehicles (initial PTX dose: Dy or (Dpy)o, With inner subscript
“pym’ indicating the PM-encapsulated form; initial PM dose: PM,).
At time ¢ post-administration, several events may occur: 1)
clearance of PMs from the blood and simultaneous distribution
into various tissues/organs, reducing the total PM amount in the
blood; 2) dissociation of PMs, releasing PTX and copolymer
monomers; and 3) release of PTX from PMs without PM disso-
ciation. Consequently, PTX may exist in either a PM-encapsulated
form (Dpyy); or free form (Dg),; the PM level at time ¢ is described
as PM,.
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Figure 3

Simultaneous particokinetic and pharmacokinetic studies of PTX-loaded polymeric micelles (PMs) and Taxol-Ms. (A, B) Parti-

cokinetic profiles of PTX-PMs and Taxol-Ms in blood (A) and plasma (B) after administration to rats (n = 4). (C) Plotting the plasma/blood
micelle ratio as a function of time after administration of PMs and Taxol to rats. (D) Pharmacokinetic profiles of plasma PTX after administration
of PTX-PMs, Taxol, and PTX solution to rats at an equivalent PTX dosage of 5 mg/kg and (E) enlargement of plasma PTX vs. time profiles within
the first 2 h and comparison of the data at 15 s and 5 min. (F) Plotting plasma micelles and PTX concentration as a function of time after
administration of PTX-PM to rats and (G) enlargement of the profile within 2 h. Data are presented as mean =+ standard deviation (n = 4).

*P < 0.05; P < 0.001; ****P < 0.0001, two-sided Student’s ¢ test.

Understanding strategies for profiling in vitro drug release can
inform approaches to characterize in vivo release behavior. As
noted in the introduction, two conventional methods exist for
calculating drug release percentages: direct measurement of
released (“free”) drug in the bulk release medium, and quantifi-
cation of residual drug within carriers followed by deduction from
the initial dose. Conceptually, if the bloodstream were considered

a closed release compartment with negligible drug loss from
distribution or metabolism, in vivo release could be calculated by
determining free drug concentration (Dg), multiplied by blood
volume. However, this approach proves impractical due to
continuous extravascular biodistribution and poorly characterized
drug metabolism. Similarly, the residual drug strategy requires
carrier stability and recoverability—conditions unattainable for

Table 1  Particokinetic and pharmacokinetic parameters of plasma micelles and PTX after intravenous administration of PTX-PM to rats
by fitting to a three-compartment model (mean 4+ SD, n = 4).
Formulation 75, (h) tipg (h) tiny () Ko (1/h) Ky (1/h) K> (1/h) K3y (1/h) K3 (1/h)
PMs 0.29 £ 0.21 253 +1.82 2798 £9.18 0.25+0.02 1.43 +1.30 3.13 £3.86  0.08 £0.04  0.32 £0.17
PTX 0.018 £ 0.002* 0.61 £0.13  13.04 £0.78" 9.27 £3.02* 18.51 £1.64* 2.50 £0.29 0.08 + 0.08 8.60 +£2.67"

P < 0.05.
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Figure 4

Schematic illustration of the in vivo fate of drug-loaded nanocarriers and profiling of the in vivo drug release kinetics. (A) Schematic

illustration of events that may occur after i.v. administration of drug-loaded nanocarriers. (B) PTX/PM ratios calculated at different sampling time.
(C) The in vivo release profiles of PTX from both PMs and Taxol calculated from dynamic change of PTX/PM ratios. Data are presented as

mean =+ standard deviation (n = 4).

multi-unit nanocarriers where confining particles within the
vascular compartment and isolating carriers from biological
matrices is impossible. The initial PM dose (PM,) undergoes rapid
blood clearance primarily via the MPS, while nanocarriers’ small
size and similarity to endogenous components preclude their
separation from biological matrices.

In this study, we developed an alternative method to estimate
in vivo release by tracking the drug-to-polymer mass ratio (R).
This approach circumvents direct measurement of free or residual
drugs and eliminates carrier separation requirements. The initial
ratio (Ry = Do/PM,, where Dy is the initial drug mass and PM,
the polymer mass) is readily determined from the drug loading
data (Fig. 4A). At time 7, the ratio R, (defined as (Dpyy),/PM,)
represents encapsulated drug per polymer unit. While PM, is
measuable via our ACQ-based fluorescence method, (Dpym),
cannot be directly assessed since total blood drug (D,) comprises
both encapsulated (Dpyy), and free (Dg), fractions. Accurate
measurement of (Dg), remains elusive due to drug leakage during
conventional separation processes.

Critically, we observed rapid elimination of free PTX from the
blood post i.v. administration, with (Dg), constituting only a minor
fraction of D, at each sampling point. Upon entering the blood-
stream, the fraction of released drug, (Dg),, is immediately cleared
through fast plasma distribution. By contrast, the intact micelles
follow a distinct particokinetic pathway characterized by slower
clearance via long-circulating effect. The rapid divergence of the
free-drug pathway from the micellar pathway results in only a
negligible amount of freely circulating PTX at each sampling
timepoint. This allowed approximation of (Dg), = 0 and therefore
R, = D/PM,. A constant R/R, would indicate no release, but R,
decreased rapidly post-administration (Fig. 4B). At the first sam-
pling time point (15 s), R, dropped from approximately 1.08% to
0.095% within 5 min, stabilizing near 0.01%—0.02% after 4 h.
Taxol-Ms showed a slower decline from 0.42% to 0.11% within
5 min, reaching approximately 0.05% by 4 h. These initial plasma
ratios were markedly lower than formulation ratios (9.20% for
PTX-PMs, 1.14% for Taxol-Ms), confirming immediate release
upon blood contact. Converting R/R, to release percentage
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(Fig. 4C) revealed PTX-PMs exhibited 88.24% burst release
immediately post-injection, reaching 98.96% within 5 min, while
Taxol-Ms showed 62.95% burst release with 90.61% within 5 min
followed by gradual plateauing.

Notably, these profiles underestimate true in vivo release as
measured plasma PTX (D,) includes both encapsulated drug and
residual free drug. The rapid plasma PTX decline primarily re-
flects release followed by immediate clearance, analogous to an
in vitro dialysis system. This challenges the debated integrity
of polymeric micelles in vivo™™®. While some propose
drug-loaded PMs remain intact for targeted delivery>'>°!2 our
data—using ACQ-labeled PMs with simultaneous particle/drug
quantification—support evidence of rapid drug disassocia-
tion' #4363 Several mechanisms have been proposed for this
rapid drug release. Firstly, plasma proteins (e.g., albumin)
possess strong hydrophobic binding domains capable of
competitively extracting PTX from the micellar core, thereby
accelerating dissociation®®. Secondly, the glass transition
temperature (7,) of PDLLA is close to physiological temperature
(37 °C), likely increasing core chain mobility and facilitating
PTX diffusion®®®’. Thirdly, the constant high shear stress present
in blood vessels may accelerate the repartition of PTX mole-
cules®®%® The specific contributions of these mechanisms
driving instant release warrant further investigation. Collectively,
these findings not only suggest mPEG-PDLLA micelles pri-
marily function as formulation “solvents” solubilizing hydro-
phobic PTX’°, rather than stable drug delivery vehicles, but
underscore an alternative methodology for profiling the in vivo
drug release of various nanoparticulate drug delivery systems
with hydrophobic cores (e.g., lipid nanoparticles and polymeric
nanoparticles).

4. Conclusions

This study conclusively demonstrates that PTX is released with
surprising rapidity from mPEG-PDLLA polymeric micelles
in vivo, with over 88% released within 15 s and 99% within 5 min
post-IV administration. By comparing PTX pharmacokinetics with
PM particokinetics using a novel ACQ-fluorophore-based tracking
method, the significant divergence revealed that the micelles
function primarily as a solubilizing “solvent” rather than as stable,
targeted delivery vehicles. This challenges the conventional view
of PMs as long-circulating carriers and underscores the critical
need to reassess their in vivo release behavior and true therapeutic
mechanism for effective clinical translation.
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