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Background: Paclitaxel-induced blood system disorders and peripheral neuropathy impede the progress of new formulations in
clinical trials.

Purpose of Study: To mitigate these adverse effects by developing and validating a prodrug strategy that encapsulates a glucose-
paclitaxel conjugate within nanomicelles.

Material and Methods: Succinic anhydride was used as a bridge to couple C2’-paclitaxel with methyl 2’-glucopyranose and prepare
a glucose-paclitaxel conjugate. Nanomicelles were prepared via solid-phase dispersion, and dynamic light scattering was used to
determine their average diameter and the polydispersity index. High-performance liquid chromatography (HPLC) was employed to
evaluate drug-loading capacity and encapsulation efficiency. Pharmacokinetic studies and in vivo toxicity assays were performed in
Sprague-Dawley (SD) rats.

Results: The nanomicellar product exhibited a spherical shape with a particle size distribution between 20—60 nm, a PDI of 0.26 +
0.01, and an encapsulation efficiency of 95.59 + 1.73%. The pharmacokinetic profile of glucose-paclitaxel nanomicelles in SD rats was
markedly different from that of the paclitaxel solution group. Notably, the plasma drug concentration of glucose-paclitaxel nanomi-
celles was significantly higher than the paclitaxel solution 15 minutes post-administration, with a V, at only 40% of that of the
paclitaxel solution, while the AUC,.,, was five times greater than that of the paclitaxel solution. Ultimately, glucose-paclitaxel
nanomicelles effectively alleviated blood system disorders and peripheral neuropathy in SD rats.

Conclusion: The encapsulation of glucose-paclitaxel conjugates within nanomicelles presents a viable solution to the dose-limiting
toxicities associated with paclitaxel, offering new perspectives on safety for the development of paclitaxel-based therapeutics.
Keywords: glucose-paclitaxel conjugate, nanomicelles, pharmacokinetics, toxicity of paclitaxel

Introduction

Since the approval of Taxol® (the first generation paclitaxel formulation) by the FDA in 1992 for treating advanced ovarian
cancer, the clinical limitations of this drug have become progressively evident.! Aiming to solve paclitaxel’s low solubility in
water, Taxol® incorporates drugs in a solution containing polyethoxylated castor oil (CrEL) and ethanol at 1:1 (v/v), which is
associated with hypersensitivity reactions, as well as various inconveniences during clinical administration.” The adminis-
tration time must be extended to dilute the solvent, and premedication with antihistamines and glucocorticoids is required to
mitigate hypersensitivity reactions. However, corticosteroids can interfere with the immune response by blocking the
programmed cell death ligand (PD-(L)) 1 during cancer treatment, which is unfavorable for combination therapy with
paclitaxel.> Moreover, Taxol® must be prepared in a non-polyvinyl chloride administration set and infused with in-line
filtration to prevent the precipitation of leaching plasticizers,* which undoubtedly increases both the risk and cost associated
with therapy. In addition to the need for premedication and special administration devices, CrEL can alter paclitaxel
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pharmacokinetics by trapping the compound in the CrEL micelles.” It leads to a reduced fraction of free paclitaxel available for
clearance and distribution, consequently resulting in nonlinear pharmacokinetic behavior,® thereby making it difficult to
accurately adjust the dosage of drugs.

To circumvent these unfavorable effects, new formulations of paclitaxel have been established as substitutes for CrEL
applications. Several new drug delivery systems using nanoparticles,”® microspheres,” micelles,'®'* liposomes,'> !’
emulsion,'® and prodrugs'®*? have been investigated in clinical studies, with some already approved for their superior
clinical benefits compared with Taxol®™. For example, Abraxane, also referred to as nab-paclitaxel, a nanoparticle
albumin-bound paclitaxel formulation, can eliminate the need for any solvent, thus demonstrating a shorter administra-
tion time (30 min) and lower infusion volume, alleviating the danger of leaching plasticizers from the infusion set, and
does not require steroid premedication.”* > This formulation allows for the administration of a higher dose of paclitaxel,
leading to improved response against tumor and prolonged time to tumor progression compared to Taxol®.?® Genexol-
PM, the CrEL-free polymeric micelle, can be safely given as a 1-hour infusion without the need for premedication. It
offers comparable effectiveness to other treatments, while maintaining a manageable safety profile.'® GRN1005, a
conjugate of paclitaxel and Angiopep-2 designed to increase drug delivery to the brain,>’ displays well-tolerated and
linear pharmacokinetic behavior, showing activity in a Phase I study on recurrent glioma.?’

Although new paclitaxel formulations have gained benefits in terms of absence of hypersensitivity reactions and
convenient administration, adverse effects induced by paclitaxel itself mainly refer to blood system disorders and peripheral
neuropathy, often interfered with dose scheduling or even discontinued subsequent treatment. Previous studies have demon-
strated that paclitaxel at physiological concentrations interrupts the division of precursor cells within the bone marrow with
time-dependent effects on the duration of paclitaxel exposure.”* *° Clinical pharmacokinetic studies of paclitaxel have
suggested that patients with a higher overall systemic drug exposure are more likely to experience peripheral neuropathy.®'~*
Therefore, it is important to explore innovative delivery strategies that can constrict the extensive systemic distribution of
paclitaxel, thereby preventing excessive exposure to high concentrations of free drug in the blood circulation, which directly
affects the bone marrow. Small sugar molecule drug conjugates have been designed as prodrugs to improve water solubility
and target the delivery of anticancer compounds via the overexpression of glucose transporters in cancer cells.**** Several
types of glycoconjugates of paclitaxel have been synthesized and proven to be superior due to their better water solubility and
increased antitumor activity compared to paclitaxel, as evidenced by in vitro cytotoxicity studies.”>® However, these
prodrugs manifest a rapid release of paclitaxel in the serum, thereby resulting in excessive paclitaxel exposure in the blood
circulation, which complicates the management of blood system disorders and peripheral neuropathy induced by paclitaxel.

One way to counteract this premature cleavage of the covalent bond between the sugar ligand and paclitaxel is to
fabricate prodrugs into nanomicelles. Nanomicelles exhibit a core-shell structure that encapsulates insoluble drugs into
the core area to increase solubility. In addition, nanomicelles protect the covalent bonds of prodrugs from degradation by
enzymes in the circulation, thus decreasing free paclitaxel exposure within the bloodstream. This may be beneficial in
managing blood system disorders and peripheral neuropathy.

To verify this hypothesis, we synthesized a glucose-paclitaxel conjugate and encapsulated it within nanomicelles,
comparing its pharmacokinetic profile, effects on blood system disorders, and peripheral neuropathy in SD rats with those
of paclitaxel dissolved in CrEL and ethanol.

Materials and Methods

Materials

N,N’-Dicyclohexylcarbodiimide (DCC), 4-Dimethylaminopyridine (DMAP) were sourced from Shanghai Yuanye
Biotechnology Co., Ltd.; Paclitaxel (purity, 99.5%) was sourced from Xi ‘an Haoxuan Biotechnology Co., Ltd.; Methyl-4,6-
O-benzylidene-a-D-glucopyranoside (MBG) (purity, 99.6%) was sourced from Shanghai Ling Kai Pharmaceutical Technology
Co., Ltd.; tetrabutylammonium bromide (TBAB), dipivaloylmethane and benzyl bromide (purity, 99.0%) were sourced from
Shanghai McLean Biochemical Technology Co., Ltd.; Succinic anhydride (purity, 99.0%) and silver oxide were purchased from
West Asia Chemical Technology (Shandong) Co., Ltd. (Shandong, China); Pd/C mixture was sourced from Shanghai Bide
Pharmaceutical Technology Co., Ltd. Methoxy poly (ethylene glycol),,-poly (D, L-lactide)s, (mPEG2000-PDLLA3000) was
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obtained from Guangzhou Weihua Biotechnology Co. Ltd. Norethisterone was purchased from the China Food and Drug Control
Institute. Heparin sodium was obtained from Beijing Solaibao Technology Co. Ltd. Petroleum ether (boiling temperature of
60-90 °C), ethyl acetate, and n-hexane (Hex) were purchased from Shanghai Titan Technology Co., Ltd. All other reagents used
were of analytical or chromatographic grade.

SD rats weighing 180-200 g were purchased from Beijing Huafukang Biotechnology Co. Ltd. The protocols for the
animal experiments were approved by the Institutional Animal Care and Use Committee of the Experimental Animal
Ethics Committee of Southwest Medical University (20230216-003).

Synthesis of Glucose-Paclitaxel Prodrug

FeCl; (25 mg, 0.15 mmol) was dissolved in anhydrous acetonitrile (MeCN) (10 mL) in a three-necked flask, then dipivaloyl-
methane (63 pL, 0.3 mmol), Ag,O (248 mg, 1.0 mmol), tetrabutylammonium bromide (50 mg, 0.15 mmol) were supplemented.
After stirring (49 °C, 0.5 h), MBG (282 mg, 1.0 mmol) and benzyl bromide (180 pL, 1.5 mmol) were added to the solution. The
products were stirred (49 °C for 4.36 h). The solvent was subsequently evaporated under reduced pressure, and the residue was
purified by silica gel column chromatography and eluted with ethyl acetate/petroleum ether (1:12, v/v) to obtain the white solid 1
(166 mg, 45%). '"H NMR (500 MHz, CDCl3) & 7.52-7.47 (m, 2H), 7.41-7.31 (m, 8H), 5.52 (s, 1H), 4.79 (d, ] = 12.2 Hz, 1H),
4.71(d,J=12.2Hz, 1H),4.62 (d,J=3.6 Hz, 1H), 4.26 (dd, J=10.2,4.8 Hz, 1H), 4.16 (t,]=9.3 Hz, 1H), 3.82 (td, ] =9.9,4.8 Hz,
1H), 3.70 (t, J = 10.3 Hz, 1H), 3.52-3.45 (m, 2H), 3.38 (s, 3H). (see Supporting Information for the NMR spectrum, Figure S1;
the Mass spectrum, Figure S2).

Succinic anhydride (202.2 mg, 2.0 mmol) was supplemented into mixture consisting of DMAP (25 mg, 0.20 mmol)
and compound 1 (149.6 mg, 0.4 mmol) within 6 mL CH,Cl,, while being constantly stirred (room temperature, 24
hours). The reaction mixture was extracted with HC1 0.1 mol/L and evaporated under pressure. The residue was purified
using silica gel column chromatography, eluted with ethyl acetate/petroleum ether (1:12, v/v), and dried under vacuum to
yield white solid powder 2 (179.8 mg, 95%). "H NMR (500 MHz, CDCl3) & 7.44-7.39 (m, 2H), 7.32 (dtd, J = 10.8, 7.0,
3.6 Hz, 8H), 5.57 (t, ] = 9.7 Hz, 1H), 5.44 (s, 1H), 4.68-4.59 (m, 3H), 4.26 (dd, J =10.2, 4.9 Hz, 1H), 3.91-3.84 (m, 1H),
3.70 (t, J = 10.3 Hz, 1H), 3.60-3.51 (m, 2H), 3.39 (s, 3H), 2.67-2.55 (m, 4H). (see Supporting Information for the NMR
spectrum, Figure S3).

A solution of paclitaxel (51.5 mg, 0.06 mmol), DMAP (7.4 mg, 0.06 mmol), DCC (75 mg, 0.36 mmol) in
tetrahydrofuran (THF) (4 mL) was supplemented to the mixture consisting of compound 2 (85 mg, 0.18 mmol) in
THF (4 mL), then sent for constant stirring (room temperature, 24 h). The residue was purified by silica gel column
chromatography eluted with ethyl acetate/Hex (1:10, v/v) and dried under vacuum to yield white solid powder 3 (39.7
mg, 50%). "H NMR (500 MHz, CDCl;) & 8.13 (t, J = 5.9 Hz, 2H), 7.75 (d, ] = 7.1 Hz, 2H), 7.61 (t, J = 5.7 Hz, 1H),
7.57-7.45 (m, 4H), 7.45-7.17 (m, 16H), 6.97 (dd, ] = 9.0, 3.9 Hz, 1H), 6.20 (q, J = 9.2, 6.7 Hz, 2H), 5.91 (dt, J = 8.7, 3.7
Hz, 1H), 5.66 (t, ] =5.7 Hz, 1H), 5.61-5.50 (m, 1H), 5.43 (d, J = 4.1 Hz, 2H), 4.93 (d, ] = 9.4 Hz, 1H), 4.71 (dd, J = 12.5,
3.9 Hz, 1H), 4.67-4.54 (m, 2H), 4.29 (dtd, ] = 22.2, 10.7, 9.9, 5.6 Hz, 3H), 4.18 (dd, J = 8.5, 3.7 Hz, 1H), 4.12 (dd, J =
9.3, 5.1 Hz, 1H), 3.92-3.80 (m, 1H), 3.80-3.64 (m, 2H), 3.53 (dt, J = 14.4, 7.3 Hz, 2H), 3.40 (d, J = 3.9 Hz, 3H), 2.83-
2.42 (m, 4H), 2.40 (d, J = 3.9 Hz, 2H), 2.36-2.26 (m, 1H), 2.21 (d, J = 3.9 Hz, 3H), 2.04 (d, J = 4.2 Hz, 1H), 1.84 (s, 3H),
1.66 (d, J =4.0 Hz, 3H), 1.41-1.30 (m, 2H), 1.31-1.17 (m, 6H), 1.12 (d, J = 4.1 Hz, 3H). (see Supporting Information for
the NMR spectrum, Figure S4).

The mixture of compound 3 (46 mg, 0.035 mmol), Pd/C (25 mg, 0.23 mmol) in methanol (MeOH) (4 mL) was sent
for stirring (room temperature, hydrogen atmosphere, 12 h). The reaction mixture was filtered using diatomite, and the
residue was purified by silica gel column chromatography, eluted with ethyl acetate/hexane (20:1, v/v), and dried under
vacuum to obtain white solid powder 4 (31 mg, 79%). "H NMR (500 MHz, CDCl5) & 8.20-8.09 (m, 2H), 7.80 (d, J=7.6
Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.50 (q, J = 7.3 Hz, 3H), 7.44-7.37 (m, 6H), 7.37-7.31 (m, 1H), 7.13 (d, ] = 9.2 Hz,
1H), 6.29 (s, 1H), 6.20 (t, J = 9.0 Hz, 1H), 5.97 (dd, J = 9.4, 3.2 Hz, 1H), 5.68 (d, ] = 7.0 Hz, 1H), 5.48 (d, J = 3.4 Hz,
1H), 5.07-4.93 (m, 2H), 4.71 (d, J = 3.8 Hz, 1H), 4.43 (dd, J = 10.9, 6.5 Hz, 1H), 4.31 (d, J = 8.5 Hz, 1H), 4.20 (d,J =
8.5 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.80 (d, J = 7.0 Hz, 1H), 3.72 (dd, J = 6.7, 3.7 Hz, 2H), 3.57 (t, ] = 9.5 Hz, 1H),
3.51-3.37 (m, 5H), 2.89-2.62 (m, 4H), 2.55 (dd, J = 10.6, 5.0 Hz, 1H), 2.48 (s, 3H), 2.35 (dd, J = 15.4, 9.5 Hz, 1H), 2.23
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(s, 3H), 2.16 (dd, J = 15.6, 8.9 Hz, 1H), 2.04 (s, 3H), 1.91-1.86 (m, 4H), 1.68 (s, 3H), 1.22 (s, 3H), 1.14 (s, 3H). (see
Supporting Information for the NMR spectrum, Figure S5; the Mass spectrum, Figure S6).

Physical Properties of Glucose-Paclitaxel

Determination Solubility of Glucose-Paclitaxel

The solubility of paclitaxel and glucose-paclitaxel were measured after shaking the flask, and suspensions of each
compound in excess were prepared in 10 mL of pure water, 5% glucose solution, or physiological saline and stirred (25 °©
C for 72 h). The product was centrifuged (10000 rpm, 10 min) to remove the insoluble fraction and then filtered through
a 0.22 pm filter. The compound concentration in the saturated solutions was quantified using HPLC (Agilent
Technologies Singapore Inc., Yishun, Singapore) and calculated through interpolation based on the calibration curve.
Solubility values represent the average of three independent tests.

Plasma Stability of Glucose-Paclitaxel in vitro
The plasma stability was estimated by preparing a 10 pL methanol solution containing glucose-paclitaxel (0.5 mg-mL ")
and subsequently added to 1000 pL rat blank plasma in triplicate. The system was swirled for 30s and incubated at 37 °C.
Then, 100 pL of the sample extracted from the system was collected at time points of 0, 5, 15, 20, 30, 60, 90, 120, and
240 min, and 500 pL methanol with 10 pL of internal standard norethindrone solution (100 pg-mL ") was added. The
samples were vortexed (5 minutes) and centrifuged (10000 rpm for 15 minutes). The supernatant was collected and
evaporated to dryness by using a nitrogen evaporator at 45 °C. Thereafter, the samples were reconstituted in 50%
acetonitrile:50% water (100 pL) and transferred to HPLC vials for analysis.

The stability of the glucose-paclitaxel nanomicelles in plasma was determined in the same way as described above.

Preparation of Nanomicelles

The nanomicelles were prepared via solid-phase dispersion.’”>° In brief, glucose-paclitaxel and mPEG2000-
PDLLA3000 (in a 1:8 mass ratio) were dissolved in acetonitrile and evaporated using a 250 mL eggplant-shaped rotary
evaporator (Tianjin Chengsheng Glass Instrument Co., Tianjin, China) while stirring (37 rpm and 50 °C). The resulting
dried film was then redispersed in 5 mL normal saline at 50 °C to allow the self-assembly of nanomicelles. Finally, the
nanomicelles were filtered utilizing syringe filter sized 0.22 pm (Jinteng Experimental Equipment Co., Tianjin, China) to
form the resulting product.

Characterization of Nanomicelles

Morphology and Size

The polydispersity index (PDI), particle size, Zeta potential and morphology are the fundamental properties of
nanomicelles. The average diameter and PDI were determined by dynamic light scattering (DLS) using a Zetasizer
Nano ZS90 analyzer (Malvern, Worcestershire, UK) assisted by a red diode laser (4 mW, A = 632.8 nm at scattering angle
of 90). Samples for zeta potential measurements were placed in specialized cuvettes capable of conducting current during
analysis. The morphology of the glucose-paclitaxel nanomicelles was observed by transmission electron microscopy
(TEM) (JEM-2100, JEOL Co., Tokyo, Japan). The nanomicelles were then diluted and positioned on a nitrocellulose-
covered copper grid. Negatively stained phosphotungstic acid samples were dried at room temperature.

Efficiencies of Drug Loading (DL) and Encapsulation (EE)

The ability of the mPEG-PDLLA nanomicelles to encapsulate glucose-paclitaxel was assessed using the DL efficiency
and EE. Three batches of nanomicelles were prepared according to the method described in section Preparation of
nanomicelles. The 0.22 pm syringe filter was rinsed with methanol to collect the non-encapsulated glucose-paclitaxel.
DL efficiency and EE of glucose-paclitaxel nanomicelles were determined using the following equations, with results
presented as mean + standard deviation.

Total mass of drug — Mass of free drug

EE(%) = x 100% (1)

Total mass of drug
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DL (%) — Total mass of drug — Mass of free drug

1009 2
Total mass of nanomicelles % & 2)

The Placement Stability of Nanomicelles
The placement stability of glucose-paclitaxel nanomicelles were evaluated after diluting within PBS (pH7.4). The
nanomicelles were stored at 25°C and 4°C for 28 days. Particle size measurements were conducted at days 1, 2, 4, 8,

16, and 28. Zeta potential were measured at days 1 and 28.

Biocompatibility Evaluation

To evaluate biocompatibility, blood was collected from SD rats, and was diluted with saline. The blood sample was then
centrifuged at a low speed of 4000 rpm for 6 min to separate the supernatant. This process was repeated 3 times until the
supernatant became clear, leaving a purified red blood cells (RBCs). The obtained RBCs were used to prepare a 2% RBC
saline suspension. The 2% RBC saline suspension was mixed with saline (negative control sample 1), distilled water
(positive control sample 7), or glucose-paclitaxel nanomicelles at concentrations of 20, 40, 60, 80, 100pg-mL™"’
(samples2-6). After incubation at 37°C for 5 hours, the OD value was quantified using a UV spectrophotometer to

evaluate hemolytic effects and biocompatibility.

OD — ODyegativ
Hemolysis rate(%) = —— "¢ negative

= 100% 3
ODpositive - ODnegative 8 ’ ( )

In vivo Pharmacokinetics Analyses

Six SD rats were randomly divided into groups A and B, each group comprised 3 rats. Paclitaxel solution (CrEL:
dehydrated ethanol = 1:1) and glucose-paclitaxel nanomicelles were injected via the tail vein at a paclitaxel-equivalent
(paclitaxel-equ) dose of 5 mg-kg ' in groups A and B, respectively. Blood samples (200 uL) were obtained from the tail
vein at specific time intervals (5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h and 24 h). The samples were
subsequently centrifuging (4000 rpm for 10 minutes) for extract the plasma. The drug content in the plasma was
determined as described in Section Stability of glucose-paclitaxel in vitro.

The experimental data are expressed as the mean + SD. Pharmacokinetic behavior was analyzed by operating a non-
compartmental model using DAS2.0. Pharmacokinetic indicators were calculated as follows: AUC of the curve indicating
plasma concentration-time from zero (time) to infinity (AUC_,,) or the time point of the latest measurement (AUC,_), total
body clearance (CL,), volume of distribution (V,), elimination half-life (t,/»,), and mean residence time (MRT,..,).*

In vivo Toxicity Assay

Paclitaxel-induced toxicity in blood system disorders and peripheral neuropathy was evaluated in SD rats. The rats were
acclimatized for 7 days under laboratory conditions prior to the experimental study. After adapting to the environment,
SD rats were randomly divided into paclitaxel solution or glucose-paclitaxel nanomicelle groups and then given 5
mg-kg ' of paclitaxel or paclitaxel-equ via the tail vein. Blood samples (0.25 mL) were placed in EDTA K2 antic-
oagulant tubes before administration (6/12/24 h) and analyzed using an automatic animal blood cell analyzer (Mindray,
Shenzhen, China).

Peripheral neuropathy was evaluated using a heat stimulus-induced tail-flick pain test. The SD rats were randomly
divided into paclitaxel solution group or glucose-paclitaxel nanomicelles group and then administered 5 mg-kg '
paclitaxel or paclitaxel-equ via the tail vein. After calming to a quiet state, the rats were immersed in tail tips of
approximately 5 cm in water at 50 °C. Tail-flick time was defined as the tail-flick latency. Tail-flick latency was measured
before administration and 30/60/120/240 min post-injection.
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Figure | Synthetic route of glucose-paclitaxel. Reagents and conditions: (a) FeCl;, Ag,O, Dipivaloylmethane, TBAB, MeCN; (b) DMAP, CH,Cl,; (c) paclitaxel, DCC, DMAP,
THF; (d) Pd/C, H,, MeOH.

Statistical Analysis

Experimental data are expressed as the mean +SD. Pharmacokinetic indicators were computed by operating a non-
compartment model using DAS 2.0. Comparison analysis between cohorts relied on one-way analysis of variance
(ANOVA) using SPSS statistical software, with significant differences noted as *p < 0.05, **p < 0.01.

Results

Design and Synthesis of Glucose-Paclitaxel Prodrug

The design and synthesis route of the glucose-paclitaxel conjugates are shown in Figure 1. The glucose-paclitaxel
conjugate was synthesized via a simple esterification reaction using MBG, succinic anhydride, and paclitaxel as
initiators. The structures of glucose-paclitaxel and its intermediates were validated by "H NMR and MS.

Physical Properties

The solubility of paclitaxel and glucose-paclitaxel conjugates are listed in Table 1. The aqueous solubility of the drug in
the three media was 619 times that of the parent drug, indicating that paclitaxel prodrug solubility could be improved by
glycosylated moieties. The maximum solubility of glucose-paclitaxel was 6.86 = 0.98 ug-mL™" in physiological saline,

although this concentration still could not match the clinical concentration of paclitaxel.

Table | Solubility of Glucose-Paclitaxel and Paclitaxel (n = 3)

Compound Pure Water (ug'mL™") Saline (ug'mL™") 5% Glucose (ugrmL™")
Paclitaxel 0.61 £ 0.02 0.66 £ 0.14 0.16 £ 0.06
Glucose-paclitaxel 393 +0.34 6.86 + 0.98 3.05 £ 0.41
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The plasma stability of the glucose-paclitaxel conjugates was then evaluated in vitro, and the concentration of the
prodrug decreased over time, approaching zero at 60 min (Figure 2). The half-life time of glucose-paclitaxel in plasma
was only 8.59 minutes, suggesting that the prodrug rapidly converted to paclitaxel in the blood, likely due to the
influence by metabolic enzymes. In contrast, the half-life of glucose-paclitaxel in nanomicelles was 39.83 minutes, which
is approximately five times longer than that of glucose-paclitaxel solution, indicating that nanomicelles could improve
the prodrug circulation time in the bloodstream.

Characterization of Nanomicelles

Glucose-paclitaxel nanomicelles were prepared using a solid-phase dispersion method, and the properties of the resulting
products were characterized sequentially after preparation. The nanomicelles appeared as a transparent solution with a
light-blue hue under natural light (Figure 3).

The morphology of the nanomicelles was investigated using TEM, confirming the formation of spherical structures
with a uniform size (Figure 4A). The particle size distribution ranged from 20-60 nm with a PDI of 0.26 + 0.01
(Figure 4B). Using formulas (1) and (2), the EE of glucose-paclitaxel nanomicelles was calculated to be 95.59 + 1.73%,
while DL was 11.46 + 0.68%. Both EE and DL of the nanomicelles were relatively stable, and no aggregation was
observed in the TEM micrographs (at room temperature for 72 h or 4 °C for 7 days).

Figure 5 illustrates the particle size of glucose-paclitaxel nanomicelles stored at 25°C and at 4°C for a 28-day period.
The Zeta potential were measured —3.35+£0.26 mV at day 1 and —3.19+0.37 mV at day 28. These data reveal no
significant alterations throughout the storage duration, demonstrating the nanomicelles excellent stability under both
temperature conditions.

In the biocompatibility evaluation process of 37°C incubation, the negative control sample | treated with saline
showed no hemolysis. Conversely, the positive control sample 7 showed complete hemolysis. In addition, no visible
hemolysis was observed in samples 2—6, and the hemolysis rates of samples 2—6 remained below 5%, indicating the good
biocompatibility of glucose-paclitaxel nanomicelles (Figure 6).

099 —a— glucose-paclitaxel —e— glucose-paclitaxel nanomicelles
0.8 4

glucose-paclitaxel concentration (ug/mL)

& &
* *
60 120
Time (min)

Figure 2 The concentration of glucose-paclitaxel in plasma as a function of incubation time (*p < 0.05).
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Figure 3 Appearance of glucose-paclitaxel nanomicelles solution (A) and H,O (B).
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Figure 4 The morphology and size of glucose-paclitaxel nanomicelles. (A) TEM images of glucose-paclitaxel nanomicelles (scale bar: 50 nm). (B) Size distributions of
glucose-paclitaxel nanomicelles, average particle size: 33.47 + 1.74 nm (n = 3).

In Vivo Pharmacokinetics Analysis

The plasma concentration-time profiles of the glucose-paclitaxel nanomicelles and paclitaxel solution are shown in
Figure 7, and the relevant pharmacokinetic indicators are shown in Table 2. As shown in Figure 7A, the concentration of
glucose-paclitaxel declined drastically within the initial 30 min, approaching zero after 8§ h. In Figure 7B, the
concentration of paclitaxel increased to C,,,, at 15 min, after which the plasma paclitaxel concentration remained higher
than that of the prodrug, as plotted in Figure 7C. As shown in Figure 7D, the observed drug pharmacokinetic behavior
indicated that the drug concentration level of glucose-paclitaxel nanomicelles was higher than that of the paclitaxel
solution after administration, in other words, the prodrug in the nanomicelles limited the distribution of paclitaxel into
tissues.
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Figure 5 The placement stability of glucose-paclitaxel nanomicelles (n= 3).
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Figure 6 Biocompatibility Evaluation of glucose paclitaxel nanomicelles. (A) Qualitative and (B) quantitative analysis results are shown (n = 3).

The pharmacokinetic parameters were calculated using a non-compartment model. The AUC,._,, of paclitaxel after
glucose-paclitaxel nanomicelle administration was over 3-fold higher than that of the paclitaxel solution, which could be
beneficial for drug accumulation at the tumor site. Although the plasma content of paclitaxel was higher in the
elimination phase after glucose-paclitaxel nanomicelle administration, the rate of clearance was only one-third of that
of paclitaxel solution, potentially due to the resistance to drug clearance provided by nanomicelles. Additionally, the
volume of distribution, V, was 3.074 + 0.314 L/kg, which is approximately half that of the paclitaxel solution.

In vivo Toxicity Assay
Blood cells were measured for leukocyte count (reference ranges 2.31~12.16 x10°/L), lymphocyte count (reference
ranges 1.90~11.04 x10°/L), erythrocyte count (reference ranges 5.45~8.42 x10°/L), hemoglobin concentration (reference
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Figure 7 (A) Plasma concentration of glucose-paclitaxel over time after glucose-paclitaxel nanomicelles administration; (B) Plasma concentration of paclitaxel over time
after glucose-paclitaxel nanomicelles administration; (C) Plasma concentration of paclitaxel, glucose-paclitaxel, total paclitaxel over time after glucose-paclitaxel nanomicelles
administration; (D) Plasma concentration of paclitaxel over time after paclitaxel solution or glucose-paclitaxel nanomicelles administration. Data expression: mean *

standard deviation (n = 3).

ranges 118.47~156.78 g/L), and neutrophil count (reference ranges 0.00~1.20 x10°/L). Figure 8 illustrates the changes
over time following a single dose of either paclitaxel solution or glucose-paclitaxel nanomicelles. Among these types of
blood cells, neutrophils increased after the administration of both formulations, showing significant differences at the 12-

Table 2 Pharmacokinetic Parameters After Paclitaxel Solution and Glucose-

Paclitaxel Nanomicelles Administration to SD Rats (n = 3)
PK parameters Paclitaxel solution Glucose-paclitaxel nanomicelles

Paclitaxel Glucose-paclitaxel Total paclitaxel

tiz (h) 10.149 + 0.310 4.290 + 1.089** 22781 * 14.756
AUC,, (mg/L h) 9.405 + 0.397 6.544 + 3.364 31.239 £ 4.695%*
AUGC,._.. (mg/L h) 11.201 + 0.528 8211 + 4.828 58.712 £ 24.041*
V, (L/kg) 6.541 £ 0.149 4.248 + 1.287* 2.620 + 0.755%
CL, (L/h/kg) 0.447 + 0.022 0.742 + 0.347 0.098 + 0.048**
MRTo. (h) 12.223 + 0.374 5.694 + 1.931** 34.426 + 17.375

Note: *p < 0.05, **p < 0.01.
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Figure 8 The changes of blood cells over time post-administrations of paclitaxel solution (@) or glucose-paclitaxel nanomicelles (Jll) (n=3). (A) leukocyte count; (B)
lymphocyte count; (C) erythrocyte count; (D) hemoglobin concentration; (E) neutrophil count.

hour mark compared to the baseline (p < 0.01) (Figure 9). The neutrophil count remained higher after paclitaxel solution
administration than after glucose-paclitaxel nanomicelle administration, despite the insignificant difference (p > 0.05).

The tail-flick latency after a single dose of paclitaxel solution or glucose-paclitaxel nanomicelles administration is
depicted in Figure 10, which was significantly prolonged after paclitaxel solution administration (p < 0.05) and was
notably longer than the latency observed following administration of glucose-paclitaxel nanomicelles.

Discussion

The effectiveness and safety of paclitaxel are two sides of the same coin, and losing balance on either side can cause the
coin to fall and fail in clinical trials.*"** Taxol®, the first generic product of paclitaxel, has demonstrated antitumor
activity in cervical, breast, ovarian, and lung cancers. It has also been associated with hypersensitivity reactions and
nonlinear pharmacokinetics caused by co-solvent mixtures. Subsequent formulations of paclitaxel, such as Abraxane,*®
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Figure 9 Neutrophil count after paclitaxel solution and glucose-paclitaxel nanomicelles administrations (*p < 0.05, **p < 0.01).
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Figure 10 The tail-flick latency after administrations of paclitaxel solution and glucose-paclitaxel nanomicelles (*vs paclitaxel solution p < 0.05 and ##yvs before paclitaxel
solution treatment p < 0.01).

Genexol-PM,'" and NK105,'” have been reformed to remove CrEL, achieving benefits compared to Taxol® in clinical
trials. However, several new paclitaxel formulations have failed in clinical trials because of the increased incidence of
blood-system disorders and peripheral neuropathy.'®*>**%* Therefore, the design of paclitaxel formulations must
consider the potential impacts of these two toxic side effects.

2098 https: International Journal of Nanomedicine 2025:20



Yan et al

To reduce the toxic side effects of paclitaxel, a glucose-paclitaxel prodrug linked by succinic acid was synthesized
and encapsulated in nanomicelles. This strategy enhanced drug solubility and eliminated the need for CrEL. Glucose-
paclitaxel conjugates were converted to paclitaxel mainly in the blood, with a half-life time of 8.59 minutes, which could
be delayed after encapsulation in nanomicelles. In SD rats, the in vivo plasma glucose-paclitaxel concentration rapidly
decreased after drug administration, with levels approaching the quantitation limit at 12 hours. During this process,
plasma glucose-paclitaxel may have three fates: 1) conversion to paclitaxel, 2) distribution to tissues, and 3) excretion
from the body. Correspondingly, plasma paclitaxel concentration peaked at C,,,x within 15 min of the initial increase.

The pharmacokinetic behavior of glucose-paclitaxel nanomicelles was significantly altered in SD rats compared to that in
paclitaxel solution. Starting 15 min post-administration, the plasma concentration of glucose-paclitaxel nanomicelles
remained significantly higher than that of the paclitaxel solution, and V, was only 40% of the paclitaxel solution. The reduced

distribution of the drug to the tissues was conducive to peripheral neuropathy management, %>

consequently, the tail-flick
latency in SD rats receiving glucose-paclitaxel nanomicelles was shorter than that in the paclitaxel solution group. In contrast,
the encapsulation of glucose-paclitaxel by nanomicelles resulted in a 4-fold decrease in drug clearance and a 5-fold increase in
AUC, however, this did not result in excessive exposure to high concentrations of free paclitaxel in the bloodstream. As shown
by the results related to blood system disorders, the change in neutrophil count after glucose-paclitaxel nanomicelle
administration was lower than that observed with the paclitaxel solution. This may be attributed to the prodrug and
nanomicelles, which reduce the likelihood of free paclitaxel coming into direct contact with the bone marrow.*

In summary, the glucose-paclitaxel conjugate encapsulated in nanomicelles improved the water solubility of the
parent drug, and significantly changed the pharmacokinetic behavior comparing with paclitaxel solution. These changes
directly affected the toxicity of glucose-paclitaxel nanomicelles in rats, showing a reduction of paclitaxel toxicity to the
hematological system and peripheral nervous system.

Conclusions

In this study, we propose that paclitaxel formulation design should focus on controlling blood-system disorders and
peripheral neuropathy. To achieve this, a glucose-paclitaxel conjugate was synthesized and encapsulated in nanomicelles.
Glucose-paclitaxel nanomicelles enhance the water solubility of paclitaxel and improve the stability of the glucose-
paclitaxel conjugate. The pharmacokinetic behavior of glucose-paclitaxel nanomicelles was significantly altered in SD
rats compared to that in paclitaxel solution. Finally, glucose-paclitaxel nanomicelles mitigate paclitaxel toxicity to the
hematological system and peripheral nervous system in SD rats. This formulation strategy provides a solution to the
failure of paclitaxel formulations owing to the dose-limiting toxicity induced by paclitaxel itself in clinical trials.
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