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Purpose: Docetaxel (DTX) is a valuable anti-tumor chemotherapy drug with limited oral bioavailability. This study aims to develop
an effective oral delivery system for DTX using natural nanoparticles (Nnps) derived from Coptidis Rhizoma extract.

Methods: DTX-loaded self-assembled nanoparticles (Nnps-DTX) were created using an optimized heat-induction strategy. Nnps-
DTX’s shape, size, Zeta potential, and in vitro stability were all carefully examined. Additionally, the study investigated the
encapsulation efficiency, loading capacity, crystal form, and intermolecular interactions of DTX in Nnps-DTX. Subsequently, the
solubility, release, cellular uptake, metabolic stability, and preclinical pharmacokinetics of DTX in Nnps-DTX were systematically
evaluated. Finally, the cytotoxicity of Nnps-DTX was assessed in three tumor cell lines.

Results: Nnps-DTX was spherical in shape, 138.6 = 8.2 nm in size, with a Zeta potential of —20.8 + 0.6 mV, a DTX encapsulation
efficiency of 77.6 + 8.5%, and a DTX loading capacity of 6.8 £ 1.9%. Hydrogen bonds, hydrophobic interactions, and electrostatic
interactions were involved in the formation of Nnps-DTX. DTX within Nnps-DTX was in an amorphous form, resulting in enhanced
solubility (23.3 times) and release compared to free DTX. Following oral treatment, the mice in the Nnps-DTX group had DTX peak
concentrations 8.8, 23.4, 44.6, and 5.7 times higher in their portal vein, systemic circulation, liver, and lungs than the mice in the DTX
group. Experiments performed in Caco-2 cells demonstrated a significant increase in DTX uptake by Nnps-DTX compared to free
DTX, which was significantly inhibited by indomethacin, an inhibitor of caveolae-mediated endocytosis. Furthermore, compared to
DTX, DTX in Nnps-DTX demonstrated better metabolic stability in liver microsomes. Notably, Nnps-DTX significantly reduced the
viability of MCF-7, HCT116, and HepG2 cells.

Conclusion: The novel self-assembled nanoparticles considerably enhanced the cellular absorption, solubility, release, metabolic
stability, and pharmacokinetics of oral DTX and demonstrated strong cytotoxicity against tumor cell lines.
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Introduction
Docetaxel (DTX), a semi-synthetic analog of paclitaxel, is one of the most valuable anti-tumor chemotherapy drugs.'
DTX inhibits tumor cells by inducing tubulin polymerization into microtubules and inhibiting microtubule
depolymerization." Clinically, DTX is mainly used to treat locally advanced or metastatic breast cancer’ and non-
small-cell lung cancer.” Due to low water solubility, poor permeability, and extensive first-pass metabolism, the oral
bioavailability of DTX is as low as 7.39%.% As a result, in clinical practice, DTX is administered via injection.' However,
severe blood adverse events, primarily neutropenia,” are frequently brought on by injection-caused high blood concen-
trations. In addition, DTX injections cause allergic reactions.’

Oral DTX preparation with high bioavailability is one of the hottest areas of research.® Oral DTX has the advantage of
being more effective and having fewer side effects than the injection, as oral DTX can be maintained in appropriate
concentrations in the body for an extended duration.® For example, an oral nanoemulsion increased the oral bioavailability
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Graphical Abstract
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of DTX by 2.49 times and had a stronger anti-breast cancer effect in experimental animals than conventional injections.”*
However, synthetic nanomaterials frequently include organic reagents, raising safety apprehensions.*>

Drug carriers have the ability to attach drugs through both chemical bonding and physical adsorption, thereby
regulating the rate of drug release and altering the manner and extent of drug entry into the body.” Natural proteins
derived from animals and plants serve as effective carriers for drugs due to their excellent biodegradability and
biocompatibility.® Human serum albumin (HSA), as an animal protein, is widely used for drug delivery due to its non-
immunogenicity, good binding ability to most drugs, and certain tumor targeting.” For example, the HSA-paclitaxel
complex does not require a co-solvent in the preparation process and can promote the uptake of paclitaxel by tumor cells,
so it has good safety and efficacy.'® Researchers have also explored constructing DTX nanoparticles using HSA.'"!2
However, because HSA is not readily available, animal derived albumin such as bovine serum albumin (BSA) is often
used for drug delivery, including for DTX."*'* Nonetheless, the process of preparing nanoparticles based on animal
proteins often requires the use of chemical linkers that are difficult to remove, and there are risks such as allergies and the
transmission of animal diseases.® Nanoparticles made from plant proteins tend to exhibit better drug-release
characteristics.® Consequently, novel carriers for DTX have emerged from plant proteins such as zein,'> wheat germ
agglutinin,'® and soy protein isolate.'” However, these plant proteins mentioned face challenges such as low solubility in
water and instability.®

Coptidis Rhizoma refers to the dried rhizome of the medicinal plants including Coptis chinensis Franch, C. dletoidea
C.Y. Cheng et Hasiao, or C. teeta Wall.'® Previously, we isolated natural protein nanoparticles (Nnps) from the water
extract of Coptidis Rhizoma.'” The nanoparticles can significantly improve the pharmacokinetic properties of oral

. -1 192 18,21
berberine hydrochloride,'**° 8

the major bioactive constituent of Coptidis Rhizoma, indicating the potential of these
nanoparticles as effective carriers for oral drug delivery. Moreover, the water extract of Coptidis Rhizoma has a long
history of oral use for treating various diseases in China.”> Consequently, it is anticipated that the orally administered
Nnps would demonstrate favorable biodegradability and biocompatibility. In this research, a novel type of self-assembled
nanoparticles containing DTX (referred to as Nnps-DTX) was developed, and its suitability for the oral delivery of DTX

was thoroughly examined.
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Materials and Methods

Materials
Carbamazepine, amiloride, filters (0.22 pm), and dialysis bag (3500 Da) were provided by Shanghai Yuanye Biological
Co., Ltd. (Shanghai, China). Docetaxel, cytochalasin D, chlorpromazine HCIl, indomethacin, and CCK-8 kits were
obtained from Dalian Meilen Biotechnology Co., Ltd. (Dalian, China). The bicinchoninic acid (BCA) protein test kits,
Coomassie blue staining solution, protein marker, horseradish peroxidase (HRP), 30% acrylamide-bisacrylamide (29:1)
water solution, 10% SDS-PAGE resolving gel master mix, SDS-PAGE sample loading buffer, ammonium persulfate
substitute, and periodic acid-Schiff staining kits were purchased from Shanghai Biyuntian Biotechnology Co., Ltd.
(Shanghai, China). Pepsin was the product of neoFroxx GmbH (Einhausen, Germany). Trypsin was obtained from
Beijing Solarbio Science & Technology Co., Ltd. Liver microsomes were the product of Beijing Oriental Rada Biotech
Co., Ltd. (Beijing, China). Ammonium formate, trypsin, formic acid, and the culture medium Dulbecco’s modified
Eagle’s medium (DMEM) were the products of Thermo Fisher Scientific (Massachusetts, USA). Fetal bovine serum
(FBS) and penicillin-streptomycin solution were the products of Biological Industries (Biolnd) (Beit-Haemek, Israel).
Zoletil®50, an injection of tiletamine hydrochloride and zolazepam hydrochloride, was purchased from Virbac Trading
(Shanghai) Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO) was produced by Merck (New Jersey, USA).
Methanol and acetonitrile were purchased from Honeywell Trading (Shanghai) Co., Ltd. (Shanghai, China). The
reference compounds used in this study were of purity exceeding 98%.

The dried herbal pieces (NO. 211211) of Coptidis Rhizoma originated from the Sichuan province in China and were
supplied by Shanghai Kang Qiao Herbal Pieces Co., Ltd. (Shanghai, China).

Extraction, Isolation, and Identification of Nnps
The dried herbal pieces of Coptidis Rhizoma were crushed to powder, soaked in 10 times the volume of water for 1 h,
and extracted with warm (50°C) water for 12 h. Then, the water extract was filtered with gauze and vacuum-dried at
50°C. Next, the dried extract was dissolved in water and sonicated for 1 h. After centrifugation for 10 min at 3000 rpm,
the obtained supernatant was filtered through 0.22-pm filters. The resulting solution was dialyzed (3500 D) thoroughly
against water and the residues in the dialysis bag were collected and freeze-dried to obtain Nnps.

The methods and results for Nnps identification are detailed in the “Supplementary material 1”. To summarize, the

protein and carbohydrate levels in Nnps were measured using BCA or phenol-sulfuric acid assays, respectively.
Moreover, to confirm protein glycosylation in Nnps, periodic acid-Schiff staining was done post gel electrophoresis.
The potential presence of O-glycosidic bonds was determined via f-elimination reaction and ultraviolet spectrum
analysis. Additionally, the protein’s peptide profile within Nnps was analyzed using liquid chromatography-mass
spectrometry following trypsin digestion.

Quantitative Analysis of DTX
The samples were precipitated with three volumes of acetonitrile and centrifuged for 10 min at 16,000 rpm. Then, an
equal volume of water was added to the resulting supernatant and thoroughly mixed. Next, the qualitative analysis of
DTX was performed using a Waters ACQUITY ultra-performance liquid chromatography (UPLC) system (MA, United
States) and an API 5500 mass spectrometer (Boston, MA, United States), which was equipped with an electrospray
ionization source.

An ACQUITY BEH C,g column (2.1 x 100 mm, 1.7 pm, Waters, MA, USA) was used for the separation with
a mobile phase consisting of solvent A (1 mM ammonium formate aqueous solution) and solvent B (methanol) at 40°C.
The optimized gradient elution was as follows: 0 min, 60% B; 1 min, 60% B; 3.5 min, 90% B; 4.0 min, 60% B; 5.5
min, 60% B. The flow rate was 0.3 mL/min, and the injection volume was 10 pL. In positive ion modes, multiple reaction
monitoring was adopted for the quantification of the following compounds: m/z 808.4—527.4 for DTX, m/z
237.0—193.4 for carbamazepine (used as internal standard, IS). The optimized ion spray and the entrance potential
were set at 5.5kV and + 10V, respectively. The source temperature was maintained at 280°C. Nitrogen was used as the
curtain gas (40 psi), auxiliary gas (50 psi), and nebulizer gas (50 psi). By using Analyst software (version 1.5.2, Applied
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Biosystems), data were acquired and analyzed. The established liquid chromatography-tandem mass spectrometry (LC-
MS/MS) method demonstrated good linearity over a concentration range of 0.39-800.0 ng/mL and met the requirements
of quantitative analysis of DTX.

Dynamic Light Scattering Analysis

The water solution containing Nnps-DTX at a concentration of approximately 1 mg/mL was prepared. After thoroughly
vortex, the particle size, polydispersity index (PDI), and Zeta potential of the nanoparticles were subsequently assessed
using a Malvern Zetasizer Nano analyzer (Worcestershire, UK).

Optimization of Preparation Strategy of Nnps-DTX

pH-Induced Self-Assembly Strategy

The lyophilized powder of Nnps was reconstituted in water and shaken for 2 hours. The resulting solution was left at 4°C
overnight. After centrifugation at 10,000 rpm for 10 minutes and removal of undissolved Nnps, the Nnps concentration
was adjusted to 1 mg/mL based on BCA analysis. Subsequently, the solution’s pH was set to 2 or 12 with HCI or NaOH
solutions, respectively, followed by stirring at 200 rpm for 0.5 hours. The ethanol solution of DTX was then gradually
added to the Nnps solution, maintaining a final ethanol concentration below 1% and a DTX to Nnps ratio of 0.4.
Throughout this process, continuous stirring was maintained. After an additional 2 hours of stirring, the solution’s pH
was readjusted to 7.0 with NaOH or HCI solution. The solution was then stirred overnight. Undissolved DTX or over-
aggregated Nnps in the solution were removed by centrifugation at 10,000 rpm for 10 minutes. The size, Zeta potential,
and PDI of the DTX-loaded nanoparticles (Nnps-DTX) in the supernatant were determined through DLS analysis.

Alcohol-Induced Self-Assembly Strategy
The primary procedures mirrored those outlined in the section “pH-induced self-assembly strategy”, with two distinc-
tions: (1) the pH was sustained at 7.0, and (2) the ultimate ethanol concentration varied at 1%, 20%, or 40%, respectively.

Heat-Induced Self-Assembly Strategy

The primary procedures were identical to those explained in the section “pH-induced self-assembly strategy”. However,
two variations were present: (1) The freeze-dried powder of Nnps was dissolved in water and subsequently heated at
65°C, 70°C, or 75°C for 0.5 hours; (2) the pH level was consistently kept at 7.0.

Optimization of the Heat-Induced Self-Assembly Strategy

Influencing Factors

The influence of Nnps concentration, DTX-Nnps ratios, environmental pH, and heating temperature on Nnps-DTX
preparation were investigated. (1) The influence of Nnps concentration (0.6, 0.8, and 1 mg/mL) on Nnps-DTX were
investigated under the conditions of a heating temperature of 65°C, a DTX-Nnps ratio of 0.4, and a pH value of 10.
(2) The influence of DTX-Nnps ratios (0.2, 0.3, and 0.4) on Nnps-DTX were investigated at 65°C, 1 mg/mL protein, and
a pH value of 10. (3) The influence of environmental pH (8, 9, and 10) on Nnps-DTX were investigated at a heating
temperature of 65°C, a protein concentration of 1 mg/mL, and a DTX-Nnps ratio of 0.4. (4) The effects of heating
temperature (65°C, 70°C, or 75°C) were tested in the section “Heat-induced self-assembly strategy”. The size, Zeta
potential, and PDI of the prepared Nnps-DTX were determined by DLS analysis.

Orthogonal Experiments
Based on the findings from section “Influencing factors”, a series of orthogonal designed experiments with four factors
and three levels were conducted and replicated thrice.

Optimized Procedure and Validation Experiment

Nnps-DTX was prepared according to the optimized procedure determined by the orthogonal experiments. Briefly, the
aqueous solution of Nnps (2 mg/mL) was heated to 65°C and the undissolved fraction was removed by centrifugation at
10,000 rpm for 10 min. The protein content of the supernatant was determined and adjusted to 1 mg/mL based on BCA
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analysis. An ethanol solution (final concentration less than 1%) of DTX (final concentration 0.3 mg/mL) was added with
stirring. The pH of the solution was adjusted to 10 and stirring continued overnight. After centrifugation at 10,000 rpm
for 10 min, the size, Zeta potential, and PDI of the nanoparticles in the supernatant obtained were determined by DLS
analysis. The supernatant was then lyophilized to obtain the powder of Nnps-DTX.

Characterization of Nnps-DTX

In vitro Stability of Nnps-DTX

The lyophilized powder of Nnps-DTX was accurately weighed and dissolved to a concentration of 1 mg/mL in water,
artificial gastric fluid (water containing 2.0 g/L sodium chloride, pH adjusted to 1.2 with hydrochloric acid and sodium
hydroxide), or artificial intestinal fluid (water containing 0.2 mol/L sodium phosphate, pH adjusted to 6.8 with
hydrochloric acid and sodium hydroxide).>* Additionally, pepsin (0.32%, w/v)>> and trypsin (1%, w/v)>> were introduced
to the artificial intestinal fluid and gastric fluid, respectively, to assess the impact of the digestive enzymes on the stability
of Nnps-DTX. Undissolved Nnps-DTX powder was removed by centrifugation at 10,000 rpm for 10 minutes, and the
supernatant was collected and left for a specified time (water: 0, 1, 2, 4, and 6 hours, respectively; artificial gastric fluid:
0, 30, 60, 90, and 120 minutes, respectively; artificial intestinal fluid: 0, 1, 2, 4, and 6 hours, respectively). At each time
point, a certain volume of the supernatant was sampled, and the size, PDI, and Zeta potential of the nanoparticles in the
supernatant were immediately measured.

Encapsulation Efficiency (EE) and Drug Loading (DL) of DTX
The lyophilized powder of Nnps-DTX was precisely weighed and recorded as M o, Next, water was added to prepare
4 mL of a fully dispersed nanoparticle solution at a concentration of 1 mg/mL.

After that, 2 mL of the suspension was placed in a volumetric bottle, and methanol was added to 10 mL and weighed.
After the ultrasound for 30 min, methanol was added to make up the missing weight. The solution was centrifuged at
10,000 rpm for 10 min, and then the concentration of DTX in the obtained supernatant was detected. The total amount of
DTX in the Nnps-DTX powder was calculated according to the concentration and volume, and recorded as M (a1 pTX-

Another 2 mL of the Nnps-DTX suspension was placed in ultrafiltration centrifuge tubes (with an interception
molecular weight of 3 kDa). After centrifugation for 20 min at 9000 rpm, the filtrate was collected to detect the
concentration of DTX. The total amount of free DTX in the Nnps-DTX powder was calculated according to the
concentration and volume and recorded as M e pTx-

The EE and DL values of DTX in Nnps-DTX were calculated according to the following formulas:

EE = (MtotalDTX - Mfree DTX)/MtotalDTX x 100%

DL = (MtotalDTX - Mfree DTX)/(Mtotal - MtotalDTX) x 100%

Crystal Form of DTX in Nnps-DTX

The shapes of DTX, Nnps, and Nnps-DTX were observed by scanning electron microscopy (SEM). Briefly, after being
sprayed with gold, dried in a vacuum, the powder of DTX, Nnps, or Nnps-DTX were observed using an FEI Quanta 250
SEM (Oregon, USA), which was operated at 10 kV. Furthermore, the crystal form of DTX in Nnps-DTX was analyzed
with the methods of differential scanning calorimetry (DSC) and powder X-ray diffraction (PXRD). DSC analysis was
performed using a TA DSC Q2000 differential scanning calorimeter (Delaware, USA). In brief, the sample powder
(about 1.5 mg) was placed into an open aluminum crucible and then heated from 20°C to 320°C at a rate of 10°C/min.
PXRD analysis was performed using a Bruker D2 phaser (Rheinstetten, Germany) system. The operating conditions were
as follows: The voltage was 30.0 kV, the current was 10.0 mA, the scanning range was 3°—40°, the increment was 0.02°,
and the scanning speed was 0.1 s per step.

Fourier Transform Infrared Spectroscopy (FTIR) Analysis
Briefly, KBr (190 mg) was used to individually grind 10.0 mg of DTX, Nnps, or Nnps-DT powders into fine powders,
which were then respectively compacted into pellets. Subsequently, a Thermo Scientific NicoletTM iS20 FTIR
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spectrometer (Waltham, MA, USA) was used to obtain the FTIR spectra of each sample at a resolution of 4 cm ' and in
the range of 4000-500 cm .

Water Solubility of DTX in Nnps-DTX

Supersaturated water solutions of DTX (1 mg/mL) and lyophilized powder of Nnps-DTX (containing 1 mg/mL DTX)
were prepared, respectively. After 60 min of ultrasonic treatment, the solutions were centrifuged at 16,000 rpm for 10
min, and the supernatant was collected and then diluted with 50% methanol-water containing the internal standard
carbamazepine. The concentration of DTX in the supernatant was determined using the LC-MS/MS method.

Release of DTX in Artificial Gastric and Intestinal Fluids

The lyophilized powder of Nnps-DTX or DTX was weighed and added into the artificial gastric fluid or artificial
intestinal fluid, which had a pH of 1.2 or 6.8, respectively. The final concentration of DTX in the buffers was 0.2 mg/mL.
About 1 mL of the buffer was loaded into a dialysis bag with a molecular weight cutoff of 3500 Da. Next, the dialysis
bag was placed in a beaker containing 100 mL of the dissolution medium, ie, the hydrochloric acid buffer or phosphate
buffer. The beaker was then placed in a water bath at 37°C with low-speed stirring (50 rpm). For the dissolution
experiment in the buffer of hydrochloric acid, samples were obtained at 5, 15, 30, 45, 60, 90, and 120 min, respectively.
For the dissolution experiment in phosphate buffer, samples were obtained at 5, 15, and 30 min, 1, 1.5, 2, 3, 4, 6, and 8 h,
respectively. The sample volume was 800 pL, and the same volume of blank buffer was replenished after sampling. The
concentration of DTX was measured by the LC-MS/MS method.

Metabolism of DTX in Liver Microsomes

DTX and Nnps-DTX, both containing a 10-uM final concentration of DTX, were mixed with mouse liver microsomes
(0.5 mg/mL) in a 100-pL phosphate buffer solution (100 mM, pH 7.4) and then pre-incubated for 5 min at 37°C. Then,
reduced nicotinamide adenine dinucleotide phosphate (NADPH, with a final concentration of 1 mg/mL) was added to
initiate the in vitro metabolism of DTX. The metabolism of DTX was terminated after incubation for 0.5 or 1.5 h with the
same volume of chilled (about 4°C) acetonitrile, which contained carbamazepine that was used as the internal standard.
After centrifugation for 5 min at 14,000 rpm, the supernatant was collected. The concentration of DTX was detected
using the LC-MS/MS method. The metabolic stability of DTX was assessed by measuring the percentage of metabo-
lized DTX.

Uptake of DTX in Caco-2 Cells

Human colonic adenocarcinoma cells (Caco-2) were obtained from the National Collection of Authenticated Cell
Cultures (Shanghai, China). The cells were cultured in DMEM containing 10% FBS, penicillin-streptomycin solution,
and HEPES (15 mM) at 37°C in a humidified atmosphere of 5% CO,. Hank’s balanced salt solution [HBSS, 135 mM
NaCl, 1.2 mM MgCl,, 0.81 mM MgSO,, 27.8 mM glucose, 2.5 mM CaCl,, and 25 mM HEPES, pH 7.2] was used
instead of the DMEM medium in drug-treating experiments. When DMSO was used, its final concentration was
restricted to less than 1%eo.

Caco-2 cells were cultured in 12-well plates until the confluence reached 80-90%. The medium was replaced with
a new medium 2 h before the experiment. Then the cells were washed with HBSS and divided into 6 groups, ie, DTX,
Nnps-DTX, and Nnps-DTX plus one of the endocytosis inhibitors (the inhibitor of caveolae-mediated endocytosis,
indomethacin, 100 pug/mL;*° the inhibitor of clathrin-mediated endocytosis, chlorpromazine, 10 pg/mL;*® the macro-
pinocytosis inhibitor, amiloride, 2.5 mm;*’ and the phagocytosis, inhibitor cytochalasin D, 5 uM?’). The cells were
incubated with blank HBSS (only for DTX and Nnps-DTX) or the inhibitors for 1 h. Next, the cells were incubated with
DTX (10 puM, only for the DTX group) or Nnps-DTX (containing 10 uM DTX for the rest of the groups) for 4 h. The
cells were then washed three times with chilled HBSS after the culturing medium was removed. The cells were digested
with trypsin and centrifuged at 1000 rpm for 2 min to collect the cells. After washing twice with cold HBSS, the cells
were suspended in chilled water and broken by the repeated freeze-thaw method. The DTX concentration was determined
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by the LC-MS/MS method, the protein concentration of each sample was determined by the BCA kits, and then the DTX
concentration in each sample was normalized by protein content.

Pharmacokinetics of DTX in Mice

Male Kunming mice (specific pathogen-free grade, 22-24 g) were purchased from Beijing Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China), which holds the production license of SCXK (Beijing) 2021-0006. The
mice were maintained in air-conditioned rooms with a temperature of 22-24°C and a 12-hour light/dark cycle. Mice were
fasted overnight before the experiment but were allowed to drink water ad libitum. All animal experiments were
approved by the Institutional Animal Care and Use Committee of Shanghai University of Traditional Chinese
Medicine (SHUTCM) under the approval number PZSHUTCM211018015. In addition, animal experiments were
performed according to the guidelines of the committee at the laboratory animal center of SHUTCM, which holds the
experimental license of SYXK (Shanghai) 2020-0009.

Ninety male KM mice were used in this experiment. According to body weight, the mice were randomly divided into
two large groups, each of which contained nine small groups. Therefore, there were five mice in each small group. In
order to obtain the water solutions of DTX, the powders were successively dispersed in pure water, vortexed, and
sonicated for half an hour. As for Nnps-DTX, the powders were dispersed in pure water and vortexed. The mice were
orally administered a water solution of DTX (20 mg/kg) or Nnps-DTX containing the same dose of DTX, respectively.
At each time point (0.125, 0.25, 0.5, 1, 2, 4, 6, 8 or 12 h) after administration, five mice were anaesthetized with Zoletil®
50 and the portal vein and systemic blood were collected to prepare plasma with heparin anticoagulation. The liver and
lungs were subsequently excised, rinsed with frozen saline solution, and quantified in terms of weight. The anaesthetized
mice were then euthanized by cervical dislocation. Tissue homogenates were prepared using chilled water. Plasma and
tissue homogenates were frozen at —80°C. After protein precipitation with three times the volume of acetonitrile, the
DTX concentrations in the biological samples were determined by LC-MS/MS.

In vitro Cytotoxicity of Nnps-DTX
Three cell lines, including MCF-7 (a human breast cancer cell line), HepG2 (a human liver carcinoma cell line) and
HCT116 (a human colon tumor cell line), were obtained from the National Collection of Authenticated Cell Cultures
(Shanghai, China). Cells were cultured at 37°C in a humidified atmosphere of 5% CO, in DMEM medium. The medium
was supplemented with 10% heat-deactivated FBS, penicillin (100 U/mL), streptomycin sulphate (100 mg/mL), sodium
pyruvate (1 mM) and HEPES (15 mM).

The weighed pure DTX, Nnps and NPS-DTX were placed in sterile test tubes and sterilized overnight at —80°C in
a refrigerator. DTX was then dissolved in DMSO at a concentration of 20 mg/mL and then diluted with culture medium
to 0.3, 1, 3, 10, 30, 100 and 300 ng/mL, respectively. Nnps and NPS-DTX were dispersed directly into the culture
medium. The concentrations of DTX in the NPS-DTX solution were equivalent to 0.3, 1, 3, 10, 30, 100 and 300 ng/mL,
respectively. The concentrations of Nnps were equivalent to those in the Nnps-DTX group. Note that the final
concentrations of FBS and DMSO in each solution were 2.5% and 0.5%, respectively.

Cells were seeded in 96-well plates and incubated with the prepared solutions of DTX, Nnps or NPS-DTX for 48
h. Then 10 uL of CCK-8 enhanced solution was added to each well and incubated for a further 1 h. The absorbance of
each well at 490 nm was measured using the Multiskan SkyHigh microplate spectrophotometer. The percentage
inhibition of cell viability was calculated by comparing the absorbance of each well with that of the control groups,
and the ICs, values were calculated.

Data Analysis

Non-compartmental analysis was performed using WinNonlin® software (Pharsight, CA, USA) to obtain the pharma-
cokinetic parameters of DTX. Quantitative data were expressed as mean = SD, and the statistical difference between
means was compared by analysis of variance followed by Dunnett’s test with the minimum level of significance
(p < 0.05).
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Results
Optimization of Nnps-DTX Preparation Strategies

In general, when the pH and ethanol-induced self-assembly strategies were used, the prepared nanoparticles were large in
size and poor in Zeta potential (Table 1). However, when the heat-induced self-assembly strategy was used, the size of
the nanoparticles obtained was less than 200 nm and the Zeta potential was lower than —20 mV (Table 1). Therefore, the
heat-induced self-assembly strategy was adopted in subsequent studies.

Optimization of the Heat-Induction Strategy

Influencing Factors

In addition to the temperature (Table 1), Table 2 demonstrates how the concentration of Nnps, DTX/Nnps ratio, and pH
value of the incubation solution impacted the properties of Nnps-DTX.

When the Nnps concentration rose from 0.3 mg/mL to 1 mg/mL, the particle size of the nanoparticles decreased
gradually but then increased when the concentration increased to 3 mg/mL. Moreover, the absolute value of the Zeta
potential decreased as the Nnps concentration grew. The concentration of Nnps demonstrated a minimal impact on PDI.
As the DTX/Nnps ratio rose from 0.05 to 0.2, the size and absolute Zeta potential of the nanoparticles gradually
decreased. Nevertheless, upon exceeding a ratio of 0.3, both particle size and potential values increased. The impact of
DTX/Nnps ratios on PDI was negligible. When the pH of the incubation solution was raised from 8 to 10, there was
a decrease in both particle size and PDI, while the absolute value of the Zeta potential increased.

Table | Nanoparticles Prepared via Self-Assembly Strategies (Mean * SD, n = 3)

Strategies Values | Size (nm) Zeta Potential (mV) | Polydispersity Index
pH Induction 2 6573 +£2216 | —-11.7+03 0.65 = 0.12
12 286.5 + 48.5 —18.1 £ 0.6 0.41 £ 0.02
Ethanol Induction | 1% 977.2 + 387.2 —I15.1 £ 14 0.83 £ 0.12
20% 5455+ 1389 | —10.1 £ 1.4 0.38 £ 0.21
40% 10103 £ 103.6 | 93 £ 1.7 0.19 £ 0.0l
Heat Induction 65°C 183.5 £ 25.3 -205+24 0.36 + 0.06
70°C 176.2 £ 23.6 —20.0 £ 2.8 0.40 £ 0.04
75°C 194.1 £ 11.6 -20.7 £ 1.7 0.52 £ 0.03

Table 2 Factors Influencing Nanoparticle Properties (Mean + SD, n = 3)

Factors Values | Size (nm) Zeta Potential (mV) | Polydispersity Index
Nnps Concentration (mg/mL) | 0.3 2462 £ 483 | —32.3 £ 6.6 0.32 £ 0.06
0.6 2069 £ 42.0 | 294 + 3.4 0.36 £ 0.05
0.8 196.6 +21.2 | 285+ 25 0.35 £ 0.04
| 160.8 + 21.4 | —24.4 + 3.1 0.36 £ 0.06
3 1989 + 344 | —11.8+0.7 0.32 £ 0.07
DTX/Nnps ratio 0.05 1894 + [1.1 | —21.8£22 0.26 £ 0.02
0.1 1828 +88 | —235+ 1.0 0.32 £ 0.06
0.15 1789 £ 45 | -21.4£0.6 0.23 £ 0.01
0.2 1438 £+ 08 | —17.6 £2.6 0.26 £ 0.05
0.3 158.9 + 2.1 -188+ 1.5 0.24 £ 0.01
pH value 8 189.0+24 | —192+£0.8 0.33 £ 0.05
9 1784+ 68 | —19.0+£23 0.30 £ 0.06
10 168.1 £ 20.1 | —20.2 + 1.1 0.27 £ 0.08
8424 https: International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Ye et al

Optimized Preparation Condition of Nnps-DTX
The outcomes of the orthogonal experiments can be found in Table 3. The variance analysis showed that the most
important factor affecting particle size was the DTX/Nnps ratio (p < 0.01), followed by pH value (p < 0.05), and the
optimal condition for particle size was A;B;C;D5. In addition, Nnps concentration (p < 0.05) and pH value (p < 0.05)
had significant effects on Zeta potential, and the optimal condition for Zeta potential was A,B;C,D;. Furthermore,
temperature had a significant effect on PDI (p < 0.05), and the optimal condition for PDI was A;B;C;Ds.

Finally, A;B3;C,D; was determined as the optimal conditions for Nnps-DTX preparation, that is, the heating
temperature was 65°C, the protein concentration was 1 mg/mL, the DTX/Nnps ratio was 0.3, and the pH value was 10.

Validation Experiment

Nnps-DTX was prepared according to optimized conditions. The DLS analysis showed that the size of the nanoparticles
was 137.3 £ 1.8 nm, the Zeta potential was —19.4 = 1.7 mV, and the PDI was 0.46 = 0.00. Subsequently, the nanoparticle
solution was lyophilized to obtain a powder form of Nnps-DTX. Finally, the powder was reconstituted in water at
a concentration of 1 mg/mL. The DLS analysis revealed that the particles in the solution had a size of 138.6 = 8.2 nm
with a PDI of 0.24 + 0.02, and a Zeta potential of —20.8 = 0.6 mV (Figure 1A). The findings suggested that lyophilization
did not have a notable impact on the size and Zeta potential of Nnps-DTX nanoparticles.

Characterization of Nnps-DTX

In vitro Stability of Nnps-DTX

As shown in Figure 1B, the size and PDI of Nnps-DTX did not change significantly within 6 h in water and 2 h in
artificial gastric fluid lacking pepsin, indicating its good stability in these solutions. In artificial intestinal fluid lacking
trypsin, both size and PDI increased slightly compared to the control group measured immediately after preparation. The
results suggested that the structure of the nanoparticles may have changed in the artificial intestinal fluid.

Notably, the digestive enzymes exerted significant effects on the size and PDI of Nnps-DTX. Following incubation in
artificial gastric fluid containing pepsin, Nnps-DTX’s size increased by more than 2 times (Figure 1B ii). Nnps-DTX’s
size was stable but PDI was increased after incubation in artificial intestinal fluid containing trypsin (Figure 1B iii). These
findings suggest that the nanostructure of Nnps-DTX may undergo some degree of variation in the gastrointestinal tract
following oral administration, likely due to the influence of digestive enzymes.

EE and DL of DTX in Nnps-DTX

The EE and DL of DTX in Nnps-DTX were affected by treatments before freeze-drying. According to the results in
Table 4, it was decided to obtain the freeze-dried Nnps-DTX powder after centrifugation at 10,000 rpm for 10 min. In
addition, the content of DTX in Nnps-DTX freeze-dried powder was 7.97 + 1.04%.

Table 3 Results of the Orthogonal Experiments (Mean + SD, n = 3)

Experiments | Factors Responses
A | B | C| D | Size (nm) Zeta Potential (mV) | Polydispersity Index

| [ [ | 1852 +5.9 -185 %32 0.26 + 0.00
2 I [2]2 |2 | 18l.6+284 | -205% 1.6 031 £0.11
3 I [ 33 |3 | 1765+268 | —19.6 2.1 0.33 £0.13
4 2 |1 [ 2|3 |185%+246 | 272+%29 0.33 £ 0.07
5 2 |2 (3 |1 |4295%1868 | —20.3£09 053 £ 0.11
6 2 |31 |2 |1658+64 -193 %19 0.33 £ 0.09
7 3|3 (2 |2994+818 | 22315 0.46 = 0.13
8 3 (2|1 |3 |18.6%229 | -212+20 0.36 = 0.07
9 3 (3|2 |1 |2449+606 | —179+09 0.57 £ 0.17

Notes: A, temperature (°C; |, 2, 3: 65, 70, 75, respectively); B, Nnps concentration (mg/mL; 1, 2, 3: 0.6, 0.8, I, respectively);
C, docetaxel/Nnps ratio (I, 2, 3: 0.2, 0.3, 0.4, respectively); D, pH value (I, 2, 3: 8, 9, 10, respectively).
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Figure | Basic properties of the self-assembled nanoparticles loaded with docetaxel (Nnps-DTX). (A) particle size (i) and Zeta potential (ii) of the nanoparticles in the
water solution of lyophilized Nnps-DTX powder. (B) size and polydispersity index (PDI) of Nnps-DTX after incubation in water (i), artificial gastric fluid with (AGFP) or
without pepsin (AGF) (i), and artificial intestinal fluid with (AIFT) or without trypsin (AlF) (iii), respectively (mean + SD, n = 3). The groups at time point “0” were the
control groups.

Crystal Form of DTX in Nnps-DTX

SEM observations showed that DTX was in the form of long columnar crystals (Figure 2A), Nnps was spherical
(Figure 2B), and Nnps-DTX (Figure 2C) was spherical without a columnar crystal structure. DSC analysis showed that
the melting point of DTX was 169.63°C (Figure 2D), but the melting point of Nnps-DTX (Figure 2E) was not detected.
The PXRD results showed that DTX (Figure 2G) had several strong diffraction peaks, but the diffraction peaks in Nnps-
DTX (Figure 21) disappeared. In addition, the Nnps themselves have no obvious melting point (Figure 2F) and diffraction
peak (Figure 2H). These results suggest that DTX may exist in an amorphous state in the nanoparticles.

FTIR Analysis
The FTIR spectra of DTX, Nnps, and NNPS-DTX are shown in Figure 3. The FTIR spectrum of DTX exhibited peaks at
3380, 2980, and 1714 cm ™', consistent with literature reports.”**’ Nnps displayed characteristic peaks at 3304, 2933, and
-1

1649 cm™'. The presence of a peak at 1649 cm™ ' indicated that the secondary structure of Nnps primarily comprises -
helix and random coil structures.®® In the spectrum of Nnps-DTX, the peak at 3388 cm ' (reflecting O-H and
N-H stretching) was sharper and significantly shifted compared to those in Nnps (3304 cm ') and DTX (3380 cm™ ).
Additionally, the characteristic peak at 1714 cm™ ' reflecting C=O stretching in DTX disappeared in the spectrum of
Nnps-DTX. These findings suggest significant hydrogen bonding interactions between the C=0 and OH groups of DTX

with Nnps.*! In the FTIR spectrum of Nnps-DTX, the peak at 2939 cm™' (reflecting C-H stretching) was shifted

Table 4 Encapsulation Efficiency (EE) and Drug Loading (DL)
of Docetaxel in the Nanoparticles (Mean + SD, n = 3)

Treatments Before Freeze-Drying | EE (%) DL (%)

Centrifugation (10000 rpm, 10 min) 776 85 | 68+ 1.9

Centrifugation (3000 rpm, 10 min) 90.1 £ 1.3 | 5507
Filtration (0.22 pm) 862+27 | 37%1.0
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Figure 2 Scanning electron microscopy observation (A=C; 20,000 x), differential scanning calorimetry (D—F), and powder X-ray diffraction (G-I) images of docetaxel (A,
D, G), the natural nanoparticles (Nnps) (B, F, H), and the self-assembled nanoparticles loaded with docetaxel (C, E, ).
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Figure 3 Fourier transform infrared spectroscopy analysis of docetaxel (DTX), the natural nanoparticles (Nnps), and the self-assembled nanoparticles loaded with DTX
(Nnps-DTX).

compared with Nnps (2933 cm ") and DTX (2980 cm '), and the peak shape and intensity were different from Nnps and
DTX. These results imply potential hydrophobic interactions between DTX and Nnps within Nnps-DTX.**** Moreover,
the FTIR spectrum of Nnps-DTX revealed a significant shift in the peak at 1605 cm ™' (indicative of C=O stretching)
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compared to that of Nnps (1649 cm '), along with a markedly different peak shape. These findings suggest the
involvement of electrostatic interactions in the intermolecular interactions between DTX and Nnps within Nnps-
DTX.*>*

Solubility and dissolution of DTX
As shown in Figure 4A, the solubility of DTX in Nnps-DTX was significantly increased to approximately 23.3 times that
of the control group (164.3 pg/mL vs 7.0 pg/mL, p < 0.01).

Compared to the DTX group, the release of DTX in Nnps-DTX exhibited a significant increase, reaching 7.3% (p <0.01)
within 2 hours in artificial gastric fluid (Figure 4B) and 62.5% (p <0.01) within 8 hours in artificial intestinal fluid, respectively
(Figure 4C).

* %
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Figure 4 Water solubility (A) and release of docetaxel (DTX) or DTX in the self-assembled nanoparticles (Nnps-DTX) containing the same amount of DTX in artificial
gastric (B) or intestinal fluids (C) (mean * SD, n = 3 for solubility; n = 4 for release). **p < 0.01 vs DTX.
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Metabolism of DTX in Liver Microsomes
As shown in Figure 5A, the percentage of metabolized DTX increased with incubation time, but DTX in Nnps-DTX showed
better metabolic stability after incubation for 30 min and 90 min (both p < 0.01).

Uptake of DTX in Caco-2 Cells

As shown in Figure 5B, the uptake of DTX in Caco-2 cells was significantly increased in Nnps-DTX compared to the
control group (p < 0.01). In addition, indomethacin, a typical inhibitor of caveolae-mediated endocytosis, significantly
reduced the uptake of DTX in Nnps-DTX by Caco-2 cells (p < 0.01).

Pharmacokinetics of DTX in Mice

The concentration-time curves of DTX in the portal vein, systemic circulation, liver and lung of mice in the oral DTX
group and the oral Nnps-DTX group are shown in Figure 6, and the pharmacokinetic parameters are shown in Table 5. It
is worth noting that due to the intermittent sampling in the mice, each pharmacokinetic parameter was calculated based
on the average concentration of DTX in five mice at the corresponding time point, resulting in a sample size of 1 for each
parameter.

In the mouse portal vein (Figure 6A), Ty,ax Was 1 h in the DTX group and 15 min in the Nnps-DTX group. The C,,ax
and AUC_y, , of the Nnps-DTX group were approximately 8.8 and 1.8 times those of the DTX group, respectively.

In the systemic circulation of the mice (Figure 6B), the T,,.x of both the DTX group and the Nnps-DTX group was 30
min. However, the C,,,, of the Nnps-DTX group was 23.4 times that of the DTX group, while the AUCy_i, , was 7.8
times that of the DTX group.

In the mouse liver (Figure 6C), the Tp,.x in the Nnps-DTX group was reduced from 0.5 h to 15 min compared to the
DTX group. The C,,, of the Nnps-DTX group was 44.6 times that of the DTX group, while the AUC,_;, , was 8.5 times
that of the DTX group.

In the lungs of the mice (Figure 6D), T,,.x was prolonged from 15 min to 30 min in the Nnps-DTX group compared
to the DTX group. The C,,.x and AUCy_;,y, of the Nnps-DTX group were 5.7 and 23.5 times those of the DTX group,
respectively.

In vitro Cytotoxicity of Nnps-DTX

Figure 7 illustrates the inhibitory effects of Nnps, DTX and Nnps-DTX on HepG2, MCF-7, and HCT116 cell viability.
The results demonstrated that Nnps did not exert a significant impact on the viability of cancer cells, with ICs, values
exceeding 3764 ng/mL (Figure 7A). Notably, the ICs, values for DTX and Nnps-DTX differed significantly (p < 0.01) in
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Figure 5 In vitro metabolism (A) and uptake (B) of docetaxel (DTX) or DTX in self-assembled nanoparticles (Nnps-DTX) containing the same amount of DTX (mean + SD, n = 3).
A, Metabolism of DTX (10 uM) in mouse liver microsomes. **, p < 0.01 vs DTX. B, Uptake of DTX (10 uM) by Caco-2 cells and effects of endocytosis inhibitors. *, p < 0.05;
**,p < 0.0l vs Nnps-DTX.

Abbreviations: AMI, amiloride (2.5 mM); CHL, chlorpromazine (10 pg/mL); CYT, cytochalasin D (5 uM); IND, indomethacin (100 pg/mL).
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Figure 6 Concentration-time curves of docetaxel (DTX) in the portal vein (A), systemic circulation (B), liver (C), and lung (D) of the mice after oral administration of
20 mg/kg DTX or the self-assembled nanoparticles (Nnps-DTX) containing the same dose of DTX (mean # SD, n = 5).

HepG2 cells (Figure 7B), indicating that Nnps-DTX exhibited stronger cytotoxicity against HepG2 cells compared to
DTX. However, both DTX and Nnps-DTX displayed similar cytotoxicity in breast cancer MCF-7 (Figure 7C) and colon
cancer HCT116 (Figure 7D), as evidenced by comparable ICs, values (p > 0.05).

Table 5 Pharmacokinetic Parameters of Docetaxel (Mean, n = 5)

Sites Drugs Tmax (1) | Cmax | Tz () | AUCq.12 v° | MRT (h)

Portal Vein DTX 1.00 45.0 34.1 202.1 4.4
Nnps-DTX | 0.25 394.6 6.3 366.2 1.5

Systemic Circulation | DTX 0.25 4.1 2.6 14.7 4.3
Nnps-DTX | 0.25 96.0 22 114.1 1.7

Liver DTX 0.5 18.9 2.7 1154 5.7
Nnps-DTX | 0.25 842.6 24 975.6 24

Lung DTX 0.25 142.1 0.6 86.8 1.8
Nnps-DTX | 0.5 805.8 3.1 2037.2 3.0

Notes: > The unit for “portal vein” and “systemic circulation™ is ng/mL, but ng/g for “liver” and “lungs”; * The unit for
“portal vein” and “systemic circulation” is h ng/mL, but h ng/g for “liver” and “lung”.
Abbreviations: AUC, the area under the concentration-time curve; C,,,, peak concentration; DTX, docetaxel; MRT,
mean retention time; Nnps-DTX, the DTX loaded nanoparticles; T, elimination half-life; T, ., time to reach peak

concentration.
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Figure 7 Cytotoxicity of the natural nanoparticles (Nnps, (A), docetaxel (DTX) and the self-assembled nanoparticles loaded with DTX (Nnps-DTX) against liver cancer
HepG2 (B), breast cancer MCF-7 (C), and colon cancer HCT116 (D) cells (mean + SD, n=3). *, p < 0.05, **, p < 0.0] compared to the corresponding DTX group.

Discussion

Under the influence of certain physical or chemical factors, protein molecules disintegrate and the structure is loosened so that
a large number of hydrophobic groups, originally located inside the molecule, are exposed to the surface of the molecule.**
When the confounding factors are removed, the dissociated subunits or components can reassemble to form an ordered
architecture, such as nanoparticles.** Hydrophobic drugs can bind proteins through hydrophobic interactions, electrostatic
interactions, and covalent interactions.>> This means that under certain physical or chemical conditions, proteins can self-
assemble with drugs to form drug-loaded nanoparticles. Nanoparticles formed by protein self-assembly can have good water
solubility due to the distribution of hydrophilic groups on their surface, thereby increasing the apparent water solubility of the
loaded drug.*’

Methods commonly used to induce protein self-assembly include pH-induced dissociation and re-association, alcohol-
induced dissociation (and/or denaturation) and reassembly, and heat-induced disassembly (or disassociation) and
reassembly.>* One of the major challenges in using protein self-assembly to form nanostructures is to determine the
appropriate conditions for protein self-assembly into the desired structure.*® Therefore, in this study, the preparation strategy
of Nnps-DTX was first optimized. Random aggregation occurs when the environmental pH is close to the isoelectric point of
the protein, and linear aggregation occurs when the pH is far from pI.>’ By changing the pH of the environment, proteins can
be induced to self-assemble and encapsulate drugs, especially poorly water-soluble drugs.*® This study showed that the pH-
shifting strategy of incubating Nnps under alkaline conditions and then restoring neutrality produced Nnps-DTX with good
properties. However, the size of the nanoparticles was relatively large. Furthermore, whereas DTX is highly stable in acidic
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solutions and under heating, it degrades by about 25% after two hours of incubation in an alkaline solution (0.005 N NaOH, pH
roughly 11.7).>° As aresult, pH-shifting strategy is inappropriate for Nnps-DTX preparation. Ethanol changes the structure or
conformation of proteins mainly by reducing the polarity of the solvent.>* In the present study, Nnps was induced by different
concentrations of ethanol to form micron-sized particles with poor Zeta potential and PDI. On the contrary, Nnps was slowly
denatured at a relatively mild temperature (65°C) and self-assembled into nanoparticles with ideal size, Zeta potential and PDI
value after stirring together with DTX. Therefore, Nnps-DTX was prepared by heat-induced self-assembly in the subsequent
experiments.

The preparation protocol of Nnps-DTX based on the heat-induction strategy was further optimized in this study. Protein
self-assembly upon heating is highly dependent on environmental conditions (such as pH), heating conditions (such as
temperature), protein (such as Nnps in this study) concentration and the presence of other compounds (such as DTX in this
study).>* In general, increasing the protein concentration within a certain range will reduce the intermolecular distance and
increase the intermolecular interactions between the protein and the drug (in this case DTX) to form nanoparticles with smaller
particle sizes.*” However, if the protein concentration is too high (for example, 3 mg/mL in this study), protein aggregation
occurs and the particle size increases. When the DTX/Nnps ratio was in a relatively low range, the particle size of the prepared
Nnps-DTX decreased with increasing DTX/Nnps ratio, suggesting that DTX could drive the self-assembly of Nnps in
a certain concentration range. According to the literature,”* hydrophobic interactions may be formed between Nnps and DTX.
However, when the DTX/Nnps ratio was too high, the particle size of the prepared Nnps-DTX increased, which may be due to
the precipitation of DTX entrapped in the nanoparticles or adsorbed on the surface of the nanoparticles due to low solubility.*’
The results of the orthogonal experiment and the analysis of variance provided the optimal conditions for the preparation of
Nnps-DTX, which were consistent with the results of the single factor experiments. Verification experiments showed that the
preparation process was repeatable and reliable. In addition, the particle size, Zeta potential and PDI of the nanoparticles did
not change significantly after lyophilisation, indicating that lyophilisation had little effect on Nnps-DTX, so no protective
agent was added prior to lyophilisation in the subsequent preparation of the nanoparticles.

Nnps-DTX was less than 200 nm in size, which would help it escape phagocytosis by reticuloendothelial phagocytes
(macrophages).*' Nevertheless, based on the results of SEM and DLS analysis, the morphology of nanoparticles exhibited
non-uniformity, and variations in size (ie, PDI) were observed, which reflect the inherent limitations of naturally formed
macromolecular nanoparticles.*® The Zeta potential of Nnps-DTX was lower than —20 mV,, indicating that it does not tend to
agglomerate. The in vitro stability results based on DLS analysis verified that Nnps-DTX was stable in water within 0—6 h. The
result indicated that the nanoparticles would not significantly agglomerate or precipitate during administration of the water
solution of the freeze-dried powder of the nanoparticles. Moreover, Nnps-DTX was stable in water and artificial gastric and
intestinal fluids lacking digestive enzymes. However, upon incubation in the solutions containing the digestive enzymes,
Nnps-DTXs size and PDI significantly increased. Since proteins comprise most of the nanoparticles, these results are easily
understood. The absorption of Nnps-DTX would be hindered by its enlarged size. However, cells can uptake particles smaller
than 500 nm via caveolae-mediated endocytosis.*> On the other hand, the effects of digestive enzymes would help release
DTX from the nanoparticles. As a result, there were both beneficial and unfavorable effects of digestive enzymes on DTX
intestinal absorption.

Nnps-DTX had good encapsulation efficiency. However, proteins as drug carriers generally have the limitation of low
drug loading due to the limited binding sites on the protein surface.** The DTX content of Nnps-DTX in this study was
approximately 7.97%, which means that the nanoparticle dose equivalent to a 20 mg/kg dose of DTX would be
approximately 250 mg/kg, which is acceptable for oral administration.

Under SEM, no intrinsic columnar crystal structure of DTX was observed in Nnps-DTX. The results of DSC and
PXRD also showed that DTX did not exist in crystalline form in the nanoparticles. These results suggest that DTX may
be embedded in the nanoparticles or exist in an amorphous form. FTIR is widely used to evaluate intermolecular
interactions.’'>* The results of FTIR analysis revealed that hydrogen bonds, hydrophobic interactions, and electrostatic
interactions were involved in the formation of Nnps-DTX. Furthermore, in the FTIR spectra of Nnps-DTX, the
characteristic absorption peaks of DTX shifted and the intensity decreased or even disappeared, suggesting that DTX
was encapsulated or existed in an amorphous form in Nnps-DTX. The results are in agreement with those of SEM, DSC,
and PXRD. In addition, the FTIR spectra of Nnps-DTX showed that the absorption peak of Nnps at 1649 cm ' had
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shifted, indicating that the secondary structure of Nnps had changed after DTX loading.’® However, it is still unknown
what the exact secondary structure of Nnps is and how much it changes quantitatively following DTX loading.

The usual dose of DTX in mice is 20 mg/kg.* Therefore, if DTX is administered at 0.2 mL/10 g body weight, it
should be administered at a concentration of 1 mg/mL. However, the present study showed that the solubility of DTX
was as low as 7.0 pg/mL, which means that more than 99% of DTX was not dissolved when administered in vivo. Thus,
low solubility is one of the main reasons limiting the oral bioavailability of DTX. The experimental results show that the
solubility of DTX was significantly improved in Nnps-DTX, which is about 23.3 times higher than that of DTX. In
addition, the drug release experiment based on the dialysis method showed that the dissolution of DTX in Nnps-DTX
was significantly improved in both artificial gastric and intestinal fluids. An acceptable explanation is that the drug in its
amorphous form usually has better solubility and dissolution than the crystalline form.** The release of DTX in Nnps-
DTX was limited in artificial gastric fluids and predominantly in artificial intestinal fluids, demonstrating intestinal-
targeted release properties. The slight structural changes of Nnps-DTX, namely the increase of size and PDI found in the
in vitro stability experiment, explained its good release in artificial intestinal fluid. DTX in Nnps-DTX was released
slowly after 4 h of sustained release in artificial intestinal fluid. The initial rapid release of DTX in Nnps-DTX may be
due to the rapid release of DTX adsorbed on the surface of the nanoparticles. With increasing time, the dissolution of
DTX decreased slightly, which may be due to the accumulation of some free DTX in the dissolution medium.

Pharmacokinetic studies showed that the intestinal absorption of DTX was significantly increased in Nnps-DTX
compared to DTX after oral administration, resulting in increased AUCy.1, , and C,.x of DTX in the portal vein and
systemic circulation. Nanoparticles are taken up by intestinal cells mainly by macropinocytosis, phagocytosis, clathrin-
mediated endocytosis and caveolae-mediated endocytosis,** which could be selectively inhibited by the compounds
amiloride,?’ cytochalasin D, chlorpromazine,26 and indomethacin.?® Caco-2 cells are widely used as an intestinal
epithelial cell model for in vitro uptake and absorption studies. The results showed that the uptake of DTX in Nnps-DTX
was significantly higher than that of DTX in Caco-2 cells. Meanwhile, indomethacin inhibited the cellular uptake of DTX
in Nnps-DTX, suggesting that Nnps-DTX may be taken up by caveolae-mediated endocytosis.”**> Caveolae can mediate
cellular uptake of nanoparticles ranging in size from less than 100 nm*® to more than 200 nm*’ or even 500 nm.** One of
the advantages of caveolae-mediated endocytosis is that nanoparticles can bypass lysosomal degradation and be
transported across cells as intact nanoparticles.** Chlorpromazine and cytochalasin D promoted the uptake of DTX in
Nnps-DTX in this study, which might be related to their inhibitory effect on the transporter p-glycoprotein (P-gp).***° It
was reported that P-gp mediates the efflux of DTX.>® However, the process and mechanism of Nnps-DTX uptake in vivo
would be much more complex and needs to be further elucidated. In addition, DTX may be eliminated by metabolism
during intestinal absorption and tissue distribution, particularly liver distribution.'" The in vitro metabolism results
showed that Nnps-DTX had better metabolic stability than DTX. The improved metabolic stability contributed to the
increased absorption and in vivo exposure of DTX in Nnps-DTX.

Clinically, DTX injections are used to treat non-small cell lung cancer.> The high exposure levels of DTX in the lung
suggest that Nnps-DTX has the potential to be used orally for the treatment of lung tumors. Similarly, the high exposure
levels in the liver suggest a potential application of oral Nnps-DTX in liver tumors. The significant increase in DTX
distribution in the liver and lung may be due to the increased concentration and prolonged exposure time of DTX in the
circulation. In addition, the high vascular permeability of the lung and liver facilitates the entry of nanoparticles. These
results suggest that Nnps-DTX in the form of nanoparticles can be distributed in tissues with good vascular permeability
after absorption. However, one of the limitations of this study is that it did not ascertain the in vivo absorption and tissue
distribution of Nnps-DTX as nanoparticles. The in vivo imaging results revealed the presence of DiR fluorescence in the
liver following oral administration of DiR-labeled Nnps (data not shown). However, this finding does not rule out the
possibility that free DiR molecules rather than DiR-labeled nanoparticles entered the liver. Such studies are still
technically challenging. Cell-based assays showed that Nnps-DTX had a better anti-tumor effect than DTX on HepG2
cells. The findings suggest that oral administration of Nnps-DTX may augment the efficacy of DTX by increasing its
exposure or facilitating direct distribution into the liver. However, further in vivo research is needed to fully explore the

potential antitumor effects of orally administered Nnps-DTX.
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Conclusions

In this study, a novel type of self-assembled nanoparticles loaded with DTX was constructed. DTX was present in Nnps-
DTX in an amorphous form, which significantly improved its solubility and release. In addition, DTX in Nnps-DTX had
good cellular uptake and metabolic stability. Due to these mechanisms, the intestinal absorption, pharmacokinetic
properties and tissue distribution of DTX in Nnps-DTX were significantly improved. In addition, Nnps-DTX had strong
inhibitory effects on cell viability of MCF-7, HCT116 and especially HepG2 cells. In brief, the innovative self-assembled
protein nanoparticles, significantly improved the solubility, release, cellular uptake, metabolic stability, and pharmaco-
kinetics of oral DTX, and exhibited substantial cytotoxicity against tumor cell lines. We believe that this study provides
a viable delivery system for oral DTX administration, which is worthy of further development.
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