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Purpose: The present study aimed to develop a lipid nanoplatform, denoted as “BAL-PTX-LN”, co-loaded with chiral baicalin
derivatives (BAL) and paclitaxel (PTX) to promote the anti-lung cancer efficacy of paclitaxel and reduce the toxicity of chemother-
apeutic drugs.

Methods: BAL-PTX-LN was optimized through central composite design based on a single-factor experiments. BAL-PTX-LN was
evaluated by TEM, particle size, encapsulation efficiency, hemolysis rate, release kinetics and stability. And was evaluated by
pharmacokinetics and the antitumor efficacy studied both in vitro and in vivo. The in vivo safety profile of the formulation was
assessed using hematoxylin and eosin (HE) staining.

Results: BAL-PTX-LN exhibited spherical morphology with a particle size of 134.36 + 3.18 nm, PDI of 0.24 + 0.02, and with an
encapsulation efficiency exceeding 90%, BAL-PTX-LN remained stable after 180 days storage. In vitro release studies revealed a zero-
order kinetic model of PTX from the liposomal formulation. No hemolysis was observed in the preparation group. Pharmacokinetic
analysis of PTX in the BAL-PTX-LN group revealed an approximately three-fold higher bioavailability and twice longer t;, compared to
the bulk drug group. Furthermore, the IC5o of BAL-PTX-LN decreased by 2.35 times (13.48 pg/mL vs 31.722 ng/mL) and the apoptosis
rate increased by 1.82 times (29.38% vs 16.13%) at 24 h compared to the PTX group. In tumor-bearing nude mice, the BAL-PTX-LN
formulation exhibited a two-fold higher tumor inhibition rate compared to the PTX group (62.83% vs 29.95%), accompanied by a ten-
fold decrease in Ki67 expression (4.26% vs 45.88%). Interestingly, HE staining revealed no pathological changes in tissues from the
BAL-PTX-LN group, whereas tissues from the PTX group exhibited pathological changes and tumor cell infiltration.

Conclusion: BAL-PTX-LN improves the therapeutic effect of poorly soluble chemotherapeutic drugs on lung cancer, which is
anticipated to emerge as a viable therapeutic agent for lung cancer in clinical applications.
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Introduction

The safety of human life is threatened by the serious illness of cancer, with up to 20 million new cases of cancer and nearly
10 million cancer-related deaths reported worldwide.' Among various types of cancer, lung cancer stands out as particularly
lethal, responsible for over 1.8 million deaths annually and constituting 18% of all cancer-related deaths.” While treatments
such as radiotherapy and surgery offer alternatives, chemotherapy remains the most common approach.*

Paclitaxel (PTX) is an exemplary chemotherapeutic agent for advanced human cancers and is frequently employed in
lung cancer treatment.® Commercially available formulations of PTX include injections and albumin nanoparticles.
However, the injection formulation, employing Cremophor EL (polyoxyethylene castor oil) and anhydrous ethanol as
solubilizing agents, often elicit allergic reactions.” Clinical trials with PTX albumin nanoparticles have revealed
substantial bone marrow toxicity, gastrointestinal reactions, severe liver injury, and other adverse effects leading to
treatment cessation or failure.® Combining PTX with various drugs can elicit synergistic effects and mitigate associated
adverse effects. For instance, the combination therapy of S-1 (an orally administered fluorouracil derivative) and PTX has
shown promising efficacy in previously treated patients with advanced non-small cell lung cancer.” Additionally,
combining PTX with a CCR7 monoclonal antibody has been shown to delay tumor growth in B16F10 melanoma and
reduce lymphatic metastasis.'® Nintedanib in combination with PTX has demonstrated enhanced overall antitumor
activity in both primary and metastatic therapy settings.'' Natural pharmaceutical monomers such as baicalin, curcumin,
and honokiol, when combined with PTX, have been reported to modulate various signaling pathways in cancer cells,
mitigate dose-dependent adverse events associated with PTX, improve the quality of life of patients with lung cancer, and
enhance therapeutic efficacy.'>'* Previous studies by our research group have identified a novel compound, BAL, which
has potent anti-tumour effects.'> BAL acts as an inhibitor of the protein kinase B (PKB or Akt) pathway, inducing
apoptosis in lung cancer cells while demonstrating significant antitumor activity and safety for normal cells and tissues.
PTX, on the other hand, interferes with the normal function of tubulin during cancer cell division, inducing cell cycle
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arrest and inhibiting cancer cell proliferation.'®'® Therefore, combining these two drugs can significantly enhance
synergistic anti-lung cancer effects.

The translation of the demonstrated synergistic impact observed in vitro into advantageous outcomes in vivo for lung
cancer treatment using a combination of BAL and PTX remains a pivotal challenge to address. A common method of
administration is “cocktail” therapy, where two or more medications are physically mixed and administered together.'® While
practical, this approach is fraught with limitations. Variations in medication pharmacokinetics, tissue distribution, and cell
membrane permeability lead to inconsistent drug delivery at tumor sites, making it difficult to establish the optimal drug
synergy ratio in vitro, often resulting in the failure of combined therapy strategies.”>*' The inherent challenges of low
solubility and poor bioavailability of PTX and BAL persist as fundamental obstacles in the development of clinical
therapeutic preparations, despite their significant medicinal value when combined.'>*** To overcome these challenges
and improve the characteristics of PTX and various drug combinations, the selection of a suitable co-loading delivery system
is imperative. Progress in this area includes the development of solvent-free preparations, scalability assessment, and long-
term stability evaluation. The field of cancer treatment has benefited significantly from advancements in nanotechnology and
nanomedicine, which have led to increased drug accumulation in tumor tissues and targeted uptake by tumor cells through
nano-drug delivery systems. Lipid-based nanoparticles represent a promising avenue for anticancer drug delivery, serving as
sophisticated and comprehensive nano-scale delivery systems for diverse bioactive substances.***> These lipid nanocarriers
use various functional groups on their surfaces to facilitate the attachment of molecules such as antibodies, polysaccharides,
and medications, thereby enhancing drug delivery to cancer cells. Their advantages include rapid absorption, minimal
adverse effects, ease of production, and excellent in vivo stability.***” In terms of lipid nanomaterials, Hydrogenated soybean
phospholipids (HSPC), as a drug-carrying membrane material, helps to improve drug stability. 1.2-dis-tearoyl-sn-glycero
-3-phosphoethanolamine-N-[methoxy (poly-ethylene glycol)-2000] (DSPE-PEG2000) can encapsulate the drug through
hydrophobic interactions while the PEG macromolecule extends on the surface of the lipid membrane to achieve a high
degree of hydration and enhance drug uptake, which is easier to synthesize than liposomal nanomaterials, such as cholesterol,
and has pharmacokinetic characteristics more suitable for use in vivo as a drug carrier.

In this study, PTX was combined with BAL for the first time, and the synergistic effect of BAL-PTX was investigated
and screened at the cellular level. To further enhance its efficacy, a lipid nano-drug delivery system was utilized to co-
load the two drugs into the same system. The effects against lung cancer of the co-loaded BAL and PTX lipid nano-
system were investigated both in vitro and in vivo, and their pharmacokinetic behavior was evaluated. It is anticipated
that this drug co-delivery system will mitigate toxicity to major organs, improve the delivery of poorly soluble

chemotherapeutic medications, and enhance the therapeutic efficacy against lung cancer.

Materials and Methods

Materials

Baicalin (BA, purity > 98%) and paclitaxel (PTX, purity > 98%) were purchased from Chengdu Best Reagent Co., Ltd
(China). HSPC and DSPE-PEG2000 were purchased from Lipoid GmbH (Germany). Methylthiazolyldiphenyl-
tetrazolium bromide (MTT) were purchased from Beijing Solarbio Science&Technology Co., Ltd (China). All other
chemicals were of chromatographic grade.

Cell Lines and Cultures

Human lung cancer cells (A549 and H460) were obtained from the Tumor Cell Bank of the Chinese Academy of Medical
Sciences, and the normal liver cells (L02) were obtained from the Basic Medicine Laboratory of the Affiliated Hospital
of Southwest Medical University (Sichuan, China). All cell lines were maintained in RPMI 1640 or DMEM (Gibco;
Thermo Fisher Scientific, USA) with 10% fetal bovine serum (Hyclone, Utah, USA) and 100 U/mL penicillin-
streptomycin in a humidified environment with 5% CO2 at 37°C.
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Combination Index of BAL-PTX at Various Ratios

The cell proliferation kit (MTT colorimetric method) was used to assess the toxicity of several drugs to H460, A549, and
LO02 cells. When the cells approach the logarithmic growth stage, they are counted, and quantitative fresh culture medium is
added to prepare a cell suspension with the desired concentration. Cells were seeded at a density of 3-5x10° cells/well in
a 96-well plate. The cells were cultured in an incubator at 5% CO2 and 37°C for 24 hours before different quantities of
medicines were added to a 96-well plate. After drug intervention for 24, 48, 72, or 96 h, 20 uL of MTT solution (5 mg/mL)
was added to each well, and the culture was terminated after incubation for 3—4 hours, and 150 uL. of DMSO was added after
the medium was sucked out. In order to fully dissolve the crystal, shake it for 10 min. Subsequently, the optical density (OD)
of each well was measured with a microplate at a wavelength of 490 nm. The growth inhibition rate of drugs on cells was
calculated according to the formula:

Inhibition rate(%)=[1—(OD experiment — OD blank) / (OD control — OD blank)] x 100%

In order to screen the combined effects of different concentration ratios of BAL:PTX, A549 and H460 cells were
incubated in 96-well plates, and the drugs with concentration ratios of BAL:PTX (ug/pg) of 80:1, 20:1, 5:1, 2:1, and 1:1
were used for intervention, respectively. The MTT assay was used to quantify the inhibition rate of cell growth.
Combination index (CI) based on median effect analysis.”® CI > 1, CI = 1, and CI < | indicate antagonism, addition,

and synergy, respectively.>”*°

Preparation, Optimization, and Characterization of BAL-PTX-LN

Preparation of BAL-PTX-LN

Accurately weigh the prescribed amount of PTX, BAL, HSPC (35 mg), and DSPE-PEG2000 (10 mg) in a round-
bottomed flask and dissolve it in 3 mL of chloroform. The solvent was removed by vacuum distillation with a rotary
evaporator at 37°C for 6 minutes at a speed of 160 rpm, and a lipid film formed on the inner wall of the flask. Nitrogen is
injected to ensure that there is no leftover solvent, and it is then placed in a 37°C oven for roughly 2 hours. After adding
distilled water for hydration, the nanoparticles were evenly dispersed by an ultrasonic cell crusher (160 W, 6 min) to
obtain clear BAL-PTX-LN. For long-term storage, 1% sucrose (w/v) was added, and yellow-green loose powder was

obtained after freeze-drying for about 24 hours.

Optimization of BAL-PTX-LN

A single-factor experiment was used to evaluate the preparation technique (ultrasonic intensity and time) and prescription
(HSPC, DSPE-PEG2000, and the dosage of the drugs). The BAL-PTX-LN prescription was then designed and optimized
using the central composite design-response surface method. Each step of the screening process uses the particle size,
PDI, and encapsulation efficiency of lipid nanoparticles as evaluation indexes.

Characterization of BAL-PTX-LN

Particle size, PDI (representing uniformity of particle size distribution) and Zeta potential were measured at 25°C using
a Malvern particle size analyzer. The morphology of the sample was examined by using a transmission electron
microscopy (TEM).

To measure the encapsulation efficiency, put 100 pL of BAL-PTX-LN lipid nanoparticle solution into a centrifuge
tube, add 5 mL of methanol to decompose the nanoparticles, dilute them properly, and then ultrasonic for 4 minutes. The
content was tested by HPLC following centrifugation (8000 rpm, 10 min), and the concentration was C2. Moreover, after
properly measuring 100 pL. of BAL-PTX-LN lipid nano-particle solution, remove the leftover nano-solution, centrifuge
(8000 rpm, 10 min), and measure 100 puL of supernatant. HPLC is used to determine the concentration of C1. The
following is the entrapment efficiency (EE) formula:

EE(%)= C1/C2 x 100%
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In vitro Antitumor Investigation of BAL-PTX-LN

The MTT colorimetric method was used to assess the toxicity of BAL-PTX and BAL-PTX-LN to H460, A549, and L02
cells. As for the apoptosis experiment, A549 cells were inoculated into a 6-well plate at a density of 3x10° cells per well
and adhered to the wall overnight. When the cells grew to 70-80%, they were given three kinds of drug solutions with
high (20 pg/mL), medium (10 pg/mL), and low (5 ng/mL) concentrations, respectively, and a blank control group was set
up. After 24 h of drug action, all cells were digested and collected, washed twice with PBS, and counted. Add 500 uL of
binding buffer to the collected 6x10° cells, blow the cells evenly, and then transfer them to a 5 mL detection tube. At
room temperature and in the dark, 5 pL. of Annexin V/FITC and 5 pL of PI were added successively, and then they were
fully mixed and dyed.

In vitro Release Behavior of BAL-PTX-LN

The BAL-PTX-LN release curve was studied using PBS phosphate buffer solution in a total volume of 120 mL as the
release medium. Fill dialysis bags (8000-14000 Da) with 2 mL of BAL-PTX-LN and 2 mL of BAL-PTX at the same
medication concentration (1 mg/mL). The release test was performed in the dissolution apparatus at 37°C and 100 rpm.
At 0.08 h, 0.25 h,0.5h, 1 h,2h,4h, 8 h, 12 h, 24 h, and 48 h, 2 mL of dialysate was removed and replaced with the
same amount of release medium to keep the total volume constant. The peak area of the drug in the supernatant was
evaluated by HPLC after centrifuging the dialysate, and the cumulative release rate at different intervals was computed
using the standard curve, and the in vitro release curve was created.

The Stability Evaluation of BAL-PTX-LN

Investigation of Solution Stability

Three batches of BAL-PTX-LN solution were prepared according to the optimized formula and process, and their
stability was investigated by taking the encapsulation efficiency, particle size, and PDI as indexes under the conditions of
25 £ 2°C and 4 + 2°C.

Investigation on Long-Term Stability of Freeze-Dried Powder

Three batches of BAL-PTX-LN freeze-dried powder were prepared according to the optimized formula and technology
and placed at 25 £+ 2°C and 40 £ 5% relative humidity. Samples were taken at the end of the 1Ist, 2nd, 3rd, 6th, 9th, and
12th month, respectively. After the sample was dissolved in deionized water, the particle size, PDI and encapsulation
efficiency were detected, and the long-term stability of the sample was investigated by comparing with the beginning.

In vitro Hemolytic Analysis

Fibrinogen was destroyed by taking 2 mL of blood from Sprague Dawley (SD) rats and stirring clockwise through a glass
rod for 5 min. Add an appropriate amount of 0.9% sodium chloride solution, centrifuge with stirring (1500 rpm, 10 min)
and pour out the supernatant. To obtain erythrocytes, continue to add 0.9% sodium chloride solution and repeat the
shaking and centrifugation process described above until the supernatant is colorless. Add 2% erythrocyte suspension to
0.9% sodium chloride solution. BAL-PTX-LN, negative control (2% physiological saline) and positive blank control
(ultrapure water) were put into the incubator at 37°C for hemolysis test, and the groups are shown in the table below.
Hemolysis was assessed in all groups after centrifugation (1500 rpm, 10 min). After 5 h, the supernatant of each sample
was added to a 96-well plate. At the wavelength of 540 nm, the absorbance (A) was measured by an enzyme-labeled
instrument, and then the hemolysis rate (%) was calculated according to the following formula:

Hemolysis(%)=(A sample — A negative)/(A positive — A negative) x 100%

Pharmacokinetic Studies

Ten SD rats were randomly assigned to one of two groups: (1) the BAL-PTX raw material medication group and (2) the
BAL-PTX-LN preparation group. The concentrations of PTX and BAL in both groups were 10 mg/kg and 50 mg/kg,
respectively. After administration, cardiac blood samples were obtained from each rat at 5, 10, 15, 30, 60, 120, 240, 480,
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720, 1440, and 2880 min. The original blood (0.3 mL) was centrifuged for 3 minutes at 5000 rpm/min in a centrifuge
tube containing heparin sodium, and the plasma sample was treated before being detected by HPLC.

In vivo Tumor Efficacy and Safety Study of the Drug Combination

The experiment terminated after 21 days of treatment, and the surviving nude mice were killed, the tumor mass was taken
out and weighed, and the tumor inhibition rate was calculated. Each group’s subcutaneous tumor tissues and related
organ tissues were washed twice with 0.9% physiological saline before being fixed with an adequate amount of 4%
paraformaldehyde solution. The fixed tissues were dehydrated before being embedded in paraffin and sliced. Following
that, the pathological sections of the subcutaneous transplanted tumor, heart, lung, and kidney were then stained with
hematoxylin and eosin (HE) and evaluated.

Immunohistochemistry

After the tumor tissue was fixed with 4% paraformaldehyde for 24 h, it was dehydrated with absolute alcohol and
embedded in paraffin to prepare tumor sections. The antigen was recovered for 5 min in the high-temperature environ-
ment of 0.01 M citric acid buffer (pH = 6.0). The first antibody (1:200) was added dropwise at 4 °C, then cultured
overnight, and then the second antibody was added dropwise at 37 °C for 30 min. Finally, the slices were colored by 3,
3’-diaminobenzidine and stained with hematoxylin, and then the images were collected by a micro-camera system. All
experimental procedures were carried out by blind method.

Statistical Analysis

All data were obtained using the GraphPad Prism 8.0 statistical package. Data were expressed as mean + standard
deviation in triplicate. Differences among multiple groups were determined using the Student’s #-test or one-way
ANOVA with a post hoc test and considered statistically significant at P < 0.05.

Results

Synergistic Effects of BAL-PTX

The ICso values of free PTX and BAL solution on lung cancer cell A549 were 45.863 pg/mL and 40.571 pg/mL,
respectively, at 24 h (Figure 1A and Table 1). When BAL and PTX were combined, the inhibitory rate of BAL-PTX on
lung cancer cell A549 was significantly higher than that of PTX or BAL alone across various proportions at any given
dose and time point. Notably, at a mass ratio of 5:1, the BAL-PTX group exhibited the lowest ICs, value among all,
measuring 24.398 pg/mL at 24 h and 16.022 pg/mL at 48 h. The analysis results of the CI are depicted in Figure 1B and
Table 2. For the effective dose 50 (EDsg), the CI of BAL-PTX was less than 1 for all mass ratios at both 24 and 48 h. In
particular, at a mass ratio of 5:1, BAL-PTX demonstrated the lowest CI value of 0.323 at 24 h. However, for ED-5 and
EDy, the CI of BAL-PTX at mass ratios of 80:1, 2:1, and 1:1 at 24 h exceeded 1. Nevertheless, after 48 h, the situation
notably improved, with the CI of BAL-PTX being less than 1 for nearly all mass ratios. The dose-effect curve clearly
indicates that BAL-PTX, with a mass ratio of 5:1, exhibits superior cell inhibition at the same dosage.

Similarly, for H460 lung cancer cells, the inhibition rate of BAL plus PTX was significantly higher than that of PTX
or BAL alone across various ratios and concentrations at 24 h. Moreover, we observed that the inhibition rate of BAL-
PTX on H460 cells was notably higher at a mass ratio of 5:1 compared to other ratios. After 48 h, the ICs, values of the
BAL-PTX combination were only 14.86 pg/mL for the 5:1 group and 18.304 pug/mL for the 2:1 group, both lower than
the I1Cs, values of the BAL single drug group, which was 21.854 ng/mL (Figure 1C and Table 3). The analysis results of
the drug combination index are presented in Figure 1D and Table 4. At 48 h, the CI of BAL-PTX for all mass ratios for
EDsg, ED7s5, and EDgy was < 1. Notably, while the CI of BAL-PTX exceeded 1 in many proportions at 24 h, the CI
values of BAL-PTX with a mass ratio of 5:1 for EDsqy (0.193), ED75 (0.274), and EDy, (0.393) were all less than 1,
indicating good synergy. In particular, at 48 h, several CI values of BAL-PTX with a mass ratio of 5:1 were among the
smallest compared to other mass ratios at the same lethal dose.
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Figure | MTTexperimental results of APl combination. The inhibition rate (%) of PTX, BAL and different ratios of BAL-PTX on A549 cells at 24 hand 48 h (A). Dose-response
curves for BAL-PTX with various BAL: PTX mass ratios in the A549 cell growth inhibition trials (B). The inhibition rate (%) of PTX, BAL and different ratios of BAL-PTX on
HA460 cells at 24 h and 48 h (C). Dose-response curves for BAL-PTX with various BAL: PTX mass ratios in the H460 cell growth inhibition trials (D). (x £ s, n = 4).
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Table 1 ICso Values of BAL, PTX
and BAL-PTX Against A549 Tumor

Cells
1Cso (ng/mL) Time
24 h 48 h
BAL 40.571 | 38512
PTX 45.863 | 31.722

BAL-PTX (80:1) | 35.754 | 28.987
BAL-PTX (20:1) | 30.979 | 23571
BAL-PTX (5:1) | 24.398 | 16.022
BAL-PTX (2:1) | 40353 | 26.399
BAL-PTX (I:1) | 36.083 | 39.027

Table 2 The Combination Index Values of BAL: PTX

in A549 Cells

Time | Mass Ratio | Combination Index Values

ED;O ED75 ED90

24 h 80:1 0.767 1.011 1.332

20:1 0.527 0.708 0.953

5:1 0.323 0.377 0.439

2:1 0.690 1.216 2.143

I:1 0.710 0.891 1.120

48 h 80:1 0.515 0.464 0.421

20:1 0.375 0.275 0.206

5:1 0.270 0.148 0.086

2:1 0.504 0.661 0.921

1:1 0.907 1.837 3.908

Preparation, Optimization, and Characterization of BAL-PTX-LN

Single Factor Experiment

Initially, we explored the preparation factors influencing the quality of BAL-PTX-LN via single-factor experiments.
Particle size (124.85 £ 7.12 nm), polydispersity index (PDI) (0.258 + 0.012), and encapsulation efficiency (EE) (BAL:
92.35 £+ 3.30%, PTX: 94.35 + 4.23%) of the preparation reached their optimal values under each ultrasonic intensity

Table 3 ICso Values of BAL, PTX
and BAL-PTX Against H460 Tumor

Cells
1Cso (ng/mL) Time
24 h 48 h
BAL 47.961 | 21.854
PTX 49.27 | 39.402

BAL-PTX (80:1) | 47.839 | 29.55
BAL-PTX (20:1) | 44.757 | 24.191
BAL-PTX (5:1) | 27.029 | 14.86
BAL-PTX (2:1) | 43412 | 18.304
BAL-PTX (1:1) | 49.622 | 30279
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Table 4 The Combination Index Values of BAL:
PTX in H460 Cells

Time | Mass ratio | Combination index values
ED;, EDys EDyo
24 h 80:1 0.432 1.027 2.445
20:1 0.475 1.052 2.343
5:1 0.193 0.274 0.393
2:1 0.774 1.240 2.012
1:1 1.077 1.363 1.742
48 h 80:1 0.309 0.469 0.714
20:1 0.449 0.366 0.301
5:1 0.369 0.180 0.292
2:1 0.356 0.380 0.441
I:1 0.401 0.589 0.693

when the intensity was set at 160 W (Figure 2B). Optimal ultrasonic time for producing BAL-PTX-LN was determined
to be 6 min because the particle size of the preparation and PDI were acceptable at this duration (Figure 2A).
Subsequently, we investigated the prescription factors of BAL-PTX-LN (BAL-PTX, HSPC, and DSPE-PEG2000)
individually, and the results are depicted in Figures 2C—E. Following a comprehensive assessment, tentative prescriptions
were established as follows: BAL-PTX (5 mg), HSPC (35 mg), and DSPE-PEG2000 (10 mg), utilizing EE, drug loading
(DL), and PDI as indices. Under these conditions, BAL-PTX-LN was produced with a particle size of 131.47 + 7.02 nm
and a PDI of 0.243 + 0.011, with EE (BAL: 93.90 + 5.02%, PTX: 94.26 + 4.55%).

Furthermore, we evaluated the impact of sucrose, lactose, and mannitol as freeze-drying protectants on the quality of
the freeze-dried powder of BAL-PTX-LN. Particle size, PDI, and EE of BAL-PTX-LN before and after freeze-drying did
not significantly differ when sucrose was employed as the cryoprotectant (P > 0.05). The encapsulation effectiveness is
greater than 90%, the particle size is around 130 nm, and the PDI is approximately 0.25. Particle size and PDI both prior
to and following freeze-drying are more appropriate, and encapsulation efficiency is increased. As a result, sucrose was
chosen as the protective agent for freeze-drying.

Optimization of BAL-PTX-LN
Three factors were selected as research objects: BAL-PTX content (X1), HSPC content (X2), and DSPE-PEG2000 (X3).
Central composite design (CCD) was employed to optimize the preparation prescription. Utilizing particle size, PDI, and
EE as evaluation indexes, dependent variables (Y1, Y2, and Y3) were fitted using polynomial algorithms and multiple
linear regression, respectively, through the statistical program Expert Design 10.0. The accuracy of the regression
equation was evaluated using statistical indicators, including F-test, lack-of-fit, and R-squared. The equation obtained
by fitting is as given below:

Y1 =+4145.06 + 21.51 % X1 + 8.69 * X237.80 * X3 + 53.75 % X1 % X2 + 14.33 % X1 * X3 — 27.63 x X2x

X3 +49.97 * X1249.32 % X224+45.75 + X3?

Y2 = 40.26 + 0.007 % X1 + 0.007 * X2 — 0.026 * X3 + 0.049 % X1 * X2 — 0.004 % X1 % X3 — 0.010 * X2x
X34.063 % X124-0.009 % X224+0.044 % X32

Y3 = 495.10 —4.74 « X1 + 1.85 % X2 + 4.46 %« X3 + 1.20 % X1 % X2 + 2.97 % X1 * X3 + 7.90 % X2x
X3 —5.36 %« X12—11.14 % X22—6.76 * X3>

The Y1, Y2, and Y3 equation’s fitting degree (R?) indicates that the particle size, PDI, and encapsulation efficiency
have well-fitting outcomes. A robust mathematical equation model exists for the three indices of BAL-PTX-LN
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Figure 2 The results of single factor investigation. The effects of different ultrasonic time on the particle size, PDI and encapsulation efficiency of lipid nanoparticles (A). The
effects of different ultrasonic intensity on the particle size, PDI and encapsulation efficiency of lipid nanoparticles (B). The effects of different main drug contents on the
particle size, PDI and encapsulation efficiency of lipid nanoparticles (C). The effects of different HSPC contents on the particle size, PDI and encapsulation efficiency of lipid
nanoparticles (D). The effects of different DSPE-PEG2000 contents on the particle size, PDI and encapsulation efficiency of lipid nanoparticles (E).

preparation as well as the prescription parameters requiring optimization. Ultimately, we used three components and
three levels to meet the experimental design. Figure 3 displays the response surface contour map results. The information
indicates that the main drugs, HSPC and DSPE-PEG2000, have a significant impact on the encapsulation efficiency, PDI,
and particle size. The extremities of the response value of each factor correspond to the highest and lowest points on the
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response surface. Based on single-factor analysis, response surface contour maps, and fitted regression equations, the
optimal prescription was determined as follows: DSPE-PEG2000 = 13.9 mg; HSPC = 38.5 mg; BAL-PTX = 6.7 mg.

Characterization of BAL-PTX-LN

Using a TEM and particle size analyzer, three batches of BAL-PTX-LN were made in accordance with the final screening
prescription. Their morphology, particle size, PDI, and entrapment efficiency were assessed (Figure 4 and Table 5). The
data demonstrate that there is little variation between each response value of the anticipated prescription and the actual
value, further demonstrating the accuracy of the optimal prescription result produced by the central design-surface
optimization model and its optimal prescription quantity.

In vitro Release Behavior of BAL-PTX-LN

The cumulative release of BAL-PTX-LN over 48 h in vitro is depicted in Figure 5SA. When BAL and PTX were
combined, the cumulative average release rate of PTX in the active pharmaceutical ingredient (API) group was 72.48% at
48 h, lower than that in BAL-PTX-LN (86.62%). Regarding BAL, BAL in the combined API group rapidly released over
40% within 2 h. However, BAL in BAL-PTX-LN exhibited slow and effective drug release compared to the API. The
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Figure 4 The Characterization of BAL-PTX-LN. The particle size of BAL-PTX-LN (A). The Zeta potential of BAL-PTX-LN (B). TEM image of BAL-PTX-LN (C).

in vitro release behavior of BAL in liposomes aligns more closely with the Higuchi model, whereas its release behavior
in APIs resembles the first-order model, indicating diffusion as the primary release mechanism, according to the fitting
data of the in vitro release results (Table 6). Overall, liposomes, whether for BAL or PTX, demonstrate a sustained
releasing effect.

In vitro Hemolytic Analysis

The results of the hemolysis experiment are presented in Figure 5B and Table 7. The sample in No. 7 (double distilled
water, positive control) exhibited full hemolysis, with a hemolysis rate of 9.69 + 0.44%, whereas the sample in No. 8
(negative control) showed no hemolysis. BAL-PTX-LN at low concentrations (groups 1-3) did not induce changes in
appearance or hemolysis rate compared to the negative control group. Similarly, BAL-PTX-LN at middle and high
concentrations (groups 4-6) did not demonstrate significant hemolysis, with the maximum hemolysis rate observed at

3.23% £ 0.76% in the high concentration group (group 6), remaining within the safe range of drug-induced hemolysis
(below 5%).

Stability Investigation of Preparation

The investigation of solution stability can be seen from Figure 6A. Up to 12 days of cold storage, there was no
discernible variation in the BAL-PTX-LN liquid preparation’s particle size, PDI, or encapsulation efficiency. Particle size
and PDI grew dramatically on the fifteenth day; on the tenth day, they were 125.36 + 5.35 nm, and on the fifteenth day,
they were 149.47 + 6.03 nm, with a PDI of 0.32 + 0.02. Simultaneously, the encapsulation efficiency dropped quickly to

Table 5 Comparison Between Design Prescription and Actual
Prescription

Response BAL-PTX-LN

Predicted values | Actual values

Y1 (Size nm) 140.03 13436 + 3.18
Y2 (PDI) 0.25 0.24 £ 0.02
Y3 (Entrapment efficiency %) 95.12 92.58 + 2.47
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Figure 5 The In vitro release and hemolysis evaluation of BAL-PTX-LN. In vitro release study of BAL-PTX-LN and BAL-PTX (A). The hemolysis experiment of BAL-PTX-
LN (B). x £ s5,n =3).

84.33 £ 5.66% (BAL) and 86.52 + 5.71% (PTX). Similarly, while the preparation remained stable for 24 h at room
temperature, noticeable changes in particle size, PDI, and EE were observed at 48 h (Figure 6B).

Figure 6C shows that, following six months of room temperature storage, the BAL-PTX-LN freeze-dried powder’s
particle size (143.36 + 4.66 nm), PDI (0.27 + 0.03), and encapsulation efficiency (PTX: 92.37 + 4.75%, BAL: 88.43 +
3.65%) are essentially the same. However, after nine months, the BAL-PTX-LN freeze-dried powder’s encapsulation
efficiency dropped to 85.8 + 6.36% (PTX) and 82.08 + 5.97% (BAL), despite the fact that its PDI remained consistent at
0.26 £ 0.02. The particle size rose quickly to 189.63 = 7.37 nm.

In vitro Antitumor Investigation of the Drug Combination
The cytotoxicity of BAL-PTX and BAL-PTX-LN lipid nanoparticles on lung cancer A549 cells, lung cancer H460 cells,

and normal human hepatocytes L02 was examined at 24, 48, 72, and 96 h after preparing BAL-PTX (5:1) into lipid
nanoparticles BAL-PTX-LN.

Figure 7A illustrates BAL-PTX and BAL-PTX-LN inhibited A549 cell proliferation in concentration- and time-
dependent manners. At the same concentration, BAL-PTX-LN exhibited a slightly higher inhibitory rate on A549 cells
compared to BAL-PTX. This difference was particularly pronounced at higher concentrations (25 pg/mL and 50 pg/mL)

Table 6 Fit Coefficients of PTX and BAL in Different Release Models

Group Zero-Order First-Order Higuchi Model
Release Model Release Model
BAL-PTX (PTX) 0.683 0.792 0.901
BAL-PTX-LN (PTX) 0.931 0.882 0.897
BAL-PTX (BAL) 0.360 0.975 0.621
BAL-PTX-LN (BAL) 0.872 0.881 0.984
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Table 7 The Results of the Hemolysis Experiment of BAL-PTX-LN

Number Volume of 2% Saline Ultrapure Water 2% Hematocyte Hemolysis
BAL-PTX-LN (mL) (mL) (mL) (mL)

| 0.1 24 - 25 -

2 0.2 23 - 25 -

3 0.4 2.1 - 2.5 -

4 0.6 1.9 - 25 0.86 + 0.31
5 0.8 1.7 - 25 2.04 £ 0.37
6 [ 1.5 - 25 3.52 £ 0.83
7 1.2 1.3 - 25 9.81 £ 0.48
8 - 25 - 25 -

9 - - 25 25 100

(P <0.01). For instance, at 72 h, the inhibition rate of the BAL-PTX-LN group at 25 pg/mL was nearly 40% higher than
that of the BAL-PTX group. In general, preparing BAL-PTX as lipid nanoparticles enhanced the sensitivity of drugs to
A549 cells and improved its inhibitory effect. As can be seen from Figure 7B, the inhibitory effects of BAL-PTX and
BAL-PTX-LN on the proliferation of H460 cells also showed a concentration-dependent and time-dependent manner at
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Figure 6 The stability evaluation of BAL-PTX-LN. The stability of BAL-PTX-LN under refrigerated conditions (4°C) (A). The stability of BAL-PTX-LN at Room
Temperature (25°C) (B). Stability of BAL-PTX-LN lyophilized powder at room temperature (25°C) (C).(x + s n = 3).

7788 e International Journal of Nanomedicine 2024:19
Dove!


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

Dove

Chen et al

&

&
Concentration (ug/ml)

»

B3 BAL-PTX
= BAL-PTX-LN

B BAL-PTX
B BAL-PTX-LN

v rate on AS49 cells (%)

Inhibitory rate on AS49 cells (%)

FOF ¢ 8

>
&
Concentration (ig/ml)

M
o

72h

N
Concentration (jig/ml)

=3 BAL-PTX
B BAL-PTX-LN

=3 BAL-PTX
= BAL-PTX-LN

- M

S <
Concentration (ug/ml)

A
£
i
3
<
H
H
g
H
z

B

Inhibitory rate on H460 cells (%)

*" Concentration (pg/ml)

‘.\5

B3 BAL-PTX
B BAL-PTX-LN

B3 BAL-PTX
= BAL-PTX-LN

Inhibitory rate on H460 cells (%)
Inhibitory rate on H460 cells (%)

o & o
& W
Concentration (ug/ml)

& 9

B3 BAL-PTX
= BAL-PTX-LN

= BAL-PTX
= BAL-PTX-LN

s 5 b
$ P

Concentration (ug/ml)

Inhibitory rate on L02 cells (%)

>
Concentration (ug/ml)

»

B3 BAL-PTX
= BAL-PTX-LN

48h 72h
B3 BAL-PTX
B3 BAL-PTX-LN

Inhibitory rate on L02 cells (%)

P o

&
Concentration (ug/ml)

9
Concentration (ug/ml)

B3 BAL-PTX
B BAL-PTX-LN

Inhibitory rate on L02 cells (%)

96h

°
13

3 BAL-PTX
B BAL-PTX-LN

°
b3

°
=

°
9

°
s

& » S
Concentration (jig/mi)

4
0 Ja1
019

Control

1)
38983

10°

Annexin-V-FITC

5 pg/mL

10 pg/mL

20 pg/mL

BAL

e B 10 10 10 10 10
Annexin-V-FITC

10° 10 10 10 10 10 w0 w0 10
Annexin-V-FITC

T

10 w' |l75 10 10

Annexin-V-FITC Annexin-V-FITC

BAL-PTX-LN

Qz
148

o 7

w0 10!
Annexin V-FITCH

Q2
221

735

4
10 10 10 10’
Annexin-V-FITC

Annexin V-FITC-H

'y
e

' 3707
3 :
Ay -

3 ‘ s s 7

10 10 10 1 10

Annexin-V-FITC

Figure 7 The effect of BAL-PTX-LN lipid nanoparticles on cell viability. The inhibitory rate (%) of A549 cells by BAL-PTX and BAL-PTX-LN at 24 h, 48 h, 72 h and 96 h,
respectively (A). The inhibitory rate (%) of H460 cells by BAL-PTX and BAL-PTX-LN at 24 h, 48 h, 72 h and 96 h, respectively (B). The inhibitory rate (%) of L02 cells by
BAL-PTX and BAL-PTX-LN at 24 h, 48 h, 72 h and 96 h, respectively (C). Induction of apoptosis of A549 cells by administration groups at different concentrations (D). *P <
0.05 < 0.05, *P < 0.05 < 0.0l. (x £ s, n = 3).

multiple concentrations. When BAL-PTX-LN was used at lower dosages (1.5625 pg/mL, 3.125 pg/mL, 6.25 pg/mL, and
12.5 pg/mL) in comparison to BAL-PTX, the inhibitory rate on H460 after 24 and 48 hours was considerably higher.
However, with the prolongation of administration time, there was no statistical difference between BAL-PTX-LN and
BAL-PTX at the same concentration at 72 h and 96 h. As can be seen from Figure 7C, the inhibition rate of BAL-PTX-
LN on normal hepatocyte L02 is lower than that of BAL-PTX at almost all concentrations and time points. In summary,
A549 cells responded more favorably to the synergistic antitumor action of BAL-PTX. The sensitivity and inhibition rate
of BAL-PTX-LN on A549 cells have also been significantly enhanced after being formed into lipid nanoparticles. Thus,
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the A549 cell line was chosen for the in vivo construction of a tumor cell model, the detection of tumor cell apoptosis,
and the assessment of the effectiveness of anti-lung cancer therapies.

Apoptosis plays a significant role in regulating cell division and proliferation, with inducing apoptosis in cancerous
cells being an effective strategy for managing cancer cell growth.>'? In the quadrant diagram of apoptosis, Q1 to Q4
represent the necrosis rate, early apoptosis rate, late apoptosis rate, and normal cell survival rate, respectively. As shown
in Figure 7D, the apoptosis rates of A549 cells induced by each drug at three concentrations (5 pg/mL, 10 pg/mL, and 20
pg/mL) for 24h were BAL(3.63%, 4.64%, and 10.22%), PTX(3.57%, 7.34%, and 16.6%), and BAL-PTX(7.30%, 9.81%,
and 22.51%), respectively. Compared with standalone BAL or PTX, their combination at the same concentration
significantly improved the apoptosis of A549 cells (P < 0.05). Upon preparation into lipid nanoparticles, BAL-PTX-
LN exhibited apoptotic rates of 8.65%, 17.17%, and 29.38% at low, medium, and high concentrations (5 pg/mL, 10 pg/
mL, and 20 pg/mL), respectively. While there was no significant difference between the API and preparation groups at
low concentrations, the apoptosis effect of the same medium and high-concentration drugs on A549 cells was as follows:
BAL-PTX < BAL-PTX-LN (P < 0.05).

Pharmacokinetic Studies

All drugs were administered via tail vein injection, and the blood drug concentrations measured at different time points
are shown in Table 8. Compared to the BAL-PTX-LN nano-preparation, medications in the bulk drug group metabolized
more rapidly in vivo, indicating that the pharmaceuticals in the preparation group exhibit a longer systemic circulation
period. By fitting the main pharmacokinetic parameters, it was determined that the pharmacokinetic behavior of PTX in
the BAL-PTX raw material group followed a two-compartment model, whereas the behavior of other groups followed
a three-compartment model (Table 9). Upon BAL-PTX being formulated into lipid nanoparticles, the bioavailability (area
under the curve) of PTX and BAL in rats significantly increased, reaching three times that of the API group. We also
noted a significant increase in the retention time (MRT (0-t)). The clearance rate of each drug in the preparation group
was 2-3 times lower than that in the API group. In particular, for PTX, the half-life (t;;,) of the BAL-PTX-LN
preparation group was 17.124 h, twice as long as that of the BAL-PTX raw material drug group (8.345 h).

In vivo Antitumor Investigation

As shown in the Figure 8D, the body weight of nude mice in all groups—aside from the BAL-PTX-LN preparation group
—decreased after 21 days of administration in comparison to the body weight at the start of administration. The control
group experienced the greatest decrease among all groups (P < 0.05). In contrast, the weight loss of the API groups
(PTX, BAL, and BAL-PTX) was gradual. Furthermore, at least one or two nude mice died in the API group and blank

Table 8 Plasma Concentrations of BAL-PTX and BAL-PTX-LN

x££ s,n=05)
Time (min) BAL-PTX (pg/mL) BAL-PTX-LN (pg/mL)
BAL PTX BAL PTX
5 10.66 £ 2.14 | 1.79 £ 049 | 1954 £2.64 | 2.85 £ 0.6]
10 5.68 +0.69 | 1.60 £049 | 1572+ 1.94 | 2.34 + 0.37
I5 - 1.56 £ 0.29 | 16.04 £ 1.90 | 2.08 + 0.46
30 435+0.71 | 089 +023 | 88l +1.26 1.63 £ 0.22
60 1.09 £0.26 | 0.36 +0.05 | 7.09 +I.17 1.0l £0.27
120 0.29 £0.09 | 0.36 +0.11 1.82+£0.27 | 0.64 +0.11
240 0.25+0.04 | 033 +£0.09 | 093 +0.21 | 0.60 % 0.07
640 0.26 £ 0.03 | 025+ 0.05 | 046 +0.12 | 0.54 £ 0.10
720 0.25+0.04 | 0.13+£0.02 | 038 +0.07 | 032 %+ 0.09
1440 0.14£0.02 | 0.10+0.01 | 032+0.03 | 023 +0.02
2880 - - 0.14 £ 0.0l | 0.10 £ 0.01
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Table 9 Pharmacokinetic Parameters After Intravenous Injection of BAL-PTX and BAL-PTX-LN

in SD Rats

Parameter Units BAL-PTX BAL-PTX-LN BAL-PTX BAL-PTX-LN
(PTX) (PTX) (BAL) (BAL)

AUC 0.9 mg/L*h 5.425 14.998 10.143 32.991

MRT 0.y h 7.583 14.301 5.738 8.931

t1/20 h 8.345 17.124 21.946 23.09

Tmax h 0.08 0.08 0.08 0.08

Crnax mg/L 1.785 2.850 10.660 19.537

CL, L/h/kg 1.378 0.57 3.429 1.334

V, L/kg 24.543 14.075 108.585 44.442

group. No weight loss or death of nude mice was found in the preparation group after administration. The tumor volume
of nude mice in all groups gradually increased to different degrees (Figure 8 A—C). The tumor of nude mice in the blank
group increased the fastest among them. Compared with the tumor growth trend in the blank group, the drug group
exhibited some inhibitory effects on tumor growth. Therefore, the volume and weight of tumors decreased following the
combination of BAL and PTX, with corresponding tumor inhibition rates of 29.95%, 45.80%, and 53.24% for PTX,
BAL, and BAL-PTX, respectively. Compared with the inhibition rate of BAL-PTX, the inhibition rate of BAL and PTX
was statistically significant (BAL-PTX vs BAL P < 0.05, BAL-PTX vs PTX P < 0.0001). Furthermore, compared with
the combined effect of the raw material group, the effect of BAL-PTX-LN was statistically significant, with a tumor
inhibition rate of 62.83% (BAL-PTX-LN vs BAL-PTX P < 0.05).
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Figure 8 The anti-lung cancer effect of BAL-PTX-LN in vivo. Tumors of nude mice in each group after 21 days of administration (A). Tumor volume of nude mice in each
administration group after 21 days of administration (B). Tumor inhibition rate of each administration group (C). Changes in body weight of nude mice (D). Pathological HE
staining of tumor tissues from mice in each group (E). Expression of ki67 in tumor tissues was determined by immunohistochemistry (F). *P < 0.05, **P < 0.01, ***P < 0.001,
#HEP < 0,0001. (¥ &+ 5, n = 5).
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HE Staining

After terminating the experiment, the nude mice were killed, and the tumor tissues of each group were analyzed by HE
staining and immunohistochemistry. As shown in Figure 8E, the tumor cells in the blank control group exhibited rapidly
growing, round, or oval nuclei, and minimal local necrosis was observed between tumor tissues. In the BAL group,
sporadic or localized necrosis, accounting for a 15% necrosis rate, was observed between tumor tissues. Apoptotic cells
formed a structure resembling a vacuum, and capillary hyperplasia persisted in the intercellular space. In the PTX group,
local flaky necrosis was evident in the tumor tissue, with necrosis accounting for approximately 20% of the total area of
the tumor tissue. Neutrophils and plasma cells were observed in the necrotic area, along with some cell apoptosis. The
BAL-PTX group showed varying degrees of flaky necrosis in tumor tissues, with the necrotic area reaching approxi-
mately 50%, accompanied by the presence of numerous tumor cell fragments. Lastly, in the BAL-PTX-LN group, a large
area of necrosis was observed in tumor tissues, with more than half of the tumor tissues exhibiting this phenomenon. The
necrotic tumor tissue was characterized by the fragmentation of numerous tumor cells, along with the infiltration of
neutrophils with rod-shaped or lobulated nuclei and plasma cells with nuclei biased to one side of the cells. Tumor cells
in the tumor growth area exhibited irregular arrangement, abundant cytoplasm, atypical nuclei, pathological mitosis, and
increased tumor cell apoptosis. Furthermore, immunohistochemistry results indicated that compared with the single drug
group, the combination of BAL and PTX significantly downregulated the expression of Ki67 in tumor tissues (< 30%)
(Figure 8F). Concurrently, the BAL-PTX-LN group further downregulated the expression of Ki67 in tumor tissue

(< 20%), exhibiting a more effective inhibition of tumor proliferation.

The results of the HE staining analysis are shown in Figure 9. Tumor cell infiltration was observed in all organs and
the heart, and the mice in the control group and the PTX administration group showed different degrees of pathological
changes and necrosis in their hearts and livers. After a prolonged BAL injection, mild inflammation and pathological
changes were observed in various organs of the mice. The liver and lung also exhibited different degrees of tumor cell
infiltration. After the administration of the drug combination, inflammation, pathological changes, and cell infiltration
were not significantly improved in the BAL-PTX administration group. Nevertheless, after the administration of the
prepared lipid nano-drug delivery system, BAL-PTX-LN mice showed almost no distinct pathological changes, and only

a few neutrophils were found in the lungs.

Discussion

PTX is known to exert its anticancer effects by promoting the polymerization and stability of microtubules, thereby
blocking cells in the metaphase of bipolar spindles.®* Additionally, PTX can cause DNA damage, induce oxidative stress,
and trigger apoptosis, indicating that it may use other cytotoxic mechanisms.>* PTX functions through the PI3K/Akt
intracellular signal transduction pathway, which plays a crucial role in PTX-induced drug resistance.'” Aberrant activity
in the AKT/mTOR pathway and its downstream signaling cascade is associated with migration, adhesion, angiogenesis,
extracellular matrix degradation, malignant transformation of cancer cells, angiogenesis, cell cycle progression, and
apoptosis.®>?® Akt, at the center of this pathway, phosphorylates downstream substrates to regulate the expression of
target genes.’’*® Chiral compounds with a lactam structure can promote the apoptosis of cancer cells by inhibiting Akt
phosphorylation. This upregulates the expression of caspase-3 and caspase-9 while downregulating the expression of
Bel-2.%?

BAL, created through the establishment of an amide bond between BA and PMEs, can block the PI3K/AKT
pathway.'”> In a xenograft tumor model with an overactivated PI3K/AKT signaling pathway, our previous findings
have shown that BAL significantly inhibits the AKT/mTOR signaling pathway, leading to significant suppression of cell
proliferation, induction of cell stress, G1 phase arrest, apoptosis, and ultimately manifesting a potent anti-tumor effect. In
the present study, we investigated the potential synergy between BAL and PTX. In the calculation and analysis of the CI
value, which serves as the combination index, a CI value greater than 1 indicates antagonistic effects between the two
drugs, a CI value equal to 1 suggests additive drug effects, and a CI value less than 1 indicates synergistic effects from

the combination of the two drugs. Through comparative analysis, we confirmed that the combination of BAL and PTX
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Figure 9 Pathological HE staining of heart, liver, kidney and lung tissues from mice in each group.

synergistically inhibits the growth of lung cancer A549 cells and H460 cells, inducing their apoptosis. Importantly, we
found that the combination with a mass ratio of 5:1 exhibits the strongest synergistic effect.

BAL-PTX has some limitations, such as low bioavailability and poor solubility.”*** Following the screening of
synergistic ratios, we developed lipid nanoparticles and performed subsequent experiments. The particle size of the BAL-
PTX-LN sample was found to be 134.36 + 3.18 nm through a single-factor experiment and CCD central combination
optimization. The nanoparticles exhibited a homogeneous and spherical particle size distribution, without apparent signs
of aggregation. Nanoparticles of the appropriate size exhibit passive targeting capabilities. Due to the EPR effect, cancer
blood vessels can spread more widely within tumor tissues because their capillary gap is larger than 400 nm.** The
surface of BAL-PTX-LN is negatively charged, with a zeta potential of 23.9 + 1.67 mV. This electrostatic repulsion
increases the distance between particles, decreasing nanoparticle aggregation.*'** Additionally, during the initial 12
days, the particle size, PDI, and encapsulation efficiency of the BAL-PTX-LN liquid preparation showed no significant
differences under cold storage conditions. However, on day 15, the particle size and PDI of the preparation significantly
increased, and its encapsulation efficiency decreased from 90% to approximately 80%. This indicates a certain level of
stability in the liquid preparation but highlights the need for improvement. Freeze-drying technology can address this
limitation and improve the stability of lipid nanoparticles.***> After six months of room temperature storage, the freeze-
dried powder exhibited no significant changes in particle size, PDI, or entrapment efficiency. It is unclear whether the
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freeze-dried sample can be kept at room temperature for an extended period of time, even though the entrapment
efficiency of the BAL-PTX-LN freeze-dried powder showed a decreasing trend after nine months. Nevertheless, no
significant difference was found (P > 0.05), suggesting good stability of the freeze-dried powder system.

BAL-PTX-LN, a lipid nano-delivery system, has a strong inhibitory effect on lung cancer cells A549 and H460 at the
cellular level. Comparatively, the combination of BAL-PTX shows an increased capacity to induce apoptosis in A549
cells compared with individual effects of BAL or PTX alone. This improved effect is achieved more with the use of lipid
nanoparticles in BAL-PTX-LN, further demonstrating that the preparation group’s impact outweighed the direct mixing
of raw ingredients. Notably, in contrast to the effect on lung cancer cells A549 and H460, the API group showed
a stronger inhibitory effect on normal liver cells L02 compared with the preparation group. This suggests that BAL-PTX-
LN improves the selective ability of the drug to target and kill lung cancer cells while decreasing their effect on normal
cells. Furthermore, it suggests that BAL-PTX-LN exhibits a certain degree of safety compared with BAL-PTX.

Red blood cell injections are typically tested for biocompatibility before usage. The findings from our study indicate
that BAL-PTX-LN with a concentration less than 200 pg/mL hardly causes hemolysis. In clinical practice, free PTX is
dissolved using ethanol and hydrogenated castor oil for simple administration.*® However, this solvent can lead to
significant hemolysis, which can be effectively avoided with the lipid nanoparticles developed in our work. Lipid
nanoparticles extend the half-lives of PTX and BAL, raise the area under the drug-time curve, enhance the relative
bioavailability of medications, and lower the in vivo clearance rate, according to the results of pharmacokinetic studies.
This indicates that compared to BAL-PTX-LN nano-preparation, the medication in the BAL-PTX bulk drug group
requires less time to metabolize in vivo. While its hydrophilic portion protects space and increases the water solubility of
insoluble pharmaceuticals, HSPC’s hydrophobic core functions as an amphoteric surfactant, capable of carrying highly
insoluble medications with high loading.*” An auxiliary substance with benefits for long-term circulation is DSPE-
PEG2000. The extended residence duration in vivo and improved relative bioavailability of the aforementioned medica-
tions may be attributed to the excipients’ characteristics, as DSPE-PEG2000 is included in the prescription of lipid
nanoparticles.*® > In general, the preparation’s enhancement of pharmacokinetic behavior serves as a foundation for the
improvement of in vivo efficacy that follows.

A subcutaneously implanted tumor model was constructed to further study the pharmacodynamics of combination
treatment.’’>* The body weight of nude mice from all groups (except those in the BAL-PTX-LN preparation group)
decreased in in vivo pharmacodynamic trials compared with their body weight at the start of treatment. Furthermore, the
control group exhibited the largest decrease (P < 0.05). This indicates that the survival status of mice in the later stages of
treatment was affected by the large subcutaneous tumor volume. The expression of Ki67 was significantly downregulated
in tissues and the growth of tumor volume and weight was suppressed in all dosing groups compared with those in the
blank group.”® > When BAL and PTX are combined, the anti-lung cancer effect in vivo is significantly improved
compared with single-drug delivery. Additionally, when BAL and PTX are combined, the anti-lung cancer effect of the
BAL-PTX co-loaded lipid nano-drug delivery system is further enhanced. This indicates that the combination of BAL
and PTX does have a significant synergistic anti-tumor effect, and that effect is also more strongly reflected in its
liposomes. Notably, one or two naked mice died in each API group but not in the pretreatment group. Given that the API
group is quite hazardous, we believe that anhydrous ethanol and castor oil may be employed as mixed solvents for
injection. Because of its increased solubility, our preparation group uses the water-soluble version, avoiding this harmful
effect. Simultaneously, the preparation group exhibits higher safety than the API group at the cellular level; therefore, it
is not surprising that there is not a single nude mouse death in the preparation group, but rather in the API group, which is
another crucial example of how safety has greatly increased following our preparation optimization. In summary,
pharmacodynamic studies conducted in vivo provided additional evidence that BAL and PTX collaborated to prevent
tumor growth and promote anti-tumor proliferation. Meanwhile, advancements in pharmaceutics improved the way these
drugs performed.

While the in vivo efficacy was confirmed, we further investigated the safety of the preparation. Pathological analysis
after HE staining indicated that the toxicity of co-loaded lipid nanoparticles to different organs was very slight compared

with that of single drug and free drug. Furthermore, inflammation and tumor cell infiltration were not found in the organs
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of the single drug group and combined drug group.’®>’ It can be inferred that the lipid nanoparticle delivery system
containing BAL and PTX exhibits good safety and can effectively alleviate the invasion of tumor cells.

Conclusion

The findings of the present study show that the combination of the novel chiral baicalin derivative BAL and PTX has
a significant synergistic antitumor effect in vitro and in vivo. The pharmacokinetics and drug release profile of BAL-PTX
-LN are favorable. Spherical co-loaded lipid nanoparticles BAL-PTX-LN were successfully prepared, with high EE,
optimal particle size and PDI. BAL-PTX-LN could effectively suppress lung cancer cell proliferation while also inducing
apoptosis, significantly improving anti-tumor activity in vivo and in vitro. Simultaneously, BAL-PTX-LN exhibits good
biocompatibility and is not harmful to normal tissues. Altogether, the development of the BAL-PTX-LNP lipid nano-co-
delivery system provides a novel direction for safer and more effective treatment of lung cancer.
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