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Abstract Multidrug resistance (MDR), the major mechanism by which various cancers develop spe-

cific resistance to therapeutic agents, has set up enormous obstacles to many forms of tumor chemo-

therapy. Traditional cocktail therapy administration, based on the combination of multiple drugs for

anti-MDR chemotherapy, often suffers from inconsistent in vivo pharmacokinetic behaviors that cannot

act synchronously on the lesions, leading to limited pharmacodynamic outcomes. Despite the emergence

of nanomedicines, which has improved chemotherapeutic drugs’ bioavailability and therapeutic effect on

clinical application, these monotherapy-based nano-formulations still show poor progression in over-

coming MDR. Herein, a “one stone and three birds” nanococktail integrated by a cocrystal@protein-

anchoring strategy was purposed for triple-payload delivery, which paclitaxel-disulfiram cocrystal-like

nanorods (NRs) were anchored with the basic protein drug Cytochrome c (Cyt C), followed by hyaluron-

ic-acid modification. In particular, NRs were utilized as carrier-like particles to synchronously deliver

biomacromolecule Cyt C into tumor cells and then promote cell apoptosis. Of note, on A549/Taxol

drug-resistant tumor-bearing mice, the system with extraordinarily high encapsulation efficiency demon-

strated prolonged in vivo circulation and increased tumor-targeting accumulation, significantly reversing

tumor drug resistance and improving therapeutic efficacy. Our mechanistic study indicated that the
(Wei He), xuriwu@cpu.edu.cn (Xuri Wu), xiayz@cpu.edu.cn (Yuanzheng Xia).

s to this work.

hinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

d by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:weihe@cpu.edu.cn
mailto:xuriwu@cpu.edu.cn
mailto:xiayz@cpu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2024.08.014&domain=pdf
https://doi.org/10.1016/j.apsb.2024.08.014
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2024.08.014
https://doi.org/10.1016/j.apsb.2024.08.014


4510 Jiahui Zou et al.
system induced the apoptosis of Taxol-resistant tumor cells through the signal axis P-glycoprotein/Cyt

C/caspase 3. Collectively, this nanococktail strategy offers a promising approach to improve

the sensitivity of tumor cells to chemotherapeutic drugs and strengthen intractable drug-resistant

oncotherapy.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lung cancer is one of the cancers with the highest morbidity and
mortality worldwide1. Among them, non-small cell lung cancer
(NSCLC) is a kind of aggressive cancer that accounts for about
85% of increasing new cases year by year, and the 5-year survival
rate of patients is barely 15%2. Chemotherapy is still the main-
stream treatment for lung cancer3. However, the repeated/multiple
use of chemotherapeutic drugs can lead to the generation of
multidrug resistance (MDR) phenomenon in tumor cells, thus
reducing the therapeutic effect and resulting in the failure of
clinical chemotherapy4. The formation of MDR is a multifunc-
tional and complicated progress5,6, mainly including (i) reduced
influx and increased efflux of chemotherapeutics by overexpressed
membrane transporter protein-ATP-binding cassette (ABC); (ii)
drug-resistant tumor cells can sequester drugs into vesicles and
further excrete them through exocytosis; (iii) overexpressed of
multiple metabolic enzymes inactivate drugs thereby erasing their
anti-tumor effects; (iv) mutations of the surface receptors hinder
the recognition of drug molecules and corresponding targets;
(v) increased DNA repair enzyme activity of drug-resistant tumor
cells can effectively inhibit drugs-induced DNA damage; (vi)
suppressed ability of drugs to induce cell apoptosis by upregulated
anti-apoptotic factors (i.e., nuclear transcription factor-kB, B cell
lymphoma-2, etc.); etc. As a result, overcoming MDR is a great
challenge to treat drug-resistant tumors, urgently requiring new
routines to improve therapeutic effects and obtain better clinical
outcomes.

Most clinical chemotherapy failures stem from drug efflux by
drug-resistant tumor cells and the overexpressed membrane
transporter protein ABCs7. Among them, P-glycoprotein (P-gp),
one of the ABCs involved in the formation of MDR, could
mediate MDR by pumping out some intracellular substances as
well as small molecule anticancer drugs (e.g., paclitaxel and
doxorubicin) via the energy generated by ATP hydrolysis8.
Although the clinical chemotherapeutic nanomedicines (e.g.,
paclitaxel albumin nanoparticles, doxorubicin liposomes, etc.)
have been extensively used to improve the bioavailability and
therapeutic efficacy of chemotherapeutic drugs to some extent,
these single-drug nano-preparations are unable to treat multidrug-
resistant tumors effectively. Hence, increasing studies have evi-
denced that the combination of P-gp inhibitors and anticancer
drugs is promising to reduce the MDR-1 expression and regress
tumor drug resistance, improving sensitivity of tumor cells to
chemotherapeutic drugs and therapeutic effect.

Paclitaxel (PTX) is a chemotherapeutic agent approved by the
US Food and Drug Administration (FDA) for treating various
cancers9. Disulfiram (DSF) is a hydrophobic small molecule drug
frequently used as an anti-alcoholic medicine. Recent findings
suggest that DSF exhibits the potential to function as a P-gp
inhibitor, which can reverse MDR by interacting with the P-gp
binding site, thereby inhibiting the efflux pump activity of drug-
resistant tumor cells and reducing the elimination of chemother-
apeutic agents from tumor cells10. The combination of PTX and
DSF is promising to sensitize tumor cells to PTX and kill drug-
resistant lung tumor cells more effectively than alone11. In addi-
tion to conventional small molecule drugs, biomacromolecule
drugs (e.g., monoclonal antibodies, peptides, gene drugs, active
proteins, etc.) as a unique anti-tumor pathway, play a significant
role in tumor therapy due to high biocompatibility, low immu-
nogenicity, and high targeting efficiency12. Cytochrome C (Cyt C)
is an intracellular protein with an essential function in apoptosis,
promoting apoptosis upon receiving damage to cellular mito-
chondria. However, Cyt C is often downregulated in cancer
cells13. Therefore, based on triple-dimensional anti-tumor mech-
anisms, we hypothesized that the synergetic delivery of PTX, DSF
and Cyt C could strengthen the treatment against drug-resistant
tumors with high efficiency.

Cocktail therapy, also called combination chemotherapy, refers
to the simultaneous integration of multiple therapeutic agents
modulating the same or several anti-tumor effects, which was
proposed to conquer monotherapy-induced sufficient therapeutic
outcome and drug resistance14. With an extensive understanding
of the molecular and cellular mechanisms of chemotherapeutic
agents, increasing cocktail therapy candidates and strategies have
been developed with enhanced therapeutic functions via identical
or synergetic signaling pathways15. However, conventional cock-
tail therapy administrations have been evidenced with limited
pharmacodynamic effects and the occurrence of MDR in clinic16.
The modest treatment efficacy often links to the simple coad-
ministration of multiple drugs, resulting in inconsistent pharma-
cokinetic behaviors17. The combined use of drugs cannot act
synchronously on the target sites, impeding them from simulta-
neously exerting anti-MDR and therapeutic effects18. Conversely,
chronic and repeated administration of defective cocktail therapies
could increase side effects and exacerbate MDR status19. Inte-
grating combined agents efficiently and synchronously delivering
multiple drugs to target lesions is urgently needed to develop
cocktail therapy for anti-MDR oncotherapy.

Nanocarriers (e.g., liposomes20, polymer micelles, albumin
nanoparticles, nanoemulsions, etc.) have been widely applied to
improve drug delivery and combat the MDR tumors21-23. How-
ever, due to their limited loading capacity, conventional nano-
carriers are usually tricky to effectively co-load two or more
drugs. Secondly, the limitations in adjusting the co-payload ratio
on conventional nanocarriers compromise their synergistic thera-
peutic effect. Thirdly, due to unique characteristics of high mo-
lecular weight and readily biodegradability, biomacromolecules
are hindered from being delivered to the cells. As an extensively
used type of nanomedicines in clinics, pure drug nanocrystals are

http://creativecommons.org/licenses/by-nc-nd/4.0/
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carrier-free drugs with high drug-loading capability (almost up to
100%), attracting increasing attention in developing targeted drug
delivery systems24. Based on the cocrystal strategy, nanocrystals
could be designed to integrate two or more chemotherapeutic
drugs with ligands by non-covalent bonds under a flexible stoi-
chiometric ratio at the same time25,26. Furthermore, the nano-
crystals can act like nanosized particles and effectively deliver the
biomacromolecules into tumor cells27.

Herein, a “one stone and three birds” nanococktail formulation
(termed HA-HNRplex, 186 nm) was integrated by a
cocrystal@protein-anchoring strategy, which PTX-DSF cocrystal-
like nanorods (NRs) were anchored with the basic protein drug
Cyt C, followed by hyaluronic acid (HA) modification (Fig. 1). In
this study, we designed a “one stone and three birds” nanococktail
formulation using cocrystal@protein-anchoring for simulta-
neously delivering triple drugs to combat MDR cancer. In brief,
PTX/DSF cocrystals (NRs), constructed via anti-solvent ultrasonic
precipitation method, were developed to deliver the basic protein
Figure 1 Schematic illustration of HA-HNRplex preparation and mechan
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extraordinarily high encapsulation efficiency and demonstrated
prolonged in vivo circulation and increased tumor-targeting
accumulation, which could significantly reverse tumor drug
resistance and improve anti-tumor efficacy. The mechanistic study
demonstrated that HA-HNRplex induced the apoptosis of Taxol
drug-resistant tumor cells through the signal pathway P-gp/Cyt
C/caspase 3.

2. Materials and methods

2.1. Materials

PTX with more than 99% purity was purchased from Jiangsu
Taxus Biotechnology Co., Ltd. (Jiangsu, China). Human serum
albumin (HSA), Cyt C, DSF were purchased from SigmaeAldrich
Co., Ltd. (St. Louis, USA). Hyaluronic acid (HA) with 8000 Da
and more than 98% purity was ordered from Furuida Biotech-
nology Co., Ltd. (Shandong, China). Chlorpromazine (CPZ) with
more than 99% purity was purchased from MedChemexpress LLC
(New Jersey, USA). 1-(3-Dimethylaminopropyl)-3-ethylcarbo
diimide hydrochloride (EDC) was from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Nystatin
and Methyl-b-cyclodextrin (M-CD) were purchased from
SigmaeAldrich Co., Ltd. (St. Louis, USA). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was ordered from Jiangsu KeyGEN BioTECH Co., Ltd. (Jiangsu,
China). Phosphate buffer saline (PBS), penicillin streptomycin,
and trypsin were ordered from Epizyme Biomedical Technology
Co., Ltd. (Shanghai, China). Fetal bovine serum (FBS) and
DMEM medium were purchased from Fcmacs Biotech Co., Ltd.
(Jiangsu, China). 40,6-Diamidino-2-phenylindole (DAPI), Fluo-
rescein isothiocyanate (FITC) and Rhodamine isothiocyanate
(RITC) were purchased from Beyotime Institute of Biotechnology
(Haimen, China).

The animals were purchased from Qinglong Mountain Animal
Breeding Ground (Nanjing, China). All the animals were fed and
cared for according to the Principles of Laboratory Animal Care
and the Guide for the Care and Use of Laboratory Animals. All the
related experiments were conducted under the guidelines from the
Animal Ethics Committee approved protocols of China Pharma-
ceutical University.

2.2. Preparation and characterization of HA-HNRplex

HA-HNRplexs were constructed via a modified anti-solvent pre-
cipitation-ultrasonic method using denatured-HSA (dHSA) as a
stabilizer29. In brief, 10 mg of PTX and 2 mg of DSF dissolved in
500 mL ethanol were dropwise added into 10 mL dHSA solution
(1 mg/mL), following with probe ultrasonication (Scientz-IID,
Ningbo Xinzhi Biotechnology Co., Ltd., Ningbo, China) at 220 W
for 15 min under the ice bath. In sequence, the residual ethanol
was removed from the collected suspension by spin evaporation
under reduced pressure to obtain eutectic-like NRs. The obtained
NRs were purified by centrifugation in ultrafiltration tube and
redispersion 3 times to remove unassembled PTX, DSF and
dHSA. HNRplex was prepared by dropwise adding 1 mL Cyt C
(1 mg/mL) to different concentrations of NRs solution and incu-
bated in a shaking bath for 30 min at room temperature. Finally,
the HA-HNRplex was prepared by mixing HNRplex with 10 mL
HA (1 mg/mL). The obtained HA-HNRplexs were purified
through centrifugation and redispersion 3 times using a 3000 Da
ultrafiltration tube to remove free Cyt C and HA. The dual
fluorescence-labeled HA-HNRplex was fabricated via a similar
process by replacing 1 mg of PTX with 1 mg of FITC in the
system and the Cyt C with RITC-Cyt C.

The mean particle size, Zeta potential and polydispersion index
(PDI) were determined by the dynamic light scattering (DLS)
principle using a Malvern Zetasizer Nano-ZS90 (Size analyzer,
Malvern Instruments, Malvern, UK) in triplicate at room tem-
perature. The morphology observation of nanoparticles was per-
formed by transmission electron microscopy (TEM, Hitachi, Ltd.,
Tokyo, Japan). All samples were dropped on a copper grid, fol-
lowed by staining with 2% (w/w) phosphotungstic acid for 5 min.
The nondenaturing gel electrophoresis was carried out to verify
the loading of Cyt C and investigate the optimal d HAS/Cyt
Cmass ratio via (Tanon EPS-300, Shangha, China) and Bio-Rad
chemiluminescence imaging system (Chemidoc XRS, Bio-Rad,
CA, USA). Then, Cyt C was semi-quantitated using ImageJ
(National Institutes of Health, USA) software. The preparations
were mixed with 10% FBS saline at 37 �C and 150 rpm to
investigate storage stability.

The binding between Cyt C and NRs was investigated via
Fluorescence Resonance Energy Transfer (FRET) assay using
FITC and RITC as a fluorescent donor and an acceptor, respec-
tively. The circular dichroism (CD) spectra analysis was recorded
using a circular dichroism chromatograph (JASCO CD spec-
trometer, Spectrophotometer Co., Ltd., Tokyo, Japan) equipped
with a temperature-controlling unit and a quartz cuvette. The
measurement parameters were recorded: bandwidth, 1 nm;
response, 1 s; wavelength range, 190e250 nm; scanning speed,
100 nm/min; cell length, 0.1 cm; temperature, 25 �C; protein
concentration, 0.1 mg/mL.

The encapsulation efficiency and drug loading of PTX, DSF
and Cyt C in HA-HNRplex were investigated by ultrafiltration-
centrifugation method30. The free PTX, DSF and RITC-Cyt C in
the HA-HNRplex were separated by centrifuging in ultrafiltration
device at 3500 rpm for 30 min. The content of PTX and DSF in
the supernatant collection (WPTX or WDSF) and the whole nano-
particles [WTotal ðPTX or DSFÞ] was determined via high-
performance liquid chromatography system (HPLC, SPD-10Avp,
Shimadzu, Japan). The content of RITC-Cyt C in the superna-
tant collection (WCyt C) and the whole nanoparticles
[WTotal ðCyt CÞ] was determined via RITC fluorescence. The
encapsulation efficiency and drug loading were calculated with
Eqs. (1) and (2) as follows:

EE ð%ÞZ WPTX orWDSF orWCyt C

WTotal ðPTX or DSF or CytCÞ � 100 ð1Þ

DL ð%ÞZ WPTX orWDSF orWCyt C

WTotal ðPTXþDSFþCyt CÞ � 100 ð2Þ

The isolation and quantitation of PTX and DSF were con-
ducted in a Diamonsil C18 column (4.6 mm � 250 mm, 5 mm;
Dikma Technologies, Beijing, China), setting the mobile phase
with the ratio of methanol/water (80:20, v/v) at 1 mL/min under
different determine wavelength (PTX: 227 nm, DSF: 275 nm).
RITC-labeled Cyt C was quantitated using a fluorescence spec-
trometer (RF-5000, Shimadzu, Kyoto, Japan) to test the RITC
intensity.
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2.3. In vitro drug release

The release behavior of PTX, DSF and Cyt C was assessed by a
dialysis method at different mediums (pH 7.4, 6.8 and 5.5). In
brief, 2 mL HA-HNRplex was transferred into a dialysis bag
(MWCO 3500 Da), incubated in PBS release media with 0.5%
tween and placed in a water bath shaker (SHA-C, Jintan, China)
under 100 rpm, 37 �C. At specific time intervals, 300 mL release
medium of different samples was sampled, followed by replen-
ishing an equal volume of fresh medium, respectively. After
filtration through 0.45 mm microporous membranes, the concen-
tration of PTX and DSF in filtrates was determined by the HPLC
system (SPD-10Avp, Shimadzu, Kyoto, Japan). For investigation
of Cyt C release, 2 mL RITC-labeled HA-HNRplex was trans-
ferred into a dialysis bag (MWCO 300 kDa), immersed in the
same PBS medium (pH 7.4, pH 6.8 and pH 5.5) and incubated
under the same condition as above. At specific time points, 500 mL
release medium and an equal volume of fresh medium were
sampled. The RITC-Cyt C was quantified by measuring the RITC
intensity via a fluorescence spectrometer (RF-5000, Shimadzu,
Kyoto, Japan). The cumulative release percentage of different
drugs was calculated with Eq. (3) as follows:

Cumulative release ð%ÞZCr

Ct
� 100 ð3Þ

Cr was the concentration of drugs in the sampled release
medium and Ct represented the total concentration of drugs in
preparation.

2.4. Cell culture

The A549 cells and A549/Taxol cells (Taxol-resistant cell line)
were cultured in DMEM medium with 10% FBS and 1%
penicillinestreptomycin in the incubator at 37 �C, 5% CO2. The
cells were harvested with 0.25% trypsin and seeded in a cell
culture plate with an appropriate density of the cell suspension for
further investigations. The Taxol-resistance of A549/Taxol cells
compared to normal A549 was evaluated by treating with a series
of Taxol concentrations.

2.5. Cellular uptake

The cellular uptake study was comprehensively investigated by
confocal laser scanning microscope (CLSM, LSM800, Zeiss,
Oberkochen, Germany). In brief, A549 cells and A549/Taxol cells
were seeded and cultured in 12-well plates at 2 � 105 cells/well
density and cultured for another 24 h. Then, the previous cell
culture medium was discarded and added to a fresh culture
medium containing RITC-labeled preparations (10 mg/mL) at
37 �C for 0.5, 1, 2, 4, and 6 h, respectively. After incubation, the
cells were washed with cold PBS 3 times and digested with 0.25%
trypsin. The A549 and A549/Taxol cells were resuspended in PBS
for flow cytometry analysis using FACSCalibur (BD, Franklin
Lake, USA) to measure the fluorescence intensity. CLSM was
performed to observe further the cellular uptake behavior of A549
and A549/Taxol cells. In brief, cells were seeded at a density of
2 � 105 cells in specific dishes (ThermoFisher Scientific, USA)
for 24 h, incubated with 200 mL RITC-FITC dual-labelled prep-
arations (10 mg/mL), fixed with methanol for 10 min, stained with
DAPI for 15 min, and observed under CLSM (LSM800, Zeiss,
Oberkochen, Germany).
For the mechanism study of the internalization pathway, A549
and A549/Taxol cells were pre-incubated with different uptake
inhibitors for 0.5 h, including chlorpromazine (CPZ, 10 mg/mL),
nystatin (10 mmol/L) and methyl-b-cyclodextrin (M-b-CD,
2.5 mmol/L). Then, the endocytosis mechanism was investigated
via flow cytometry analysis and CLSM observation according to
the above experimental process.

2.6. In vitro cytotoxicity and apoptosis

The cytotoxicity and cell viability were evaluated by the MTT
assay. In brief, A549 and A549/Taxol cells were seeded and
cultured at a density of 2 � 105 cells/mL in a 96-well plate for
24 h, incubated with different preparations at various drug con-
centrations for another 24 h at 37 �C. Subsequently, treated cells
were cultured with 20 mL of MTT (5 mg/mL) for 4 h and added
with 200 mL DMSO. The cell viability was determined by a
microplate reader (ThermoFisher Scientific, Waltham, USA) at the
absorbance of 570 nm.

Cell apoptosis study was investigated using Annexin V-FITC/
PI apoptosis kit measured via flow cytometry. In brief, A549 and
A549/Taxol cells were seeded at a density of 1 � 105 cells/mL in a
12-well plate and cultured for 48 h. Then, cells were incubated
with different preparations for 24 h and washed with cold PBS for
3 times. After that, the treated cells were collected after digestion
and marked with Annexin V-FITC/PI apoptosis kit according to
the protocol, quantified by flow cytometry (FACSCalibur, BD,
Franklin Lake, USA).

2.7. Western blotting assay (WB)

The WB assay was conducted to evaluate the expression of Cyt C
and Cleaved-caspase 3. In detail, cells or tissues were precipitated
by centrifugation (12,000�g, 20 min) and incubated in cold RIPA
lysis buffer (50 mL) with protease inhibitor in an ice-water bath for
30 min, following centrifugation again to collect the supernatant.
The protein of samples was quantified by a BCA protein assay kit
and separated by SDS-PAGE, then transferred to a polyvinylidene
difluoride (PVDF) membrane and incubated with a blocking
solution. Then, PVDF membranes were incubated with primary
monoclonal antibodies, including Cyt C (1:2000, CST), cleaved-
caspase 3 (1:3000, Abcam) and b-actin (1:3000, Abcam) over-
night at 4 �C and horseradish peroxidase (HRP) secondary anti-
body for 1 h. Finally, the collected bands were stained with an
ECL chemiluminescence kit (Tanon, Shanghai, China) and
exposed to an automatic chemiluminescence imaging detection
system (Tanon, Shanghai, China). The band images were quanti-
fied via ImageJ (NIH, Bethesda, MD, USA) to evaluate the
expression of proteins.

2.8. Pharmacokinetic study

For in vivo pharmacokinetic investigation, DiR-labeled prepara-
tions (1.5 mg/kg), free DiR, DiR-HNRplex and DiR-HA-HNRplex
were administrated to SD rats (180e250 g) according to body
weight via tail veins. 0.5 mL blood was collected from orbit at
15 min, 30 min, 1, 2, 4, 6, 8, 10 and 24 h respectively, and cen-
trifugated at 3000 rpm (TDZ5-WS, Xiangyi, Hunan, China) for
10 min to obtain serum. The concentration of DiR (DiR-labeled
preparations) was quantified by measuring fluorescence intensity
via a multifunctional microplate reader (ThermoFisher Scientific,
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USA). The pharmacokinetic parameters of different groups were
calculated by Winnonlin 7.0 software (Pharsight, CA, USA) under
noncompartmental analyses.

2.9. A549/Taxol tumor-bearing models

A549/Taxol tumor-bearing mice were established by subcutaneous
injection of A549/Taxol cells (in logarithmic growth phase) at a
density of 1 � 106 per mouse (0.2 mL) at the left armpit. The
blank control group is the normal mice without injection of A549/
Taxol cells. In our study, nude mice were used for better obser-
vation of tumor growth and biodistribution of preparations, while
BALB/c mice were used for pharmacodynamic investigation.
Preparations or vehicles were administrated to A549/Taxol tumor-
bearing mice when the tumor volume reached 500 mm3.

2.10. In vivo living image and biodistribution

The A549/Taxol tumor-bearing mice with 300e500 mm3 tumor
volume were administered with free DiR, DiR-HNRplex, and DiR-
HA-HNRplex via tail veins (DiR dose of 1 mg/kg), respectively.
The treated mice were anesthetized and imaged at 2, 4, 8, 12 and
24 h by IVIS Spectrum imaging system (PerkinElmer, MA, USA).
The Ex and Em wavelengths of DiR channels were set as 730 and
790 nm. At the end of the last time point, the mice were sacrificed
and the major tissues, including tumor, liver, heart, lung, spleen and
kidney, were collected for ex vivo imaging under the same method.

2.11. In vivo anti-tumor study

After the mean tumor volume of A549/Taxol tumor-bearing mice
reached 150 mm3, the animals were randomly divided into 5
groups (nZ 6), including saline group, PTX-DSF PM group, NRs
group, HNRplex group and HA-HNRplex group. The mice were
administrated with diverse preparations (0.2 mL) i.v. at a dosage
of 10 mg/kg PTX, 2 mg/kg DSF and 1 mg/kg Cyt C every two
days 5 times (Days 0, 2, 4, 6, 8, and 10). The tumor sizes were
measured and recorded before each administration. All mice were
sacrificed on Day 11 to collect tumors and other major tissues for
further investigations.

2.12. Determination of Cyt C and Cleave-caspase 3 in tumor
tissues

The expression of Cyt C in tumor tissues was evaluated using WB
assay. In detail, 15 mg tumor tissues of different groups (Saline
group, PTX-DSF PM group, NRs group, HNRplex group and HA-
HNRplex group) were mixed with 300 mL of RIPA lysis solution
in a tissue grinder with lysis on ice for 15e30 min. The total
protein was extracted after centrifugation and quantified by BCA
protein assay kit. Then, the proteins were separated by SDS-
PAGE, transferred to a polyvinylidene difluoride (PVDF) mem-
brane, and incubated with a blocking solution. After incubating
with primary monoclonal antibodies including Cyt C (1:2000,
CST), cleaved-caspase 3 (1:3000, Abcam) and b-actin (1:3000,
Abcam) overnight at 4 �C and horseradish peroxidase (HRP)
secondary antibody for 1 h, the samples were stained with ECL
chemiluminescence kit and exposed to automatic chem-
iluminescence imaging detection system. The b-actin was used as
a standardized internal reference and the images were quantified
via ImageJ software to evaluate the expression of Cyt C and
Cleave-caspase 3.
2.13. Histological analysis

Histological analysis of the tumor tissues was conducted by
hematoxylin-eosin (H&E) staining, Ki67, and TUNEL staining
to evaluate the pathomorphological changes and cell apoptosis
after treatment, respectively. In short, after being fixed in 4%
paraformaldehyde for 24 h, the tumor tissues of diverse groups
(Saline, PTX-DSF PM, NRs, HNRplex and HA-HNRplex group)
were embedded in paraffin and cut into 1.5 cm � 1.5 cm sections
for H&E staining. The sections were carried out according to the
standard instructions for immunohistochemistry studies, fol-
lowed by incubation with anti-Ki67 (1:450, Abcam, Cambridge,
England) primary antibody at 4 �C overnight. The sample slides
were washed and incubated with the specific secondary anti-
bodies at 37 �C for 30 min and calculated via Image-Pro Plus 6.0
software. The TUNEL assay was conducted to evaluate the
apoptosis of tumor cells. Briefly, the TUNEL staining cell
apoptosis detection kit (KeyGEN, Nanjing, China) was used to
distinguish apoptotic cells labeled with red fluorescence. The
apoptosis rate was calculated by determining the number of
TUNEL-positive cells under a microscope within 6 random fields
on total cells.

2.14. Statistical analysis

All data were presented as the means � standard deviation (SD)
and the statistical analysis were assessed using GraphPad Prism
9.0 to calculate significant difference between different groups.
The Student’s t-test was utilized to compare the means of two
groups, whereas the one-way ANOVAwas assessed in comparing
more than two groups. P < 0.05 was considered a significant
difference.

3. Results

3.1. Preparation and characterization of HA-HNRplex

Three steps were involved in preparing HA-HNRplex (Fig. 2A).
First, the cocrystal NRs of PTX and DSF were fabricated by a
modified anti-solvent precipitation-ultrasonic method31. Ther-
mally dHSA was used as a stabilizer after a 90�C-heating in a
water bath for 2 h. Different types of organic solvents have the
potential to affect the self-assembly of PTX, DSF and dHSA.
Ethanol, acetone and DMSO were investigated for the NR prep-
aration. The formulation prepared by ethanol was selected for
further study because the constructed NRs showed the smallest
particle size and greater than 20 mV absolute potential value
(Supporting Information Table S1). Changing the mass ratio of
PTX:DSF and the drug loading of PTX could also influence the
properties of obtained NRs. As shown in Fig. 2B and C, and
Supporting Information Fig. S1, when the mass ratio of PTX:DSF
was 5:1, while the PTX loading at 10 mg, the prepared NRs
demonstrated optimal characteristics with the smallest particle
size of 148 � 2.45 nm and the most considerable absolute
potential value of �23 � 1.75 mV. TEM observation illustrated
that the PTX-DSF NRs exhibited a rod-like crystal structure shape
with a 100e180 nm particle length, consistent with the DLS re-
sults (Fig. 2D). The circular dichroism spectrum results revealed
the alteration in the secondary structure of the dHSA protein in
NRs, indicating the interactions between drug molecules (PTX
and DSF) and dHSA with concentration-dependent phenomenon
(Fig. 2E). Meanwhile, the fluorescence spectroscopy was used to



Figure 2 Preparation and characterization of HA-HNRplex. (A) Schematic illustration for the preparation of HA-HNRplex. (B) Particle size

and PDI of PTX/DSF NRs in different PTX/DSF ratio under the measurement of DLS. (C) Zeta potential of PTX/DSF NRs in different PTX/DSF

ratio. (D) TEM image of PTX/DSF NRs and digital picture of the nanoparticle dispersion. (E) CD and (F) fluorescence spectra of dHSA under

different drug loading of PTX and DSF (PTX:DSF Z 5:1,w/w). (G) PXRD pattern of PTX, DSF, dHSA, physical mixture and freeze-dried NRs.

(H) Native PAGE study of Cyt C loaded onto HA-HNRplex under different dHSA/Cyt C mass ratio. (I) TEM image of HA-HNRplex and digital

picture of the nanoparticle dispersion. (J) FRET between RITC-NRs and FITC-dHSA in HA-HNRplex. (K) CD spectra of Cyt C in preparations.

In vitro release profile of (L) Cyt C, (M) PTX and (N) DSF from HA-HNRplex under different pH conditions at 37 �C for 48 h. Data are presented

as mean � SD (n Z 3).
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verify the interactions between dHSA and PTX/DSF in NRs. As
shown in Fig. 2F, the fluorescence intensity of dHSA
(Ex Z 295 nm, Em Z 340 nm) changed with the increasing
amount of PTX/DSF in formulation, mainly owing to that the
interactions between dHSA and hydrophobic PTX/DSF impacted
the conformation of tryptophan residues in dHSA. Furthermore,
PXRD examination demonstrated that dHSA contributed to the
construction of PTX/DSF NRs formulation with a crystalline
structure and strong stability (Fig. 2G). Additionally, the diameter
of NRs was minimally altered in 10% serum after 12-h incubation,
further suggesting that NRs possessed good stability for afterward
study (Supporting Information Fig. S2). Finally, the driving force
for the construction of nanococrystals was evaluated via molecular
docking study and binding disruption evaluation. As shown in
results of molecular docking (Supporting Information Fig. S3),
strong hydrogen bonding interactions existed between PTX (red)
and HSA (white). DSF (blue) demonstrated no hydrogen bonding
interactions with HSA, but existed strong hydrogen bonding
interaction with PTX. The evaluation of the binding disruption
further confirmed that the hydrogen bonding interaction is the
main molecular interaction forces between PTX, DSF and HAS
(Supporting Information Fig. S4).

Next, NRs were used as “carriers” to load the basic protein Cyt
C, developing NRs/Cyt C complex (HNRplex) by electrostatic
interaction between NRs (negative charge) and Cyt C (positive
charge under physiological conditions). The native-PAGE results
indicated that the PAGE bands of Cyt C were not determined upon
the mass ratio of dHSA/Cyt C � 16, indicating that Cyt C was
loaded onto NRs (Fig. 2H). Therefore, the 16:1 was selected as the
optimal dHSA/Cyt C mass ratio to prepare HNRplex.

Finally, HNRplex was modified with HA for CD44-targeting32.
As shown in Supporting Information Table S2, the particle size of
HA-HNRplex expanded gradually with the increase of HA con-
tent. Among the formulations, the HA-HNRplex at 16:1:0.5 mass
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ratio of dHSA/Cyt C/HA, with a particle size of 186.12 � 1.04 nm
and a potential of �10 � 0.68 mV (Table S2), was chosen as the
optimal preparation for further study owing to its suitable particle
size (<200 nm) and high HA loading. The loading and encapsu-
lation efficiency of drugs in HA-HNRplex were determined by the
ultrafiltration method. From Supporting Information Table S3,
HA-HNRplex demonstrated high total drug loading of up to
54.5% (w/w), and high EE/DL of 98.01 � 0.29%/43.22 � 0.38%
for PTX, 96.71 � 0.11%/8.53 � 0.23% for DSF, z100
%/2.75 � 0.13% for Cyt C, respectively. The TEM observation
revealed that the morphology of HA-HNRplex was similar to that
of NRs with a rod-like structure and 150e200 nm in length
(Fig. 2I). Especially, the surface of HA-HNRplex showed a
granular phenomenon due to the adsorption of the basic protein
and targeting modifications. The conjugation of NRs and Cyt C
was confirmed by the FRET (fluorescence resonance energy
transfer), as the donor fluorescence molecules in the excited state
can transfer energy to the receptor fluorescence molecules,
resulting in a decrease in the fluorescence intensity of the donor
and an increase in the fluorescence intensity of the receptor. As
shown in Fig. 2J, the fluorescence intensity of dual-fluorescent-
labeled HA-HNRplex decreased at the FITC Em wavelength of
520 nm than FITC-Cyt C with the same concentration, at the same
time, the fluorescence intensity of HA-HNRplex increased at the
RITC Em wavelength of 590 nm compared to the same concen-
tration of RITC-NRs alone, proving the existence of FRET effect
and the conjugation of NRs and Cyt C. Also, the alteration in the
secondary structure of the Cyt C protein in HA-HNRplex
measured via CD spectrum indicated the conjugation of NRs
and Cyt C, corresponding to the FRET study (Fig. 2K). The
particle size of HA-HNRplex was not significantly changed after
12-h incubation in 10% FBS, indicating the potential solid sta-
bility of the nanoparticles (Supporting Information Fig. S5).

The in vitro release study showed that HA-HNRplex continu-
ously released Cyt C in a 48-h duration. Meanwhile, the protein
release at pH 7.4 was faster than at pH 5.5 because the higher pH
value medium could reduce the net positive charge of the basic
protein and compromise the electrostatic interaction between Cyt
C and NR33 (Fig. 2L and Fig. S5). The release of two small
molecule drugs was not affected by pH conditions and was less
than 60% within 48 h. The slow release of the three payloads from
the nanoparticles indicated the potential prolonged treatment ef-
ficacy and stable structure.

3.2. Targeted cellular uptake of HA-HNRplex to A549 and
A549/Taxol cells

The nanoparticles often should transport into the tumor cells to
exhibit anti-tumor function; thus, we first-in-all evaluated the
targeted cellular uptake of HA-HNRplex by human lung adeno-
carcinoma cells-A549 and the corresponding Taxol-resistant cell
line A549/Taxol via CLSM and flow cytometry. HA-HNRplex
was dual-labeled by RITC (red) and FITC (green) to investigate
cellular co-localization after internalization. For both A549 and
A549/Taxol cell lines, the CLSM results showed that the intra-
cellular fluorescence intensity of HA-HNRplex intensified with
increasing incubation time in a 6-h period (Fig. 3A and F). In
addition, the quantitative analysis measured by flow cytometry
displayed that intracellular fluorescence increased with extended
incubation time (Fig. 3B, C, G and H) and drug concentrations
(Fig. 3D, E, I and J). These results suggested that the uptake of
HA-HNRplex was time- and -concentration-dependent. Also, both
two types of cells were confirmed with the over-expressed CD44
receptors (Supporting Information Fig. S6). Thus, among them,
the significantly enhanced uptake of HA-HNRplex by cells than
RITC-Cyt C was probably attributed to the targeted bind of HA-
CD44 and the superiority of the NRs as "nanocarriers", effec-
tively improving the intercellular delivery.

Of note, compared to the normal A549 cells, A549/Taxol drug-
resistant tumor cells possessed the drug efflux ability to reduce the
cellular uptake capacity of drugs34. However, our data demon-
strated similar uptake levels of preparations by A549 cells and
A549/Taxol cells. The results demonstrated that the HA-HNRplex
could effectively inhibit the drug efflux by drug-resistant tumor
cells and improve targeted delivery efficiency.

3.3. Endocytosis mechanisms of HA-HNRplex

A549 and A549/Taxol cells were pre-incubated with uptake
pathway inhibitors, including CPZ (clathrin-mediated pathway
inhibitor), nystatin and M-b-CD (caveolin/lipid-raft uptake
inhibitor)35, to investigate the endocytosis mechanism of
HA-HNRplex. CLSM examination showed little nanoparticle
uptake reduction in CPZ-pretreated A549 and A549/Taxol cells
(Fig. 4A and C). In contrast, the nanoparticle uptake significantly
declined in groups pretreated by nystatin or M-b-CD. Quantitative
analysis confirmed that the uptake of CPZ, Nystatin, and M-b-CD
treated A549 cells (Fig. 4B) were reduced by 90%, 45%
(P < 0.001), and 36% (P < 0.001) than the control, while the
uptake of A549/Taxol cells (Fig. 4D) were reduced by 96%, 40%
(P < 0.001), and 58% (P < 0.001), respectively. These results
suggested that HA-HNRplex uptake by A549 and A549/Taxol
cells mainly dependent on the caveolin/lipid-raft pathway. Previ-
ous studies proved that caveolin/lipid-raft-mediated internaliza-
tion allowed the nanoparticles to avoid endo-lysosome
detainment31,36. Examination of lysosomal-colocalization
demonstrated that the nanoparticles showed almost non-
colocalization with LysoTracker-labeled lysosome at 1, 4 and
6 h (Supporting Information Fig. S7). This non-endo-lysosomal
endocytosis of HA-HNRplex based on caveolin/lipid-raft was
promising to improve the intracellular delivery of protein drugs.

3.4. In vitro cytotoxicity and improved apoptosis effect

Firstly, we examined the drug resistance of A549 cells and A549/
Taxol. As illustrated in Fig. 5A, after being administered with a
gradience concentration of Taxol for 24 h, the cell viability of
A549/Taxol cells was significantly higher than that of normal
A549 cells. Also, the IC50 value of A549/Taxol was nearly three
times higher than that of A549 cells (Fig. 5B). The data suggested
that A549/Taxol cells were resistant to Taxol.

Next, the cytotoxicity was investigated using an MTT assay.
As shown in Fig. 5C and D, the NRs, HNRplex and HA-
HNRplex demonstrated concentration-dependent cytotoxicity
against A549 cells when the concentrations of PTX and Cyt C
ranged in 0.3125e30 mg/mL and 0.0625e6 mg/mL, respectively.
Little cytotoxicity was observed in the free Cyt C-treated group,
mainly attributed to the poor membrane penetration of the pro-
tein and instability in endo-lysosomes37. Cyt C-loaded HNRplex
and HA-HNRplex demonstrated significantly higher cytotoxicity
than free Cyt C and NRs, proving the improved intracellular Cyt
C delivery and the enhanced anti-tumor effect by the combina-
tion of PTX, DSF and Cyt C. Also, the cytotoxicity of HA-
HNRplex was significantly more potent than HNRplex due to



Figure 3 Cellular uptake of HA-HNRplex on A549 and A549/Taxol tumor cells. (A) CLSM images of A549 cells incubated with RITC and

FITC dual-labeled HA-HNRplex at 37 �C for various durations (RITC: red, FITC: green). The scale bar is 20 mm. (B, C) Quantitative analysis of

A549 cellular uptake measured by flow cytometry after HA-HNRplex treatment with different concentrations. (D, E) Quantitative analysis of

A549 cellular uptake measured by flow cytometry after HA-HNRplex treatment for various durations. (F) CLSM images of A549/Taxol cells

incubated with RITC and FITC dual-labeled HA-HNRplex at 37 �C for various durations (RITC, red; FITC, green). (G, H) Quantitative analysis

of A549/Taxol cellular uptake measured by flow cytometry after HA-HNRplex treatment with different concentrations. (I, J) Quantitative analysis

of A549/Taxol cellular uptake measured by flow cytometry after HA-HNRplex treatment for various durations. Data are presented as mean � SD

(n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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the enhanced drug delivery resulting from the ligand-receptor
affinity of HA-CD4438. Of note, A549/Taxol cells were drug-
resistant; however, the three nanoparticles demonstrated similar
cytotoxicity with normal A549 cells. The results could be
explained by the fact that the encapsulated DSF alleviated the
drug resistance by reducing the drug efflux activity and
improving the sensitivity of cells to PTX and Cyt C. These
results indicated that the targeted nanococktail could effectively
kill drug-resistant cancer cells.

Then, the apoptosis of tumor cells induced by various
formulations was evaluated via Annexin V-FITC/PI assay on
A549 and A549/Taxol cell lines, respectively. The apoptosis rates
of A549 cells treated by Cyt C, PTX, DSF, PTX-DSF, NRs,
HNRplex, and HA-HNRplex were about 0.8, 4, 4.2, 5, 5.5, 6.2,
and 7 times higher than control group, respectively (Fig. 6A
and B). Notably, the administration of NRs, HNRplex, and
HA-HNRplex induced similar apoptosis rates on A549/Taxol
drug-resistant cells, for 58%, 62% and 64%, respectively (Fig. 6C
and D). Among them, compared with the free-drug groups and
two-drug-treated groups (PTX-DSF physical mixture and NRs),
the triple-payload nanoparticles, HA-HNRplex and HNRplex,
revealed significant apoptosis-inducing ability on A549/Taxol
drug-resistant cells. Again, the data indicated that the targeted
nanococktail could promote the apoptosis of Taxol-resistant can-
cer cells.

3.5. Intracellular Cyt C and cleaved-caspase 3 assay

Increasing evidence has verified that Cyt C can bind with cyto-
plasmic Apaf 1 and caspase 9 to form Cyt C-Apaf 1-caspase 9



Figure 4 Endocytosis mechanism of HA-HNRplex. (A) Qualitative and (B) quantitative analysis of endocytosis mechanism of HA-HNRplex on

A549 cells. A549 cells were pre-incubated with chlorpromazine (CPZ, 10 mg/mL), nystatin (10 mmol/L) and methyl-b-cyclodextrin (M-b-CD,

2.5 CF) uptake inhibitors for 0.5 h. Then the endocytosis was investigated via CLSM observation and flow cytometry. (C) Qualitative and

(D) quantitative analysis of HA-HNRplex endocytosis on A549/Taxol cells. The experimental process on A549/Taxol cells was the same as on

A549 cells. The scale bar is 20 mm. RITC: red, FITC: green. Data are presented as mean � SD (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 5 In vitro anti-tumor study. (A) Cell viability and (B) IC50 of A549 and A549/Taxol cells after treatment with different concentrations of

Taxol. (C) Cytotoxicity of preparations to A549 under different concentrations of PTX. (D) Cytotoxicity of preparations to A549 under different

concentrations of Cyt C. (E) Cell viability of A549/Taxol after treatment with preparations under PTX different concentrations. (F) Cell viability

of A549/Taxol after treatment with preparations with different concentrations of Cyt C. The mass ratio of PTX:DSF in all preparations is 5:1. Data

are presented as mean � SD (n Z 5). *P < 0.05, **P < 0.01, #P < 0.001.
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Figure 6 Improved apoptosis effect on A549 and A549/Taxol cells. (A) Qualitative and (B) quantitative analysis of A549 apoptosis measured

by flow cytometry after 24-h treatment with preparations. (C) Qualitative and (D) quantitative analysis of A549/Taxol apoptosis measured by flow

cytometry after 24 h-incubation with preparations. The mass ratio of PTX:DSF in all preparations is 5:1. The concentration of PTX, DSF and Cyt

C was 5, 1 and 0.31 mg/mL, respectively. Data are presented as mean � SD (n Z 5). *P < 0.05, **P < 0.01, #P < 0.001, compared to HA-

HNRplex group.
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apoptosome, activating Pro-caspase 3 to Cleaved-caspase 3 via
ATP and dATP, thereby promoting cell apoptosis39 (Fig. 7A).
Herein, the expression of intercellular Cyt C and Cleaved-caspase
3 after treated with different preparations was determined by WB
assay. As illustrated in Fig. 7B and C, the quantification data
showed that the expression of Cyt C in A549 cells was 1.2, 1.35,
1.4, 1.7, and 1.9-fold higher than the control group after incuba-
tion with PTX, DSF, PTX-DSF, NRs, HNRplex, and
HA-HNRplex. Consistently, in the resistant cells (Fig. 7E and F),
the expression of Cyt C was measured to 1.26, 1.35, 1.4, 1.75, and
1.96-fold greater than the control after the same treatment. Among
all the groups, the HA-HNRplex group exhibited the highest
expression of Cyt C. The results indicated that HA-HNRplex
promoted the intracellular delivery of Cyt C in A549 cells and
A549/Taxol drug-resistant cells.

The intracellular Cyt C enables the activation of caspase 3
proenzyme and upregulation of Cleaved-caspase 3, promoting
apoptosis of tumor cell (Fig. 7A). Quantification analysis of WB
revealed that the expression of Cleaved-caspase 3 in A549 cells
was 1.2, 1.35, 1.4, 1.7, 1.75, and 1.98-fold higher than control
after the treatment of PTX, DSF, PTX-DSF, NRs, HNRplex, and
HA-HNRplex, respectively (Fig. 7B and D). Similarly, A549/
Taxol cells expressing Cleaved-caspase 3 were 1.15, 1.2, 1.4, 1.35,
1.5, and 1.7-fold higher than the control after treatment (Fig. 7E
and G). Among them, the highest expression of Cleaved-caspase 3
was found in the HA-HNRplex group. As a result, our data on the
molecular study indicated that the HA-HNRplex strengthened the
activation of the caspase 3 proenzyme and then upregulated
Cleaved-caspase 3.
3.6. Pharmacokinetics and tumor-targeted distribution of HA-
HNRplex system

The sufficient circulation time of a delivery system is a prereq-
uisite, allowing them to accumulate in the targeted tumor tis-
sues40. First, the pharmacokinetics of DiR-labeled formulations
were investigated in rats after tail vein intravenous administration.
As illustrated in Supporting Information Fig. S8, the
HA-HNRplex and HNRplex demonstrated similar circulation
behavior observed on the plasma concentrationetime curves. In
contrast, compared to free DiR, HA-HNRplex and HNRplex
exhibited a higher DiR-plasma concentration measured within a
24-h period. The pharmacokinetic parameters verified that the two
nanoparticles had improved in vivo behavior, as shown by pro-
longed half-lives and increased bioavailability (Supporting
Information Table S4).

Then, the tumor-targeted distribution of preparations was
evaluated via in vivo fluorescence imaging on A549/Taxol tumor-
bearing nude mice after intravenous injection of free DiR, DiR-
HNRplex and DiR-HA-HNRplex. As shown in Fig. 8A, the
fluorescence intensity of DiR-HA-HNRplex and DiR-HNRplex
accumulated at the tumor site increased within 24 h, while free
DiR demonstrated almost non-fluorescence in the tumor and
mainly distributed in the liver, kidney, and lung. Quantitative
analysis data of fluorescence image indicated that the accumula-
tion of HA-HNRplex in tumor tissues was significantly higher
than DiR-HNRplex and free DiR (Fig. 8B). The enhanced tumor
distribution of HA-HNRplex was mainly attributed to prolonged
in vivo circulation and efficient tumor-targeted delivery mediated



Figure 7 The levels of Cleaved-caspase 3 and Cyt C in preparation-treated A549 and A549/Taxol cells. (A) Schematic illustration of Cyt

C-mediated apoptosis pathway. (B) The expression of Cleaved-caspase 3 and Cyt C in A549 cells examined by WB assay. A549 cells were

incubated with saline, free PTX, free DSF, PTX-DSF physical mixture, NRs, NHRplex and HA-HNRplex. The mass ratio of PTX:DSF is 5:1 and

the final concentration of PTX was 10 mg/mL in all preparations. b-Actin was set as the control. Quantification of (C) Cyt C and (D) Cleaved-

caspase 3 expressed in preparation-treated A549 cells. (E) The expression of Cleaved-caspase 3 and Cyt C in A549/Taxol cells examined by WB

assay. Quantification of (F) Cyt C and (G) Cleaved-caspase 3 in preparation-treated A549/Taxol cells. Data are presented as mean � SD (n Z 3).

*P < 0.05, **P < 0.01, #P < 0.001.
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by specific receptor-ligand binding between HA and tumor-
overexpressed CD44 receptors.

To confirm the tumor targeting, we tested the tissue distribution
of free DiR, DiR-HNRplex and DiR-HA-HNRplex by ex vivo
imaging on harvested heart, liver, spleen, lung, kidney, and tumor
tissues after 24 h intravenous post-injection (Fig. 8C). Strong
fluorescence intensity of free DiR was observed in liver, spleen
and lung. In contrast, barely any fluorescence was detected in
tumor tissue. In contrast, for both HNRplex and HA-HNRplex
groups, strong fluorescence intensity was observed in the tumor
tissues, indicating efficient tumor-targeted delivery and prolonged
retention. Simultaneously, quantitative measurement revealed that
the fluorescence signal in the HA-HNRplex group tumor tissues
was significantly higher than that of the HNRplex group, again
substantiating the remarkable tumor-targeting ability of
HA-HNRplex (Fig. 8D).

Overall, the results indicated that HA-HNRplex had pro-
longed half-lives and could effectively target and accumulate in
the tumor sites via both HA-CD44-mediated combination and
nanosize-mediated enhanced permeability and retention (EPR)
effect.
3.7. Anti-MDR tumor therapeutic efficacy

Formulations including saline, PTX-DSF PM, NRs, HNRplex, and
HA-HNRplex were intravenously administrated to A549/Taxol-
resistant tumor model mice every 2 days for 5 times. As shown in
Fig. 9A, the tumor volume of the saline group increased nearly
12-fold in a 12-day period compared to the initial tumor volume
without other treatment, while different extents of tumor growth
inhibition were observed in all preparation-treated groups.
Detailly, compared to the control group, the PTX-DSF PM, NRs,
HNRplex and HA-HNRplex-treated groups represented about 2, 3,
3, and 6-fold decrease in tumor volume, respectively. Furthermore,
the image and the weight of tumors harvested from 12-day-treated
mice demonstrated consistent results of tumor inhibition rate in
each group (Fig. 9B and Supporting Information Fig. S9). The
tumor growth inhibition of HNRplex was significantly more sig-
nificant than PTX-DSF PM (P < 0.05) and the NRs (P < 0.05) at
the end of treatment, indicating the efficient intercellular delivery
of Cyt C by NRs and enhanced anti-MDR-tumor effect. Particu-
larly, HA-HNRplex suppressed tumor growth with higher efficacy
than HNRplex (P < 0.05) at the end of treatment.



Figure 8 Tumor-targeting in vivo. (A) In vivo fluorescence imaging in A549/Taxol tumor bearing mice at different time points after i.v.

administration of free dye, DiR-labelled NHRplex and HA-HNRplex. The dose of DiR was 1 mg/kg. (B) Semi-quantitative fluorescence intensity

analysis of DiR-labeled preparations in tumor. (C) Ex vivo fluorescence images of major tissues at 24 h after administration of DiR-labelled

HNRplex and HA-HNRplex via tail vein. (D) Semi-quantitative data calculated from the fluorescence intensity of DiR-labeled preparations in

harvested major organs. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, #P < 0.001.
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In addition, the alteration in body weight of mice in different
groups was recorded during the administration period (Supporting
Information Fig. S10). Among them, the body weight of the saline
group escalated modestly, while the mice treated with NRs,
HNRplex and HA-HNRplex suffered ignored weight loss. How-
ever, the body weight of the group treated with PTX-DSF PM
showed a significant decrease at the end of treatment, likely due to
the solvent polyoxyethylene castor oil and ethanol contained in
the formulation and the resultant toxicity.

Finally, we detected histopathological features, proliferation
and in situ apoptosis on tumors by H&E staining, Ki67 and
TUNEL immunohistochemical staining, respectively. As shown
by the H&E staining in Fig. 9C, the tumor cells in the saline group
grew densely with more uniform staining of nuclei and cytoplasm,
while HA-HNRplex- and HNRplex-treated groups demonstrated
large pink areas with reduced cell density and reduced nuclei
areas, indicating effective pathological tumor-killing effect. MDR
tumors commonly exhibit hyperproliferation and apoptosis resis-
tance, significantly contributing to the failure of treatment41. The
increased proportion of Ki67-positive cells in tumor tissues is a
vital reference indicator to judge hyperproliferation42. As sug-
gested by the Ki67 immunohistochemical assay (Fig. 9C and D),
the tumors harvested from A549/Taxol tumor-bearing mice dis-
played the widespread distribution of Ki67-positive cells (brown
area), while formulation-treated groups were observed with a
reduced rate of hyperproliferative cells. Among these formula-
tions, HA-HNRplex possessed the most profound proliferation
inhibition. Additionally, TUNEL immunohistochemical staining
was conducted to detect cell apoptosis on tumors (Fig. 9C and E),
and the saline-treated group with bare apoptotic cells distributed
(green area) was set as the control. Significantly, HA-HNRplex
demonstrated more effective cell apoptosis (green area) than
other formulations. The results verified that HA-HNRplex is
promising to regress hyperproliferation and promote apoptosis on
MDR tumors, leading to remarkable anti-MDR-tumor efficiency
and considerable biosafety.

3.8. Mechanism study

P-gp is a well-known MDR protein and can pump several small-
molecule anticancer drugs (e.g., PTX and doxorubicin)8, whereas
DSF is a P-gp inhibitor. As a result, we first detected the P-gp
expression on A549 and A549/Taxol cells. As illustrated in
Supporting Information Fig. S11, A549/Taxol cells demonstrated
a significantly higher expression of P-gp than A549 cells, con-
firming the drug resistance. The treatment did not affect the pro-
tein expression on A549 cells and, in contrast, significantly altered
the expression on A549/Taxol cells. The administration of DSF,
NRs, HNRplex and HA-HNRplex reduced the expression
compared to the saline group (control). We also found that the
PTX administration escalated the P-gp level and the treatment of
the PTX þ DSF cocktail or NRs declined the expression, indi-
cating the rational combination use. Significantly, dosing
HA-HNRplex profoundly inhibited the P-gp expression compared
to the saline group (P < 0.01).

Cyt C activated caspase 3 and promoted apoptosis of tumor cell.
As mentioned above, our data indicated that the HA-HNRplex
intensified the activation of the caspase 3. Accordingly, we next
studied the caspase-pathway role on cell viability and apoptosis,
using Q-VD-OpH and Z-VAD-FMK as pan caspase inhibitors43,44



Figure 9 In vivo anti-tumor efficiency in A549/Taxol tumor model. (A) Tumor growth curves of A549/Taxol tumor bearing mice treated with

different formulations. (B) Digital picture and (C) weight of tumor harvested from A549/Taxol tumor bearing mice after 11-day treatment. (D)

H&E staining, Ki67 expression and Tunnel analysis of A549/Taxol tumor tissues after treatment. The scale bar is 50 mm. Semi-quantitative

analysis of tumor-cell (E) proliferation and (F) apoptosis calculated via Image-Pro Plus software. Data are presented as mean � SD (n Z 5),

*P < 0.05, **P < 0.01, #P < 0.001.
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and A-DEVD-CHO as a caspase 3 specific inhibitor45. As shown in
Supporting Information Fig. S12, caspase inhibition by the three
inhibitors, especially by the caspase-3-specific blocker (A-DEVD-
CHO) compromised the capacity of HA-HNRplex against the cell
viability and to induce apoptosis. The caspase-3-specific inhibitor
reduced HA-HNRplex’s anti-tumor activity with higher efficacy
than the other two pan caspase inhibitors, confirming the caspase 3
contribution.

Finally, we detected Cyt C and Cleaved-Caspase 3 protein
expression in tumor tissues viaWB assay after dosing. As indicated
in Supporting Information Fig. S13A‒S13C, the
HA-HNRplex-treated group displayed the highest expression level
of Cyt C and Cleaved-Caspase 3 in tumor tissues among all the
preparations, increasing by 2-fold and 1.5-fold compared to the
control A549/Taxol-resistant tumor model mice, respectively.
Increasing evidence has proved that the MDR tumor is character-
ized by downregulated expression of Cyt C and Cleaved-caspase 3
thereby inhibiting cell apoptosis consistent with our results46.
Compared to the control group and PTX-DSF PM group, NRs
group exhibited higher expression of the two proteins as the
cocrystal-based NRs could deliver DSF into tumor cells.
HA-HNRplex administration elevated the expression with higher
efficacy than NRs and HNRplex, owing to the synergistic effect by
relieving MDR via DSF and improving the intracellular delivery of
Cyt C via targeted uptake. The resultant protein expression in vivo
after treatment is consistent with the cellular experiments (Fig. 7).

Overall, the targeted nanococktail HA-HNRplex combated the
MDR-tumor via cascade mechanisms by inhibiting P-gp, elevating
intercellular Cyt C, upregulating the expression of Cleaved-
Caspase 3, and thus, promoting the MDR cell apoptosis.
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4. Discussion

Despite enormous advances in chemotherapeutics development,
MDR remains a major barrier to effective therapeutic outcomes,
posing formidable challenges in clinical cancer treatment47.
Complicated mechanisms are involved in the formation of MDR
tumors; and one of them, the overexpressed P-gp is the most
prevalent and studied factor as a typical membrane pump medi-
ating efflux of chemotherapeutics48. For drug-resistant tumor
cells, single high doses and multiple-repeated doses of chemo-
therapeutic agents are commonly demanded to reach considerable
therapeutic effects, while this strategy is identical to quenching a
thirst for poison and the potential to induce the emergence of more
drug-resistant phenotype of cancer49. Therefore, strategies for
combined chemotherapy have received increasing attention for
improving anti-tumor outcomes50. In our previous study, the
combined use of P-gp inhibitor DSF and chemotherapeutic drug
PTX exhibited an enhanced inhibitory effect of Taxol-resistant
tumor than monotherapy11. However, the two-drug therapeutic
strategy remained incapable of eradicating tumors; especially,
there are still increasing cases in which the two-drug combined
clinical schedules lead to malignant outcomes in patients51. In this
study, we developed a triple-drug nanococktail using the
cocrystal@protein-anchoring approach, offering a new approach
to co-deliver multiple therapeutic agents. With rod-like
morphology and HA modification, HA-HNRplex could specif-
ically bind to the tumor-overexpressed CD44 and improve inter-
cellular delivery of the protein drug via caveolar-mediated
endocytosis pathway and reduce endolysosome degradation.
Accordingly, HA-HNRplex synchronously increased the inter-
cellularly targeted delivery of PTX, DSF and Cyt C, demon-
strating effective anti-MDR-tumor effect via triple-synergetic
mechanisms.

Targeted drug delivery to tumors is a significant challenge for
effectively treating MDR melanoma52,53. The investigations of
pharmacokinetics and biodistribution demonstrated that
HA-HNRplex could prolong retention in circulation and remark-
ably accumulate in the tumor. First, HA coating could decrease the
absorption of serum proteins on the nanoparticles and compromise
the clearance from the immune system54. Moreover, the tumor-
targeting of HA-HNRplex was elevated through HA-CD44-
mediated specific binding55,56.

Significantly, the triple-dimensional integrated treatment
regimen using HA-HNRplex could effectively treat MDR tumors.
The therapeutic enhancement was mainly attributed to cascade
manner as follows: (i) extraordinary high drug encapsulation and
payload capacity, (ii) prolonged circulation time, (iii) specific
dual-targetability (active-passive) to CD44-overexpressed tumor
cells, (iv) synergy between PTX, DSF and Cyt C. Compared with
the commercial liposomal codelivery product (e.g., Vyxeos�,
Daunorubicin and Cytarabine), HA-HNRplex indicated higher
drug encapsulation efficiency, more integrated triple antitumor
mechanisms, and more effective delivery by non-lysosomal
pathways. We substantiated that the triple-codelivery, integrating
inhibition of MDR tumor, regression of proliferation and stimu-
lation of cancer cell apoptosis, could significantly suppress the
occurrence and development of MDR tumor. Our findings pre-
dicted a promising exploration of the combinational application of
multiple drugs against MDR tumors using the cocrystal@protein-
anchoring platform, providing preliminary evidence for safe and
precise clinical oncotherapy.
Finally, we also intensively pondered the perspectives of our
current work and raised potential limitations for the platform. We
proposed a triple-delivery nanococktail to treat MDR tumor using
the cocrystal@protein-anchoring approach. However, further
investigations are needed to study the assembly mechanisms of the
nanococrystal, i.e., what are the driving forces for the cocrystal
formation57, whether their morphologies are alterable, and if the
in vivo distribution behaviors can be regulated by designing coc-
rystal phenotypes, etc. Also, more accurate quantification for
in vivo pharmacokinetics and biodistribution of each component
on HA-HNRplex are needed to modify the drug ratio of formation
for more precise therapeutic dosage. Second, MDR tumors are
variable in types with complex resistance mechanisms. Hence, our
HA-HNRplex nanococktail should be further applied to treat other
drug-resistant tumors (i.e., triple-negative breast carcinoma, mel-
anoma, head and neck squamous cell carcinoma, etc.), aiming to
prove their clinical potential58. Last but not least, our triple-
delivery strategy holds the promise of integrating chemothera-
peutic molecule/biomacromolecule drugs with other anti-tumor
mechanisms to develop novel synergistic anti-MDR-tumor
mechanisms for oncotherapy, even predicts enormous potential
to broad the application in the treatment of other diseases.

5. Conclusions

In summary, we developed a triple-payload nanococktail platform
using a cocrystal@protein-anchoring strategy to treat MDR can-
cer. We proved that HA-HNRplex allowed targeted triple-payload
delivery of MDR inhibitor (DSF), biomacromolecule apoptosis
accelerator (Cyt C) with marketed chemotherapeutic drug (PTX)
and effective treatment against Taxol-resistant cancer in A549/
Taxol tumor-bearing mice, probably acting via the cascade
mechanisms by P-gp suppression, elevating intercellular Cyt C,
upregulating the expression of Cleaved-caspase 3, and promoting
the MDR cell apoptosis. Moreover, we found that the NRs could
be used as a particle-like carrier to efficiently deliver the basic
protein Cyt C into tumor cells through the caveolin/lipid-raft
pathway and bypass the endosome/lysosome. Additionally, the
active drugs are all clinically used. Crystal-based preparation is
simple and controllable, enabling reproducibility and scale-up
ability. As a result, the platform has a promising translation
perspective.
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