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Abstract 

Background: In the current treatment of non-small cell lung cancer (NSCLC), tradi-
tional chemotherapy causes high toxicity, so it is necessary to develop safe chemi-
cal drug delivery vehicles clinically. Chemotherapy monotherapy is prone to drug 
resistance. Chemotherapy combined with other therapies such as nucleic acid drugs 
is an effective way to avoid drug resistance and the toxicity of continuous chemo-
therapy. In this study, chemotherapy and siRNA therapy were combined to treat 
paclitaxel-resistant NSCLC in order to increase efficacy and reduce toxicity. This study 
aims to develop a cabazitaxel-loaded human serum albumin nanoparticles (CTX-
HSA-NPs) to improve the toxicity of traditional CTX-Tween 80 and increase targeting, 
and to develop a TGFβ-1 siRNA lipid Nanoparticles (TGFβ-1 siRNA LNP) combined 
with chemotherapy in the treatment of paclitaxel-resistant NSCLC.

Results: This study prepared CTX-HSA-NPs and TGFβ-1 siRNA LNP had small particle 
size, high encapsulation efficiency (EE). CTX-HSA-NPs lyophilized powder has high 
stability after dissolved. The antitumor effect of CTX-HSA-NPs on paclitaxel-resistant 
NSCLC was higher than that of CTX-Tween, and the toxicity was 1.8 times lower 
than that of CTX-Tween. More importantly, the combined treatment of TGFβ-1 siRNA 
LNP and CTX-HSA-NPs could effectively improve the antitumor efficacy of paclitaxel-
resistant NSCLC in vivo and in vitro. The results of tumor immunohistochemistry 
showed that TGFβ-1 siRNA LNP significantly inhibited the expression of TGFβ-1, 
and compared with other groups, the expression of P-gp after low-dose CTX-HSA-NPs 
treatment was lower, which did not cause obvious drug resistance.

Conclusions: The antitumor effect of CTX-HSA-NPs on paclitaxel-resistant NSCLC 
was higher than that of CTX-Tween, and the toxicity was lower than that of CTX-
Tween. TGFβ-1 siRNA LNP can treat paclitaxel-resistant NSCLC by inhibiting the express 
of TGFβ-1 mRNA. The combined treatment of TGFβ-1 siRNA LNP and CTX-HSA-NPs 
could effectively improve the antitumor efficacy of paclitaxel-resistant NSCLC. A com-
bination therapy of chemotherapy and nucleic acid drugs could be an effective 
approach for treating paclitaxel-resistant NSCLC.
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Introduction
Lung cancer is currently the second most prevalent and the leading cause of cancer-
related deaths worldwide (Sung et  al. 2021). Chemotherapy is the common treatment 
for lung cancer globally. The current main treatments for lung cancer include standard 
chemotherapy (c paclitaxel, docetaxel), gene-targeted therapy for non-small cell lung 
cancer (erlotinib, afatinib, and gefitinib), and immune Checkpoint PD-L1/2 and PD-1 
inhibitors (pembrolizumab, nivolumab, and atezolizumab), etc. (Reck et al. 2022). Cur-
rently, multidrug resistance (MDR) caused by the long-term use of standard chemo-
therapy has become a common problem (Król et  al. 2010). The multidrug resistance 
mechanisms are diverse and complex, and statistics indicate that more than 90% of 
cancer deaths can be attributed to drug resistance (Mansoori et al. 2017). The develop-
ment of drugs to treat or reverse drug resistance has become a focal point in the current 
research on drug-resistant tumors (Awasthi et al. 2018).

In the twenty-first century, nucleic acids are attracting attention as the next-genera-
tion modality beyond small molecules and antibodies. Small interfering RNA is a class of 
double-stranded non-coding RNA molecules of about 19–25 base pairs. RNA interfer-
ence is a new way of treating cancer that uses small interfering RNA (siRNA) to silence 
gene expression (Mainini and Eccles 2020). This is achieved by siRNA binding to the 
target mRNA, which induces the degradation of the corresponding mRNA through the 
RNA-mediated silencing complex. siRNA-mediated gene silencing technology has wide 
application potential due to its high efficiency and specificity in degrading the integrity 
of target protein mRNA and inhibiting the expression of disease-related genes. siRNA 
drugs have numerous advantages, such as high efficiency, strong specificity, and easy 
assessment of therapeutic effects (Awasthi et al. 2018). In 2001, Elbashir et al. showed 
that synthetic siRNA restricts the specific arrangement of genes, and this property can 
be applied to treat diseases (Elbashir et al. 2001). In 2004, the first siRNA drug for treat-
ing wet age-related macular degeneration entered Phase I clinical trial (Whelan 2005). 
In 2010, the first targeted nanoparticle delivery system for patients with solid tumors 
entered phase I clinical trials, marking the start of the systemic application of siRNA in 
treating solid tumors (Whelan 2005). In August 2018, the FDA-approved ONPATTRO™ 
(Patisiran), the first siRNA therapy for treating transthyretin-mediated amyloidosis 
(Setten et al. 2019). Since the approval of “fomivirsen” in 1998, the first nucleic acid drug 
in the world, a total of 16 nucleic acid medicines, nine antisense oligonucleotides, four 
siRNA, one aptamer, and two messenger RNAs have been approved in certain regions 
in the United States, European Union, and Japan, as of May 2021 (Suzuki and Ishihara 
2021).

Selecting specific multidrug-resistance targets is the most direct and effective way to 
treat multidrug-resistant lung cancer. Transforming growth factor beta-1 (TGFβ-1) has 
been linked to the occurrence and development of tumors and participates in mediat-
ing multidrug resistance in small-cell lung cancer (Liu et  al. 2017). According to Kim 
et al. (2014) TGFβ-1 can induce epithelial–mesenchymal transition (EMT) and promote 
the migration, invasion, and anti-apoptosis of lung adenocarcinoma cells. Irigogen et al. 
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found a strong and positive correlation between the expression of TGFβ-1 and the sen-
sitivity to cisplatin, paclitaxel, gemcitabine, and VP-16 by NSCLC (Irigoyen et al. 2010). 
The above studies demonstrate that silencing TGFβ-1 with siRNA could potentially be 
used for treating multidrug-resistant lung cancer. Therefore, in this study, we evaluated 
the prospect of targeting TGFβ-1 using TGFβ-1 siRNA for treating drug-resistant lung 
cancer. However, the efficient delivery of siRNA as a drug to tumors and the efficient 
silencing of target genes remains challenging. In vivo, siRNA drugs must overcome the 
vascular barrier to achieve endocytosis and lysosomal escape and avoid degradation 
by nucleases (Jackson and Linsley 2010). Naked siRNAs have difficulties entering cells. 
Selecting suitable carriers and delivery methods is necessary to mediate the smooth 
entry of siRNA into cells to exert its effect. The preparation of siRNAs into nanoparticles 
has the potential to overcome intravascular degradation and ensure the safe and effi-
cient delivery of these molecules. Thus, this would enhance the accumulation of drugs at 
tumor sites through passive or active targeting (Guo et al. 2019). Currently, lipid nano-
particles (LNP) drug delivery systems are widely used. The first RNA interference drug 
was delivered into cells safely and effectively using a lipid nanoparticle delivery system. 
LNP is one of the most advanced nucleic acid delivery platforms with better biocom-
patibility and biodegradability, which can solve the delivery difficulties of nucleic acid 
drugs. Several studies have utilized lipid nanoparticles, such as PLGA–lipid hybrid nan-
oparticles synthesized using the emulsion method for siRNA delivery. The nanoparticles 
showed high encapsulation efficiency (up to 90%), and the delivered siRNA effectively 
downregulated the expression of the target gene in  vitro and in  vivo. Therefore, lipid 
nanoparticles are suitable systems for siRNA delivery.

In addition, chemotherapy drugs usually have poor solubility. Thus, abundant solubi-
lizers must be added to improve their dissolution and absorption. In addition, they are 
highly toxic. Although the toxicity of chemotherapeutic drugs is unavoidable, it can be 
reduced by improving the formulation and can also be prepared into nanoparticles to 
improve their targeting efficiency. Nanoparticles decrease the toxicity to normal tissues 
and organs, ensuring effective chemotherapeutic antitumor effects but low toxicity. In 
addition, refractory drug-resistant tumors can be treated using a combination of tra-
ditional chemotherapy and siRNA drugs that inhibit multiple targets that would have 
required multiple drugs.

Taxanes are a class of small-molecule chemotherapeutic drugs that bind to the 
β-subunit of tubulin to inhibit the depolymerization of microtubules during mitosis, 
promoting the apoptosis of cancer cells (Arnst 2020). Currently, FDA-approved taxa-
nes for clinical treatment include paclitaxel, docetaxel (Zhang et al. 2019), and cabazi-
taxel (CTX). Paclitaxel and docetaxel are first-generation taxanes used to treat various 
cancers, including ovarian, lung, and breast cancer, whereas cabazitaxel is a second-
generation taxane for treating cancers. The semi-synthetic taxane formed by methyl 
etherification of 7,10-OH of docetaxel  was developed to overcome taxane resistance 
(Muggia and Kudlowitz 2014). Taxane-sensitive cell lines revealed that the antiprolifera-
tive activity of cabazitaxel is comparable to that of docetaxel. Moreover, cabazitaxel has 
significantly higher activity in taxane-resistant cell lines (Vrignaud et al. 2014). Studies 
have shown that cabazitaxel is more effective than docetaxel in treating tumors resist-
ant to taxane or with innate or acquired resistance (Vrignaud et al. 2013). Cabazitaxel 
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has a low affinity for P-gp and is appropriate for treating P-gp-mediated drug resistance 
(Duran et al. 2018). CTX-Tween was approved by the FDA in 2010, and is used clini-
cally in combination with prednisone to treat hormone-refractory metastatic prostate 
cancer in patients who had previously received docetaxel (Malhotra et al. 2013). How-
ever, CTX-Tween also has several disadvantages, including high toxicity, poor safety, and 
poor water solubility, all common in chemotherapeutic drugs. Therefore, there is a need 
for a safe delivery vehicle for loading cabazitaxel to improve the safety of the formula-
tions and enhance specificity.

In cancer therapy, nanoparticles have become drug delivery vehicles because they 
can be loaded with chemotherapeutic drugs and have a high target specificity (Awasthi 
et  al. 2018). Compared to traditional formulations, nanopreparations can efficiently 
deliver drugs to target cells and ensure efficient cell uptake. Efficient delivery helps 
avoid unwanted effects on healthy cells and reduces adverse toxicity to patients. Drug 
resistance has a wide range of applications in drug delivery (Awasthi et al. 2018). At pre-
sent, active targeting and passive targeting are the major strategies for targeted tumor 
treatment. The delivery systems mainly include liposomes (Allen and Cullis 2013), lipid 
nanoparticles (Assaraf et  al. 2019), albumin nanoparticles, dendrimers (Assaraf et  al. 
2019), gold nanoparticles (Lei et al. 2021), mesoporous silica nanoparticles, etc. (Chen 
et al. 2021). Before their use, nanoparticles should be evaluated for their safety (An and 
Zhang 2017). In nano-drug delivery systems, the main factors to be considered include 
(1) drug intake and release, (2) formulation stability, (3) drug safety, (4) biological dis-
tribution and targeting, etc. (Allen and Cullis 2013). It is estimated that about 20% of 
NPs are rejected during clinical trials due to safety concerns. Most of the nanoparticles 
approved or currently undergoing clinical trials include albumin and lipid-based nano-
particles (Chatterjee et al. 2017). For example, a liposomal formulation of daunorubicin 
(VYXEOS, CPX-351 cytarabine) is used to treat leukemia, and liposomal doxorubicin 
(Doxil, Caelyx) is used to treat various cancers (ovarian, breast, prostate cancer, meta-
static cancer or liver cancer), nab-paclitaxel is used to treat advanced NSCLC, etc. (An 
and Zhang 2017). Therefore, the selection of safe drug-carrying materials is the primary 
concern for the clinical application of nanoparticles.

HSA is currently one of the relatively safe materials that are widely used in the 
treatment of clinical diseases, such as spontaneous bacterial peritonitis with ascites, 
refractory ascites unresponsive to diuretics, large-volume paracentesis, post-punc-
ture syndrome symptoms, and as an adjuvant vasoconstrictor in the treatment of 
hepatorenal syndrome (Rozga et al. 2013; Decuzzi et al. 2021). In addition, HSA is 
also a multifunctional protein-carrier biomaterial (Maltas et  al. 2016). Due to its 
hydrophobic binding pocket, HSA is used for delivering endogenous and exogenous 
compounds. HSA can also bind and deliver hydrophobic drugs (Chatterjee et  al. 
2017; Pilati and Howard 2020). HSA is a component of human blood and a nonim-
munogenic endogenous protein. Albumin-based nanoparticles possess a certain level 
of biocompatibility (Lei et al. 2021) and are excellent nanomedicines in solid form. 
An example includes HSA as a lyoprotectant, which allows the dried nanoparticles 
to be resuspended immediately in the injection solvent to use for multifunctional 
bioimaging and drug delivery (An and Zhang 2017). Methotrexate–albumin conju-
gates, nab-bound prodrugs of doxorubicin, and nab-bound paclitaxel nanoparticles 
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have been clinically evaluated (Kratz 2008). Abraxane has been approved for treat-
ing metastatic breast cancer, NSCLC, and advanced (metastatic) pancreatic can-
cer (Hama et al. 2021). The mechanism of action of HSA in drug delivery involves 
interaction with the cell surface receptor gp60 (Sleep 2015). Generally, the methods 
for preparing albumin particles can be classified into desolvation (Arcocha-Torres 
et al. 2020; Langer et al. 2003), emulsification (Crisante et al. 2009), thermal gelation 
(Yu et  al. 2006), nano-spray drying (Lee et  al. 2011), and microfluidic self-assem-
bly techniques (Tan and Ho 2018; Elzoghby et  al. 2012). Studies have shown that 
MF-NPs-CTX prepared by microfluidic self-assembly has higher biosafety and bio-
compatibility than CTX-Tween (Sun et al. 2020). Albumin nanoparticles inhibit the 
growth of bladder tumor cells (Wang et al. 2021) by releasing doxorubicin in a con-
trolled manner (Yang et  al. 2020). Levetiracetam albumin nanoparticles can target 
the brain for treating epilepsy and increase drug concentration in the brain (Wil-
son et al. 2020), which can also be combined with intraperitoneal administration to 
improve efficacy (Sande et  al. 2020). Some studies reported that albumin could be 
loaded with cabazitaxel, and the subsequent slow release enhances the antitumor 
efficacy of the drug (Decuzzi et al. 2021; Zhou et al. 2016). CTX-HSA-NPs prepared 
by the salting out method (Qu et al. 2016) are non-cytotoxic to normal human der-
mal fibroblasts and do not hemolyze human erythrocytes. In contrast, folic acid-
modified CTX-HSA-NPs were more efficient in treating cervical cancer. These 
studies suggest that albumin is an excellent carrier for the delivery of cabazitaxel 
and can be used to treat several tumors (Chen et  al. 2021). The above cabazitaxel 
preparations have shown great antitumor efficacy against tumors without inducing 
drug resistance. Therefore, we hypothesized that cabazitaxel could exert its antitu-
mor benefits more effectively against paclitaxel/docetaxel-resistant tumors.

However, monotherapy is typically ineffective against drug-resistant tumors. 
Although chemotherapy has a strong tumor-killing effect, high dosages cannot be 
used for an extended period and thus is limited. Nucleic acid drugs such as siRNA 
to the target gene may encapsulated in lipid-based preparations such as ioniz-
able lipids. This encapsulation enables the delivery of siRNA to the target tissues 
and cells, where they silence target genes. The surface properties of nanoparticles 
are designed to facilitate endosomal escape. Therefore, this study combined tradi-
tional chemotherapy with nucleic acid drug therapy to treat drug-resistant tumors. 
This approach retained the strong advantage of traditional chemotherapy in killing 
tumor cells but reduced toxicity related to traditional chemotherapy by ensuring the 
drug was released gradually. TGFβ-1 has been implicated in the deployment of drug 
resistance of lung cancer. TGFβ-1-siRNAs were synthesized and encapsulated in 
LNP. This preparation targeted TGFβ-1 gene silencing.

In this study, TGFβ-1 siRNA LNP, and CTX-HSA-NPs were prepared and com-
bined to treat paclitaxel-resistant lung cancer. The gene-targeted silencing therapy 
and standard chemotherapy inhibited the expression of drug resistance-related 
proteins. This combination is a multi-channel and multi-target therapy for treating 
drug-resistant tumors. Overall, our preparation is an improvement of the traditional 
cabazitaxel therapy and is aimed at reducing the related toxicity (Fig. 1).
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Materials and methods
Materials

Intermittent shearing machine T25 easy clean was purchased from IKA Instrument 
Equipment Co., Ltd (Staufen, Germany). The freeze dryer SCIENTZ-12ND was pur-
chased from Ningbo SCIENTZ Freeze Drying Equipment Co., Ltd (Ningbo, China). 
Centrifuge 22331 Hamburg was purchased from Eppendorf (Germany). Homogenizer 
AHNANO was purchased from ATS Industrial Systems Co., Ltd (Canada). The low-
temperature cooling circulation pump DLSK-3/15 was purchased from Zhengzhou 
Ketai laboratory equipment Co., Ltd (Zhengzhou, China). Rotary evaporator RE-
201D was purchased from Hangzhou David Science and Education Instrument Co., 
Ltd (Hangzhou, China). The nanometer particle size potentiometer Nicomp Z3000 
was purchased from PSS particle sizer company (USA). TEM transmission electron 
microscope Tecnai 12 was purchased from Philips company (Holland). High-perfor-
mance liquid chromatography (1260 Infinity II) was purchased from Agilent Technol-
ogies (USA). PFP column 4.6 × 300 mm, 5 μm was purchased from Welch Technology 
Co., Ltd (Shanghai, China). The cell culture incubator FORMA STERI-CYCLE i160 
was purchased from Thermo (USA). INano L rapid nano-drug preparation system 
and microfluidic chip SHM were purchased from Micro & Nano Company (Shang-
hai, China). Ultrafiltration centrifuge tubes (macrosep, 100kD) were purchased from 

Fig. 1 CTX-HSA-NPs combined with TGFβ-1 siRNA LNP for the treatment of paclitaxel-resistant NSCLC. 
Cabazitaxel is a taxane antineoplastic agent that promotes the assembly of microtubule doublets into 
microtubules by binding to tubulin, while at the same time stabilizing microtubules by preventing their 
disassembly through the depolymerization process, thereby affecting mitotic and interphase cell function 
and inhibiting cancer cell proliferation. CTX-HSA-NPs were prepared by HSA loading of cabazitaxel. TGFβ-1 
siRNA LNP were prepared by microfluidic mixing of siRNA with 4 lipids (1,2-Dioctadecanoyl-sn-glycero-3-
phophocholine (DSPC), (6Z,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl 4-(dimethylamino) butanoate 
(DLin-MC3-DMA), 1,2-dimyristoyl-rac-glycero-3-carbonylaminomethyl-ω-methoxypolyethylene glycol-2000 
(PEG2000-c-DMG) and cholesterol). Combination of CTX-HSA-NPs and TGFβ-1 siRNA LNP in the treatment 
of paclitaxel-resistant NSCLC. TGFβ-1 siRNA LNP enters the cytoplasm and releases TGFβ-1 siRNA, which acts 
on the target TGFβ-1 mRNA and prevents the mRNA from being translated into protein. The expression level 
of TGFβ-1 is reduced and the growth of A549/T cells is inhibited. CTX-HSA-NPs is released from HSA after 
entering cells to kill A549/T cells
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Pall Corporation (USA). Spark microplate reader was purchased from Tecan (Swit-
zerland). The low-temperature high-speed centrifuge Micro17R was purchased 
from Thermo (USA). Electrophoresis instrument (1703930), electrophoresis tank 
(1703930), and membrane transfer instrument (1,703,930) were purchased from BIO-
RAD (USA).

Cabazitaxel was purchased from Sichuan Xieli Pharmaceutical Co., Ltd (Sichuan, 
China). Human Albumin (10 g, 20%, 50 ml/bottle) was purchased from Baxter (Vienna, 
Austria). TGFβ-1 siRNA: sense (5′-3′): aacgaaaucuaugacaaguuc, antisense (5′-3′): acu-
ugucauagauuucguugu was purchased from Shanghai Sangon Biotech (Shanghai, China). 
DSPC, DLin-MC3-DMA, PEG2000-c-DMG and cholesterol were purchased from 
Shanghai AVT Pharmaceutical Technology Co., Ltd (Shanghai, China). RiboGreen was 
purchased from Thermo (USA). Emulsifier OP was purchased from Sinopharm Chemi-
cal Reagent Co., Ltd. 1 × Tris–EDTA buffer was purchased from Beijing leaguene Bio-
tech Co., Ltd (Beijing, China). RNase-free water was purchased from Shanghai DingGuo 
Biotech Co., Ltd (Shanghai, China). 0.5 M DTT, protease inhibitors, PBST (10×) were 
purchased from Beyotime Biotechnology (Shanghai, China). BCA protein quantification 
kit and 180KDa protein marker were purchased from Vazyme Biotechnology Co., Ltd 
(Nanjing, China). 30% acylamide was purchased from Shanghai Sangon Biotech (Shang-
hai, China). 1.5 M Tris pH 8.8, 1.0 M Tris PH6.8, 10% sodium dodecyl sulfate (SDS) were 
purchased from Coolaber (Beijing, China). Polyvinylidene difluoride (PVDF) mem-
branes were purchased from Millipore (USA). TEMED was purchased from Aladdin 
(Shanghai, China). Special-grade fetal bovine serum, penicillin–streptomycin solution, 
and RPMI-1640 medium were purchased from Exell Biotechnology Co., Ltd (Shanghai, 
China). Trypsin cell digestion solution and ammonium persulfate were purchased from 
Genview (USA). Cell Counting Kit-8 (CCK-8) was purchased from Meilunbio (Dalian, 
China). Cell-grade dimethylsulfoxide (DMSO) was purchased from Solarbio Life Sci-
ences (Beijing, China).

Cell lines and laboratory animals

Human-derived NSCLC cell line A549 and the paclitaxel-resistant NSCLC cell line 
A549/T were purchased from Jiangsu KeyGEN Biotechnology Co., Ltd (Nanjing, China) 
and identified by Suzhou Genetic Testing Biotechnology Co., Ltd (Suzhou, China). A549 
and A549/T cell lines were cultured at 37 °C under 5%  CO2 in RPMI-1640 culture media 
supplemented with 1% penicillin–streptomycin solution (PS), and 10% fetal bovine 
serum (FBS).

BALB/c nude mice for the efficacy experiment were purchased from Shanghai 
Lingchang Biotechnology Co., Ltd (Shanghai, China). SPF grade ICR mice for acute 
toxicity experiments were purchased from Shanghai SLAC Laboratory Animal Co., Ltd 
(Shanghai, China).

CTX‑HSA‑NPs

Preparation of CTX‑HSA‑NPs HSA was dissolved in water as the aqueous phase, and 
cabazitaxel was dissolved in an organic solvent containing chloroform and ethanol (chlo-
roform/ethanol = 9/1) as the organic phase. CTX-HSA-NPs was prepared through the 
following 4 steps: ① the organic phase was injected into the aqueous phase and then 
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sheared at high speed to form colostrum; ② the colostrum was homogenized for 4 min at 
a pressure of 1500 bar by rapid cycling-cooling homogenization method; ③ the organic 
solvent was removed by desolvation method to obtain the CTX-HSA-NPs. ④ The CTX-
HSA-NPs were filtered with a 0.22-μm sterile filter. After determining their concentra-
tions by HPLC, the filtered CTX-HSA-NPs were added to vials and lyophilized to obtain 
a white powder. Three kinds of nanoparticles, CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1), 
and CTX-HSA-NPs (10:1), were prepared by adjusting the ratio of HSA/CTX. The three 
HSA/CTX ratios of CTX-HSA-NPs were used to study the delivery and in vivo efficacy 
of CTX.

To prepare CTX-Tween, 2.4 g of CTX was added to 31.2 ml of absolute ethanol, and 
the mixture was dissolved completely by ultrasonication. Thereafter, 62.4 g of Tween-
80 was added, and the solution was completely mixed by stirring at 300 rpm. The mix-
ture was then dispensed into sterile cillin bottles.

Characterization of CTX‑HSA‑NPs The particle size and Polydispersity Index (PDI) 
of CTX-HSA-NPs were determined by dynamic light scattering method (DLS, PSS 
Nicomp 380 Z3000 Zeta Potential and Nano particle Size meter, PSS, USA). For zeta-
potential detection, the CTX-HSA-NPs was dissolved in water and diluted with a 
buffer (pH 7.4). The size and morphology of CTX-HSA-NPs were detected by trans-
mission electron microscopy (TEM) and scanning electron microscopy (SEM).

Content detecting method of CTX‑HSA‑NPs High-performance liquid chromatogra-
phy (HPLC) was used to establish a method for detecting CTX-HSA-NPs. The mobile 
phase was sonicated ultrapure water containing 55% acetonitrile and 0.02% formic 
acid. The HPLC detection conditions were as follows: injection volume of 20 μl, UV 
detection wavelength of 230 nm, reference wavelength of (400 ± 100) nm, a flow rate 
of 1 ml/min, column temperature of 24 °C, detection time of 35 min (Agilent HPLC 
1260 Infinity II, California, USA). And chromatographic column used PFP column 
(4.6 × 300  mm, 5  μm) (Welch, Shanghai, China) containing PFP short pre-column 
(4.6 × 10 mm) (Welch, Shanghai, China).

The specificity and system applicability of the method for detecting the content 
of CTX in CTX-HSA-NPs: The samples (A: blank solvent isopropanol, B: Free-
HSA-NPs, C: CTX reference solution, D: CTX-HSA-NPs, E: CTX reference solu-
tion + CTX-HSA-NPs) were injected and detected. The chromatogram was recorded, 
the specificity was examined, and the number of theoretical plates and the degree of 
separation were calculated. The CTX reference solution and isopropanol were sam-
pled for detection, and a standard curve was established to evaluate drug residues.

Drug entrapment efficiency (EE) and drug loading (DL) of CTX‑HSA‑NPs The encap-
sulation efficiency (EE) of CTX-HSA-NPs was detected by 0.45-μm microfiltration. 
The lower layer of the microfiltration membrane was CTX-encapsulated, and the 
upper layer of the microfiltration membrane was free-CTX. CTX-HSA-NPs were fil-
tered using a 0.45  μm microfiltration membrane, and then the total CTX and free-
CTX content was determined by HPLC, and the encapsulation efficiency (EE) and total 
recovery of CTX-HSA-NPs was determined using the following formulae:
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The drug loading (DL) of CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1) and CTX-HSA-
NPs (10:1) were tested by HPLC. CTX-HSA-NPs lyophilized powder in a bottle was 
poured out, and the empty bottle was weighed. The weight of the empty bottle was 
recorded as  W0. The lyophilized powder of the CTX-HSA-NPs was then dissolved in 
water, and the CTX content  (W1) in the bottle was determined by HPLC. The DL of 
CTX-HSA-NPs was determined using the following formula:

The release rate of  CTX‑HSA‑NPs CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1), and 
CTX-HSA-NPs (10:1) (3  mg/vial) were dissolved in 5  ml of water. The solutions were 
placed in a dialysis bag, clamped, and immersed in 100 ml of dialysate (1% polysorbate 
80 and 2.5% ethanol in water). The CTX-HSA-NPs were mixed by magnetic stirring at 
37 °C, 300 r/min. Thereafter, 1 ml of samples was taken at 0, 0.5, 1, 2, 4, 6, 8, 10, 24, and 
30 h to detect the CTX-HSA-NPs content by HPLC (n = 3). Data were processed, and a 
corresponding curve was drawn using the DD Solver software. The release profiles of the 
three CTX-HSA-NPs were analyzed and compared by Chow and Ki’s Method.

Stability of  CTX‑HSA‑NPs CTX-HSA-NPs were dissolved in normal saline, and the 
particle size was detected at 0 h, 2 h, 4 h, 8 h, and 24 h (n = 3). The changes in the main 
parameters of particle size and size distribution within 24 h were observed. CTX-HSA-
NPs were dissolved in normal saline, and the particle sizes at days 1, 2, 8, 15, 24, and 
30 were determined. Changes in the particle size and distribution over 30  days were 
observed.

TGFβ‑1 siRNA LNP

Preparation of TGFβ‑1 siRNA LNP TGFβ-1 siRNA LNP was prepared using a microflu-
idic chip rapid nanofabrication system. The aqueous phase of acetic acid–sodium acetate 
buffer containing nucleic acid (siRNA) was mixed with the organic phase of ethanol solu-
tion containing 4 lipids (phospholipids, cholesterol, DLin-MC3-DMA  and  PEG2000-
c-DMG). Phospholipids are part of the phospholipid bilayer structure of nanoparticles 
and mediate endosomal escape (Kanasty et  al. 2013; Zuhorn et  al. 2005). Cholesterol 
enhances LNP stability and promotes LNP fusion with biofilms (Allen and Cullis 2013; Lu 
et al. 2009). At endosomal pH, the ionizable lipid DLin-MC3-DMA is positively charged, 
facilitating cytosolic delivery and nucleic acid loading (Maier et al. 2013; Semple et al. 
2010). The polyethylene glycol lipid PEG2000-c-DMG was used to prevent aggregation 
and increase the circulation time of the nanoparticles (Maier et al. 2013). DSPC was used 
as the phospholipid. DLin-MC3-DMA, DSPC, cholesterol and PEG2000-c-DMG were 
prepared in an appropriate ethanol solution at a molar ratio of 50:10:38.5:1.5. The TGFβ-1 
siRNA was dissolved in acetic acid–sodium acetate buffer. The microfluidic chip for the 

EE = (CTX-encapsulated)/(free-CTX + CTX-encapsulated) × 100%,

Total recovery = (Free-CTX + CTX-encapsulated)/(total-CTX) × 100%.

DL =W1/W0 × 100%.
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rapid nano-drug preparation system contained an organic phase and water, prepared at 
a ratio of 1:3. The total flow rate is 12 ml/min. Following ultrafiltration and centrifuga-
tion, the rapid nano-drug preparation system was diluted with water to a volume of 4 ml, 
filtered using a 0.22 μm filter.

Characterization of TGFβ‑1 siRNA LNP The particle size and PDI of TGFβ-1 siRNA 
LNP were determined by dynamic light scattering method (DLS, PSS Nicomp 380 Z3000 
Zeta Potential and Nano particle Size meter, PSS, USA). For zeta-potential detection, the 
TGFβ-1 siRNA LNP was dissolved in pH 6.0 and pH 7.4 buffers. The size and morphology 
of TGFβ-1 siRNA LNP were detected by TEM.

RiboGreen method for the content detection of TGFβ‑1 siRNA Briefly, 0, 20, 50, 100, 200, 
300, and 400 μl of the 2 μg/ml TGFβ-1siRNA solution were pipetted into separated tubes 
before adding 40 μl of 0.5% emulsifier OP. Thereafter, 960, 940, 910, 860, 760, 660, and 
560 μl of 1 × TE buffer was then added, followed by 1 ml of RiboGreen diluent (diluted 
200 times), to a final volume of 2 ml. The final TGFβ-1 siRNA solution concentrations 
were 0, 20, 50, 100, 200, 300, and 400 ng/ml. The relative fluorescence intensity was deter-
mined using a microplate reader, the excitation wavelength was 480 nm, and the emission 
wavelength was 530 nm. The standard curve regression equation was then calculated.

Content determination: TGFβ-1 siRNA depolymerization solution was prepared by 
adding 0.8 ml of 0.5% emulsifier OP to 0.1 ml of TGFβ-1 siRNA LNP. The solution was 
sonicated for 1 min before adding TE buffer to 10 ml of the solution. Meanwhile, 0.5 ml 
of 1 × TE buffer and 1 ml of RiboGreen diluent (diluted 200 times) were added to 0.5 ml 
of TGFβ-1 siRNA depolymerization solution. The solution was mixed well, and the flu-
orescence intensity was measured. The content of siRNA in the vector was calculated 
using the standard curve equation.

Drug entrapment efficiency (EE) of  TGFβ‑1 siRNA LNP Briefly, 0.3  ml of RNase-free 
water was added to 0.1  ml of TGFβ-1 siRNA LNP, mixed, and centrifuged at 2000×g 
for 30 min in a 300-KDa ultrafiltration centrifuge tube. The upper layer of the tube was 
washed with 8 ml of 1 × TE buffer, 0.8 ml of 0.5% emulsifier OP was then added, and the 
mixture was sonicated for 10 min. Thereafter, 1 × TE buffer was added to 10 ml of the 
solution and mixed well by shaking before adding 0.5 ml of 1 × TE buffer and 1 ml of 
RiboGreen dilution (diluted 200 times) to 0.5 ml of the mixture. The fluorescence inten-
sity was measured, and the concentration of encapsulated siRNA and total siRNA was 
calculated with reference to the standard curve equation. The EE of TGFβ-1 siRNA LNP 
was determined using the following formula:

EE =  Cencapsulated/Ctotal × 100%. (C encapsulated was the concentration of encapsulated 
siRNA, C total was the concentration of encapsulated siRNA.)

Cytotoxicity assay

Cytotoxicity assay of CTX‑HSA‑NPs The paclitaxel drug resistance index (RI) of A549/T 
cells was detected by the CCK-8 method, and the  IC50 of cabazitaxel API and CTX-HSA-
NPs was detected on A549/T cells. A549/T cells in the logarithmic growth phase were 
digested with trypsin for 2 min and centrifuged at 800 rpm for 5 min. The cell pellet was 
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resuspended in 1–2 ml of RPMI-1640 complete medium. The cells (100 μl) were then 
seeded in a 96-well culture plate (n = 5) at a density of 100  Å and incubated at 37  °C 
for 24 h under 5%  CO2. The culture medium was discarded after cell adherence. Drug-
containing culture medium (100 μl) was added to each well, and the cells were cultured 
at 37 °C for 48 h under 5%  CO2. 100 μl of CCK-8 solution (10%) was added to each well 
before incubation at 37 °C for 2 h in the dark. The absorbance was detected at 480 nm 
with a microplate reader. The cell viability and RI were calculated according to the fol-
lowing formulas:

Cell viability =  TOD/COD × 100%  (TOD was the average optical density (OD) of the 
treatment group, and  COD was the average OD of the control group.)

Statistical analysis was performed using GraphPad Prism software V.8.0.2

Cytotoxicity assay of CTX‑HSA‑NPs combined with TGFβ‑1 siRNA LNP The inhibition 
rate of A549/T cells was detected using CCK-8 method. The experiment was divided into 
four groups: ① TGFβ-1 siRNA LNP, ② CTX-HSA-NPs, ③ CTX-HSA-NPs + TGFβ-1 
siRNA LNP, and ④ NC siRNA LNP. The molar ratio of TGFβ-1 siRNA LNP to CTX-
HSA-NPs was fixed at 20:1, and the following concentrations were set: TGFβ-1 siRNA 
LNP solutions with concentrations of 0.42, 0.85, 1.69, 3.39, and 6.77 μg/ml and CTX-
HSA-NPs solutions with concentrations of 1.25, 2.5, 5, 10, and 20 ng/ml were used for 
the assay. The molar ratio of NC siRNA LNP and CTX-HSA-NPs was fixed as 18:1, and 
the concentration of NC siRNA LNP was set as the control group at 0.37, 0.74, 1.49, 
2.98, 5.95 μg/ml. The cells in the logarithmic growth phase were digested with trypsin, 
and a cell suspension of 3.5 ×  104 cells/ml was prepared. Then, 100 μl of cell suspension 
was added to each well of a 96-well cell culture plate and incubated at 37 °C and 5%  CO2 
for 24 h. After the cells adhered, the original culture medium was discarded and 100 μl 
of medium containing NC siRNA LNP, TGFβ-1 siRNA LNP, CTX-HSA-NPs, and CTX-
HSA-NPs + TGFβ-1 siRNA LNP was added to each well. The cells were then incubated 
a 37 °C and 5%  CO2 for 72 h. The CCK-8 method was used to detect and calculate the 
inhibition rate as follows:

RT‑qPCR detection of TGFβ‑1 siRNA interference efficiency

A549/T cells (1.2 ×  106 cells) were seeded in 6 cm cell culture dishes and incubated at 
37 °C and 5%  CO2 for 24 h and then cultured in fresh drug-containing medium. A549/T 
cells were co-incubated with 2 µg/ml NC siRNA LNP, 2 µg/ml TGFβ-1 siRNA LNP, 4 µg/
ml NC siRNA LNP and 4 µg/ml TGFβ-1 siRNA LNP for 72 h. Total RNA was extracted 
from A549/T cells using Cell/Tissue Total RNA Isolation Kit  V2 (KC112, Vazyme, Nan-
jing, China). About 1 μg of RNA was reverse transcribed into cDNA using HiScript® III 
All-in-one RT SuperMix Perfect for qPCR kit (R333-01, Nanjing, China). Use Taq Pro 

RI = IC50A549/T/IC50A549.

Inhibition rate (%)=
(

OD value of negative control group

−OD value of experimental group
)

/OD value of negative control group× 100%.
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Universal SYBR qPCR Master Mix kit (Q712, Nanjing, China) for qRT-PCR detection. 
The sequence information of primers used in qRT-PCR is shown in Table 1. The expres-
sion level of each gene was normalized to the expression level of β-actin. Three replicates 
were performed for each sample.

GraphPad Prism software V.8.0.2 was used for data analysis and t test was used to ana-
lyze differences between groups.

Western blot detection of TGFβ‑1 protein expression

A549/T cells (1.2 ×  106 cells) were seeded in 6 cm cell culture dishes and incubated at 
37 °C and 5%  CO2 for 24 h and then cultured in fresh drug-containing medium. A549/T 
cells were co-incubated with 4 μg/ml NC siRNA LNP or 4 μg/ml TGFβ-1 siRNA LNP for 
72 h. Treated cells were lysed, and the concentration of protein in samples was detected. 
Subsequently, 20  μg of protein was separated on 12% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis and then transferred onto PVDF membrane. After 1 h of 
blocking using 5% non-fat dry milk at 25 ℃, the membranes were exposed to TGFβ-1 
Antibody (Ab92486; Abcam, Cambridge, USA) and Anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibody (5174S, CST, Danvers, Massachusetts, USA) at dilu-
tion of 1:500 and 1:1000, respectively, for 12 h at 4 ℃. The membranes were then exposed 
to Anti-rabbit IgG (HRP-linked Antibody) (7074P2, CST, Danvers, Massachusetts, USA) 
and Anti-mouse IgG (HRP-linked Antibody) (7076P2, CST, Danvers, Massachusetts, 
USA) both at dilution of 1:5000 for 1  h at 25 ℃. Protein bands were visualized using 
NcmECL Ultra ultra-sensitive chemiluminescence kit (P10200B, New cell & Molecular, 
Suzhou, China), and scanned using Chemiluminescence instrument ChemiScope 6200 
(Clinx, Shanghai, China). ImageJ was applied to analyze the densities of protein bands.

GraphPad Prism software V.8.0.2 was used for data analysis and t test was used to ana-
lyze differences between groups.

Animal efficacy studies in vivo

In vivo efficacy study of TGFβ‑1 siRNA LNP Twenty-eight 4-week-old female BALB/c 
nude mice were divided into 4 groups with 7 mice in each group. A cultured suspension of 
paclitaxel-resistant NSCLC A549/T cells was collected at a concentration of 5 ×  107 cells/
ml and inoculated at a dosage of 0.1 ml into the right axilla of each nude mouse subcuta-
neously. Tumor growth was monitored by measuring the tumor size of nude mice. When 
tumors grew to about 120  mm3, animals were randomized into four groups (1) Control 
group, (2) 1 mg/kg NC siRNA LNP group, (3) 1.5 mg/kg CTX-Tween group, and (4) 1 mg/
kg TGFβ-1 siRNA LNP group). Tail vein administration was performed twice a week, 
and the body weight (BW) and tumor volume (TV) of each animal were recorded every 
two days and used to calculate relative tumor volume (RTV). After 25 days of continuous 
administration, the nude mice were killed immediately, and the tumor mass was surgi-

Table 1 Primer sequences

Gene Forward primer Reverse primer

Human-TGFβ-1 CTA ATG GTG GAA ACC CAC AACG TAT CGC CAG GAA TTG TTG CTG 

Human-β-Actin GGG AAA TCG TGC GTG ACA TTAAG TGT GTT GGC GTA CAG GTC TTTG 
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cally removed and weighed. Tumor weight measurements were used to calculate TIR. 
RTV, BW and TIR were calculated using the following formulas:

(1) TV (tumor volume) = 1/2 × a × b2. a is the length of the tumor, b was the width of 
the tumor.

(2) RTV (relative tumor volume) =  TVt/TV0.  TV0 was the tumor volume measured on 
the day of grouping, and  TVt was the tumor volume monitored three times a week.

(3) T/C (%) =  TRTV/CRTV × 100%.  TRTV was the RTV of the treatment group, and  CRTV 
was the RTV of the control group.

(4) TIR (%) = (1 −  TWt/TWc) × 100%.  TWt was the tumor weight of the treatment 
group, and  TWc was the tumor weight of the control group.

All values were expressed as mean ± standard deviation (SD). Data were analyzed 
using SPSS version 18.0 and One-way analysis of variance (ANOVA) test was used to 
evaluate differences between groups.

In vivo efficacy study of CTX‑HSA‑NPs combined with TGFβ‑1 siRNA LNP A549/T cell 
suspension was collected from sixty 4-week-old nude mice at a concentration of 2.0 ×  107 
cells and mixed with PBS and Matrigel at a ratio of 1:1. Then, 100 μl of the mixture was 
inoculated into each BALB/c nude mouse in the armpit, beginning when the tumor 
reached 180  mm3. According to TV, subcutaneous tumor-bearing nude mice of pacli-
taxel-resistant NSCLC were randomly divided into 10 groups, with 5 mice in each group. 
Groups included: (1) control group (physiological saline), (2) 10 mg/kg paclitaxel injec-
tion group, (3) 5 mg/kg CTX-Tween, (4) 10 mg/kg CTX-Tween, (5) 5 mg/kg CTX-HSA-
NPs (6:1), (6) 10 mg/kg CTX-HSA-NPs (6:1), (7) blank HSA preparation group, (8) 5 mg/
kg CTX-HSA-NPs (8:1) group, (9) 5 mg/kg CTX-HSA-NPs (10:1) group, and (10) 5 mg/
kg CTX-HSA-NPs (6:1) + 1 mg/kg TGFβ-1 siRNA LNP group. All tumor-bearing mice 
were administered six times within 24 days. BW and TV of each animal were recorded 
three times a week to use draw the BW change curve and the relative tumor growth curve. 
On the 25th day, all mice were killed to remove tumors and organs. The removed tumor 
mass was weighed for calculation of TIR. Tumors, heart, liver, spleen, lung, kidney, and 
stomach organs were fixed in 10% neutral buffered formalin, then paraffin-embedded and 
sectioned. The tumor tissue sections and the heart, liver, spleen, lung, kidney, and stom-
ach tissue sections were stained with HE to analyze the size of tumor tissue necrosis and 
drug toxicity to organs. The expression of P-gp and TGFβ-1 in tumor tissue sections was 
detected using immunohistochemistry.

Tissue distribution of CTX‑HSA‑NPs in tumor‑bearing nude mice

Six 4-week-old female BALB/c nude mice were divided into 2 groups with 3 mice in each 
group. Each nude mouse was subcutaneously inoculated in the right axilla with 0.1 ml 
of cultured human NSCLC cell A549/T cell suspension with a concentration of 5 ×  107 
cells/ml. The administration was initiated when the tumor reached 150–200  mm3. 
Nude mice were divided into two groups: (1) Cypate-CTX-HSA-NPs and (2) Cypate-
CTX-Tween with cypate fluorescence administered at a dose of 0.4  mg/kg. Tail vein 
injection was administered once, and at 0, 1, 2, 4, 8, and 24 h. Mice were placed in the 
small animal in vivo three-dimensional imaging system In vivo imaging system (IVIS)® 
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Spectrum (PerkinElmer, USA) to observe their fluorescence distribution. After 24 h, the 
mice were anesthetized and killed, and the tumor, heart, liver, spleen, lung, kidney, and 
stomach were harvested and placed in the small animal in vivo three-dimensional imag-
ing system IVIS® Spectrum (PerkinElmer, USA) to observe the fluorescence distribution 
in the isolated organs. Excitation and emission wavelengths were 783 nm and 815 nm, 
respectively.

Acute toxicity test of CTX‑HSA‑NPs

In total, 120 female ICR mice aged 3–5 weeks weighing 18–22 g were divided into 12 
groups, with 10 mice in each group. CTX-Tween was diluted with normal saline and 
injected into the tail vein of ICR mice (n = 10) at doses of 51.16, 56.21, 61.76, 67.85, 
74.55, and 81.91 mg/kg. The mice were observed for more than 14 days or until no death 
of the mice occurred. All abnormal conditions and deaths of the mice were recorded. 
CTX-HSA-NPs were injected into ICR mice (n = 10) once through the tail vein at doses 
of 122.50, 137.03, 153.28, 171.46, 191.80 and 214.55 mg/kg. The mice were observed for 
abnormal weight loss for 14–28 days. All abnormal conditions and deaths of the mice 
were recorded. Mice that died during the observation period and the mice at the end of 
the experiment were dissected and their organs such as the heart, liver, spleen, lung, kid-
ney, and stomach were fixed and preserved with 10% formalin. Histopathological exami-
nation of histological sections was performed with hematoxylin and eosin (HE) staining. 
The 50% Lethal Dose  (LD50) of the two groups was calculated using Lanzhou  LD50 calcu-
lation software.

Statistical analysis

SPSS 18.0 software was used for analysis of in vivo efficacy data. All other experimen-
tal data were analyzed using GraphPad Prism software V.8.0.2. Data were expressed 
as mean ± SD. Experimental data were analyzed using two-tailed Student’s t test and 
ANOVA were used for comparisons between two groups and among multiple groups, 
respectively. Statistical difference was defined as significant at *P < 0.05 and highly sig-
nificant at **P < 0.01.

Results
CTX‑HSA‑NPs

Preparation and characterization of CTX‑HSA‑NPs

CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1), and CTX-HSA-NPs (10:1) are white translu-
cent liquids, which form a white solid lyophilized powder after freeze-drying. The posi-
tive control (CTX-Tween) was a light yellow slightly viscous liquid whereas the blank 
control (Free-CTX-NPs) was a white translucent liquid, which was freeze-dried to form 
a white solid lyophilized powder (Fig.  2C). The particle size, PDI, zeta-potential and 
electron microscope characterization of CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1), and 
CTX-HSA-NPs (10:1) are shown in Fig.  2A, B and Table  2. The results indicated that 
three HSA/CTX ratios of CTX-HSA-NPs had small particle sizes of less than 120 nm 
and uniform distribution. The three HSA/CTX ratios of CTX-HSA-NPs exhibited stable 
zeta-potentials in buffer at pH 7.4 (Fig. 2A and Table 2). The results of transmission elec-
tron microscopy showed no difference in morphology and appearance of CTX-HSA-NPs 



Page 15 of 34Tan et al. Cancer Nanotechnology           (2023) 14:70  

Fig. 2 Preparation and Characterization of CTX-HSA-NPs. A Particle sizes of CTX-HSA-NPs (6∶1), CTX-HSA-NPs 
(8∶1) and CTX-HSA-NPs (10∶1). B The TEM and SEM images of CTX-HSA-NPs (6∶1), CTX-HSA-NPs (8∶1) 
and CTX-HSA-NPs (10∶1). C Sample of CTX-Tween; Samples of CTX-HSA-NPs (6∶1), CTX-HSA-NPs (8∶1) 
and CTX-HSA-NPs (10∶1) lyophilized powder (C 2,3,4); Sample of CTX-HSA-NPs (6∶1), CTX-HSA-NPs (8∶1) 
and CTX-HSA-NPs (10∶1) liquid preparations (C 5,6,7). D In vitro release curves of CTX-HSA-NPs (6∶1), 
CTX-HSA-NPs (8∶1) and CTX-HSA-NPs (10∶1). E: The stability of CTX-HSA-NPs lyophilized powder at 25 °C for 
24 days after dissolving in normal saline

Table 2 Particle size and zeta-potential of CTX-HSA-NPs (n = 3)

Sample Size (nm) PDI Zeta‑potential (mV)

CTX-HSA-NPs (6∶1) 104.50 ± 0.62 0.04 ± 0.00 0.18 ± 0.09

CTX-HSA-NPs (8∶1) 121.87 ± 4.91 0.28 ± 0.14 0.10 ± 0.05

CTX-HSA-NPs (10∶1) 123.37 ± 1.94 0.15 ± 0.04 0.10 ± 0.12
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under different fields of view. In all fields of view, CTX-HSA-NPs was oval, uniformly 
dispersed, and similar in size, with particle sizes ranging from 50 to 100 nm (Fig. 2B). 
This shows that the prepared nanoparticles had smaller particle size and more uniform 
distribution.

Content detection of CTX in CTX‑HSA‑NPs

The retention time, theoretical plate, and separation degree of the CTX reference sub-
stance and CTX-HSA-NPs is about 13.4 min, greater than 8000, and greater than 1.5, 
respectively. The chromatogram is shown in Fig. 3. The blank solvent isopropanol and 
Free-HSA-NPs excipients did not interfere with the detection of CTX, as the speci-
ficity and system applicability of the CTX content detection method established by 
CTX-HSA-NPs were good. The standard curve results showed that the CTX reference 
solution was linear in the concentration range of 0.61–30.40 μg/ml. The regression equa-
tion was y = 23.5583x, r = 0.99996, and accuracy was 85–115%. After injection and anal-
ysis of high-concentration samples, the peak area of the blank solution was less than 20% 
of the lower limit of quantification, with no residual effect.

Drug entrapment efficiency (EE) and drug loading (DL) of CTX‑HSA‑NPs

The encapsulation efficiency results showed that the average encapsulation efficiency 
of CTX-HSA-NPs was 96.82 ± 0.20%, and average total recovery of CTX-HSA-NPs was 
100.55 ± 4.19%.

Fig. 3 Detection of CTX-HSA-NPs content. A The chromatogram of CTX-HSA-NPs obtained through HPLC. 
(Sample A is isopropanol, sample B is blank albumin nanoparticles, sample C is cabazitaxel reference solution, 
sample D is cabazitaxel albumin nanoparticles, E sample is cabazitaxel reference solution + cabazitaxel 
albumin nanoparticles). B The regression equation of CTX-HSA-NPs

Table 3 DL of CTX-HSA-NPs

Sample No W1 (mg) W0 (mg) DL (%) Mean DL (%)

CTX-HSA-NPs (6∶1) 1 41.983 355.6 11.81% (11.96 ± 0.14)%

2 42.182 349.0 12.09%

3 42.145 351.7 11.98%

CTX-HSA-NPs (8∶1) 1 2.755 35.75 7.71% (7.22 ± 0.35)%

2 2.469 35.11 7.03%

3 2.354 32.61 7.22%

CTX-HSA-NPs (10∶1) 1 2.640 47.03 5.61% (5.57 ± 0.02)%

2 2.473 44.37 5.57%

3 2.613 46.88 5.57%
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Since the ratio of HSA/CTX may have some influence on the drug loading (DL), DL of 
CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1) and CTX-HSA-NPs (10:1) were tested in this 
study. The results indicated that the ratio of HSA/CTX had an effect on drug loading. 
Among the three HSA/CTX ratios, CTX-HSA-NPs (6:1) had the highest drug loading 
(Table 3). In addition, within a certain range, less HSA could load more CTX, reducing 
the carrier ratio, which is beneficial to increase the drug loading.

Fraction dissolved (F%) of CTX‑HSA‑NPs

The results of the dialysis experiments for fraction dissolved (F%) and detected 
release curves of CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1) and CTX-HSA-NPs 
(10:1) in  vitro are shown in Table  4 and Fig.  2D. The results show that the release 
curves of CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1), and CTX-HSA-NPs (10:1) con-
form to the Weibull equations: F = 98.325 × {1 − Exp[−((t + 0.552)^1.553)/22.955]}, 
r = 0.9975; F = 96.076 × {1 − Exp[−((t − 0.098)^1.077)/8.141]}, r = 0.9983; and 
F = 90.508 × {1 − Exp[−((t − 0.021)^0.858)/7.430]}, r = 0.9951, respectively. The results 
showed that CTX-HSA-NPs (6:1) was basically released within 24 h, and had a sustained 
release effect. CTX-HSA-NPs (8:1) was also released within 24 h but the release rate was 
slightly slower than that of CTX-HSA-NPs (6:1). Compared with CTX-HSA-NPs (8:1) 
and CTX-HSA-NPs (6:1), CTX-HSA-NPs (10:1) released CTX at the slower rate. This 
shows that the ratio of HSA/CTX significantly influences the release of CTX.

The release profiles of CTX-HSA-NPs (6:1), CTX-HSA-NPs (8:1), and CTX-HSA-NPs 
(10:1) were shown to be similar using Chow and Ki’s Method Spend. Statistical analysis 
was carried out on the release data, and the similarity equivalence limits of the three 
curves were analyzed to evaluate whether the curves were similar. The results showed 
that the release profile of CTX-HSA-NPs (6:1) was similar to that of CTX-HSA-NPs 
(8:1) but dissimilar to that of CTX-HSA-NPs (10:1). The release profiles of CTX-HSA-
NPs (8:1) and CTX-HSA-NPs (10:1) were not similar.

The results of release curve analysis showed that the release of CTX was slower in 
CTX-HSA-NPs (10:1) compared with CTX-HSA-NPs (6:1) and CTX-HSA-NPs (8:1). 
This result shows that the ratio of HSA/CTX has an effect on the release of nanoparticles, 

Table 4 CTX-HSA-NPs Mean F%

Time (h) CTX‑HSA‑NPs (6:1) CTX‑HSA‑NPs (8:1) CTX‑HSA‑NPs (10:1)

0 0.00% ± 0.00% 0.00% ± 0.00% 0.00% ± 0.00%

0.5 5.32% ± 1.20% 4.67% ± 0.19% 7.43% ± 0.59%

1 11.00% ± 1.05% 11.17% ± 0.83% 12.32% ± 1.54%

2 21.97% ± 1.84% 21.01% ± 1.06% 21.28% ± 1.92%

4 42.61% ± 3.54% 41.23% ± 2.74% 35.44% ± 2.98%

6 59.76% ± 6.00% 57.17% ± 6.90% 45.61% ± 2.86%

8 78.74% ± 8.41% 67.99% ± 10.64% 54.19% ± 1.82%

10 84.63% ± 6.30% 74.23% ± 12.08% 60.50% ± 3.05%

24 97.71% ± 0.86% 93.51% ± 13.36% 81.46% ± 11.14%

30 98.13% ± 1.21% 95.77% ± 14.06% 84.25% ± 11.56%
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and the in vitro release of the drug is closely related to the drug’s efficacy. Therefore, in 
a follow-up study, we investigated the effect of HSA/CTX ratio on the efficacy of CTX.

Stability of CTX‑HSA‑NPs

After reconstitution of CTX-HSA-NPs lyophilized powder for injection, the solution 
was stored at 25 ℃ for 8 h, 24 h, and 24 days. No significant change was observed in 
particle size and PDI, and the solution was stable at about 100 nm. These results show 
that the prepared CTX-HSA-NPs lyophilized powder for injection has a stable particle 
size within 24 days of storage at 25 ℃ after reconstitution, and has good reconstitution 
stability (Fig. 2E and Table 5). Thus, lyophilized powder can be efficiently reconstituted 
within 24 days of storage at 25 ℃ before intravenous injection without affecting the sta-
bility of the size of the nanoparticles (Table 5).

TGFβ‑1 siRNA LNP

Preparation and characterization of TGFβ‑1 siRNA LNP

Prepared TGFβ-1 siRNA LNP and NC siRNA LNP are clarity and transparency liquids. 
The average particle size of TGFβ-1 siRNA LNP was 48.1 ± 0.9  nm, with an average 
particle size deviation of 36.0 ± 1.2 nm, and average PDI of 0.561 ± 0.017 (Fig. 4A). The 
surface charge of nanoparticles is crucial for the absorption, distribution, and effect of 
nanoparticles (Awasthi et  al. 2018). PH 6.0 buffer simulates endosome/lysosome envi-
ronment with lower pH, whereas pH 7.4 buffer simulates the blood circulation environ-
ment in vivo. The mean zeta-potential of TGFβ-1 siRNA LNPs was 2.97 ± 0.23 mV in 
pH 6.0 buffer and − 1.47 ± 0.11 mV in pH 7.4 buffer (Fig. 4B). TGFβ-1 siRNA LNP has 
a weak negative charge at pH 7.4, thus it can exist more stably in the blood circulation 
with less side effects. In addition, it is well known that most nanoparticles enter cells 
through the endosome–lysosome pathway, and the endosome acidic environment is pH 
4.5–7.0 (Han et al. 2020). Most nanoparticles are difficult to release into the cytoplasm 
after entering endosomes or lysosomes, and macromolecular drugs are easily inactivated 
in the presence of acidic environment and enzymes. Cytoplasmic translocation requires 
endosomal escape after cellular internalization which is generally achieved if the mol-
ecule of interest is either cationic or has charge reversal properties (Sun et  al. 2023). 
This study showed that the charge of LNP reversed from negative to positive at pH 6.0, 

Table 5 Stability of CTX-HSA-NPs

Time Particle size (nm) PDI 5% particle < (nm) 90% particle < (nm) 99% particle < (nm)

0 h 108.8 ± 0.9 0.072 ± 0.009 68.4 ± 1.8 150.5 ± 3.5 198.0 ± 7.6

2 h 111.2 ± 4.8 0.085 ± 0.012 67.2 ± 4.1 157.7 ± 7.1 212.3 ± 12.0

4 h 102.6 ± 2.7 0.038 ± 0.054 79.0 ± 16.4 126.2 ± 24.8 152.6 ± 53.4

8 h 107.7 ± 2.4 0.080 ± 0.028 66.4 ± 7.0 150.9 ± 5.3 201.4 ± 16.8

24 h 111.3 ± 2.4 0.055 ± 0.032 75.3 ± 8.7 147.3 ± 11.0 187.2 ± 26.3

48 h 111.3 ± 3.1 0.120 ± 0.054 61.5 ± 7.0 167.4 ± 18.9 238.3 ± 45.6

8 days 112.6 ± 4.6 0.125 ± 0.036 60.7 ± 4.4 171.3 ± 14.9 245.9 ± 33.5

15 days 118.0 ± 8.6 0.161 ± 0.036 58.5 ± 9.2 188.4 ± 6.8 282.3 ± 13.1

24 days 121.7 ± 0.9 0.156 ± 0.041 60.9 ± 5.8 193.5 ± 10.6 288.7 ± 30.5

30 days 221.1 ± 63.0 0.676 ± 0.197 51.4 ± 20.2 525.8 ± 138.8 1120.8 ± 307.8
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indicating that LNP had a charge reversal property that can cause endosomal escape. 
Transmission electron microscopy and scanning electron microscopy showed that most 
of the particles were about 50–100 nm in diameter (Fig. 4C).

Detection of TGFβ‑1 siRNA LNP content

The standard curve determined by the microplate reader showed that the TGFβ-1 siRNA 
reference solution was linear in the range of 0 to 400 ng/ml, and the regression equation 
was y = 111.68x + 357.57, r = 0.9999.

Fig. 4 Preparation and Characterization of TGFβ-1 siRNA LNP. A Particle size of TGFβ-1 siRNA LNP. B Average 
zeta-potential of TGFβ-1 siRNA LNP in pH 6.0 and pH 7.4 buffers. C TEM images of TGFβ-1 siRNA LNP. D 
Sample of NC siRNA LNP and TGFβ-1 siRNA LNP. E  IC50 of cabazitaxel API and CTX-HSA-NPs on A549/T cells. F 
Combined inhibitory effect of CTX-HSA-NPs combined with TGFβ-1 siRNA LNP on A549/T cells. G Cytotoxicity 
of cabazitaxel API and CTX-HSA-NPs on A549/T cells. H The paclitaxel RI of A549/T cells
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Drug entrapment efficiency of TGFβ‑1 siRNA LNP

Three concentrations of TGFβ-1 siRNA LNP were detected: 55.59, 57.12, and 57.86 μg/
ml, averaging 56.86 ± 1.6 μg/ml. The average encapsulation efficiency of TGFβ-1 siRNA 
LNP samples (n = 3) was 97.05 ± 1.12%.

Cytotoxicity assay

Cytotoxicity assay of CTX‑HSA‑NPs

The  IC50 of paclitaxel measured with CCK-8 method was 11.33 ng/ml for A549 cells and 
380.6 ng/ml for A549/T cells, and the drug RI was 33.6 (Fig. 4H, **P < 0.01). The in vitro 
cytotoxicity of CTX preparations detected using CCK-8 method showed that the  IC50 of 
CTX crude drug and CTX-HSA-NPs on A549/T cells was 17.74 ng/ml and 5.442 ng/ml, 
respectively (Fig. 4G). The  IC50 of cabazitaxel API on A549/T cells was 12.67, 13.73, and 
17.74 ng/ml, averaging 14.71 ± 2.67 ng/ml. The  IC50 of CTX-HSA-NPs on A549/T cells 
were 8.16, 7.159, and 5.44 ng/ml, averaging 6.92 ± 1.38 ng/ml (Fig. 4E). The  IC50 of CTX-
HSA-NPs on A549/T cells was significantly lower than that of CTX API (*P < 0.05). The 
results showed that at the cellular level, CTX-HSA-NPs had a more significant inhibi-
tory effect on the proliferation of A549/T cells than cabazitaxel API in vitro.

Cytotoxicity assay of CTX‑HSA‑NPs combined with TGFβ‑1 siRNA LNP

The inhibition rate of CTX-HSA-NPs combined with TGFβ-1 siRNA LNP on A549/T 
cells was detected using CCK-8 method. The results showed that CTX-HSA-NPs and 
TGFβ-1 siRNA LNP and other preparations inhibited A549/T cells proliferation. The 
inhibitory effect of NC siRNA LNP on A549/T cells was dose-dependent, which may 
be due to the cation in the preparation. At medium and low concentrations, compared 
with NC siRNA LNP, TGFβ-1 siRNA LNP had significant higher inhibitory effect. It 
achieved an inhibition rate of 43.30% at a concentration of 6.77 μg/ml. Compared with 
CTX-HSA-NPs and TGFβ-1 siRNA LNP alone, the combined application of CTX-HSA-
NPs and TGFβ-1 siRNA LNP exerted significantly higher inhibition on A549/T cells, 
with the inhibition rate significantly improved when combined with low and medium 
concentrations. This suggested that the combined drug had a synergistic effect. The 
cumulative value also showed a significant difference (**P < 0.01) (Fig.  4F). Synergistic 
effects of the two drugs are common, such as a study in which TGFβRI inhibitor galuni-
sertib (LY2157299) sensitized multiple B-NHL cells to doxorubicin and synergistically 
increased apoptosis, as well as up-regulation of p-P38 MAPK and inhibition of TGF-β/
Smad2/3 and PI3K/AKT signaling pathways (Rej et al. 2023). Studies have shown that 
TGFβ-1 induces EMT in NSCLC (Ding et al. 2020), and TGF-β signaling pathway activ-
ity correlated positively with other cancer-relevant pathways, including EMT, breast 
reactive, RAS/MAPK, and RTK pathways (Korkut et  al. 2018). When TGFβ-1 acts as 
a cancer promoting factor, it promotes the proliferation, migration and EMT of tumor 
cells by activating other signaling pathways, signaling molecules or microRNAs, such 
as the NF-κB signaling pathway and miR-133b (Skeen et  al. 2013; Wang et  al. 2021). 
Cabazitaxel is known to inhibit cancer cell proliferation by stabilizing microtubules 
and then affecting cell cycle mitosis (Villanueva et  al. 2011). In addition, cabazitaxel 
has been shown to inhibit the proliferation, promote apoptosis and radiosensitivity of 
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castration-resistant prostate cancer cells by inhibiting the PI3K/AKT pathway (Rej et al. 
2023; Xu et al. 2022). In this study, cabazitaxel and TGFβ-1 siRNA LNP were found to 
have a synergistic inhibitory effect on cytotoxicity. We speculate that these two drugs 
exert the inhibitory effect on cell proliferation simultaneously through multiple targets 
of different mechanisms, and the best therapeutic effect is achieved by preventing cell 
mitosis as well as inhibiting TGFβ1-mediated EMT and proliferation. Through the dif-
ferent pathways and mechanisms mentioned above, they exert a network synergistic 
pharmacological effect, thereby enhancing the tumor inhibitory effect.

RT‑qPCR detection of TGFβ‑1 siRNA interference efficiency

The results of RT-qPCR showed that at the doses of 2 μg/ml and 4 μg/ml, compared 
with the NC group, the expression level of TGFβ‑1 gene in A549/T cells was signifi-
cantly lower after TGFβ-1 siRNA LNP administration (****P < 0.0001) (Fig.  5A). This 
demonstrated that TGFβ-1 siRNA LNP could effectively silence the TGFβ‑1 gene in 
A549/T cells in vitro.

Western blot detection of TGFβ‑1 protein expression

Western blot results showed that compared with the NC group, the expression level 
of TGFβ-1 protein in A549/T cells was significantly lower after TGFβ-1 siRNA LNP 

Fig. 5 RT-qPCR and Western blot detection results. A TGFβ-1 siRNA LNP silencing of the TGFβ-1 gene in 
A549/T cells. B Protein bands of TGFβ-1 protein expression in A549/T cells. C TGFβ-1 siRNA LNP reduced the 
TGFβ-1 protein expression in A549/T cells. (n = 3)

Fig. 6 In vivo efficacy of TGFβ-1 siRNA LNP. A Tumor tissue after TGFβ-1 siRNA LNP treatment. B Relative 
tumor growth volume of TGFβ-1 siRNA LNP and CTX-Tween. C TIR of TGFβ-1 siRNA LNP and CTX-Tween. 
(n = 7)
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administration in vitro (***P < 0.001) (Fig. 5B and C). This demonstrated that TGFβ-1 
siRNA LNP could down-regulate TGFβ-1 protein in A549/T cells.

Animal efficacy studies in vivo

In vivo efficacy study of TGFβ‑1 siRNA LNP

In vivo efficacy experiments of TGFβ-1 siRNA LNP showed that compared with NC 
siRNA LNP and the control group, both TGFβ-1 siRNA LNP and CTX-Tween signifi-
cantly inhibited tumor growth (**P < 0.01). There was no significant difference between 
NC siRNA LNP and the control group (ns, P > 0.05). The TIR of TGFβ-1 siRNA LNP 
was not significantly different from that of CTX-Tween group (ns, P > 0.05). The results 
showed that siRNA LNP preparation alone had no effect on the efficacy, and 1 mg/kg 
TGFβ-1 siRNA LNP showed similar efficacy as 1.5 mg/kg CTX-Tween (Fig. 6A–C).

Fig. 7 In vivo efficacy of CTX-HSA-NPs combined with TGFβ-1 siRNA LNP. A TIR after CTX preparation 
and TGFβ-1 siRNA LNP treatment. B Tumor tissue treated with CTX preparation and TGFβ-1 siRNA LNP. C 
Growth curve of mice treated with prepared CTX and TGFβ-1 siRNA LNP. D RTV after treatment with CTX 
and TGFβ-1 siRNA LNP (n = 5). (To improve the clarity of RTV, the D are divided into D1, D2 and D3). D1 RTV 
of CTX-HSA-NPs and CTX-Tween at doses of 5 mg/kg and 10 mg/kg. D2 The RTV of TGFβ-1 siRNA LNP and 
CTX-HSA-NPs combined group and CTX-HSA-NPs and CTX-Tween single group. D3 RTV of CTX-HSA-NPs with 
different HSA/CTX ratios. (ns, P > 0.05, *P < 0.05, **P < 0.01) (n = 5)
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In vivo efficacy study of CTX‑HSA‑NPs combined with TGFβ‑1 siRNA LNP

Tumor growth of in vivo efficacy study Tumor-bearing mice in all groups were adminis-
tered six doses until day 24 of the study. All mice were killed on the 25th day, and tumor 
tissues were removed. Removed tumors in all groups of tumor-bearing mice are shown in 
Fig. 7B. RTV results showed that compared with the control group, the 10 mg/kg pacli-
taxel group inhibited tumor growth (*P < 0.05), but its efficacy was poor, indicating that 
the nude mouse model was resistant to paclitaxel (Fig. 7D). TIR results showed that each 
administration group of CTX had significant tumor inhibition effect (**P < 0.01) (Fig. 7A). 
Detailed TIR analysis results are presented in Additional file  1: Table  S1. In addition, 
compared with 5  mg/kg CTX-Tween, the TIR of the combined application group of 
5 mg/kg CTX-HSA-NPs (6:1) + 1 mg/kg TGFβ-1 siRNA LNP was 21% higher (**p < 0.01) 
(Fig. 7A). These results show that the combined effect of the two drugs is significant. In 
addition, at a dose of 5 mg/kg, compared with CTX-Tween, the TIR of CTX-HSA-NPs 
(6:1) and CTX-HSA-NPs (8:1) was higher (**P < 0.01), indicating that at both concentra-
tion ratios, CTX-HSA-NPs was more effective than CTX-Tween (Fig. 7A). At the dose of 
5 mg/kg, the efficacy of CTX-HSA-NPs (6:1) and CTX-HSA-NPs (8:1) was significantly 
higher than that of CTX-HSA-NPs (10:1) (**P < 0.01) (Fig. 7A). Among the three HSA/
CTX ratios, CTX-HSA-NPs (8:1) had the highest antitumor efficacy.

The RTV results showed that CTX-HSA-NPs + TGFβ-1  siRNA  LNP combination 
group had a stronger inhibitory effect on tumor growth than 5 mg/kg CTX-HSA-NPs 
(6:1) group (*P < 0.05), and 5 mg/kg CTX-Tween group (**P < 0.01) (Fig. 7D3). However, 
there was no significant difference between the 5 mg/kg and 10 mg/kg dose groups of 
CTX-Tween and CTX-HSA-NPs (6:1) (ns, P > 0.05) (Fig. 7D1). Further, the three HSA/
CTX ratios of CTX-HSA-NPs showed no significant difference in RTV (Fig. 7D2), indi-
cating that the combination of CTX-HSA-NPs and TGFβ-1  siRNA  LNP can enhance 
the antitumor efficacy of paclitaxel-resistant NSCLC mouse model, which showed some 
resistance to cabazitaxel.

The results of the growth and BW change curve of tumor-bearing mice showed that 
compared with the control group, the BW of the paclitaxel group and the CTX prepara-
tion group was lower (**P < 0.01), whereas the BW of free-HSA-NPs was close to that 
of the control group (ns, P > 0.05) (Fig. 7C). HSA showed no obvious toxicity as a drug-
carrying material. In the CTX preparation group, the CTX-HSA-NPs (8:1) group mice 
lost less weight, indicating that the ratio of HSA/CTX (8:1) was a good curative and safer 
ratio (Fig. 7C).

In conclusion, according to TIR results, compared with traditional CTX-Tween, CTX-
HSA-NPs (8:1) had the best curative effect at the same dosage, and the curative effect 
was dependent on HSA/CTX ratio in CTX-HSA-NPs. The efficacy of 5  mg/kg CTX-
HSA-NPs (6:1) combined with 1  mg/kg TGFβ-1 siRNA LNP was significantly higher 
than that of CTX-Tween or CTX-HSA-NPs alone.

H&E staining results of  in  vivo efficacy study The pathological section of the tumor 
after treatment is shown in Fig. 8. Pathological analysis revealed the following results. 
In the control group, no inflammatory cell infiltration and hemorrhage were found in 
the tumor tissue, and there was no new blood vessel in the interstitium. There were 1/3 
necrotic areas in the tumors of Taxol 10  mg/kg group and Free-HSA-NPs group. The 
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CTX-Tween administration groups, CTX-HSA-NPs administration groups and CTX-
HSA-NPs + TGFβ-1 siRNA LNP combined administration group all had obvious apop-
totic cells, central necrosis, and inflammatory cell infiltration. At a dose of 5 mg/kg, the 
necrotic area of CTX-Tween accounted for 1/2–2/3 of the total area, and the necrotic 
area of CTX-HSA-NPs (6:1) 5 mg/kg group was greater than 2/3 of the total area, the area 
of necrosis in the CTX-HSA-NPs (6:1) 5 mg/kg + TGFβ-1 siRNA LNP 1 mg/kg group 
was greater than 3/4 of the total area. It can be concluded that the area of tumor necrosis 
in the CTX-HSA-NPs (6:1) administration group was larger than that of CTX-Tween, 
and the tumor necrosis area of CTX-HSA-NPs (6:1) combined with TGFβ-1 siRNA LNP 
administration group was larger than that of CTX-Tween or CTX-HSA-NPs (6:1) admin-
istration group at a dose of 5 mg/kg.

The results of pathological analysis of heart, liver, spleen, lung, kidney, and stomach 
organs showed that all the drugs had no obvious damage to the spleen. In the paclitaxel 
administration group, the heart, liver, lung, kidney, and stomach all had degeneration, 
congestion, and inflammatory cell infiltration. Compared with the paclitaxel administra-
tion group, the degeneration, congestion and inflammatory cell infiltration in the CTX-
HSA-NPs (6:1) group and the CTX-HSA-NPs (6:1) combined with TGFβ-1 siRNA LNP 
administration group were alleviated.

Immunohistochemistry of in vivo efficacy study Because paclitaxel-resistant non-small 
cell lung cancer has developed drug resistance, and P-gp is related to drug resistance, in 
order to compare the expression levels of P-gp in tumor tissues after treatment in dif-
ferent drug groups, the expression of P-gp in all groups was detected by immunohisto-
chemistry. The main mechanism of TGFβ-1 siRNA LNP administration group to inhibit 
tumor growth is to silence TGFβ-1 and reduce the expression of TGFβ-1 protein. In order 
to compare the difference between the combination therapy and the two preparations of 

Fig. 8 Pathological sections of tumors and organs from nude mice after treatment
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CTX alone, the TGFβ-1 protein expression of the tumor slices of the CTX-Tween, CTX-
HSA-NPs and CTX-HSA-NPs combined with TGFβ-1 siRNA LNP administration group 
was detected by immunohistochemistry.

The expression profile of P-gp in the tumor tissue from each treatment group is shown 
in Fig. 9. Compared with the control group, the expression level of P-gp in tumor tis-
sues was significantly lower after treatment with paclitaxel and CTX preparations 
(*P < 0.05). Compared with the paclitaxel treatment group, the expression levels of P-gp 
in the 10  mg/kg and 5  mg/kg CTX-Tween treatment groups were lower (*P < 0.05). In 
addition, the expression levels of P-gp in 5 mg/kg CTX-HSA-NPs (6:1), CTX-HSA-NPs 
(8:1), CTX-HSA-NPs (10:1) and CTX-HSA-NPs (6:1) combined with TGFβ-1 siRNA 
LNP treatment group was significantly lower than that of the paclitaxel treatment group 
(**P < 0.01). These results indicated that the expression of P-gp decreased after treatment 
with CTX-HSA-NPs or combined with TGFβ-1 siRNA LNP. Because CTX has low affin-
ity with P-gp, it is less likely to be resistant. However, it is worth noting that the P-gp 
expression level after injection with 10 mg/kg CTX-HSA-NPs (6:1) was higher than that 
of 5 mg/kg CTX-HSA-NPs, which suggested that a high-dose treatment could promote 
resistance. Similarly, paclitaxel-resistant NSCLC tended to be resistant to CTX after 
high-dose CTX treatment. Therefore, CTX at a dose of 5 mg/kg combined with nucleic 
acid drugs is an effective strategy to avoid multidrug resistance in the treatment of pacli-
taxel-resistant NSCLC.

Fig. 9 Immunohistochemistry for P-gp expression in tumor tissues. A P-gp expression level in nude mice 
bearing paclitaxel-resistant non-small cell lung cancer after treatment. B The average optical density values of 
tumor immunohistochemical sections from nude mice bearing paclitaxel-resistant non-small cell lung cancer 
after treatment. (ns, P > 0.05, *P < 0.05, **P < 0.01) (scale bar = 50 μm) (n = 4)
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The results of TGFβ-1 expression in tumor tissues of each treatment group are 
shown in Fig. 10. The average optical density value of the control group, 5 mg/kg CTX-
Tween treatment group, 5  mg/kg CTX-HSA-NPs (6:1) treatment group, CTX-HSA-
NPs (6:1) + TGFβ-1 siRNA LNP combined treatment group was 35,995.8 ± 14,272.0, 
13,250.3 ± 6527.3, 5866.1 ± 3324.3, and 2065.5 ± 1131.9, respectively. There were sig-
nificant differences among the four groups (one-way ANOVA analysis, F = 42.849, 
***P < 0.001). Compared with the control group, after 5  mg/kg CTX-Tween, 5  mg/kg 
CTX-HSA-NPs (6:1) and CTX-HSA-NPs (6:1) + TGFβ-1 siRNA LNP treatment, the 

Fig. 10 TGFβ-1 siRNA LNP combined with CTX-HSA-NPs downregulated TGFβ-1 protein expression in tumor 
tissues. A TGFβ-1 expression level in nude mice bearing paclitaxel-resistant non-small cell lung cancer after 
treatment. B The average optical density values of tumor immunohistochemical sections from nude mice 
bearing paclitaxel-resistant non-small cell lung cancer after treatment. (*P < 0.05, **P < 0.01) (scale bar = 50 μm) 
(n = 4)

Fig. 11 Cypate-CTX-HSA-NPs was distributed in more tissues compared with Cypate-CTX-Tween at different 
time-points. A Bioluminescence signal distribution in paclitaxel-resistant tumor. B Quantitative analysis 
of paclitaxel-resistant tumor bioluminescence signals at different time-points. C Ex vivo bioluminescence 
images of tissues from the tumor, liver, heart, spleen, lung, and kidney at 24 h post-injection. D Quantitative 
analysis of bioluminescence signals of tissues from the tumor, liver, heart, spleen, lung, and kidney at 24 h 
post-injection.  CCypate = 0.4 mg/kg
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expression level of TGFβ-1 was significantly lower (Dunnett T3 method for pairwise 
comparison, **P < 0.01). The results indicated TGFβ-1 was up-regulated after the tumor 
tissue became resistant to paclitaxel in the tumor-bearing nude mouse model. CTX-
Tween group, CTX-HSA-NPs group, and TGFβ-1 siRNA LNP combined with CTX-
HSA-NPs group could down-regulate TGFβ-1 protein. The decrease in the expression 
level of TGFβ-1 in the combined treatment group was higher than that in CTX-HSA-
NPs (*P < 0.05). In addition, CTX-HSA-NPs caused a higher decrease in the expression 
level of TGFβ-1 than CTX-Tween (*P < 0.05). Compared with CTX-HSA-NPs alone, the 
combination therapy showed greater ability to inhibit the expression of TGFβ-1.

Tissue distribution of CTX‑HSA‑NPs in tumor‑bearing nude mice

The tumor tissue distribution of Cypate-CTX-HSA-NPs was higher than that of Cypate-
CTX-Tween. The tissue distribution in tumor-bearing nude mice was detected at 1–24 h 
post-injection, and the fluorescence intensity of Cypate-CTX-HSA-NPs in tumors at 1 h, 
2 h, and 8 h was higher than that of Cypate-CTX-Tween (*P < 0.05) (Fig. 11A, B). The 
drug was mainly distributed in the tumor, liver and stomach tissues after 24 h, and the 
fluorescence intensity of Cypate-CTX-HSA-NPs in the tumor was higher than that of 
Cypate-CTX-Tween (*P < 0.05) (Fig. 11C, D). There was no significant difference in the 
distribution of the drugs in the heart, liver, spleen, lung and kidney, and the distribution 
of Cypate-CTX-HSA-NPs in the stomach was significantly higher than that of Cypate-
CTX-Tween (****P < 0.0001) (Fig. 11C, D).

Acute toxicity test of CTX‑HSA‑NPs

The results of acute toxicity experiments showed that compared with CTX-Tween, the 
 LD50 of CTX-HSA-NPs was 2.82 times higher but its toxicity was 1.8 times lower. After 

Table 6 LD50 of CTX-Tween

Regression equation: y = − 13.0899 + 9.8838x (r = 0.9439)

Groups Doses (mg/kg) n Dead animals Mortality (%)

1 51.16 10 0 0

2 56.21 10 0 0

3 61.76 10 4 40

4 67.85 10 4 40

5 74.55 10 7 70

6 81.91 10 8 80

Table 7 LD50 of CTX-HSA-NPs

Regression equation: y = − 28.7235 + 14.7901x (r = 0.9909)

Groups Doses (mg/kg) n Dead animals Mortality (%)

7 122.50 10 0 0

8 137.03 10 0 0

9 153.28 10 1 10

10 171.46 10 2 20

11 191.8 10 5 50

12 214.55 10 8 80
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14  days post-injection observation, a total of 22 and 12 mice died in the CTX-Tween 
group at a dose of 51.16–81.91 mg/kg and the CTX-HSA-NPs group at a dose of 122.50–
214.55 mg/kg, respectively. Compared with CTX-Tween, CTX-HSA-NPs were less toxic 
and improved survival time and survival rate at 14 days post-injection. On the 14th day 
of the post-injection observation period, some mice in the two groups still continued 
to lose weight and showed significantly lower activity levels. Therefore, the observation 
period was extended to 28th day post-injection until the mice did not experience weight 
loss and malaise. The observation was ended when they returned to normal vital signs 
and activities. During the 28 days of post-injection observation, a total of 23 mice died in 
the CTX-Tween group at a dose of 51.16–81.91 mg/kg compared with 16 mice that died 
in the CTX-HSA-NPs group at a dose of 122.50–214.55 mg/kg. These results indicated 
that the toxicity of CTX-HSA-NPs at 14 days or 28 days post-injection was significantly 
lower than that of CTX-Tween, and CTX-HSA-NPs improved survival time and survival 
rate (Tables 6, 7).

The results of organ pathological section analysis showed similar histopathological 
changes in the CTX-Tween group and the CTX-HSA-NPs group after one administra-
tion, with reduced damage to the organs in the CTX-HSA-NPs group. In CTX-Tween 
group, myocardial cells were slightly atrophied, spleen was severely atrophied, lympho-
cytes were significantly reduced or even disappeared, alveolar walls were moderately 
thickened, interstitial inflammatory cells infiltration and hemorrhage, and renal tubules 
were mildly degenerated and necrotic. In the CTX-HSA-NPs group, the structure of the 
heart was normal, the spleen was moderately atrophied, the lymphocytes were mod-
erately reduced, the alveolar wall was slightly thickened, and the kidney histology was 
normal. Compared with the 67.85  mg/kg CTX-Tween group, the 191.80  mg/kg CTX-
HSA-NPs group had less damage to organs, including significantly less lung damage, and 
slightly less damage to the heart, liver, kidney and spleen (Fig. 12).

Discussion
The multidrug resistance of lung cancer has always been an urgent problem to be solved 
in clinical practice, and achieving targeted and low toxicity is an area of interest in can-
cer treatment. Possible mechanisms of MDR in chemotherapy include enhanced drug 
efflux (Tan et al. 2021), genetic factors (gene mutations, amplifications, and epigenetic 
alterations), growth factors, increased DNA repair capacity, increased anti-apoptotic 

Fig. 12 HE-stained pathological sections of mouse organs
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potential, and decreased permeability (Assaraf et al. 2019; Wu et al. 2014). These mecha-
nisms are the main reason for the reduced efficacy of antitumor drug therapy.

Small interfering RNAs are small RNA fragments of specific length and sequence 
produced by the cleavage of double-stranded RNA expressed by foreign invading genes 
(Sharp 1999). RNA interference is the process by which small RNA molecules comple-
mentarily to interrupt the coding of target gene sequences by inducing degradation of 
the corresponding messenger RNA (mRNA) and preventing the translation of mRNA 
into protein (Sharp 1999). Therefore, RNA interference is selective and stimulates the 
silencing of its complementary target mRNA, hence potentially useful as a cancer ther-
apy approach, which also has important implications for gene regulation and disease 
treatment. TGFβ-1 is involved in the regulation of multidrug resistance and can induce 
cellular EMT to promote lung cancer cell migration, invasion, and anti-apoptosis. There-
fore, silencing TGFβ-1 by siRNA has great significance in the treatment of multidrug 
resistance in NSCLC.

CTX is a tubulin inhibitor (Hardin et al. 2017), which disrupts the cell cycle by induc-
ing G2/M arrest and inhibits the growth of tumor cells by inhibiting the depolymeriza-
tion of tubulin and promoting the assembly of tubulin (Muggia and Kudlowitz 2014). In 
addition, CTX can also promote apoptosis by inhibiting the cell cycle and blocking the 
mitotic pathway (Villanueva et al. 2011). Compared with docetaxel and paclitaxel, CTX 
is structurally methyl etherified and has a weaker P-glycoprotein affinity (Duran et  al. 
2018). Because of this property, CTX inhibits the growth of tumor cells that are resist-
ant to paclitaxel and docetaxel (Paller and Antonarakis 2011). In addition, due to its low 
affinity for P-glycoprotein and good pharmacokinetic properties, CTX has broad appli-
cation potential, and has attracted more and more research attention in recent years. 
Some studies have reported the therapeutic effect of CTX on drug-resistant tumors. 
One study found that CTX is a potentially effective drug against HCC after chemo-
therapy resistance caused by P-gp overexpression and acquired sorafenib resistance, and 
may improve the prognosis of patients with advanced HCC (Chen et al. 2018). Studies 
have confirmed that CTX can inhibit the proliferation of U87MG glioblastoma cells and 
enhance radiosensitivity. Its mechanism of action involves inhibiting the cell cycle and 
promoting apoptosis after ionizing radiation (Neshasteh-Riz et  al. 2018). Studies have 
shown that CTX exerts anti-metastatic and cytotoxic effects in glioma cells by inducing 
apoptosis and strongly inhibiting tumor angiogenesis without affecting normal angio-
genesis. It eliminates cancer cells and tumor blood vessels while preserving brain func-
tion, and protects healthy nerve tissue (Ghoochani et al. 2016). Studies have shown that 
CTX effectively improves chemotherapy resistance, and the co-loading of flexible com-
posite liposomes with CTX and β-elemene significantly improved the efficacy of pacli-
taxel-resistant lung adenocarcinoma (Zeng et al. 2019). CTX also significantly inhibited 
the growth of hepatocellular carcinoma (HCC) in vivo. In the chemotherapy-resistant 
HCC cell Huh-TS-48 with P-gp overexpression, CTX showed low cross-resistance to 
other chemotherapeutic drugs, suggesting its potential for the treatment of drug-resist-
ant liver cancer (Chen et al. 2018).

This study used a dual approach of reducing the toxicity of traditional chemother-
apy drugs and targeting gene silencing to study refractory and drug-resistant tumors. 
TGFβ-1 siRNA LNP were prepared by mixing lipids containing phospholipids, 
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cholesterol, DLin-MC3-DMA and PEG2000-c-DMG with acetate–sodium acetate buffer 
containing TGFβ-1 siRNA using a microfluidic chip. The prepared TGFβ-1 siRNA LNP 
showed advantageous characteristics of small particle size and high encapsulation effi-
ciency. TGFβ-1 siRNA LNP was weakly negatively charged in blood circulation at pH 
7.4, could exist more stably in blood circulation with less side effects, and was posi-
tively charged in endosomes/lysosomes with lower pH, demonstrating its endosome 
escape function. RT-qPCR results showed that the expression level of TGFβ‑1 gene in 
A549/T cells was significantly decreased after TGFβ-1 siRNA treatment at doses of 2 μg/
ml and 4 μg/ml compared with NC group (P < 0.01). Western blot results showed that 
compared with the NC group, the expression level of TGFβ-1 protein in A549/T cells 
was significantly lower after TGFβ-1 siRNA treatment (P < 0.01). In vitro results showed 
that TGFβ-1 siRNA LNP could effectively silence TGFβ‑1 gene and inhibit TGFβ-1 pro-
tein expression in A549/T cells. Cells take up LNPs through apolipoprotein E (ApoE)-
dependent and/or ApoE-independent pathways. After acidification in endosomes, 
protonated LNPs induce a hexagonal phase structure and destroy the cell membrane, 
to release RNA molecules, which induce the degradation of TGFβ-1 mRNA, preventing 
its translation into TGFβ-1 protein and achieving TGFβ-1 silencing. In vivo experiments 
showed that TGFβ-1 siRNA LNP could effectively inhibit the growth of paclitaxel-resist-
ant NSCLC tumors, and the immunohistochemical results of the tumors verified the 
down-regulation of TGFβ-1 expression.

In this study, human serum albumin was used to prepare CTX-HSA-NPs, which 
was lyophilized using a rapid cycling cooling homogenization method and desolvation 
method. The prepared CTX-HSA-NPs lyophilized powder has the advantages of small 
particle size, narrow particle size distribution, high encapsulation efficiency, and high 
stability after dissolved. In vitro, compared with CTX-HSA-NPs or TGFβ-1 siRNA LNP 
alone, inhibition of CTX-HSA-NPs in combination with TGFβ-1 siRNA LNP on A549/T 
cells was significantly higher (**P < 0.01), demonstrating the synergistic effect of the com-
bination. RT-qPCR showed that compared with the NC group, the TGFβ-1 siRNA LNP 
dose at the rate 2 μg/ml and 4 μg/ml, respectively, significantly decreased the expression 
level TGFβ‑1 gene in A549/T cells (**P < 0.01). Western blot results showed that com-
pared with the NC group, the expression level of TGFβ-1 protein in A549/T cells was 
significantly low in the TGFβ-1 siRNA group (**P < 0.01). The mice in vivo results showed 
that the distribution of the drug in the tumor tissue was higher in the Cypate-CTX-
HSA-NPs group than in the Cypate-CTX-Tween group. In vivo efficacy results showed 
that the tumor inhibition rates (TIR) of CTX-HSA-NPs (6:1) and (8:1) (60.62% and 
62.68%) were significantly higher than those of CTX-Tween (50.52%). Compared with 
CTX-Tween (50.52%), the combined application of CTX-HSA-NPs and TGFβ-1 siRNA 
LNP (71.55%) increased the TIR by 21%, which was significantly higher.

These results indicated using the half dose of CTX combined with TGFβ-1 siRNA 
LNP can achieve the effect of doubling the dose of CTX. The results of tumor immuno-
histochemistry showed that TGFβ-1 siRNA LNP significantly inhibited the expression of 
TGFβ-1, and compared with other groups, the expression of P-gp after low-dose CTX-
HSA-NPs treatment was lower, which did not cause obvious drug resistance. Acute 
toxicity results showed that the  LD50 of CTX-Tween was 67.648  mg/kg, while that of 



Page 31 of 34Tan et al. Cancer Nanotechnology           (2023) 14:70  

CTX-HSA-NPs was 190.609 mg/kg. The toxicity of CTX-HSA-NPs was 1.8 folds lower 
than that of CTX-Tween.

In this study, there are still some shortcomings. This study found that the combina-
tion therapy of CTX-HSA-NPs and TGFβ-1 siRNA LNP has a good anti-drug resistance 
effect, and the mechanism of the interaction between the two drugs still needs further 
research.

Conclusion
In summary, HSA nanoparticles are excellent carriers of CTX, and the preparation of 
CTX-HSA-NPs reduces the toxicity of traditional CTX injection preparations, effectively 
inhibits the growth of paclitaxel-resistant NSCLC tumors, and inhibits the expression 
of P-gp. TGFβ-1 is involved in the occurrence and development of paclitaxel-resist-
ant NSCLC tumors, and the expression of TGFβ-1 increases after A549 cells become 
resistant to paclitaxel. After treatment with TGFβ-1 siRNA LNP and CTX-HSA-NPs, 
TGFβ‑1 target mRNA can be silenced to down-regulate TGFβ-1 protein expression, 
thereby inhibiting the growth of paclitaxel-resistant NSCLC tumors. Therefore, CTX-
HSA-NPs is a potentially effective drug against paclitaxel-resistant tumors. Combining 
TGFβ-1 siRNA LNP and CTX-HSA-NPs in the treatment of paclitaxel-resistant lung 
adenocarcinoma not only achieves gene-targeted therapy but also improves the safety of 
chemotherapy. Combination therapy is a promising novel approach to the treatment of 
paclitaxel-resistant NSCLC as well as refractory and multidrug-resistant tumors.
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