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Purpose: Cervical cancer (CC) is a highly vascularized tumor with abundant abnormal blood vessel, which could be targeted by 
therapeutic strategies. Poly(L-glutamic acid)-g-methoxy poly(ethylene glycol)/combretastatin A4 (CA4)/BLZ945 nanoparticles (CB- 
NPs) have shown great potential as nano vascular disrupting agents (VDAs) in the realm of synergistic cancer therapy.
Methods: In this study, we investigated the nanocharacteristics of CB-NPs, focusing on active pharmaceutical ingredients (API), as 
well as lyophilized samples combining API with protective agents (PAs). The in vivo efficacy of final sample (API + PAs) was 
evaluated.
Results: The assembled sphere of API with complex core and thin-shell structure was confirmed. PAs were found to significantly 
influence in vivo efficacy. Collaborative efforts between API and PAs, namely mannitol and lactose, resulted in the most promising 
lyophilized sample, ie, the final sample (FS2) for CC therapy. Impressively, FS2 demonstrated an exceptional 100% cure rate on the 
CC U14-bearing mice model.
Conclusion: FS2 has provided significant insights for cervical cancer therapy. It is also crucial to develop a comprehensive evaluation 
strategy for the formulation of nanomedicine, which has the potential to serve as a guideline for future clinical trials.
Keywords: combretastatin A4, BLZ945, glutamic acid, nano character, cervical cancer

Introduction
Cervical cancer (CC) is one of the most common gynecological malignancies, ranking fourth in terms of both incidence 
and mortality.1 In recent years, a notable rise in the incidence of CC, coupled with a trend toward affecting younger 
individuals, has become evident.2 Owing to the early diagnosis and treatment, the survival time of CC patients was 
notably increased.3 However, limited cure options are available for the sustained, recurrent, and transferred cases, leading 
to a subsequent poor prognosis.4–6 For patients with unresectable CC, cisplatin (CDDP) is the most common chemical 
therapeutic option.7–9 Unfortunately, CDDP did not benefit pelvic control or survival at the advanced stage of CC 
treatment.10 CC is a highly vascularized tumor with abundant abnormal blood vessel, which could be targeted by 
therapeutic strategies.11–15 Intravenous administration of vascular disrupting agents (VDAs) can selectively target 
endothelial cells, disrupt the established tumor vasculature, and then arrest tumor blood flow.16–23

An active VDA, combretastatin A4 (CA4), has been integrated into assembled nanoparticles, exemplified by poly 
(L-glutamic acid)-g-methoxy poly(ethylene glycol)/combretastatin A4/4-((2-(((1R,2R)-2-hydroxycyclohexyl)amino) 
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benzo[d]thiazol-6-yl)oxy)-N-methylpicolinamide (CB-NPs). This innovation owes its success to the cooperation of CA4 
and 4-((2-(((1R,2R)-2-hydroxycyclohexyl)amino)benzo[d]thiazol-6-yl)oxy)-N-methylpicolinamide (BLZ945). Notably, 
CB-NPs, have demonstrated superior capabilities in targeting tumor vasculature and maintaining prolonged circulation 
within the body.24 Specifically, the monofunctional VDAs-nanoparticles, poly(L-glutamic acid)-g-methoxy poly(ethylene 
glycol)/combretastatin A4 (C-NPs) have a low intratumoral permeability, resulting in excellent tumor vascular-targeting 
capability.25–29 Furthermore, monotherapy of C-NPs could induce the polarization of tumor-associated macrophages 
(TAMs) toward the M2-like phenotype (M2-TAMs) and increase the infiltration of M2-TAMs, which may subsequently 
lead to tumor recurrence after treatment.30–32 Therefore, the highly selective small molecular inhibitor of colony- 
stimulating factor receptor (CSF-1R) kinase, BLZ945, can be covalently bound to poly(L-glutamic acid) together with 
CA4 to obtain CB-NPs. CSF-1R inhibition by BLZ945 remarkably induces the infiltration of CD8+ T cells and reduces 
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the amounts of M2-TAMs in tumors. Our preliminary investigations have confirmed that CB-NPs loaded with CA4 and 
BLZ945 exhibit a synergistic therapeutic effect in the H22-bearing mice model.33–36 Furthermore, the in vivo efficacy of 
CB-NPs is highly dependent on the ratio of active agents (AAs) (BLZ945/CA4), and loading content of AAs (BLZ945 + 
CA4). Then, a well-formulated CB-NPs with a B/C weight ratio of 0.45/1, and drug loading content (B + C) of 20.7 wt% 
(PLG160-g-mPEG8.30/CA47.50/BLZ9454.20) was screened as the best candidate for clinical application.37

The in vivo fate of polymeric drugs could be determined by their nanocharacteristics, such as particle size, zeta 
potential, and morphology features.38–41 The form of sample preparation of polymeric nanomedicine, such as tablets, 
capsules, and injections, plays a key role in a clinical trial because the active efficacy and toxicity are crucially influenced 
by preparing technology and adding agents.42–47 For our proposed nanomedicine, the lyophilized technology is carried 
out to obtain a final sample of CB-NPs. The lyophilized sample should contain CB-NPs as active pharmaceutical 
ingredients (API), and protective agents (PAs). However, it is still unclear how the sample preparation, like technology 
and adding agents, could influence the final sample of CB-NPs.

Herein, CB-NPs with a confirmed formulation were synthesized and used as API to investigate the influence of 
sample form on the nanocharacteristics and in vivo efficacy. The fluorescent probe method, electron microscopy (EM), 
and dynamic light scattering (DLS) were carried out to confirm the nanocharacteristics of API (CB-NPs) and lyophilized 
sample (API + PAs). In vivo experimental results indicated that this type of PAs played a crucial role in efficacy and 
toxicity of the lyophilized sample. Improper addition of PAs could counteract the in vivo efficacy of API and increase 
sample toxicity dramatically. This phenomenon could be explained by the nanocharacteristics of API and lyophilized 
samples. In vivo efficacy test of lyophilized sample towards CC U14-bearing mice model showed that this optimized 
nanomedicine sample exhibited excellent antitumor efficacy, surpassing the performance of the positive drug, cisplatin. 
All the U14-bearing mice had been cured by the screened lyophilized sample FS2. This achievement suggests that the 
clinical adaptation disease of CB-NPs could be extended to a wider range of clinical conditions. This accomplishment 
signifies the development of a comprehensive evaluation strategy for the formulation of nanomedicine, which has the 
potential to serve as a guideline for future clinical trials.

Materials and Methods
Materials
The γ-benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) was purchased from Chengdu Enlai Biological Technology 
Co., Ltd., China. The crude product underwent two rounds of recrystallization from ethyl acetate and was then dried 
under vacuum at room temperature prior to use. Generally, 10 g BLG-NCA was dissolved in 100 mL ethyl acetate, then 
the solution of BLG-NCA was recrystallized in 100 mL hydrochloric acid solution (1 M) at −15 °C with the recovery rate 
of 65%. Methoxy poly(ethylene glycol) with a molecular weight (Mw) 5000 Da (mPEG5K) was obtained from J&K 
Scientific Co., Ltd. and dried by azeotropic distillation in toluene before use. N, N’-dimethylformamide (DMF) was 
stored over CaH2 for 3 days and subsequently distilled under a vacuum prior to use. Combretastatin A4 (CA4) was 
purchased from Hangzhou Great Forest Biomedical Ltd., China. BLZ945 was obtained from Shanghai Bixi Chemical 
Co., Ltd., China. The 4-Dimethylaminopyridine (DMAP) was supplied by Aladdin Reagent Co. Ltd., China, and 2, 4, 
6-trichlorobenzoyl chloride was obtained from Tianjin Heowns Biochemical Technology Co., Ltd., China. 
Hydroxypropyl-β-cyclodextrin, mannitol, and lactose were obtained from Energy Chemical Co., Ltd, China. All other 
reagents and solvents were purchased from Sinopharm Chemical Reagent Co., Ltd, China and used as received.

Characterization
The synthetic routes of API were demonstrated in Scheme S1. Dynamic light scattering (DLS) data were measured by 
a zeta potential/size analyzer (Malvern, Nano-ZS, UK). The morphology feature of CB-NPs was confirmed by 
transmission electron microscopy (TEM) test (JEM-1400Flash, 120KV, Japan), high-resolution transmission electron 
microscopy (HRTEM) (JEM-F200, 200KV, Japan), and cryo-electron microscopy (cryo-EM) (Gatan-3200fsc, 300KV, 
America). Fluorescence data were collected using a fluorescence lifetime spectrometer (PTI, QM3000, USA).
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Cells and Animals
The murine hepatoma (H22) cancer cell line was obtained from BeNa Culture Collection Co. Ltd., China. Cervical 
cancer U14 cancer cell line was obtained from Fu Heng Biology Co. Ltd., China. H22 cells were cultured in RPMI-1640 
(containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin) at 37 °C in an atmosphere 
of 5% CO2. U14 cells were cultured in DMEM (containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 
µg/mL streptomycin), and maintained under similar culture conditions. Female BALB/c, C57, and BALB/c nude mice 
(6–8 weeks old) with an average body weight of 16–18 g were obtained from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. All animals received proper care in compliance with the guidelines specified in the “Guide for the 
Care and Use of Laboratory Animals”. Additionally, all procedures were approved by the Animal Care and Use 
Committee of Changchun Institute of Applied Chemistry, Chinese Academy of Sciences.

Preparation of API and Final Sample
CB-NPs (PLG160-g-mPEG8.30/CA47.50/BLZ9454.20) with pre-determined AAs ratios and contents were prepared as active 
pharmaceutical ingredients (API) according to our previous work.37 The 1H NMR, Gel permeation chromatography 
(GPC), and high-performance liquid chromatography (HPLC) spectra of API are shown in Figure S1. The API was 
lyophilized with certain kinds of protective agents (PAs). The freeze-dried powder was obtained as final samples (FSs), 
as shown in Scheme 1.

Nanocharacteristics of API and Final Sample
The critical micelle concentration (CMC) of API was determined by the fluorescent probe method. A fluorescent probe, 
pyrene (10.11 mg, 50 mmol) was dissolved into 50 mL methylbenzene. A methylbenzene solution (10 μL) was added 
into 9 volumetric flasks (5 mL). After volatilization of methylbenzene, the API solution (5 mg/mL) was added into the 
flasks (5 mL) at a series of volumes: 5.00, 2.50, 1.25, 1.00, 0.60, 0.45, 0.30, 0.15, and 0.08 mL. Subsequently, these 
flasks were measured by a fluorescence lifetime spectrometer with an excitation wavelength of 334 nm and an absorption 
wavelength range of 360–600 nm. For size distribution, API and FSs were dissolved into deionized water for 10 min, and 
the size of API and FSs in water solution was measured by a zeta potential/size analyzer (Malvern Zetasizer Nano ZS).

For microscopic characterization, API and FSs were, respectively, dissolved into deionized water to form solutions. After 24 
h, a drop of solution was dripped onto the copper grid and allowed to air dry. This prepared sample was then subjected to TEM 

Scheme 1 The preparation of API and FS.
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and HRTEM testing. For TEM imaging, a minute amount of sample solution (normally 3 μL) was coated on a carbon-coated 
grid. The grid was rapidly immersed in liquid propane that had been cooled using liquid nitrogen. To preserve the structural 
integrity of the solutions and to capture accurate micro-structures, all grid manipulation and transfer processes were conducted 
within a liquid nitrogen environment. Subsequently, cryo-EM was employed to capture the microstructures of the API.

In vivo Antitumor Efficacy Test for FSs
The H22 subcutaneous tumor model was generated by subcutaneously injecting the right flank of H22 mice with an 
inoculum size of 2×106 H22 cells, which were then maintained by an intraperitoneal passage in the mice. When the 
tumor volume reached approximately 200 mm3, the mice were randomly allocated to the required groups (n = 6) and 
subjected to treatment using the formulated samples. The subcutaneous tumor model of U14 cervical cancer was 
established by following the work of Gu and Chen.48,49 Tumor volume and body weight were used to assess the 
treatment efficacy and systemic toxicity, respectively. The tumor volume was calculated by the following formula:

Where a and b stand for the longest and shortest diameters of the tumors, respectively, measured using vernier 
calipers. The tumor inhibition rate (Es) of the sample was calculated using the following formula:

Where TVs and TVc are the average tumor volume of the sample and control group, respectively. T0 was the initial 
tumor volume on Day 0.

Hematoxylin and Eosin (H&E) Staining
Tumors and/or the main organs (heart, liver, spleen, lung, kidney) were excised from mice and fixed in 4% buffered 
paraformaldehyde for 24 h. All the tissues were embedded in paraffin, sliced to a thickness of 5.0 μm, and then stained 
with H&E to evaluate the histopathological changes under a microscope (Nikon TE 2000U).

Maximal Tolerable Dose (MTD) of Final Sample
BALB/c, C57, and BALB/c nude mice were randomly divided into several groups (n = 4, female, average weight: 18.0 ± 
2.0 g; mean ± SD). FS was administered intravenously via the tail vein following the dose ranging from 30 mg/kg to 
65 mg/kg (on a CA4 basis). The survival rates and body weight changes were recorded every day. Then, the MTD of FS 
for BALB/c, C57, and BALB/c nude mice were determined.

Pharmacodynamic Experiment of Final Sample
The CC U14 subcutaneous tumor model was generated by subcutaneously injecting the right flank of mice with an 
inoculum size of 3×106 U14 cells. The C57 mice bearing U14 tumor (tumor volume: 300–500 mm3; n = 6) were 
randomly divided into 5 groups and treated with designed drugs. The intravenous (i.v.) injection frequency of the final 
sample was adjusted according to the body weight loss of MTD data. CDDP was introduced as a positive control drug for 
the bearing mice model.

Statistical Analysis
Data were expressed as the mean ± SD. Statistical significance was determined using one-way ANOVA. Differences 
were considered statistically significant when P<0.05 and highly significant when P<0.01.

Results and Discussion
CMC Value Determination of API
The CMC value of CB-NPs (API) is an important indicator of the nanomedicine characteristics. To determine the CMC 
value of API, the pyrene fluorescence probe method was employed. Typically, pyrene exhibits five steady-state fluorescence 

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S441131                                                                                                                                                                                                                       

DovePress                                                                                                                       
6905

Dovepress                                                                                                                                                             Guo et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


peaks. The intensity ratio of peak 1 (λ1: 372) to peak 3 (λ3: 384) (I1/I3) is highly sensitive to changes in solvent polarity, 
which often experiences a significant alteration near the CMC value of API. Figure 1A shows the emission spectra of pyrene 
at different concentrations of API. The fluorescence emission spectra of pyrene were strongly influenced by the concentra-
tion of API. Spectra with clear characteristic peaks were observed during low API concentrations (<1.00 mg/mL). At 
concentrations exceeding 1.00 mg/mL, the spectra showed a disappearance of characteristic peaks and a notable blue shift. 
This phenomenon could be attributed to the escalating turbidity of the API solution resulting from the elevated concentra-
tion. Figure 1B shows the I1/I3 values as a function of API concentration. An evident decrease in I1/I3 value was observed, 
exhibiting a significant change. The CMC value of API was determined to be 0.40 mg/mL, identified as the concentration 
corresponding to the abrupt midpoint of the I1/I3 curve.50,51

Size Character and Morphologic Study of API
The nanocharacteristics such as aggregation behavior and size distribution of API were studied near the CMC value. 
Figure 2 shows the DLS and TEM results of API at the concentration of 0.40 mg/mL. As shown in Figure 2A, the API 
solution had a unimodal distribution shortly after preparation (within 72 h). However, when the preparation time 
exceeded 96 h, a bimodal distribution was observed, which may be due to the unstable nanocharacteristics of API. 
TEM images Figure 2B showed that the API assembled into spherical morphology in water, consistent with micellar 
characteristics. The micellar size of API ranged from 20 to 80 nm, aligning with the findings from the DLS measurement. 
These results confirm that the API can form spherical micelles in water spontaneously. However, individual micelles are 
unable to sustain a stable nano size over extended periods. Therefore, the API should be prepared into a freeze-dried 
powder for the final sample. In this context, the exploration and investigation of incorporating certain additives, like PAs, 
become imperative.

To further investigate the nanocharacteristics of API, HRTEM and cryo-EM were carried out. As shown in Figure 2C, 
the HRTEM image of API revealed a distinctive spherical core-shell structure, featuring numerous dark points within the 
core. This indicates that the hydrophobic CA4 and BLZ945 constituted the core of API, while PEG5000 formed the shell of 
the micelle. The Cryo-EM image (Figure 2D) provided visual evidence confirming the core-shell structure. The thin-shell 
size realm of 8–12 nm, and 40–60 nm core could be determined by the Cryo-EM results. To further explore the nature of the 
dark points within the core, an element mapping test (Figure 2E) was conducted to examine the stack mode of CA4 and 
BLZ945. The element mapping images revealed the presence of carbon (C), nitrogen (N), oxygen (O), and sulfur (S) 
elements. Notably, C and O demonstrated a uniform distribution. Interestingly, N displayed a non-uniform distribution 
within the core, with a noticeable absence of N in a specific area (indicated by the white dotted circle), which closely aligned 
with the dark point within the core. This may be due to the internal stack of CA4, which lacks N. Conversely, S, present 

Figure 1 The pyrene fluorescence probe method testing results for the CMC value of API. (A) The emission spectra of pyrene at different concentrations of API; (B) I1/I3 

values of emission spectra as a function of the API concentration.
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solely in BLZ945 (Figure 2F), exhibited a cyclic distribution, potentially indicating the distribution pattern of BLZ945 
within the core. The self-assembling mode of API is shown in Figure 2F: a core composed of partially stacked CA4 and 
cyclically distributed BLZ945, surrounded by the PLG-mPEG shell of the micelle.

Determination of PAs for Final Sample
Given that the final sample will be prepared as a freeze-dried powder, a thorough examination of the PAs was conducted 
to facilitate the sample preparation process. DLS was used to inspect the nanocharacteristics of the sample solution 
during the lyophilization process. Two types of PAs, cyclodextrin (2%) + lactose (3%) and mannitol (2%) + lactose (3%), 
were chosen because of their excellent protective function and stable ability. Figure 3 shows the DLS results of API 
within the lyophilization process, revealing that API added with either PAs1 or PAs2 maintains a unimodal distribution 
after the lyophilization process. Additionally, the DLS data of the re-soluble solution containing API and PAs demon-
strated a sustained unimodal distribution at least 72 h. The in vivo efficacy of the final sample (FS) that contained API 
and PAs was then explored.

The H22 tumor-bearing mice were intravenously injected with API, and FSs when the tumor volume reached 
200 mm3 (hereafter “Day 0”). Figure 4 shows the effect of each treatment on the in vivo efficacy of the H22 tumor- 
bearing mice model. The therapy regimen is shown in Figure 4A. The concentration of FS was confirmed by HPLC, and 

Figure 2 Nano morphology and self-assembling behavior of API. (A) DLS results of API solution at the concentration of 0.40 mg/mL as a function of time; (B) TEM images 
of the API solution at the concentration of 0.40 mg/mL; (C) The HRTEM image of API; (D) The Cryo-EM image of API; (E) Element (C, N, O, and S) mapping images of API; 
(F) The self-assembling illustration of API.
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the injection dosage was determined based on CA4. Interestingly, the performance of FS with different PAs varied 
dramatically in terms of in vivo efficacy toward the H22 model. As shown in Figure 4B, FS1 with cyclodextrin and 
lactose as PAs exhibited lower antitumor efficacy compared to both API and FS2. Furthermore, concerning FS1, an 
unfortunate occurrence of death cases was observed after the second injection. All the mice treated with FS1 died 
between Day 8 and Day 10. Hematoxylin and eosin (H&E) staining of the main metabolic organs from the deceased mice 
(Figure 4D) highlighted noticeable bleeding in organs rich in blood vessels, such as the liver, spleen, and lungs (indicated 
by red arrows). The liver staining revealed focal necrosis of hepatocytes, nucleolysis (yellow arrow), sporadic lympho-
cyte infiltration (blue arrow), and extensive dilatation of the hepatic sinuses (black arrow). These staining observations 
remarkably corresponded with the phenomenon of burst release of CA4, possibly influenced by the alteration in CA4 
release behavior due to the secondary structure of cyclodextrin. By contrast, FS2 with mannitol and lactose as PAs 
maintained comparable antitumor efficacy compared to that of API, and no death occurred during the entire treatment 
period. The decline in body weight for FS2 was consistent with the API treatment (Figure 4C). These findings underscore 
the crucial impact of PAs on the in vivo efficacy of nanomedicine. According to the results obtained in the experiment, 
mannitol (2 wt%) + lactose (3 wt%) were, identified as the suitable PAs for the final sample (FS2).

MTD of Selected FS
With the preceding sections’ results establishing FS2 as the optimal final sample for clinical applications, further 
comprehensive evaluations were conducted to determine its preclinical parameters, including MTD, and clinical indica-
tions. Although the MTD value of API toward BALB/c had been studied by our previous work, MTD investigations 
specific to FS2 were lacking. In this study, we recorded the changes in body weight and survival curves of BALB/c mice, 
C57 mice, and BALB/c nude mice at different injection dosages of FS2 (on CA4 basis).

As shown in Figure 5A and B, no fatalities were observed at dosages below 40.8 mg/kg, and the body weight of the 
two groups treated with a dosage below 40.8 mg/kg was recovered within 6–8 days. A few instances of death were 
recorded within the injection dosage range of 40.8 to 50.1 mg/kg. At the injection dosage rose of 55.4 mg/kg, all mice 
died in a short time (<4 d). The MTD value of FS2 in BALB/c mice was determined to be 40.8 mg/kg, an improvement 
over the API’s MTD value of 33.0 mg/kg. Figure 5C and D show that no deaths occurred within the injection dosage 
range of 25.9 to 55.0 mg/kg. The body weight of all the groups was recovered within 4–6 days. However, at an injection 
dosage of 48.2 mg/kg, the body weight loss of C57 mice exceeded 20%, indicating a critical tolerance limit of 48.2 mg/ 

Figure 3 DLS measurements of the API solution and re-soluble solution of lyophilized powder (API+PAs). (A) DLS measurements of the API solution and API+PAs1 
solution at different times (5 min, 72 h); (B) DLS measurements of the API solution and API+PAs2 solution at different times (5 min, 72 h).
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kg for C57 mice toward FS2. Figure 5E and 5F show that for the BALB/c nude, no death occurred at the injection dosage 
ranging from 45.0 to 60.0 mg/kg. The body weight of all groups rebounded within 3 days. The body weight loss of 
BALB/c nude remained below 11.0%. However, at an injection dosage of 65.0 mg/kg, some instances of death were 
recorded. Thus, the critical tolerance of BALB/c nude toward FS2 was 60.0 mg/kg. These results highlight distinct 
tolerance levels of different mouse strains to FS2, offering valuable clinical indications for the use of CB-NPs as 
nanomedicine.

Pharmacodynamic of Selected FS
To better understand the pharmacodynamics of FS2, further investigations were conducted on U14-bearing C57 mice, 
with CDDP as the positive drug. The therapy regimen is shown in Figure 6A. At Day 0, the initial tumor volume was 
approximately 400 mm3, and the injection concentration was prepared based on CA4 dosage. The i.v. frequency of FS2 
was 5 days once, which based on the MTD value of FS2 toward C57 mice. The i.p. frequency of CDDP was 3 days once 
time. All the groups were sacrificed on day 17.

Figure 4 In vivo efficacy of API and FSs in the H22 tumor-bearing mice model. (A) Therapy regimen; (B) Tumor volume relative to the start point as a function of time; (C) 
body weight relative to the start point as a function of time. The arrows represent the day on which the i.v. injection via tail vein was performed. The yellow diamond shape 
represents the death detail of mice treated with FS1. The green star shape stands for the injection concentration that was prepared based on CA4. The data are shown as 
mean ± SD (n = 6), ***P < 0.001; (D) H&E staining of main metabolic organs of deceased mice treated with FS1.
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Figure 6B and C show the change in tumor volume and body weight over time for various therapy regimens, relative 
to the starting point. As shown in Figure 6B and C, the antitumor ability of FS2 was excellent, with a clear dose- 
dependent relationship observed among the three FS2 groups. In comparison to PBS, the FS2 (20.0 mg/kg) and CDDP 
groups demonstrated a significant tumor inhibitory effect, with the E value reaching 72.4% and 89.5%, respectively. 
Notably, a significant proportion of U14 model mice in the 32.5 mg/kg FS2 group experienced a cure rate of 67.0%, and 
all cases in the 45.0 mg/kg group were cured (cure rate: 100%). These two treatments showed superior tumor inhibition 
effects compared to the control and positive drug groups.

Remarkably, for the initial volume of tumor near 400 mm3, the E value of the FS2 group (20.0 mg/kg) was 72.4%. As 
previously validated in our work, the starting dose (SD) of FS2 was defined as the dosage demonstrating a 60% inhibition 
effect (E) compared to the blank injection.37 Therefore, the SD value of FS2 toward the U14-bearing C57 mice model 
was less than 20.0 mg/kg. Body weight loss across all mice in the FS2 groups was less than 20%, indicating modest 

Figure 5 The changes in body weight and survival curves of injection groups toward (A and B) BALB/c mice, (C and D) C57 mice, and (E and F) BALB/c nude as the 
function of dosage (on CA4 basis).
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Figure 6 Pharmacodynamic results of designed groups on U14-bearing mice. (A) Therapy regimen; (B) mean tumor size; (C) body weight; (D) mice and tumor images; (E) 
tumor weight of subcutaneous U14 tumor in PBS, CDDP, and FS2 groups (n = 6); (F) H&E staining of main metabolic organs of PBS, CDDP, and FS2 groups. Data were 
presented as means ± SD (n = 6), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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toxicity of the nanomedicine at given dosages. By contrast, the positive drug CDDP exhibited unacceptable body weight 
loss (exceeding 20%) after Day 12 (Figure 6C).

Figure 6D shows the mice and tumor images on Day 17. A cured case was observed in both the CDDP and FS2 
(20.0 mg/kg) groups. In the FS2 (32.5 mg/kg) group, four out of six mice were cured, while all mice in the FS2 (45.0 mg/ 
kg) group achieved a cure. The tumor weight (Figure 6E) of all groups at the end of the experiment revealed significant 
anticancer effect within the FS groups compared to the control and positive drug groups. Figure 6F demonstrated the 
H&E staining of the main organs and tumors of all groups. The reason for the lack of tumor staining in FS2 (45mg/kg) 
was owe to its 100% cure rate. No significant bleeding or structural changes were found in the main metabolic organs 
between the PBS and FS2 treatment groups. In terms of tumor staining, large areas of tumor necrosis were observed in 
the FS2 treatment groups. In the FS2 (32.5 mg/kg) tumor cells, a significant amount of nuclear fragmentation was 
observed. These pharmacodynamics findings hold the potential to provide valuable guidance for clinical applications.

Conclusion
To facilitate the development of nanomedical drugs, it is crucial to conduct thorough and meticulous studies on nano 
characterization. The aim of our paper is to provide valuable insights for the clinical research of nanomedical drugs by 
utilizing multiple characterization methods, with a particular focus on the EM-mapping test. This will help to clearly 
elucidate the nanocharacteristics and aggregation behavior of CB-NPs. In this work, we successfully formulated 
a nanomedicine sample containing CB-NPs as active pharmaceutical ingredients (API), along with the mannitol and 
lactose as PAs. This enabled us to determine the optimal formula of CB-NPs as nanomedicine. The final sample (FS) of 
this nanomedicine in the form of lyophilized injection powder was verified. Several nanocharacteristics including CMC 
value, size, and morphology of API and FS were examined to serve as the indicator of the nanomedicine preparation 
process. The assembled sphere of API with complex core and thin-shell structure was confirmed by visually EM testing 
methods. Interestingly, the in vivo efficacy of API (CB-NPs) in combating cancer is dramatically affected by PAs. 
Transitioning from mannitol to cyclodextrin as PAs could lead to a reversal of the in vivo effects of the API from positive 
to negative.

A comprehensive medicine-screening strategy was established based on in vivo evaluation. This strategy played 
a pivotal role in identifying the optimal FS2 (API = CB-NPs, PAs = mannitol (2 wt%) + lactose (3 wt%)). FS2 
maintained the potent antitumor activities of API while having an acceptable toxicity profile similar to the API itself. 
Consequently, FS2 could be used as lyophilized intravenous injection powder in clinical applications. Detailed preclinical 
parameters, including the Maximum Tolerated Dose (MTD) value of FS2 for three different species of mice, were 
meticulously determined. Importantly, FS2 displayed varying MTD values across distinct mouse species.

To expand the clinical indications of FS2, we further investigated the in vivo efficacy using a CC U14-bearing mice 
model. Remarkably, FS2 at concentrations above 20.0 mg/kg exhibited an inhibition rate (E) of higher than 70.0%. More 
importantly, FS2 also demonstrated an excellent cure rate (CR) at concentrations higher than 20.0 mg/kg (CR32.5 mg/kg = 
67%, CR45.0 mg/kg = 100%). Furthermore, FS2 exhibited superior anticancer efficacy against larger U14 tumors 
(400 mm3) in comparison to the positive drug CDDP. The FS2 demonstrated outstanding anti-cervical cancer efficacy 
while exhibiting low levels of toxicity, making it a promising candidate for clinical anti-tumor therapy. Our research 
highlights the potential of FS2 as a new and effective anti-tumor drug, offering hope for better treatment options for 
cancer patients.
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