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Abstract 

Immunotherapy has recently garnered significant research interest in the field of clinical cancer 

management. The potential of tumor immunotherapy has been demonstrated for targeting a 

variety of tumors, both in vivo and in vitro, yielding some remarkable therapeutic effects. 

Herein, inspired by the stem cell niche, we developed a scale-up approach to generating porous 

microspheres with encapsulated natural killer (NK) cells via microfluidic electrospray for in 

situ tumor immunotherapy. The generated microspheres contained porous microstructures with 

tunable morphologies because of versatile but precise fluid control in the microfluidic 

electrospray system. NK-92MI cells encapsulated in porous microspheres were protected from 

the outer complex environment, allowing for improved proliferation and functionality. As 

observed, perforin and granzymes were sustainably secreted from the encapsulated NK-92MI 

cells, which exhibited robust killing effects on tumors both in vitro and in vivo. With continual 

proliferation, NK-92MI cells budded from the surface of porous microspheres and migrated 

into the surrounding residual tumor tissues, further destroying tumor cells. More importantly, 

no side effects owing to the native host immune system were observed by injecting the NK-

92MI cell-encapsulated microspheres into tumors in vivo. Therefore, the NK-cell-encapsulated 

porous microspheres show great potential for tumor immunotherapy, offering a robust and 

attractive treatment option for cancer patient management 
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Introduction 

As cancer is a worldwide problem that seriously affects human health, several standard 

treatment strategies such as surgical resection, radiotherapy, chemotherapy, and 

immunotherapy have been developed. (1) Among these strategies, cancer immunotherapy, 

which is based on the ability of immune cells to recognize and attack tumor cells, has been 

recognized as one of the most effective treatment options. (2,3) The development of tumor 

immunotherapy has several development stages ranging from cytokine therapy to engineered 

immunotherapy. Cytokine therapy involves injecting large doses of cytokines into the vein of 

the patients and activating the patients' lymphocytes to kill tumor cells. (4−6) Although this 

treatment strategy has benefited the management of specific types of malignancies, large doses 

of cytokines can cause serious side effects. (7−9) In addition, the complex tumor 

microenvironment renders it difficult to achieve desired and efficient therapeutic effects by 

injecting cytokines alone. (10) Alternatively, adoptive therapies based on immune cells (11) 

such as cytokine-induced killer (CIK) cells, (12) chimeric antigen receptor T-cell 

immunotherapy, (13) natural killer (NK) cells, (14) etc. have gradually emerged. These immune 
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cells are activated or modified in vitro and then intravenously injected into the patient's body 

through blood circulation to kill tumor cells. Compared with CIK and T lymphocytes, NK cells 

can directly kill tumor cells without the requirement for prior sensitization via antigens 

presented by dendritic cells. Currently, tumor immunotherapies based on the infusion of 

autologous and allogeneic NK cells have been extensively evaluated in phase 1 or phase 2 

clinical trials, which have reported some encouraging clinical outcomes. (15−18) Despite the 

successes in cell-based tumor immunotherapy, immune cells still possess severe off-target 

effects by attacking normal tissues and organs due to their nonspecificity. (19−22) Also, 

excessive cytokines can be produced in cell-based tumor immunotherapy, which can in turn 

induce severe side effects like cytokine storms (9) and pose a great threat to patients’ health. 

Therefore, novel immunological anticancer therapies with curative potentials and minimal side 

effects are yet to be developed. 

In this paper, inspired by the microstructure of stem cell niche, (23) we produced porous 

microspheres on a large scale via microfluidic electrospray and encapsulated them with NK 

cells for tumor immunotherapy, as schemed in Figure 1. Microfluidic electrospray is an 

advanced technology for precisely operating small volumes of fluids, and it can enhance the 

generation of monodisperse droplets with complex structures and compartments. (24−27) 

These droplets have been used as a means to fabricate functional microcarriers with cell 

encapsulation for a variety of applications. (28−34) However, the encapsulation of NK cells in 

porous microspheres for anticancer immunotherapy has not yet been investigated. 

 
We herein used a simple microfluidic electrospray method to encapsulate NK-92MI cells into 

porous hydrogel microspheres for in situ injection into tumors. Because the microspheres 

possess good permeability and allow rapid exchange of nutrients, the encapsulated NK-92MI 

cells proliferated and functioned well in this system. It was found that in their early stage, the 

NK-92MI cell-loaded microspheres could destroy tumor cells by secreting perforin, granzymes, 

etc. Furthermore, the tumor-killing effect of the NK-92MI cell-encapsulated microspheres was 

enhanced due to the budding of NK-92MI cells from the outer surface of the microspheres, 



leading to the direct interaction with surrounding tumor tissues. Of note, the porous hydrogel 

microspheres can potentially protect the encapsulated NK-92MI cells from modulation of the 

tumor microenvironment and the rejection from the host’s immune system. These features 

enable the application of porous microspheres encapsulated with NK cells for current clinical 

research and open up a new realm for anticancer immunotherapy. 

 

Results and Discussion 

 

Generation of Porous Microspheres via Microfluidic Electrospray 

In a typical experiment, alginate solution (ALG) mixed with poly (ethylene oxide) (PEO) was 

used as the precursor solution for the generation of porous microspheres. During the 

electrospray process, the precursor solution was injected through a simple microfluidic device. 

Under the electric field created by a high voltage direct current instrument, the precursor 

solution was driven to form a “Taylor cone” at the outlet and turned into droplets while falling 

(Figure 2A). The droplets were then rapidly solidified in calcium chloride (CaCl2) solution. 

Based on the electrospray microfluidic technology, monodisperse and nearly spherical 

microspheres were obtained with diameters ranging from 250 to 700 μm (Figure 2B–D). By 

applying different parameters, microspheres with four different size distributions were formed 

and analyzed (Figure 2E–G). Compared with the alginate microspheres, the generated 

PEO/ALG microspheres had a greater number of pores because the PEO did not react with the 

calcium ions and would be removed after washing, leaving pores inside the microspheres. The 

improved porosity could endow the microspheres with enhanced oxygen and nutrient exchange 

efficiency, increasing cell survival and promoting cell proliferation. It should be mentioned that 

the microspheres with various diameters can be obtained by adjusting different parameters 

including voltage, diameter of the tip, flow rate, and the concentration of solutions. The 

diameter decreased from 2000 to 250 μm with an increasing electric voltage from 3 to 10 kV, 

as shown in Figure S1A. When the voltage reached 8 kV, the point of critical voltage was 

reached; newly created droplets were strongly pulled by the force of electric field and then were 

dispensed into the CaCl2 solution to form microspheres. At this stage, the diameters of the 

microspheres were only influenced by the diameter of the tip, the concentration, and the flow 

rate of solutions. Our results showed that the diameter of the microspheres increased from 250 

to 550 μm as the diameter of the tip increased (Figure S1B). Additionally, microspheres with 

diameters ranging from 230 to 700 μm were observed by increasing the concentration or flow 

rate of the precursor solution (Figure S1C,D). 



 

Functional Characterization of the NK-92MI Microspheres 

The resultant porous microspheres were subsequently used to encapsulate NK-92MI cells for 

tumor immunotherapy. As the cell survival and proliferation play an essential role in the 

strength of tumor immunotherapy, the cell viability of NK-92MI cells incubated with porous 

microspheres was first measured. As shown in Figure S2, the cell viability was more than 85% 

even after 72 h of incubation, suggesting that porous microspheres were biocompatible with the 

NK-92MI cells. Next, NK-92MI-laden porous microspheres prepared via microfluidic 

electrospray were cultured in cell medium to test whether they were suitable for cell 

proliferation (Figure 3A). The results demonstrated that the NK-92MI cells proliferated well in 

the porous microspheres. When the culture continued, a large portion of proliferating NK-92MI 

cells began to bud from the surface of porous microspheres and resided in the periphery of the 

microspheres, allowing for increased tumor-killing capability. The viability of NK-92MI cells 

within 14 days was analyzed in Figure S3, demonstrating the applicability of porous 

microspheres for long-term culture of NK-92MI cells. The increased percentage of living cells 

revealed that the biocompatible microenvironment of the porous microspheres could protect 

and support the growth of NK-92MI cells. To study the therapeutic capability of these NK-

92MI microspheres, the levels of NK-92MI-secreted cytotoxic factors such as interferon-γ 

(IFN-γ), granzyme B, and perforin in culture medium were measured (Figure 3B–D). The 

results showed that the level of IFN-γ, granzyme B, and perforin increased in the supernatant 

because of the continuous proliferation and secretion of NK-92MI cells, further indicating their 

potential for enhanced tumor killing.  



 

In Vitro Tumor-Killing Effect of NK-92MI Microspheres 

The killing capability of NK-92MI encapsulation microspheres can be attributed to the release 

of perforin and granzymes upon recognition and targeting of tumor cells through its activating 

receptors. Thus, the expression level of surface-activating receptors such as NKp30, NKp44, 

NKp46, and NKG2D was first characterized by flow cytometry (Figure S4A). The results 

showed that the NK-92MI cells highly expressed activating receptors of NKp30, NKp44, 

NKp46, and NKG2D, suggesting that the NK-92MI cells were highly activated and could 

directly kill tumor cells. The level of IFN-γ, perforin, and granzyme B secreted by NK-92MI 

cells was also confirmed using ELISA before they were encapsulated in porous microcapsules 

(Figure S4B–D). The results demonstrated that the NK-92MI cells secreted high levels of IFN-

γ, perforin, and granzyme B and indicated that NK-92MI cells had the capability of sustainably 

secreting these tumor-killing factors. To prove this hypothesis, NK-92MI cells were then 

separately incubated with human breast cancer cells (i.e., MDA-MB-231) or human skin cancer 

cells (i.e., A375) for 4 h. Compared with the control group, live/dead staining showed that the 

NK-92MI killed 80% of tumor cells with an effector-to-target (E/T) ratio of 5:1. Among these 

groups, NK-92MI cells were more sensitive to A375 cells and had a relatively stronger killing 

effect. The tumor-killing efficiency was 90% with an E/T ratio of 1:1 (Figure S5A). The 

cytotoxic effects of the NK-92MI cells on MDA-MB-231 and A375 cells were also measured 

using the CCK8 assay. The results showed that the viability of MDA-MB-231 and A375 cells 

were significantly decreased after co-culturing with NK-92MI cells (Figure S5B,C). The 

cytotoxic activity of NK-92MI was also evaluated by detecting the level of lactic 

dehydrogenase (LDH) released from apoptotic tumor cells in the supernatant (Figure S5D), 

which also demonstrated that the NK-92MI had significant killing effects on MDA-MB-231 

and A375 cells. 

The tumor-killing effect of NK-92MI porous microspheres with E/T ratios of 1:1 and 5:1 was 

investigated (Figure S6). The NK-92MI microspheres were cultured with MDA-MB-231 or 

A375 cells for 6 h. Early apoptosis of tumor cells was observed after 6 h of coculture by 



detecting Annexin V and propidium iodide (PI) using flow cytometry (Figure 4A). The 

apoptotic ratios of the MDA-MB-231 cells were 10.4 and 22.9% with E/T ratios of 1:1 and 5:1, 

respectively; Similarly, 19.9 and 28.9% of A375 cells apoptosed with E/T ratios of 1:1 and 5:1, 

respectively. These data showed that the NK-92MI microspheres had more killing effects on 

A375 cells. With longer co-culturing time for 24 h, the NK-92MI microspheres had 

significantly increased killing effects on tumor cells. The results showed that 80% of the MDA-

MB-231 or nearly 100% of A375 cells were killed by NK-92MI microspheres with an E/T ratio 

of 5:1 (Figure 4B). This could be attributed to the proliferation of NK-92MI cells in porous 

microspheres with enhanced cellular functionalities. Therefore, the NK-92MI microspheres had 

a significantly elevated in vitro anticancer capability. 

 

In Vivo Antitumor Therapy Efficiency of the NK-92MI Microspheres 

The therapeutic effect of the NK-92MI microspheres was also investigated by in situ injection 

of nude mice with skin cancer (Figure 5A). An A375-bearing nude mice model was first 

established and in situ injected with NK-92MI microspheres around the tumor to evaluate the 

tumor-killing effect. An equal volume of 0.9% sodium chloride solution (NaCl) was injected as 

the control group. All of the mice were euthanized, and tumor samples were collected 14 days 

following the treatment. As observed in Figure 5B, tumors grew rapidly in the control group 

and the ALG microsphere group, while growing slowly in both the NK-92MI microsphere 

group and the NK-92MI group. Comparatively, the size of tumors in the NK-92MI microsphere 

group was smaller than that in the NK-92MI group. The average tumor volumes were analyzed, 

and they showed consistent results, indicating that the NK-92MI microsphere group had a 

stronger killing effect on tumor cells with long-term inhibition (Figure S7A). The body weight 

of the mice treated with the NK-92MI microspheres and the NK-92MI cells only had no 

significant decrease compared to the control group, indicative of the nontoxicity of the NK-



92MI-based tumor immunotherapy (Figure S7B). 

 

To evaluate the therapeutic effect of the NK-92MI microspheres, pathological changes of tumor 

tissues were analyzed via hematoxylin and eosin (H&E) staining. In the control group and ALG 

microsphere group, the tumor cells were larger and densely populated, with more mitotic 

activity and less necrotic tumor cells. In contrast, the NK-92MI microsphere group and the NK-

92MI group resulted in a smaller tumor cell mass with less mitotic activity and more necrotic 

tumor cells. Quantitative analysis exhibited that the percentage of tumor cells in the NK-92MI 

microsphere group was a little less than the NK-92MI group. These results suggested that the 

NK-92MI microsphere group slightly possesses higher therapeutic effects than the NK-92MI 

group (Figure 5C,D). Furthermore, terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) staining was used to assess the rate of apoptotic cells within tumor tissues 

obtained from each group. The apoptosis of tumor cells was observed in the NK-92MI 

microsphere group with a rate of approximately 75%. In contrast, there was no significant 

apoptosis in the control group and the ALG microsphere group (Figure 5E,F). Proliferation-

associated nuclear antigen (Ki67) and proliferating cell nuclear antigen (PCNA) are indicators 

of tumor proliferation and are highly correlated with tumor progression. Thus, the expression 

of Ki67 and PCNA within tumor tissues was detected by immunohistochemistry (IHC). The 

results showed that both Ki67 and PCNA in the NK-92MI microsphere group and the NK-92MI 

group were less significantly expressed than that in the control group and ALG microsphere 

group (Figure 6A). Among all of the groups, the NK-92MI microsphere group had the lowest 

expression of PCNA and Ki67 in tumor tissues with a positive rate of approximately 20 and 



10%, respectively. As CD31 is closely related to the angiogenic ability of tumors, the level of 

CD31 expression in the tumor tissues was also evaluated. Similarly, the expression of CD31 in 

tumor tissues in the NK-92MI microsphere group and NK-92MI group was significantly lower 

than that in the control group and the ALG microsphere group. Furthermore, the expression of 

CD31 in the NK-92MI microsphere group was less than that in the NK-92MI group, indicating 

that the NK-92MI microspheres had stronger inhibition of tumor angiogenesis and prevented 

tumor growth (Figure 6A). Quantitative analysis of PCNA, Ki67, and CD31 expression 

demonstrated that there were significant differences between the NK-92MI microsphere group 

and the other groups (Figure 6B–D). Those results confirmed that the NK-92MI microspheres 

induced tumor cell apoptosis through secreted perforin and granzyme B, as well as direct killing 

of NK-92MI cells budding from the surface of the microspheres. 

 

 

Conclusions 

In this study, we reported the generation of large-scale NK-92MI-encapsulated porous 

microspheres via microfluidic electrospray for in situ tumor immunotherapy. Through the 

microfluidic-based electrospray technique, microspheres were fabricated in a continuous and 

tunable way. The microspheres with porous structures provided a superior living and 

proliferating microenvironment for the NK-92MI cells due to their biocompatibility. Compared 

with free NK-92MI cells, the porous microspheres encapsulated with the NK-92MI cells 

maintained a significant killing effect, especially in the in vivo environment, owing to 

sustainable release of perforin and granzyme B. Attractively, the NK-92MI cells can bud from 

the surface of microspheres in vivo and enable direct killing of surrounding tumor cells. In 

addition to enhanced tumor-killing effects, porous microspheres encapsulated with the NK-

92MI cells via in situ tumor injection can potentially avoid systemic side effects, which are 



commonly observed in current adoptive immunotherapies. Therefore, the porous alginate 

microspheres encapsulated with NK-92MI cells have great potential for improving tumor 

immunotherapy in cancer patient management. 

 

Experimental Section 

 

Materials 

Sodium alginate, poly(ethylene oxide) (PEO) (average Mw = 900 000 Da), dimethyl sulfoxide, 

calcium chloride, and phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich. 

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), 

penicillin/streptomycin (P/S), Trypsin–EDTA solution, and α-modified eagle medium (α-MEM) 

were purchased from Gibco (Grand Island, NY). The Live/Deadcell viability kit was obtained 

from Thermo Fisher Scientific (Waltham, MA). Cell counting kit-8 (CCK8) and cytotoxicity 

LDH assay kit-WST were obtained from Dojindo (Kumamoto, Japan). NK-92MI cells were 

gifts from Prof. He Huang (Zhejiang University School of Medicine). Human breast cancer cell 

line, i.e., MDA-MB-231, and human skin cancer cell line, i.e., A375, were purchased from the 

American Type Culture Collection (ATCC) (Manassas, VA) and cultured according to the 

recommended protocols. IFN-γ, perforin, and granzyme B ELISA kits were purchased from 

Neobioscience Technology Ltd (Shenzhen, China). PE-conjugated anti-NKp30 (IgG1, AF29-

4D12), anti-NKp44 (IgG2b, 44.189), PE-Cyanine7-conjugated anti-NKG2D (IgG2b, 1D11), 

and anti-NKp46 (IgG1, 9E2) antibodies were obtained from eBioscience (San Diego). 

Fluorescein isothiocyanate (FITC)-conjugated anti-CD56 (IgG2b, NCAM16.2) and PE-

conjugated anti-CD3 (IgG2b, HIT3a) antibodies were obtained from BD Biosciences (San Jose, 

CA). All of the antibodies used for immunostaining were used according to the respective 

manufacturers’ instructions. 

Porous Microsphere Preparation and Characterization 

PEO/ALG porous microspheres were prepared via phase separation and emulsion/solvent 

evaporation. Typically, ALG (0.2 g) was dissolved in 10 mL of ddH2O and was then stirred at 

37 °C for 2 h to ensure full dissolution. Next, a PEO solution (1.0%, wt) was added in a 

dropwise manner into the ALG solution with a volume ratio of 1:1, and the mixture was stirred 

at 40 °C with a spinning speed of 400 rpm for 8 h. Then, the resultant solution was dispensed 

by a microfluidic electrospray to generate a large quantity of microspheres. The diameter of the 

microspheres was adjusted by different parameters (e.g., voltage, tip diameter). The resultant 

microspheres were then immersed into a 2% CaCl2 solution for 1 h prior to collection with the 

aid of a sieve. Subsequently, the microspheres were washed with ddH2O three times before 

lyophilization. 

Biocompatibility of Porous Microspheres 

The viability of the NK-92MI cells within the porous microspheres was evaluated using a 

CCK8 assay. The cell-laden microspheres containing NK-92MI (1 × 105  cells/mL) were 

plated in a 96-microwell plate and cultured for 24, 48, and 72 h. Following the incubation, 10 

μL of CCK8 working solution was added in the cell culture media and then incubated for 3 h 

at 37 °C. Then, the optical density (OD) value was measured using a plate reader (Synergy 

HTX) at 450 nm. 

Preparation of Cell-Laden Porous Microspheres 



The NK-92MI cells were grown in α-MEM supplemented with 0.1 mM of 2-mercaptoethanol, 

0.02 mM of folic acid, 0.2 mM of inositol, 12.5% of horse serum, and 12.5% of FBS. MDA-

MB-231 and A375 cells were cultured in DMEM containing 10% FBS and 100 U/mL P/S at 

37 °C perfused with humidified CO2 (5%). The NK-92MI cells were cultured and mixed with 

PEO/ALG solution at 1 × 106/mL. The cell-laden mixture was then dispensed using a 

microfluidic electrospray system to generate cell-laden droplets. Next, the resultant droplets 

were immersed into a 2% CaCl2 solution for 2 min to generate cell-laden microspheres. Finally, 

the cell-laden microspheres were washed with cell culture medium three times and cultured for 

downstream analysis. 

Enzyme-Linked Immunosorbent Assay (ELISA) 

The NK-92MI cells (0.1, 0.3, 0.5, 1 M/mL) or NK-92MI cells (1 × 106/mL) encapsulated in 

the porous microspheres were plated in 24-well dishes and cultured for 7 days. The supernatant 

at day 1, day 3, and day 7 was collected, and the concentrations of soluble cytokines such as 

IFN-γ, perforin, and granzyme B released into the medium were measured using their 

respective ELISA kits according to the supplier’s instructions (Neobioscience, Shenzhen, 

China). 

Live/Dead Staining and in Vitro Cytotoxicity Assay 

To measure the viability of proliferating NK-92MI cells in porous microspheres within 14 days, 

Live/dead staining was used. 2 μL of Calcein-AM and 2 μL of PI solutions were added to 1 mL 

of PBS to create a staining solution. The cell medium was removed, and 300 μL of the staining 

solution was added directly to the NK-92MI microspheres. After 20 min of incubation at 37 °C 

in darkness, the NK-92MI cells in microspheres were imaged under a fluorescence microscope 

(Carl Zeiss, Germany). To measure the cytotoxic activity of NK-92MI, MDA-MB-231 cells (2 

× 105/mL) or A375 cells (2 × 105/mL) were placed on a 24-well plate for 12 h and co-cultured 

with the NK-92MI at various E/T ratios for 4 h. The cytotoxicity of MDA-MB-231 and A375 

cells was measured by Calcein-AM and PI staining as described above. The proliferation of 

MDA-MB-231 and A375 cells was measured using a CCK8 assay. Briefly, NK-92MI cells were 

co-cultured with MDA-MB-231 or A375 cells at various E/T ratios. Following the incubation 

for 4 h, 10 μL of the CCK8 reagent and 90 μL of culture medium were added to cells for another 

3 h for color development. The OD value was collected using a microplate reader at the 

wavelength of 450 nm. 

Lactate Dehydrogenase (LDH) Release Assay 

The LDH release assay was carried out using the cytotoxicity LDH assay following the 

manufacturer’s instructions (Dojindo, Kumamoto, Japan). In brief, the NK-92MI effector cells 

were co-cultured for 4 h with target cells such as MDA-MB-231 and A375 (1 × 104) at effector-

to-target (E/T) ratios of 10:1, 5:1, 3:1, and 1:1. The supernatants were collected for the 

measurement of LDH released from dead cells. To this end, the absorbance color development 

was measured at the wavelength of 490 nm. 

Flow Cytometry Assay 

To stain the NK-92MI cells, they were first washed two times in FACS buffer (PBS 

supplemented with 0.1% NaN3 and 0.1% bovine serum albumin (BSA)) and pelleted by 

centrifuging at 400 g for 5 min. Antibodies including PE-conjugated anti-NKp30, anti-NKp44, 

PE-Cyanine7-conjugated anti-NKG2D and anti-NKp46 were added in the dark at 4 °C for 60 

min with concentrations as specified by the manufacturer (eBioscience, San Diego, USA). 



Isotype-matched irrelevant monoclonal antibodies were used to define nonspecific staining. 

Flow cytometry was then conducted using the Beckman Coulter FC500 system. In addition, the 

NK-92MI microspheres were co-cultured for 6 and 24 h with target cells such as MDA-MB-

231 and A375 at effector-to-target (E/T) ratios of 5:1 and 1:1. An Annexin-V-FITC apoptosis 

detection kit (BD Pharmingen) was utilized to measure the rate of cell apoptosis in MDA-MB-

231 and A375 cells. To this end, MDA-MB-231 and A375 cells were stained using FITC-

conjugated Annexin V or PI prior to characterization by flow cytometry. The data of cell 

apoptosis were collected using FACS Calibur (BD Biosciences) and then analyzed using 

CellQuest Pro software. 

In Vivo Tumor-Killing Effect of the NK-92MI Microspheres 

BALB/c-nude mice (Changzhou Cavens Laboratory Animal Ltd) were inoculated intradermally 

in a shaved flank with 2 × 106 of A375 cells. After 7 days, mice were given intratumoral 

injection once in a week for two weeks with the following treatments: (a) 0.9% NaCl; (b) 

microsphere; (c) NK-92MI cells; or (d) NK-92MI microspheres. All of the formulations were 

prepared freshly prior to the treatment. The body weight of mice and the volume of tumor 

tissues were measured 3 times a week. All animal experiments were performed according to 

the Guideline for the Care and Use of Laboratory Animals from the National Institutes of Health 

(USA) and were approved by the Animal Ethics Committee of Southeast University (NO. 

20190108006). 

H&E and IHC Staining 

BALB/c-nude mice were sacrificed after 14 days of treatment. The tumor tissues were 

harvested and then embedded in an optimal cutting temperature (OCT) compound (Sakura 

Finetek Inc.). Frozen sections were cut at a thickness of 7 μm. Following deparaffinization and 

rehydration in sodium citrate buffer (pH = 6.0) at ambient temperature for 10 min, the sectioned 

tumor tissues were then heated in a microwave for 20 min for antigen retrieval. Then, the tumor 

sections were treated with H2O2 (3%) for 10 min, which was followed by BSA blocking (5% 

of goat serum) for 1 h at ambient temperature. Primary antibodies were then incubated with the 

tumor sections at 4 °C overnight. For IHC staining, the primary antibodies such as rat anti-

mouse CD31 (BD bioscience), rabbit anti-mouse Ki67 (Abcam), and rabbit anti-mouse PCNA 

(Abcam) antibodies were used. After washing, the tumor sections were further stained using 

biotinylated streptavidin-HRP, 3,3′-diaminobenzidine, and hematoxylin counterstain. The 

tumor sections were then dehydrated via gradient alcohols to xylene and finally covered in 

Permount Mounting Medium under a cover slip. All images were taken under 200/400 

magnification at eight different locations. 

Statistical Analysis 

All of the data were statistically analyzed using Origin 9.1 software wherever appropriate. The 

data from each group are presented as mean ± SD, and the comparison was made between the 

groups with the aid of a one-way analysis of variance test. A p-value of less than 0.05 was used 

to determine the statistical significance. 
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