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Abstract: It is well known that most anticancer drugs commonly show high toxicity to the 

DNA of tumor cells and exert effects by combining with the DNA or associated enzymes in 

the nucleus. Most developed drugs are first delivered into the cytoplasm and then transferred 

to the nucleus through the membrane pores. Sometimes, the transportation of drugs from cyto-

plasm to nucleus is not efficient and often results in poor therapeutic effects. In this study, we 

developed special and novel nanoparticles (NPs) made of chitosan and protamine for targeted 

nuclear capture of drugs to enhance anticancer effects. The anticancer effects of nuclear targeted-

delivery of drugs in NPs were also evaluated by investigating cytotoxicity, cellular uptake 

mechanism, and cell apoptosis on cells. Chitosan–protamine NPs were characterized by good 

drug entrapment, sustained release, small average particle size, low polydispersity index, and 

high encapsulation efficiency; and accomplished the efficient nuclear delivery of fluorouracil 

(5-Fu). Compared with free 5-Fu and 5-Fu-loaded chitosan NPs, treatment of A549 cells and 

HeLa cells with 5-Fu-loaded chitosan–protamine NPs showed the highest cytotoxicity and 

further induced the significant apoptosis of cells. In addition, 5-Fu-loaded chitosan–protamine 

NPs exhibited the best efficiency in inhibiting tumor growth than the other three formulations. 

5-Fu-loaded chitosan–protamine NPs enhanced antitumor efficacy through the targeted nuclear 

capture of drugs and showed promising potential as a nanodelivery system for quickly locating 

drugs in the nucleus of cells.
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Introduction
It is well known that the main role for a therapeutic chemical drug during tumor treat-

ment is to overcome a series of physiological barriers and be delivered into the specific 

intracellular situation and induce cell apoptosis.1–7 For some chemical nuclear-targeted 

drugs such as fluorouracil (5-Fu), principally used as a thymidylate synthase inhibi-

tor for targeting the nucleus and interrupting the action of the enzyme for blocking 

synthesis of the pyrimidine thymidine and preventing DNA replication,8,9 various 

physiological barriers in the process must be overcome, in order to be transported into 

the nucleus to fulfill its antitumor effects. Therefore, identifying how to maximize the 

delivery and accumulation of drug in targeted nucleus is an important factor in improv-

ing its therapeutic effects. Generally, as 5-Fu can be transferred into cell nuclei through 

passive diffusion, the uptake of free 5-Fu is time prolonged and limited by the decrease 

of drug concentration. Therefore, it is necessary to find a carrying vector to enhance 

its nuclear internalization and improve its curing effects. At present, biocompatible 

and biodegradable nanoparticles (NPs) as an effective drug delivery device is widely 
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studied, and it is extensively used to deliver functional gene, 

protein, and drug compounds into cells.10–12

Drug-loaded NPs depend on enhanced permeability and 

retention effects to be easily aggregated around tumor sites. 

They are quickly transported into cells by internalization and 

enhance the concentration of drugs in tumor cells.13–15 In addi-

tion, compared to the rapid elimination of free drugs in vivo, 

drugs could be well protected by encapsulating in NPs, and 

their release could be regulated for longer retention in the 

body and thus achieve long-acting therapy. NPs in particular 

closely carry drugs and deliver the cargo from the cytoplasm 

into the nucleus through the nuclear membrane.16–20 

Among candidates for a drug carrier system, chitosan 

as a kind of natural cationic polymer with its nontoxic, 

biocompatible, biodegradable, and antitumor properties 

is especially suitable to design a drug carrier for pack-

aging some substances such as chemical compounds, 

vaccines, and genes.21–23 However, conventional chitosan 

NPs mainly deliver the drug to the cytoplasm. When some 

nucleus-targeted drugs are encapsulated in chitosan NPs 

and released into the cytoplasm, they are easily degraded 

by enzymes in cells and slowly transported from the cyto-

plasm into the nucleus by diffusion. Therefore, chitosan 

NPs need further modification to efficiently transport the 

nuclear worked drugs such as 5-Fu directly to the nucleus 

and improve the targeted delivery and therapeutic effects. It 

has been reported that protamines are small, arginine-rich, 

nuclear proteins containing a nuclear localization signal 

(NLS), which is an amino acid sequence consisting of one or 

more short sequences of positively charged lysines or argi-

nines that could deliver proteins and chemical drugs to the 

cell nucleus by forming the nuclear pore complex,24–26 thus 

improving the uptake efficiency of exogenous substances 

into the cell nucleus.27,28 

Based on protamine’s precise nuclear localization, we 

developed novel NPs made of chitosan and protamine for 

targeted nuclear capture of drugs. The obtained chitosan–

protamine NPs, having smaller particle size and positive 

charges, were specifically localized at cell nucleus as revealed 

by the intense endonuclear fluorescence. 5-Fu as a module 

drug was loaded into chitosan–protamine NPs for evaluating 

its antitumor effect. Compared to the lower cytotoxicity and 

apoptosis incurred by free 5-Fu and 5-Fu-loaded chitosan 

NPs, 5-Fu-loaded chitosan–protamine NPs increased cyto-

toxicity and induced significant apoptosis. This indicated 

that like some other nanomaterials, such as nanodiamonds, 

they were not able to completely penetrate the nucleus acting 

just on the cytoplasm.29–31 It is important to develop new 

NPs of chitosan–protamine that can enter the nucleus and 

deliver the drug.

Materials and methods
Materials
Chitosan with deacetylation degree of 80% and molecular 

weight of approximately 400 kDa, was purchased from 

Haixin Biological Product Co., Ltd (Ningbo, People’s 

Republic of China). 5-Fu was purchased from Nantong 

Jinghua Pharmaceutical Co., Ltd (Nantong, People’s 

Republic of China). Protamine with molecular weight of 

approximately 5.1 kDa was purchased from Tianjin Sixth 

Pharmaceutical Co., Ltd (Tianjin, People’s Republic of China); 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide was obtained from Sigma-Aldrich (St Louis, MO, 

USA). All other chemicals purchased were of analytical grade 

and were obtained from a variety of vendors. A549 cells and 

HeLa cells were purchased from the Institute of Biochemistry 

and Cell Biology of Chinese Academy of Sciences (Shanghai, 

People’s Republic of China).

Preparation and determination of 
characteristics of chitosan–protamine 
NPs
Accurately weighed 8 mg chitosan was dissolved in 40 mL of 

0.1% acetic acid solution followed by the addition of sodium 

hydroxide solution (20 wt %) to adjust the pH of chitosan 

solution to 4.7. Then, 2 mg protamine was dispersed in 4 mL 

ethanol under vigorous stirring, and chitosan solution and 

protamine solution were mixed together by magnetic stirring 

for 30 minutes followed by dropping addition of 1 mg/mL of 

sodium tripolyphosphate (TPP) until opalescence phenom-

enon appeared. It suggested that chitosan and protamine with 

protonated amino groups were conjugated with TPP, which 

have negatively charged group, to form NPs by electrostatic 

interactions. Removal of ethanol by vacuum triggered the 

self-precipitation of protamine in the aqueous phase and fur-

ther compacted NPs to solid particles. To prepare drug-loaded 

NPs, 1 mg 5-Fu was pre-added into the mixture of chitosan 

and protamine before the dropping of TPP. The obtained 

NPs were centrifuged at 12,000 rpm for 45 minutes in all 

cases and washed a further three times with distilled water 

to ensure complete removal of non-encapsulated drug. The 

pellets were finally resuspended in 1 mL of distilled water 

under ultrasonication and syringe-filtered through sterile 

nylon membrane filters of 0.20 μm pore size. Particle size and 

polydispersity index (PDI) were evaluated by transmission 

electron microscope (JEM-1200EX; JEOL, Tokyo, Japan) 
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and Zetasizer (Nano ZS90; Malvern, Malvern, UK). The 

encapsulation efficiency (EE) of the drug in NPs was car-

ried out according to the protocol in our previous study, and 

in vitro drug release from NPs was estimated using a method 

reported previously.32

cell viability assays
MTT cell proliferation assay kit provided a simple method 

for determination of cell number using standard microplate 

absorbance readers. Free 5-Fu, 5-Fu-loaded chitosan NPs, 

and 5-Fu-loaded chitosan–protamine NPs were chosen to 

incubate with cells for different periods at 37°C under 5% 

CO
2
. In all, 10 μL of the 12 mM MTT stock solution was 

added to each well and incubated for 6 hours at 37°C under 

5% CO
2
 and 95% O

2
. Then, 50 μL of dimethyl sulfoxide was 

added into each well and mixed thoroughly with the pipette, 

and incubated at 37°C for 10 minutes. The absorbance of the 

solution was quantified using a BioTek Synergy-2 microplate 

reader to measure absorbance at 490 nm. Student’s t-test was 

used for data statistics.

Intracellular location of NPs in hela cells
To analyze the intracellular localization (trajectories) of NPs, 

cells were grown in six-well chamber slides (BD Biosciences, 

Bedford, MA, USA). The nucleus was stained with Hoechst 

(blue) for 15 minutes at 37°C, and fluorescein isothiocyanate 

(FITC) (green) was encapsulated in NPs for labeling. Dif-

ferent kinds of NPs entrapping FITC with the mass ratio of 

NPs and FITC at 50:1 were added into cells for incubation. 

The lysosome was stained by Lyso-Tracker Red DND-99. 

To reach the nucleus of the cells, NPs should show some 

mobility in the cytoplasm of the cells and their distributions 

were observed using confocal laser scanning microscopy 

(FluoView FV10i; Olympus, Tokyo, Japan). 

endocytosis inhibition test
To test which uptake mechanism was mainly dominated in 

the cellular entry of NPs, endocytosis inhibitors including 

chlorpromazine (inhibition of clathrin-mediated uptake) at 

10 μg/mL, genistein (caveolae-mediated uptake) at 1 μg/mL, 

cytochalasin D (30 μM, macropinocytosis), and 20 μg/mL 

sodium azide (an energy inhibitor) were preincubated with 

cells for 2 hours followed by the addition of FITC-labeled 

NPs with the mass ratio of NPs to FITC at 50:1 for continuous 

incubation. After 12 hours, extracellular NPs were removed 

followed by double washing with phosphate-buffered saline 

(PBS) and uptake ability of NPs was quantified using a 

microplate reader. The fluorescence from FITC was excited 

at 485 nm and emitted at 528 nm. Endocytosis inhibition 

test was evaluated by calculating the uptake ratio of relative 

uptake rates of NPs treated with inhibitors and the uptake 

ratio of relative uptake rates of NPs treated with non-inhib-

itors. The relative uptake rates of NPs were determined by 

calculating the ratio of intracellular fluorescent intensity from 

internalized FITC-labeled NPs cells to the initial fluorescent 

intensity from the total added FITC-labeled NPs represented 

by relative fluorescent ratio (RFR, %).

Western blot assay
In order to further evaluate the cell apoptosis effects induced 

by free drug and drug-loaded NPs, western blotting was per-

formed to detect the expression levels of apoptosis-related 

proteins. The first step in a western blotting procedure is 

to separate the targeted proteins using gel electrophoresis. 

After electrophoresis, the separated targeted proteins are 

transferred or blotted onto a polyvinylidene difluoride mem-

brane. Next, the membrane was blocked with bovine serum 

albumin to prevent any nonspecific binding of antibodies 

to the surface of the membrane. The membrane can then be 

further processed with primary antibodies specific for the 

target of interest and appropriate secondary antibody. After 

being stained with enhanced chemiluminescence, the levels 

of the targeted proteins were photographed and analyzed 

using a UVP gel analysis system (iBox Scientia 600; UVP, 

LLC, Upland, CA, USA).

In vivo antitumor effect
BALB/c nude mice (4–5 weeks, 13±1 g) were purchased 

from Beijing Vital River Laboratory Animal Technology 

Company, Beijing, People’s Republic of China and randomly 

assigned to groups. All mice were inoculated subcutaneously 

with HeLa cells (1×107 cells suspended in 200 mL PBS) 

to obtain the solid tumor. Twenty-four of the inoculated 

mice with the tumor volume of nearly 70 mm3 were evenly 

divided into four groups, which were treated with PBS, free 

5-Fu, 5-Fu-loaded chitosan NPs, and 5-Fu-loaded chitosan–

protamine NPs separately. Free drug and drug-loaded NPs 

with the same amount of 5-Fu at 1.6 mg were re-suspended 

in 100 μL PBS and injected subcutaneously into the anterior 

flank of mice for 5 consecutive days each week for 3 weeks. 

Three weeks later, all mice were sacrificed and tumor tissues 

were collected to evaluate antitumor efficacy. Tumor growth 

curves were determined by calculating the tumor volume 

using the formula V=a×b2×π/6, where a is the length, b is 

the width, and V is given in mm3. The animal procedures 

performed followed the guidelines of National Institutes of 
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Health Guide for the Care and Use of Laboratory Animals 

and were approved by the Animal Care and Use Committee 

of Jinzhou Medical University.

Results
Preparation and determination 
of characteristics of 5-Fu-loaded 
chitosan–protamine NPs
The obtained 5-Fu-loaded chitosan–protamine NPs prepared 

by ion gelation method were characterized of smaller par-

ticle size with the average size of 116±15 nm, positive zeta 

potential about 27.8±4.21 mV, and lower polydispersity at 

0.11±0.05. In term of the EE of drugs, about 82.4%±5.66% 

of 5-Fu were encapsulated in NPs (Figure 1 and Table 1). 

The results also showed that 5-Fu encapsulated in chitosan–

protamine NPs was released slowly and smoothly in a 

biphasic drug release pattern at different pHs, as shown 

in Figure 1C. Judging by the release curve of drug-loaded 

chitosan–protamine NPs, the drug release from NPs changed 

depending on the value of pH, and when the value was lower, 

the release rate was faster. NPs also controlled the slow and 

smooth release of 5-Fu, and about more than 60% of total 

5-Fu was slowly leaking out from NPs into medium within 

48 hours at different pH levels. It suggested that in the acidic 

condition, the glucose amino group in chitosan chain bonded 

with H+ to form NH3+ and dissolved in the medium rapidly, 

thus accelerating the breaking down of particle structure and 

resulting in fast diffusion of drug from the interior of NPs.

MTT assay
The cytotoxic effects of free 5-Fu and 5-Fu-loaded NPs 

were evaluated by MTT assay using A549 and HeLa cells 

(Figure 2). It was demonstrated that compared with free 

5-Fu and 5-Fu-loaded chitosan NPs, 5-Fu-loaded chitosan–

protamine NPs showed acute and significantly higher cyto-

toxicity in both the cells. In the initial incubation time from  

6 hours to 12 hours, treatment of both the cells with free 5-Fu 

and 5-Fu-loaded chitosan NPs did not cause a significant 

decrease in the cell viability, indicating that free 5-Fu and 

5-Fu-loaded chitosan NPs had been internalized into cells 

by simple penetration and endocytosis, and further formed 

endosomes that were fused with lysosomes to break down 

NPs activated by secreted lysosomal proteinases and released 

drugs. Therefore, it took a long time for free 5-Fu and 5-Fu-

loaded chitosan NPs to escape from lysosomes and were 

transferred into the cytoplasm. Thus, no obvious apoptotic 

effects were induced after treatment with free 5-Fu and 5-Fu-

loaded chitosan NPs over 12 hours at different concentrations 

of 5-Fu. With the extension of time, 5-Fu in the cytoplasm was 

gradually transported into the nucleus to promote significant 

apoptosis. The half-maximal inhibitory concentration (IC
50

) 

values of 5-Fu-loaded chitosan NPs and free 5-Fu-treated 

A549 cells were 26.8 μg/mL and 29.6 μg/mL at 24 hours and 

20.0 μg/mL and 22.3 μg/mL at 48 hours, respectively. The 

IC
50

 values of 5-Fu-loaded chitosan NPs and free 5-Fu-treated 

HeLa cells were 19.7 μg/mL and 21.8 μg/mL at 24 hours 

and 18.1 μg/mL and 19.4 μg/mL at 48 hours, respectively. 

Owing to the fact that protamine contains a NLS and has a 

Figure 1 characterization determination of 5-Fu-loaded chitosan–protamine NPs. TeM image of 5-Fu-loaded chitosan–protamine NPs (A), Dls analysis of the obtained 
5-Fu-loaded chitosan–protamine NPs (B), and in vitro release profile of 5-Fu-loaded chitosan–protamine NPs in phosphate-buffered saline at 37°c for 48 hours (C).
Abbreviations: CS, chitosan; DLS, dynamic light scattering; 5-Fu, fluorouracil; NP, nanoparticle; TEM, transmission electron microscope.
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Table 1 Key parameters of NPs

Group Diameter (nm) Zeta potential (mV) Polydispersity Encapsulation efficiency %

5-Fu-loaded cs NPs 100±9.3 20.8±1.43 0.24±0.08 80.1±4.93

5-Fu-loaded cs-protamine NPs 116±15 27.8±4.21 0.11±0.05 82.4±5.66

Note: Data presented as mean ± sD.
Abbreviations: 5-Fu, fluorouracil; CS, chitosan; NP, nanoparticle.

promising potential to deliver cargo directly to the targeted 

nucleus, chitosan–protamine NPs could efficiently transfer 

5-Fu into the nucleus in the shortest time, avoiding the deg-

radation of lysosome and endocytosis by autophagosome. 

Therefore, 5-Fu-loaded chitosan–protamine NPs triggered 

rapid and severe cytotoxicity within a few hours of incuba-

tion at incubation concentrations. The IC
50

 values of A549 

cells treated with 5-Fu-loaded chitosan–protamine NPs were 

28.0 μg/mL at 6 hours, 26.5 μg/mL at 12 hours, 22.5 μg/mL 

at 24 hours, and 17.9 μg/mL at 48 hours. By contrast, the IC
50

 

values of HeLa cells were 27.7 μg/mL at 6 hours, 22.5 μg/mL  

at 12 hours, 16.7 μg/mL at 24 hours, and 13.2 μg/mL at 

48 hours. In order to justify that the blank chitosan-based 

NPs with positive potential had the cytotoxicity against A549 

and HeLa cells, in vitro cytotoxicity of blank chitosan NPs 

and chitosan–protamine NPs had been studied. As shown 

in Figure 2, we found that inhibiting rates of blank chito-

san NPs and chitosan–protamine NPs for tumor cells were 

very low and different amount of blank chitosan NPs, and 

chitosan–protamine NPs showed no obvious cell inhibition 

within 48 hours.

Distribution of NPs in cells
Based on the construction of carriers, the interactions 

between the carriers and targeted cells and their intracellular 

delivery process were further studied by using confocal laser 

scanning microscopy (FluoView FV10i; Olympus). FITC 

as a fluorescent marker was encapsulated in NPs to indicate 

the intracellular location of NPs and the nucleus was stained 

with Hoechst (blue) for 15 minutes at 37°C, and the lysosome 

was stained with Lyso-Tracker Red DND-99. As shown in 

Figure 3, it was found that the green fluorescence of FITC 

was accumulated in cell surface after being treated with chi-

tosan NPs or chitosan–protamine NPs for 3 hours, suggesting 

the initial efficient attachment of NPs with cell membrane 

in favor of further internalization. With the extension of 

incubation time, the green fluorescence from chitosan NPs 

was dispersed throughout the whole cytoplasm, and only a 

few weak green fluorescent dots were located in the nucleus. 

The stronger green color from chitosan–protamine NPs was 

mainly concentrated on the nucleus of HeLa cells. It demon-

strated that compared to chitosan NPs, chitosan–protamine 

NPs effectively promoted the nuclear translocation and 

constructed nanodelivery system for targeted drug transfer-

ring into cell nucleus. In the co-localization experiment, the 

result showed that red fluorescence representing lysosome 

was observed evenly inside the cells and the green color was 

accumulated on the cell surface, suggesting that there was no 

co-localization occurring between NPs and lysosome in the 

first 3 hours. With the extending incubation time at 37°C, 

the increased green fluorescence denoting NPs was observed 

in the cytoplasm and colocated with the red fluorescence 

signifying lysosome. It was suggested that co-localization 

between chitosan NPs and lysosome was accelerated and 

the degree of lysosomal endocytosis of NPs was enhanced. 

It also indicated that chitosan NPs were mostly taken up 

by endocytosis and then entered lysosomal compartment. 

By contrast, when chitosan–protamine NPs were incubated 

with cells, small extent of co-localization between chitosan–

protamine NPs and lysosome was observed. It could be 

explained that chitosan–protamine NPs could be efficiently 

transported into the cell nucleus in the shortest possible time 

and significantly reduced capture of chitosan–protamine 

NPs by lysosome; thus, chemical drugs can be delivered 

to the nucleus of the cells and prevent cargo from eventual 

lysosomal degradation. 

Uptake mechanisms involved in the 
cellular entry of NPs
The internalization efficiency of NPs in cells was quantified 

by measuring RFR of the fluorescent intensity of internalized 

FITC-labeled NPs to that from the initially added FITC-

labeled NPs, expressed as a percentage. The results showed 

that when chitosan–protamine NPs were incubated with HeLa 

cells and A549 cells for 12 hours, the RFR observed in cells 

was increased gradually from less than 40% in the initial  

3 hours to over 60% at 12 hours, as shown in Figure 4. It was 

suggested that chitosan–protamine NPs showed the similar 

intracellular uptake pattern in both cells and the internaliza-

tion of NPs into the cell was time dependent. It is known that 

caveolae are ampullate (flask-shaped) invagination and abun-

dance in the plasma membrane of many mammalian cell types 

and with the help of caveolin, carriers encapsulating drugs 

can be effectively transported to the interior of the cell, thus 
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avoiding degradation of drugs in the acidic organelles through 

bypassing the lysosome. Some inhibitors blocked different 

endocytic pathways and decreased the different level of cel-

lular uptake of NPs and led to the difference in internalization 

efficacy. As shown in Figure 4, compared to that in untreated 

cells, the uptake of FITC-labeled NPs in A549 cells and 

HeLa cells pretreated with genistein for inhibiting caveolae-

mediated uptake were significantly reduced to 50.2% and 

55.4% respectively, and the uptakes in cells after incubation 

with cytochalasin D for blocking macropinocytosis were 

Figure 3 The uptake of FITc-labeled chitosan–protamine NPs (A) and FITc-labeled chitosan NPs (B) in hela cells after incubation for 12 hours with chitosan NPs and 
chitosan–protamine NPs. FITC as a green fluorescent marker was encapsulated in NPs to indicate the intracellular location of NPs; the nucleus was stained with Hoechst 
(blue) and the lysosome was stained with lyso-Tracker red DND-99 (red). The scale bar is 50 μm.
Abbreviations: FITC, fluorescein isothiocyanate; NP, nanoparticle.
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decreased to 68.9% and 71.4%, respectively. Conversely, 

when pre-added into chlorpromazine for inhibiting 

clathrin-mediated endocytosis, no significant changes on 

uptake rates were found for chitosan–protamine NPs. The 

results showed that chitosan–protamine NPs were inter-

nalized through both caveolae-dependent endocytosis and 

macropinocytosis-dependent pathways. It was also supported 

by the observation that downregulation of intracellular ATP 

generation by sodium azide reduced the internalization of 

chitosan–protamine NPs considerably by about 49.5% in  

A549 cells and 50.2% in HeLa cells, whereas the endocytosis 

of NPs in cells was energy dependent.

Western blot analysis
In order to further evaluate apoptosis effects induced by free 

drug and drug-loaded NPs, western blot assay was adopted to 

determine the expression of apoptosis-related proteins such 

as Bax, cleaved caspase-3, and poly ADP-ribose polymerase 

(Parp). From Figure 5, it was found that 5-Fu-loaded NPs 

promoted higher apoptosis effects of both cells than free 

drugs represented by upregulated expression of Bax, Parp, 

and cleaved caspase-3 proteins. It suggested that the uptake 

of free 5-Fu depended on passive diffusion and was limited 

by the concentration gradient, in particular, intracellular 

5-Fu without the protection of NPs was rapidly attacked by 

acidic lysosome, thus showing the lowest cytotoxicity. On 

the contrary, different from free 5-Fu, 5-Fu-loaded NPs were 

internalized through both caveolae-dependent endocytosis 

and macropinocytosis-dependent pathways and enhanced 

their cytotoxicity. Compared to the treatment group with 

the free 5-Fu and 5-Fu-loaded chitosan NPs, 5-Fu-loaded 

chitosan–protamine NPs induced the highest expression 

Figure 4 Fluorescence spectrum analysis of the uptake of chitosan–protamine NPs in hela cells (A) and a549 cells (B). effects of endocytic inhibitors on the uptake ability 
of chitosan–protamine NPs in both cells (C). The endocytosis of chitosan–protamine NPs in cells was energy dependent and mainly relied on caveolae-mediated endocytosis 
and macropinocytosis uptake. results are expressed as mean ± sD (n=3). ***P,0.001, vs FITc-labeled chitosan–protamine NPs treated with chlorpromazine in a549 cells. 
###P,0.001, vs FITc-labeled chitosan–protamine NPs treated with chlorpromazine in hela cells.
Abbreviations: NP, nanoparticle; SD, standard deviation; FITC, fluorescein isothiocyanate.
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Figure 5 apoptotic effects of various 5-Fu formulations on a549 cells (A) and hela cells (B). Western blot analyses of the expression levels of Bax, Parp, and cleaved 
caspase-3 proteins in cells after treatments. *P,0.05, vs the Bax protein expression of controlled group; #P,0.05, vs the Parp expression of controlled group; P,0.05, vs 
the cleaved caspase-3 protein expression of controlled group. Data are presented as mean ± sD (n=3).
Abbreviations: CS, chitosan; 5-Fu, fluorouracil; NP, nanoparticle; Parp, poly ADP-ribose polymerase; SD, standard deviation.

β
β

of cleaved caspase-3 in both cells. It proved that chitosan–

protamine NPs significantly promoted targeted delivery of 

5-Fu into the nucleus and enhanced the concentration of 

5-Fu in cell nuclei, thus triggering the maximum apoptosis 

of cells.

In vivo antitumor effect
Antitumor efficacy of 5-Fu-loaded chitosan–protamine NPs 

in vivo in the mouse model bearing subcutaneous HeLa cell 

xenografts was evaluated by observing the volume change 

of tumor. It can be seen from Figure 6 that compared with 

the control group, after treatment with free 5-Fu and 5-Fu-

loaded chitosan NPs, the isolated tumor volumes were all 

smaller. More importantly, 5-Fu-loaded chitosan–protamine 

NPs caused a remarkable decrease in tumor volume, sug-

gesting that 5-Fu-loaded chitosan–protamine NPs exhib-

ited the best efficiency in inhibiting tumor growth than 

other three formulations. The result might be interpreted 

that more 5-Fu had been released in the nucleus due to 

nucleus-internalization effect of chitosan–protamine NPs. 
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Figure 6 Images of mice bearing hela tumors on the 21st day (A) and tumor growth curves (B). The rectangles indicate the hela cell tumors (A), the tumor growth curves 
were determined by calculating the tumor volume using the formula V=a×b2×π/6, where a is the length, b is the width, and V is given in mm3.
Abbreviations: CS, chitosan; 5-Fu, fluorouracil; NP, nanoparticle.

Thereby, DNA synthesis was inhibited, cell apoptosis was 

accelerated, and tumor growth was suppressed. It further 

suggested that 5-Fu-loaded chitosan–protamine NPs as a 

potential drug delivery system enhanced the intracellular 

concentrations of drugs in the nucleus and improved the 

tumor suppression efficacy.

Discussion
Biodegradable NPs as a potential vector have acquired 

more attention due to low immune response and simplicity 

of preparation. They are easily synthesized and modified, 

and no immunogenicity and cytotoxicity are found. More 

importantly, they have overcome the various physiological 

barriers in the process of transportation of drugs and have 

achieved intracellular targeted localization to enhance the 

internalization efficiency and curing effects. We aimed 

to design special and novel NPs made of chitosan and 

protamine for targeted nuclear capture of drug to enhance 

anticancer effects. It has been proved in Figure 1 and Table 1 

that protamine was blended with chitosan and formed matrix 

of NPs. Chitosan NPs and chitosan–protamine NPs had 

always a significant difference on intracellular distribution 

and physicochemical properties. Chitosan NPs began to 

diffuse into the cytoplasm and displayed enhanced green 

fluorescence. With the mediation of protamine as a NLS, 

chitosan–protamine NPs were mainly distributed in the 
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cell nucleus. The zeta potential and particle size of chitosan-

protamine NPs were about 27.8±4.21 mV and 116±15 nm, 

respectively, higher than that of chitosan NPs at about 

20.8±1.43 mV and 100±9.3 nm, respectively. In fact, free 

5-Fu could also be transferred into the nucleus through 

simple diffusion. 5-Fu encapsulated in chitosan NPs could 

be released into the cytoplasm from NPs by the degrada-

tion of chitosan NPs, and further diffused into the nucleus 

in the form of free 5-Fu. With the help of protamine, 5-Fu 

encapsulated in chitosan–protamine NPs could accomplish 

the efficient and active nuclear delivery by NLS peptide-

mediated NPs. To explore the apoptosis of 5-Fu-loaded NPs, 

western blot assay was performed to detect the expression 

of cleaved caspase-3. From Figure 5, it was found that 

compared to the treatment group with the free 5-Fu and 

5-Fu-loaded chitosan NPs, 5-Fu-loaded chitosan–protamine 

NPs induced the highest expression of cleaved caspase-3 

in HeLa cells and A549 cells. It was indicated that a large 

amount of drug-loaded chitosan–protamine NPs were accu-

mulated in cells and specifically located in the nucleus due 

to the interaction between protamine and nuclei, leading 

to significant apoptosis and increasing expression level of 

cleaved caspase-3 proteins, as the main apoptosis-relevant 

protein, in western blot. It could also be confirmed by MTT 

results. Furthermore, 5-Fu-loaded chitosan–protamine NPs 

caused a remarkable decrease in tumor volume, suggesting 

that 5-Fu-loaded chitosan–protamine NPs exhibited the 

best efficiency in inhibiting tumor growth than other three 

formulations. 

Conclusion
Chitosan–protamine NPs that we prepared were character-

ized by good drug entrapment, sustained release, smaller 

average particle size, low PDI, and high EE, and accom-

plished the efficient nuclear delivery of 5-Fu. Protamine 

was involved as a powerful tool for efficient nucleus-

targeted delivery of 5-Fu by NLS peptide-mediated NPs. 

Compared with free 5-Fu and 5-Fu-loaded chitosan NPs, 

treatment of A549 cells and HeLa cells with 5-Fu-loaded 

chitosan–protamine NPs showed the highest cytotoxic-

ity and further induced significant apoptosis of cells. In 

addition, 5-Fu-loaded chitosan–protamine NPs exhibited 

the best efficiency in inhibiting tumor growth than other 

three formulations. Taken together, 5-Fu-loaded chitosan–

protamine NPs enhanced antitumor efficacy through the 

targeted nuclear capture of drug and showed their promis-

ing potential as a nanodelivery system for locating drugs 

in the nucleus of cells.
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