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ABSTRACT
It is urgent to develop functional nanocarriers for targeted drug therapy of cancer. 
This work developed a smart drug controlled release system based on the den-
dritic mesoporous silica nanoparticle (DMSN) for dual gatekeepers drug delivery. 
The DMSN-Cys grafted with disulfide bonds appeared as spheres of uniform 
size with a porous structure, which enabled a drug loading efficiency of 68.32%. 
Since the protonated amino groups of chitosan were responsive to pH and the 
disulfide bonds were sensitive to glutathione, the modified 5-Fu@DMSN-Cys/
CS can be used for pH/GSH responsive drug delivery. Release behaviors showed 
excellent drug controlled release effects. Good biocompatibility and pronounced 
cytotoxicity of 5-Fu@DMSN-Cys/CS were confirmed by cytotoxicity test. Noted 
specially, the microcosmic adsorption interaction between drug molecules and 
DMSN-Cys has been evaluated through molecular dynamic simulation. Electro-
static potential and adsorption simulation confirmed that the driving force of 
5-Fu adsorption was originated from electrostatic force and hydrogen bonding 
interaction between the nanocarriers and 5-Fu molecules. These results indicated 
that 5-Fu@DMSN-Cys/CS could be potential carriers for anticancer drug delivery.
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GRAPHICAL ABSTRACT

Introduction

Globally, cancer has continuously become one of 
the fast-growing diseases and exploring effective 
therapeutic method with minimum side effects has 
become considerably significant [1, 3]. In spite of the 
advances in chemotherapy, cancer remains among 
the major causes of mortality [4, 5]. Therefore, it is 
urgent to develop effective drug delivery systems to 
treat cancer.

5-Fluorouracil (5-Fu) is an effective anticancer 
drug, which is extensively used to treat breast can-
cer, pancreatic cancer, liver as well as other cancers 
[6, 7]. 5-Fu has been widely used in clinical applica-
tions, but its application has been fully limited due to 
its drug resistance and rapid metabolism [8, 9]. Con-
sequently, it is of great significance to develop more 
effective drug delivery systems for 5-Fu, controlling 
drug release into diseased tissues, and improving 
therapeutic efficiency [10, 11].

Due to the unique advantages of mesoporous sil-
ica nanoparticles (MSN) such as large specific surface 
area, high pore volume, well-defined pore structure, 
adjustable pore size, good biocompatibility as well 
as easily surface functionalization, it was considered 
a promising candidate drug for drug delivery as a 
drug carrier [12, 16]. Numpilai et al. investigated 
the effects of physicochemical properties of porous 
silica materials conjugated with dexamethasone 
via pH-responsive hydrazone bond on drug load-
ing and release behavior [17]. But numerous studies 
showed that drug only adsorbed on the surface of 
drug carriers due to the small interaction force and 

pore size, leading to the limited drug loading capac-
ity and premature drug leakage [18, 20]. Notably, 
dendritic mesoporous silica nanoparticles (DMSN) 
with center-radial mesostructure have attracted 
increasingly attention in drug delivery process 
owing to their unique dendritic mesopore channels 
and high specific pore volume, enabling the encap-
sulation of large payloads [21, 25]. Lu et al. prepared 
badminton-like asymmetric modified mesoporous 
silica carriers by etching and following asymmetric 
modification [26]. As we all known that the pH value 
in tumor tissues is lower than that of normal tissue 
[27, 29], and the intracellular concentration of glu-
tathione (GSH) is about 2–3 levels higher than that 
in extracellular plasma [30, 32]. These results have 
prompted us to design pH/GSH responsive nano-
carriers for drug controlled release. Therefore, we 
hoped to develop dual stimuli-responsive nanocar-
riers based on DMSN to achieve the delivery of 5-Fu 
in tumor environments.

In this paper, we explored the modified DMSN to 
achieve the GSH and pH responsive drug delivery 
(Fig. 1). Sulfur-containing compounds were grafted 
onto the surface of DMSN through amide bonds, 
thereby introducing disulfide bonds. After that, chi-
tosan as capping agents was applied to reduce drug 
leakage from the nanocarrier. The grafted Cys and 
the chitosan layer acted as ‘gate-keeper’ to control 
drug release in response to tumor cell microenviron-
ment. Therefore, it can be imagined that functional-
ized DMSN with large specific surface area and pore 
volume could load more 5-Fu and realize stimuli-
responsive drug release, which could enhance the 
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drug delivery efficiency. In vitro release study indi-
cated that 5-Fu@DMSN-Cys/CS had control release 
performance and pH/GSH responsive capacity. The 
biocompatibility and cytotoxicity of 5-Fu@DMSN-
Cys/CS were evaluated. Additionally, the adsorp-
tion simulation calculation showed that the interac-
tion between 5-Fu and the grafted DMSN-Cys was 
stronger than the bare DMSN, which provided a 
theoretical basis for improving the loading capacity 
and sustained-release performance of microspheres 
on 5-Fu molecules.

Experimental

Materials

Tetraethyl orthosilicate (TEOS, 98%), hexadecyl trime-
thyl ammonium bromide (CTAB, > 99%), (3-aminopro-
pyl)triethoxysilane (APTES, 98%), triethanolamine 
(TEA), phosphate buffer solution (pH 7.4 and 5.0), 
sodium salicylate (NaSal, ≥ 99.5%), glutathione (GSH, 
98%) and 5-fluorouracil (5-Fu, ≥ 98%) were bought 
from Shanghai Aladdin Biochemical Technology Co., 
Ltd. N-hydroxysuccinimide (NHS, 98%), succinic 
anhydride (SA, 99%), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC, 98%), cysta-
mine dihydrochloride (Cys, > 97%), dimethyl sulfoxide 
(DMSO) and chitosan (deacetylation degree 86%) were 
purchased from Shanghai Titan Scientific Co., Ltd. Cell 
Counting Kit-8 (CCK-8) was obtained from Shanghai 
Junzhe Biotechnology Co., Ltd.

Preparation of DMSN

Briefly, DMSN was prepared by modification of a one-
pot method from the literature [33]. Typically, TEA 
(0.068 g) was dissolved in 50 mL water and stirred 
for 0.5 h at 80 °C. After that, CTAB (0.38 g) and NaSal 
(0.168 g) were dispersed into the reaction solution 
and stirred for another 1 h. Then, 2.0 mL of TEOS was 
added and continued to be stirred for 2 h. The nano-
particles were gathered via centrifuging and washed, 
sintered at 550 °C for 5 h.

Preparation of DMSN–COOH

0.5 g of DMSN was scattered in 50 mL anhydrous etha-
nol. After the addition of APTES (0.8 mL), the solution 
was refluxed at 80 °C for 20 h. The ammoniated nano-
particles were collected by centrifugation and drying. 
Next, SA (1.04 g) and TEA (0.7 mL) were added to 
DMSO containing 0.8 g of DMSN-NH2 and stirred at 
50 °C for 2 days to obtain DMSN-COOH.

Preparation of DMSN‑Cys

0.5 g of DMSN-COOH was placed in 50 mL of DMSO 
solution in the presence of EDC (0.5 g) and NHS (0.5 g) 
with stirring for 2 h in room temperature. Cys (1.5 g) 
and TEA (0.67 mL) were then dissolved in the mixture 
upon stirring for another 24 h. Finally, the resulting 
solid was washed with ethanol and water, centrifuged 
and dried with lyophilization. DMSN-Cys nanoparti-
cles were obtained.

Figure 1  Schematic illustration of the fabrication of 5-Fu@DMSN-Cys/CS.
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Fabrication of 5‑Fu@DMSN‑Cys via 
encapsulation

0.1 g of DMSN-Cys was immersed into 45 mL pH 7.4 
PBS, followed by adding 0.075 g of 5-Fu. The nanopar-
ticles were collected by centrifugation and rinsed to 
remove the unloaded drug and named 5-Fu@DMSN-
Cys. The loading amount of 5-Fu was measured by 
using a standard curve at the wavelength of 265 nm 
(Fig. S1). The loading capacity (LC) and encapsulation 
efficiency (EE) were investigated using the following 
equation:

Preparation of 5‑Fu@DMSN‑Cys/CS

To block the mesoporous channel, chitosan was used 
to coat the 5-Fu@DMSN-Cys. Briefly, 1.0 g of chitosan 
was added to 2% acetic acid aqueous solution and 
stirred for 12 h in room temperature. After obtaining 
transparent chitosan solution (1% w/v), 5-Fu@DMSN-
Cys was supplemented to 40 mL of chitosan solution 
and mixed another 24 h. Finally, the 5-Fu@DMSN-Cys/
CS was centrifuged and dried.

Drug release test in vitro

The in vitro release curve of 5-Fu@DMSN-Cys/CS was 
investigated the changes of 5-Fu under different pH 
and GSH concentrations. Typically, 5-Fu@DMSN-Cys/
CS dispersed in 4 mL of PBS was placed in a dialysis 
bag, which embedded in 50 mL of the release solu-
tion and kept shaking at 37 °C. At the specified time, 
2 mL of the release solution was sampled for analy-
sis and fresh medium with equal volume was added. 
The release amount of 5-Fu was estimated by using 
UV−Vis spectrophotometer from its absorbance at 
265 nm.

Cytotoxicity test

The biocompatibility of DMSN-Cys and the anticancer 
ability of 5-Fu@DMSN-Cys/CS were investigated by 

(1)LC(%) =
weight of loaded 5 − Fu

weight of nanocarrier

× 100

(2)EE(%) =
weight of loaded 5 − Fu

initial weight of 5 − Fu

× 100

cell counting kit-8 (CCK-8) method. MCF-7 and L929 
cells were seeded in 96-well plate with a concentra-
tion of 8 ×  103  mL‒1 and were incubated with 100 μL 
nanoparticles dispersions containing two samples of 
different concentrations (12.5–200 μg  mL‒1) for 24 h. 
Then, 120 μL CCK-8 was injected into these wells and 
incubated at 37 °C again for 2 h, and the relative cell 
viability was assessed by monitoring the absorbance 
at 450 nm.

Computational methods

This article used Materials Studio (MS) software to 
complete adsorption simulation, mainly including 
three modules: MS Visualizer,  DMol3 and Forcite. MS 
visualizer: 5-Fu molecular, cluster and mixture model 
construction, model visualization and output;  DMol3: 
geometric optimization and electrostatic potential 
analysis of 5-Fu molecule; forcite: geometric optimiza-
tion of adsorption models, calculation and analysis of 
molecular dynamics. The relevant calculation param-
eter settings are shown in Table S1.

Characterization

The morphology of nanoparticles was affirmed by 
transmission electron microscopy (TEM, FEI Talos 
F200X) and scanning electron microscopy (SEM, Sigma 
300). The particle size distribution and the zeta poten-
tial were determined through Malvern Zetasizer Nano 
ZS90. Nitrogen  (N2) adsorption–desorption isotherms 
was measured by using ASAP 2460. The pore volume 
and pore size distributions were obtained from the 
Barrett-Joyner-Halenda (BJH) method. The UV−Vis 
analysis was measured using a UV − 2550 spectro-
photometer. X-ray photoelectron spectrometer (XPS, 
ESCALAB 250Xi spectrometer) and Fourier transform 
infrared (FTIR) spectra (Nicolet 170SX spectrometer) 
were used to evaluate the composition of nanoparti-
cles. Cytotoxicity was determined using a microplate 
reader (Tecan Spark 10 M).

Results and discussion

Morphology characterization of 5‑Fu@
DMSN‑Cys/CS

From Fig. 2 a and b, DMSN had spherical, center-radial 
mesostructure and uniform open dendritic mesopore 
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with the average particle size of 164 ± 14 nm. DMSN-
Cys and 5-Fu@DMSN-Cys/CS have become slightly 
rough on the surface and blocked pores (Fig. 2 c, d). 
In addition, the mesopore arrays cannot be clearly 
observed after the introduction of the groups and 
drug, confirming adequate drug loading and surface 
successful grafting. DLS showed that the particle size 
distribution of DMSN was evaluated to be 278 ± 5 nm 
(PDI = 0.235), which was slightly larger than the parti-
cle size observed by TEM (Fig. 3 a). This result might 
be owing to a small amount of aggregated nanocom-
posites in the solution [35].

N2 adsorption–desorption analysis

By the  N2 adsorption/desorption isotherm shown in 
Fig. 3 b, DMSN and DMSN-Cys represented a classi-
cal type IV isotherm accompanied with a hysteresis 
loop, which confirmed the existence of a mesoporous 
structure [36]. The specific surface area, pore volume, 

and mean diameter of bare DMSN were 540.6  m2/g, 
1.65  cm3/g and 10.33 nm, respectively. Noted that 
the BET specific surface area and the pore volume 
of DMSN-Cys were decreased to 343.02  m2/g and 1.2 
 cm3/g, implying the successful synthesis of composite 
nanomaterials and the provision of sufficient space for 
drug loading.

Analysis of zeta potentials

The surface property of DMSN before and after modi-
fication was detected by analysis of zeta potentials. 
Figure 3 c shows that zeta potential of the bare DMSN 
was about − 12.3 mV. The zeta potential of DMSN-NH2 
was reversed to 7.9 mV owing to the amino-group on 
the surface of DMSN. After conjugated with succinic 
anhydride, the zeta potential reduced to − 20.4 mV, 
because of the presence of negatively charged carboxyl 
groups of DMSN-COOH [37]. The acquired DMSN-
Cys was positively charged, owing to the surface 

Figure 2  SEM image of a DMSN; TEM image of b DMSN, c DMSN-Cys, and d 5-Fu@DMSN-Cys/CS.
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residue of the amine group in the cysteamine. After 
coating of CS, the zeta potential of 5-Fu@DMSN-Cys/
CS was further increased to 13.8 mV. The changes of 
zeta potential after every modification process have 
given evidence of successful functionalization.

FTIR analysis

The FTIR spectrum of DMSN, DMSN-NH2, DMSN-
COOH and DMSN-Cys is depicted in Fig. 3 d. The 
spectra of DMSN showed the absorption bands at 798 
and 1091  cm‒1 indicated the flexible vibration of Si–O 

and the stretching vibration of Si–O-Si, respectively. 
For DMSN-NH2, the presence of amine groups was 
evidenced by N–H stretching vibrations at 1659, 3445 
and 3519  cm‒1. Moreover, three absorption bands 
were exhibited at 1730, 1635 and 1554  cm‒1, which 
were corresponded to C = O stretching vibration, 
stretching vibration of amide I and N–H stretching 
vibrations. The successfully functionalization with 
SA onto the surface of DMSN-NH2 formed DMSN-
COOH. Compared to DMSN-COOH, more stretching 
vibration peaks of amide I and N–H were introduced 
and the carboxyl group signal disappeared, suggest-
ing coupling with cystamine dihydrochloride [38]. 

Figure  3  a Particle size distribution of DMSN; b  N2 adsorp-
tion/desorption isotherm and pore size distribution plot (inset) 
of DMSN and DMSN-Cys; c Zeta potentials of DMSN, DMSN-

NH2, DMSN-COOH, DMSN-Cys and 5-Fu@DMSN-Cys/CS; 
d FT-IR spectra of DMSN, DMSN-NH2, DMSN-COOH and 
DMSN-Cys.
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All above results confirmed the successful function-
alization of the nanocarrier.

XPS spectra of 5‑Fu@DMSN‑Cys/CS

The surface functionalization of 5-Fu@DMSN-Cys/
CS was further confirmed by XPS analysis. The bind-
ing energy of O1s (532.5 eV), C1s (284.6 eV), Si2s 
(153.7 eV) and Si2p (103.3 eV) was detected in four 
samples (Fig. 4 a). In addition, new N1s and S2p 
peaks were observed in DMSN-NH2 and DMSN-
Cys, respectively, showing that amino and disulfide 

bonds were successfully grafted onto the surface of 
DMSN. Compared with DMSN-Cys, there was new 
peak at 799 eV in the spectrum of 5-Fu@DMSN-Cys/
CS, which was attributed to F1s. For the DMSN-
Cys, the C1s peaks at 288.5, 285.6 and 284.6 eV were 
assigned to N–C = O, C-N and C–C bond (Fig. 4 b). 
Figure 4 c shows the N1s peaks at 399.9 and 400.6 eV 
which were bound with C-N and N–C = O bonds, 
respectively. The S2p peaks of DMSN-Cys at 163.5 
and 164.6 eV were associated with C-S and -S–S- 
bond (Fig. 4 d), further demonstrating successful 
introduction of disulfide into DMSN-Cys [39].

Figure 4  a XPS wide spectrum; b C1s, c N1s and d S2p spectra of DMSN-Cys nanoparticles.
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Drug loading capacity

After the content of free 5-Fu was estimated by UV–Vis 
spectrophotometry at 265 nm, the loading capacity 
and encapsulation efficiency were 68.32% and 96.1%, 
respectively. Actually, compared to other nanocarriers 
used in previous studies, these efficiencies are very 
high [40, 41]. It is revealed that there are three reasons 
that explain the high DL of the prepared nanocompos-
ites: (1) the pore structure, high specific surface area 
and the porosity of the nanoparticles, enhancing their 
ability to capture more drug molecules, (2) the pres-
ence of chitosan layer in the surface of nanocomposites 
prevented the diffusion of 5-Fu to the solution, and (3) 
the strong interactions between nanocomposite and 
5-Fu, such as electrostatic interaction, van der Waals 
and hydrogen [42, 43].

In vitro release studies

In order to estimate the pH and GSH stimuli-respon-
sive release characteristics, 5-Fu@DMSN-Cys/CS 
samples were immersed in different release medium 
(Fig. 5). There was no obvious burst drug release in 
the four drug release profiles. About 21.2% of 5-Fu 
was released at pH 7.4, whereas the amount release of 
5-Fu reached to about 67.43% at pH 5.0, indicating that 
the rate of 5-Fu release from nanocarrers under physi-
ological environments was slower than under acidic 
conditions. The sustained release of drugs was caused 

by the cracking of the carrier matrix and the slow dif-
fusion of drugs from the mesopores of nanocarriers. 
Nevertheless, the release of 5-Fu at pH of 7.4 was 
caused by drug adsorbed on the surface of the nano-
carriers [44]. The high cumulative release rate under 
acidic conditions may be owing to the expansion of 
chitosan chains caused by the protonation amino 
groups of chitosan, which exposed the mesoporous 
channels of nanoparticles. However, chitosan chains 
acting as a shielding layer were coated on the surface 
of the modified nanoparticles to prevent drug leak-
age under neutral condition [45, 46]. Nearly 80.15% of 
5-Fu was released at pH 5.0 + 10 mM GSH, which was 
2.4-folds higher than that at pH 7.4 + 10 mM GSH. The 
result was caused by disulfide bonds (-S–S-) which 
were easily reduced to sulfhydryl groups (-SH) in high 
concentration GSH environments, leading to the col-
lapse of cross-linked nanocarriers [47, 48]. Therefore, 
5-Fu@DMSN-Cys/CS can achieve responsive trans-
mission of GSH/pH, which is of great significance for 
cancer treatment.

In vitro cytotoxicity

The cytotoxicity of DMSN-Cys and 5-Fu@DMSN-Cys/
CS was assessed by the CCK-8 method. As shown in 
Fig. 6 a, the drug-free carrier (DMSN-Cys) displayed 
little cytotoxicity against both L929 cells and MCF-7 
cells, since the cell viability was more than 92% 
even at a high concentration of the drug-free carrier 
(100 μg  mL‒1), implying excellent biocompatibility 
and non-toxic in vitro of the drug-free carrier. Noted 
that the 5-Fu@DMSN-Cys/CS exhibited concentration-
dependent cytotoxicity against MCF-7 cells, with an 
increase in the toxicity directly proportional to the 
increase of the nanocarriers concentration. The cell 
viability of MCF-7 was only 62% when the concen-
tration of the 5-Fu@DMSN-Cys/CS was 200 μg  mL‒1 
(Fig. 6 b). In contrast, 89% of the L929 cells were still 
able to survive after being treated with the drug-
loaded nanoparticles of the same concentration, dem-
onstrating that the modified 5-Fu@DMSN-Cys/CS can 
effectively inhibit the growth of the MCF-7 cells with-
out significant impact on normal cells.

Molecular dynamic simulation

Molecular dynamic simulation has been conducted for 
a better understanding of the adsorption interaction 
of 5-Fu with drug carriers (DMSN and DMSN-Cys). 

Figure  5  The 5-Fu release curve of 5-Fu@DMSN-Cys/CS 
under different GSH concentrations and different pH conditions.
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The structures of the 5-Fu and DMSN are shown in 
Fig. S2. The structure of the DMSN-Cys is shown in 
Fig. 7 a, while the molecular electrostatic potentials 
of 5-Fu are given in Fig. 7 b. The blue region of 5-Fu 
molecule was negatively charged, which could adsorb 
positively charged atoms in DMSN or DMSN-Cys. 
On the contrary, the warm colored region was prone 
to adsorbing negatively charged atoms. The electro-
static interactions (attraction and repulsion) between 
atoms had an important impact on the adsorption 
process. Analyzing the electrostatic potential of 5-Fu 

was of great significance for analyzing the interaction 
mechanism between drug and DMSN or DMSN-Cys. 
-F, -C = O and N in -NH of 5-Fu molecule exhibited 
significant negative charge, while H in -NH exhibited 
positive charge. The former was prone to adsorbing 
positively charged atoms such as hydroxyl hydrogen 
on DMSN or amino hydrogen and hydroxyl hydrogen 
on DMSN-Cys. The latter adsorbed with negatively 
charged atoms such as hydroxyl oxygen on DMSN, 
amino nitrogen and carbonyl oxygen on DMSN-Cys 
[49].

Figure  6  a Cytotoxicity of DMSN-Cys against L929 and MCF-7 cells; b Cytotoxicity of 5-Fu@DMSN-Cys/CS against L929 and 
MCF-7 cells.

Figure 7  a The structure of DMSN-Cys; b molecular electrostatic potentials of 5-Fu.

17618



J Mater Sci (2023) 58:17610–17622 

The adsorption process of two adsorption models 
is shown in Fig. S3. As shown in Fig. 8 a, the binding 
energy (Eint) of both adsorption models was nega-
tive, indicating that there was adsorption between 
5-Fu molecule and DMSN or DMSN-Cys. Absolute 
value of the Eint of 5-Fu@DMSN-Cys model was 
obviously greater than that of 5-Fu@DMSN model. In 
addition, the electrostatic force contribution of 5-Fu@
DMSN model accounted for less than 17% of the Eint, 
while that of 5-Fu@DMSN-Cys model accounted 
for 35% of the Eint, indicating that the introduction 
of polar groups (-NH2, -NH, -C = O) could signifi-
cantly enhance the electrostatic force between 5-Fu 
and DMSN-Cys. Based on the molecular electrostatic 
potential analysis mentioned earlier, it can be seen 
that 5-Fu molecule with obvious positive and nega-
tive charged atoms will actively participate in the elec-
trostatic adsorption process. The number of hydrogen 
bonds for 200 samples was counted the last 1000 ps of 
dynamic simulation. The results are shown in Fig. 8 
b and Table 1. The number of hydrogen bonds in the 
5-Fu@DMSN-Cys model was much more compared 

with 5-Fu@DMSN model. There were more hydro-
gen bonds between DMSN-Cys and 5-Fu, due to the 
introduction of polar groups on DMSN made it easier 
to form hydrogen bonds. In a word, the electrostatic 
force between the modified nanocarrier and drug was 
stronger than that of the original particle. As shown 
in Fig. S4, 5-Fu@DMSN can cause sudden release of 
the drug in a short period of time, with an accumu-
lation trend of increasing first and then decreasing, 
leading to large-scale loss and leakage of drugs. The 
relatively rapid release in the first four hour is due to 
the fact that the electrostatic interactions and hydro-
gen bond of naked DMSN on drugs were less than 
5-Fu@DMSN-Cys/CS [49]. In addition, it was also pos-
sible that the drug loaded on the external surface of 
DMSN was first hydrolyzed and released, and then 
gradually leaked out of the mesopores, resulting 
in a decrease in drug accumulation [44]. Therefore, 
the adsorption simulation results evidenced that the 
modified nanocarrier had the advantages of sustained 
and controlled release, which was consistent with the 
results of release experiments.

Conclusions

In summary, a dual-sensitive nanocarrier based on 
uniform size of the modified DMSN as an anticancer 
delivery system was fabricated. The drug delivery 
system had high loading capacity and excellent pH/
GSH responsiveness. After loading 5-Fu, the disulfide 

Figure 8  a The strength of the adsorption between 5-Fu molecules and DMSN or DMSN-Cys model; b curve of the number of hydro-
gen bonds in different adsorption models over simulation time.

Table 1  Number of hydrogen bonds between 5-Fu and different 
models

Model Number of 
hydrogen 
bonds

5-Fu@DMSN 20.2 ± 3.1
5-Fu@DMSN-Cys 73.0 ± 6.2
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bonds and CS were selected as gatekeeper to denote 
as 5-Fu@DMSN-Cys/CS. The drug releasing efficiency 
was up to 80.15% at pH 5.0 with 10 mM GSH, show-
ing good tumor environment targeting performance. 
The results of cytotoxicity test reveal that the 5-Fu@
DMSN-Cys/CS had good biocompatibility and pro-
nounced cytotoxicity against MCF-7 cells. Molecular 
dynamic simulation indicated that the excellent sus-
tained release performance of DMSN-Cys originated 
from interactions between DMSN-Cys and 5-Fu. These 
results concluded that the synthesized 5-Fu@DMSN-
Cys/CS nanocarrier could be very promising new can-
didates for the application in drug delivery.
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