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Abstract: Nano anti-cancer drug carriers loaded with antineoplastic drugs can achieve targeted drug
delivery, which enriches drugs at tumor sites and reduces the toxic side effects in normal tissues.
Mesoporous silica nanoparticles (MSN) are good nano drug carriers, as they have large specific
surface areas, adjustable pore sizes, easily modifiable surfaces, and good biocompatibility. In this
work, polyethyleneimine (PEI) grafted MSN were modified with folic acid (FA) as an active target
molecule using chemical methods. The product was characterized by SEM, TEM, Zetasizer nano,
FTIR, and an N2 adsorption and desorption test. MSN-PEI-FA are porous nano particles with an
average particle size of approximately 100 nm. In addition, the loading rate and release behavior
of MSN-PEI-FA were studied with curcumin as a model drug. The results show that when loading
curcumin to MSN-PEI-FA at 7 mg and 0.1 g, respectively, the encapsulation efficiency was 90% and
the cumulative release rate reached more than 50% within 120 h at pH = 5. This drug delivery system
is suitable for loading fat-soluble antineoplastic drugs for sustained release and pH sensitive delivery.
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1. Introduction

The traditional delivery route for antineoplastic agents is through intravenous administration.
This administration leads to low drug concentrations in the lesion area, resulting in poor treatment
effect and prolonged treatment cycles [1,2]. The low water solubility and bioavailability of these agents
usually requires increased dosage of the drugs in order to achieve the desired therapeutic concentrations
in the target area; but high concentrations of drug also affect normal cells, bringing a certain degree
of damage to the human body [3,4]. Antitumor drugs delivered by tumor targeting carriers form a
targeted drug delivery system, which can concentrate drugs at tumor sites and selectively kill tumor
cells [5,6]. This administration method avoids damage to normal cells and has been widely studied.

The enhanced permeability and retention effect (EPR) was first put forward by Meada and
Matsumura in 1986 [7]. This study describes a phenomenon by which macromolecules (molecular
weight greater than 4 kDa) or nanoparticles (10–800 nm) can pass through the gap of the tumor
vessel wall smoothly, as the tumor tissue has good vascular permeability. Moreover, as the tumor
lacks lymphatic reflux, macromolecules or nanoparticles entering the tumor cannot be metabolized
out, leading to particle accumulation in the tumor [8]. Compared with traditional small molecule
chemotherapeutic drugs, macromolecular drugs and nano-drugs remain in the tumor achieving passive
targeting. Mesoporous silica is an excellent drug carrier due to its large specific surface area, specific
pore volume, and easily modified inner and outer surfaces [9,10]. In addition, the biodegradability of
Mesoporous silica nanoparticles (MSN) ensures its safe transport in vivo. Therefore, MSN has been
widely used for drug delivery [11,12]. Vallet’s group first applied MSN to drug delivery research in
2001 [13]. The anti-inflammatory drug ibuprofen was loaded into the inner pore of MCM-41 MSN. It
was found that the MSN had a high drug loading capacity and showed sustained controlled drug release
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behavior. Compared with traditional drug carriers, such as polymer nanoparticles and liposomes, it
showed higher flexibility, versatility, and stability [14]. These previous studies also indicated that MSN
had a high loading rate and sustained release of anti-cancer drugs, such as doxorubicin, paclitaxel, and
camptothecin [15,16].

Unlike passive targeting, active targeting is achieved through the interaction of a specific ligand
on the drug delivery system with its receptor on tumor cells [17]. Folic acid (FA) is a member of the
vitamin B family and is found widely in green leafy vegetables [18]. Studies have found that both
free folate and folate conjugates can enter cells through folate receptor-mediated endocytosis [19,20].
Overexpression of the folate receptor has been found on the surface of most malignant tumors, but
few exist on the surface of normal cells [21]. FA has the beneficial characteristics of small molecular
weight, simple chemical properties, and no immunogenicity, which make it an ideal ligand for
targeted cancer therapy [22,23]. FA-modified carrier materials loaded with anticancer drugs can
bind to highly-expressed folic acid receptors on the surface of cancer cells, thus increasing the drug
concentration at the tumor sites and reducing toxic side effects on normal cells. This makes FA a good
candidate ligand in the field of cancer biotherapy, and one of the most popular targeting factors in drug
targeting delivery systems [24]. In this study, we prepare an antineoplastic drug carrier by grafting FA
to the MSN, endowing the particles with both active and passive targeting characteristics. There is no
simple way to graft FA onto MSN directly; therefore, an intermediate that can be grafted with FA and
easily connected to the MSN is necessary. Polyethyleneimine (PEI) is a cationic polymer with good cell
adhesion [25], though the abundant amino groups on the surface of PEI can cause cell damage. An
amidation reaction between the carboxyl groups in FA and the amino groups in PEI minimizes this
toxicity while also providing linkage between the molecules.

In this study, curcumin was used as a model drug to evaluate the loading and release performance
of MSN-PEI-FA. Curcumin is a chemical constituent extracted from the roots of some plants in the
Zingiber and Arisaema families. Curcumin has a variety of pharmacological activities, especially in the
prevention and treatment of tumors [26,27]. However, the application of curcumin has been restricted
due to poor water solubility and low bioavailability, suggesting that targeted delivery systems could
improve its efficacy. In this work, the nano drug carrier MSN-PEI-FA was loaded with curcumin in
order to provide a theoretical basis for efficient delivery of liposoluble antineoplastic drugs in the
human body.

2. Materials and Methods

2.1. Materials

Tetraethyl orthosilicate (TEOS), hexadecyltrimethylammonium chloride (CTAC), [3-(2,3-epoxypropoxy)
propyl] trimethoxysilane (EPPTMS), poly(ethylene imine) (PEI), folic acid (FA), Curcumin,
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), and N-Hydroxysuccinimide (NHS)
were purchased from Aladdin Chemical Reagent Co. Ltd. (Shanghai, China). N,N-dimethylfamide(DMF),
NaH2PO4, Na2HPO4, ethanol, triethylamine (TEA), and dimethyl sulfoxide (DMSO) were of analytical
grade. Human colon cancer cell line (LS174T) was purchased from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China).

2.2. Preparation

2.2.1. Preparation of MSN

CTAC (2 g) was dissolved in 20 mL of deionized water, then 0.32 mL of TEA was added drop-wise
into the above solution, followed by stirring for 2 h at 75 ◦C. TEOS (1.5 mL) was then added to the
mixed solution slowly and the reaction finished after 3 h. The product was washed three times with
deionized water and ethanol separately, then dried under vacuum at 60 ◦C. The product was finally
calcined at 600 ◦C in a muffle furnace for 6 h, and MSN were obtained.
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2.2.2. Preparation of MSN-PEI

The method of preparing MSN-PEI was according to the reported work [28]. EPTMS (0.4 g) and
PEI (0.5 g) were mixed in 50 mL of DMF solution at 80 ◦C for 24 h, then 2 g of MSN were added to this
solution and allowed to react for another 24 h. The product was washed with DMF and ethanol, then
dried in the vacuum freeze dryer.

2.2.3. Preparation of MSN-PEI-FA

To prepare MSN-PEI-FA, the carboxyl groups of FA were activated according to the following
steps. FA (0.265 g), EDC (0.24 g), and NHS (0.4 g) were dissolved in 10 mL of DMSO solution and
stirred at room temperature for 24 h to activate the carboxyl groups in FA. MSN-PEI (1.0 g) were then
added to the mixed solution and stirred for 4 h. The product was washed with ether and freeze-dried.

2.3. Characterization of Materials

Scanning electron microscopy (SEM, S4800, Hitachi, Tokyo, Japan) and transmission electron
microscopy (TEM, JEM-2100, Lorentz, Tokyo, Japan) were used to record the microstructure of the
materials; Fourier-transform infrared spectrometry (FTIR, Tensor II, Bruker, Karlsruhe, Germany).
The pore diameters, pore volumes, and surface areas of the carriers were calculated using the BET
(Brunauer-Emmett-Teller) method. Zeta potential and particle size were provided by a Zetasizer nano
(Malvern Instruments, Worcestershire, UK).

2.4. Curcumin Loading Content of MSN-PEI-FA

Curcumin mother solution preparation: 100 mg curcumin was dissolved in 80% ethanol solution
and fixed in a 100 mL capacity bottle. A series of curcumin solutions with concentrations ranging
from 1 g/mL to 8 g/mL were diluted from the mother solution to establish a standard curve for
curcumin responses. The concentration of curcumin was measured with a UV/Vis spectrophotometer
at λ = 426 nm. The MSN-PEI-FA (100 mg) were dispersed in 5, 7, and 10 mL of curcumin mother
solution. The mixture was stirred overnight at 800 rpm. The solid was obtained by centrifugation and
washed with twice with ethanol to remove unloaded curcumin. The encapsulation efficiency (EE) was
calculated by Equation (1):

EE (%) =
We

W0
× 100% (1)

where We is the amount of drug loaded in MSN-PEI-FA and W0 is the amount of drug that was first
added during the preparation procedure.

The loading efficiency (LE) was calculated by Equation (2):

LE (%) =
We

W
× 100% (2)

where W is the weight of MSN-PEI-FA.

2.5. Curcumin Release Experiment

In vitro curcumin release from MSN-PEI-FA was studied using three different pH buffer solutions
(pH = 5.4, 6.8, and 7.4). PBS solution was composed of Solution A (NaH2PO4 (0.2 mol/L)) and Solution
B (Na2HPO4 (0.2 mol/L)). To prepare PBS solution of pH 5.4, the pH of Solution A was adjusted to
5.4 with NaOH solution. To prepare PBS solution of pH 6.8, 51 mL of Solution A was mixed with
49 mL of Solution B. To prepare PBS solution of pH 7.4, 19 mL of solution A was mixed with 81 mL
of solution B. In the release experiment, 20 mg of curcumin-loaded MSN-PEI-FA were dispersed in
3 mL of the different pH buffer solutions and placed in dialysis bags with a molecular weight cut-off

(50 kD), which were sealed and immersed in 47 mL of the correspondent buffer solution. The solutions
were transferred to a 37 ◦C thermostatic oscillator with a shaking rate maintained at 120 rpm. The
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curcumin content of the buffer solutions was determined by sampling and replenishing the buffer
solution at each time point. The concentrations of the curcumin buffer solutions were determined by
UV/Vis spectrophotometer at each releasing time point.

3. Results and Discussion

3.1. Preparation Principle of MSN-PEI-FA

The preparation route for MSN-PEI-FA is shown in the schematic diagram of Figure 1. The first
step illustrates the reaction between the PEI and EPPTMS. Under alkaline conditions, the epoxy rings
in EPPTMS can react with the amino groups of PEI to form EPPTMS-PEI. The silanol groups can then
be easily grafted with –OH in MSN. The second step illustrates the reaction between MSN-PEI and
FA. There are two carboxyl groups contained in each FA molecule, so FA can graft onto MSN-PEI
through an amidation reaction under mild conditions. More concretely, the carboxyl groups in FA
were activated by EDC and NHS and it is these activated carboxyl groups that are more likely to form
amides with the amino groups.
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Figure 1. The preparation route and schematic diagram of mesoporous silica nanoparticles-
polyethyleneimine-folic acid (MSN-PEI-FA).

3.2. Characterization

Figure 2a–c show images of MSN, MSN-PEI, and MSN-PEI-FA respectively, from the scanning
electron microscope. Because the mesoporous pores of MSN are too small, the parallel arrangement of
the pores cannot be observed in the SEM images. The MSN have a high dispersion compared with
modified MSN. Figure 2d–f are images of MSN, MSN-PEI, and MSN-PEI-FA respectively, from the
transmission electron microscope. It can be seen from the images that MSN are spherical particles
arranged in parallel with regular mesoporous structures and diameters of approximately 40 nm.
When the MSN were modified with PEI and FA, the particles partially agglomerated, consistent with
the results from the SEM. This phenomenon is related to changes in the surface charge of the MSN
during modification. The zeta potential of the carriers used in this study was measured to confirm
this conclusion. The zeta potential was measured as follows: 5 mg each of MSN, MSN-PEI, and
MSN-PEI-FA was dispersed in 500 mL of deionized water. After 30 min of ultrasonication, the zeta
potential was determined using Malvern Zetasizer nano. The Zeta potentials of the MSN, MSN-PEI,
and MSN-PEI-FA were −55.2 eV, −28.07 eV, and −42.85 eV, respectively, in neutral conditions. PEI
contains a large number of amino groups, so the surface charge of PEI is positive. After the MSN were
modified by PEI, the absolute value of the Zeta potential of the MSN-PEI is 28.07 eV, lower than that
of MSN 55.2 eV. Lower absolute values of the Zeta potentials are not conducive to dispersion of the
nanoparticles. When PEI was modified by FA, the absolute values of Zeta potentials of the MSN-PEI-FA
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increased to 42.85 eV, because the carboxyl groups in FA were now included. Furthermore, the zeta
potential of MSN-PEI-FA in PBS (pH = 5.4) was 45.35 eV. When the pH of PBS was 6.8 and 7.4, the zeta
potential of MSN-PEI-FA was 42.87 and 40.09 eV, respectively. The particle sizes of the carriers in this
work were also measured using a Zetasizer nano. The distributions of the particle sizes are shown in
Figure 2g–i. The size of the MSN ranged from 34.77 to 174.73 nm, and the average size was 95.64 nm,
maximum content of particles at 72.42 nm was 15.6%, and polydispersity (PDI) was 0.222. After the
MSN were modified by PEI, the size of the MSN–PEI ranged from 52.35 to 196.15 nm, and the average
size was 98.38 nm, maximum content of particles at 94.15 nm was 18.1%, and PDI was 0.241. The
introduction of PEI was the main reason for the increase in particle size, because the introduction of
PEI leads to a decrease in the absolute value of the surface charge of the MSN, resulting in aggregation
of the nanoparticles. Although the absolute surface potential of the MSN-PEI-FA increased after
introducing the FA, the particle size distribution of the MSN-PEI-FA still remained in the range of
44.31–222.67 nm. The maximum content of particles at 92.29 nm was 15.9%, average size was 97.32 nm,
and PDI was 0.234.
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Figure 2. SEM images of (a) MSN, (b) MSN-PEI, and (c) MSN-PEI-FA; the TEM images of (d) MSN, 
(e) MSN-PEI, and (f) MSN-PEI-FA; the distribution of particle size of (g) MSN, (h) MSN-PEI, and (i) 
MSN-PEI-FA. 

The FTIR spectra are shown in Figure 3a. The strong absorption peak at 1106 cm−1 belongs to 
the stretching vibration of asymmetric Si–O–Si, while the absorption band at 801 cm−1 is the 
stretching vibration of symmetrical Si–O–Si [29,30]. The stretching vibrations of O–H and N–H 
cause wider absorption peaks at 3425 cm−1 [31]. In Figure 3b, the symmetric and asymmetric C–H 
stretching vibrations correspond to the peaks at 2925 cm−1 and 2852 cm−1, respectively [32]. In Figure 
3c, the peak at 1645 cm−1 belongs to the bending vibration of H–O–H [33]. When FA reacts with PEI, 

Figure 2. SEM images of (a) MSN, (b) MSN-PEI, and (c) MSN-PEI-FA; the TEM images of (d) MSN,
(e) MSN-PEI, and (f) MSN-PEI-FA; the distribution of particle size of (g) MSN, (h) MSN-PEI, and
(i) MSN-PEI-FA.

The FTIR spectra are shown in Figure 3a. The strong absorption peak at 1106 cm−1 belongs to the
stretching vibration of asymmetric Si–O–Si, while the absorption band at 801 cm−1 is the stretching
vibration of symmetrical Si–O–Si [29,30]. The stretching vibrations of O–H and N–H cause wider
absorption peaks at 3425 cm−1 [31]. In Figure 3b, the symmetric and asymmetric C–H stretching
vibrations correspond to the peaks at 2925 cm−1 and 2852 cm−1, respectively [32]. In Figure 3c, the
peak at 1645 cm−1 belongs to the bending vibration of H–O–H [33]. When FA reacts with PEI, a wider
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absorption band is formed at 1655 cm−1. This peak belongs to the stretching vibration of C=O in the
amide. It also proves that the reaction between FA and PEI is successful.

Pharmaceutics 2019, 11, x FOR PEER REVIEW 6 of 11 

 

a wider absorption band is formed at 1655 cm−1. This peak belongs to the stretching vibration of 
C=O in the amide. It also proves that the reaction between FA and PEI is successful. 

4000 3000 2000 1000
1106

801

 

 

Tr
an

sm
itt

an
ce

Wavenumber(cm-1)

 MSN
 MSN-PEI
MSN-PEI-FA

a

3425

 

3400 3200 3000 2800

2852

 

 

Tr
an

sm
itt

an
ce

Wavenumber(cm-1
)

 MSN
 MSN-PEI
 MSN-PEI-FA

b

2925

 

1800 1700 1600 1500 1400 1300

c

1645

 

 

Tr
an

sm
itt

an
ce

Wavenumber(cm-1
)

 MSN
 MSN-PEI
 MSN-PEI-FA

1655

 
Figure 3. (a) The full FTIR spectra of MSN, MSN-PEI, and MSN-PEI-FA; (b) the FTIR spectra of 
MSN, MSN-PEI, and MSN-PEI-FA at 3400 cm−1 to 2800 cm−1; (c) the FTIR spectra of MSN, MSN-PEI, 
and MSN-PEI-FA at 1800 cm−1 to 1300 cm−1. 

The pore diameters, pore volumes, and surface areas of MSN, MSN-PEI, and MSN-PEI-FA were 
measured by an N2 adsorption and desorption test. The N2 adsorption and desorption curves are 
shown in Figure 4. The N2 adsorption and desorption curve types for the three materials are 
identical and belong to Similar IV-type curves [34]. When P/P0 was in the range of 0 to 0.6, N2 
molecules were adsorbed on the inner surface of the mesoporous material from monolayer to 
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Figure 3. (a) The full FTIR spectra of MSN, MSN-PEI, and MSN-PEI-FA; (b) the FTIR spectra of MSN,
MSN-PEI, and MSN-PEI-FA at 3400 cm−1 to 2800 cm−1; (c) the FTIR spectra of MSN, MSN-PEI, and
MSN-PEI-FA at 1800 cm−1 to 1300 cm−1.

The pore diameters, pore volumes, and surface areas of MSN, MSN-PEI, and MSN-PEI-FA were
measured by an N2 adsorption and desorption test. The N2 adsorption and desorption curves are
shown in Figure 4. The N2 adsorption and desorption curve types for the three materials are identical
and belong to Similar IV-type curves [34]. When P/P0 was in the range of 0 to 0.6, N2 molecules were
adsorbed on the inner surface of the mesoporous material from monolayer to multilayer. Adsorption
hysteresis loops occurred when P/P0 increased from 0.8 to 0.95, which corresponded to the capillary
condensation system of porous adsorbents. When P/P0 was in the range of 0.95 to 1.0, the surface
multilayer adsorption occurred. The surface areas of MSN, MSN-PEI, and MSN-PEI-FA were calculated
by the multipoint BET (Brunauer-Emmett-Teller) method [35], and the results are shown in Table 1.
The average pore diameters and the total pore volumes of MSN, MSN-PEI, and MSN-PEI-FA were
calculated by the BJH (Barrett, Joyner, and Halenda) method [36]. The results indicate that after the
MSN were modified with PEI and FA, the surface areas, pore diameters, and pore volumes all declined.
This is because the PEI and FA occupy pores of the MSN in the modification process.
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Figure 4. The N2 adsorption and desorption curves of (a) MSN, (b) MSN-PEI, and (c) MSN-PEI-FA. 
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Table 1. The corresponding parameters of N2 adsorption and desorption.

Material Pore Size (nm) Pore Volume (cm3) Surface Area (m2/g)

MSN 2.58 2.52 274.3
MSN-PEI 2.19 0.42 145.03

MSN-PEI-FA 2.02 0.40 140.15

3.3. Optimizing the Encapsulation Efficiency and Loading Efficiency

The loading and encapsulation efficiencies are important factors in evaluating a drug delivery
system and the results for MSN and MSN-PEI-FA with different curcumin dosages measured in this
work are shown in Table 2. With increasing doses of curcumin, the loading efficiency by MSN and
MSN-PEI-FA increased because curcumin is more likely to bind to loading sites when the concentration
is high. However, the increasing concentrations of curcumin used in loading the MSN -PEI-FA also
caused the unloaded of curcumin to increase. When the curcumin dosage increased from 5 mg to 10 mg,
the loading efficiency of MSN-PEI-FA increased from 4.98% to 7.96%, while the encapsulation efficiency
decreased from 99.79% to 79.57%. Considering the loading efficiency and encapsulation efficiency,
we selected an experimental dosage of 7 mg curcumin for this work. The loading efficiency and
encapsulation efficiency of the MSN for curcumin is significantly higher than that of the MSN-PEI-FA.
This is because FA and PEI occupy some of the pores on the MSN, reducing the loading efficiency of
the curcumin.
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Table 2. The effect of different curcumin dosages on encapsulation efficiency and loading efficiency.

Carrier Dosage (g) Curcumin (mg) EE% LE%

MSN
0.1 5 99.86 ± 0.24 4.99 ± 0.01
0.1 7 93.33 ± 1.23 6.60 ± 0.09
0.1 10 81.4 ± 0.7 8.14 ± 0.07

MSN-PEI-FA
0.1 5 99.79 ± 0.31 4.98 ± 0.02
0.1 7 92.13 ± 1.27 6.46 ± 0.09
0.1 10 79.57 ± 1.49 7.96 ± 0.15

3.4. The Release Rate at Different pH Values

The pH value of normal tissue in the human body is 7.4, while that of tumor tissue is approximately
6.8, and that of tumor cells is lower still (5.0–5.5). This is due to the large amount of lactic acid produced
through anaerobic respiration of the tumor cells. In this work, the in vitro drug release experiments
were carried out under three different conditions. Specifically, MSN-PEI-FA/curcumin was investigated
in PBS buffer at pH 7.4, 6.8, and 5.4. The release rate and release time curves are shown in Figure 5.
The total release rates at pH 7.4, 6.8, and 5.4 within 120 h were 8.87%, 18.52%, and 54.56%, respectively.
The release rate of curcumin in normal tissues was very low. The release rate of curcumin gradually
increased with decreasing pH and the maximum release rate reached greater than 50%. Therefore,
MSN-PEI-FA display sustained release and pH-sensitivity, achieving the release of curcumin in the
tumor microenvironment.
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3.5. Cytotoxicityand Uptake by Tumor Cells

The MTT method was used to evaluate the cytotoxicity of MSN-PEI-FA/Cur on colon cancer cells.
MSN-PEI-FA/Cur solution of concentrations 10–20 µg/mL was prepared in PBS. The rate of inhibition
(%) of colon cancer cells by MSN-PEI-FA/Cur was calculated using Equation (3). The results are shown
in Figure 6a. A high concentration of MSN-PEI-FA/Cur exerted high cytotoxicity on colon cancer cells.
Furthermore, the toxicity of MSN-PEI-FA/Cur was higher than that of Cur at each concentration. This
is due to the presence of FA, because of which the uptake of MSN-PEI-FA/Cur nanoparticles by tumor
cells was significantly enhanced, resulting in increased cytotoxicity.

Inhibition(%) = 100%−
( ODdrug

ODcontrast
∗ 100%

)
(3)
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for coumarin-loaded MSN (b), MSN–PEI (c), and MSN–PEI-FA (d) intake experiments.

To evaluate cell uptake of particles, coumarin 6, which has a structure similar to that of curcumin,
was used as a fluorescent dye and embedded in MSN-PEI-FA to study the uptake of vectors by colon
cancer cells. The method of loading coumarin on carrier was similar to that of curcumin. Different
carriers of MSN, MSN-PEI, and MSN-PEI-FA (50 mg) were dispersed in 10 mL of coumarin solution
at a concentration of 50 µg/mL, respectively. The mixture was stirred overnight at 800 rpm. The
pellet obtained by centrifuging the sample was washed with CH2Cl2 and ethanol to remove unloaded
coumarin. Carriers containing coumarin were incubated in a 6-well plate containing colon cancer cells;
the results were recorded using a fluorescence inversion microscope. As shown in Figure 6b–d, the
uptake ability of MSN-PEI-FA by tumor cells was significantly higher than that of MSN and MSN-PEI.
It confirms that the introduction of FA into carriers can increase the uptake rate of cancer cells.

4. Conclusions

This work demonstrates the successful modification of MSN through the grafting of PEI and
FA. The loading of curcumin to FA-modified MSN as the drug carrier was further studied. The drug
release behavior of MSN-PEI-FA was also studied as a function of pH. The loading and encapsulation
efficiencies of MSN-PEI-FA for curcumin are 6.46% and 92.13%, respectively, which are lower than those
obtained with MSN. This is because the FA and PEI occupy some of the pores of the MSN, affecting the
loading efficiency of the porous carriers. Drug release experiments show that MSN-PEI-FA has an
obvious sustained release behavior and the cumulative release rate under a microacidic environment
is significantly higher than that under neutral conditions. FA-modified MSN were successfully
prepared and in this study, their advantages and prospects for fat-soluble anticancer drug delivery
are highlighted.



Pharmaceutics 2019, 11, 430 10 of 11

Author Contributions: Investigation, X.S. and N.W.; resources, L.-Y.Y.; software, F.H.; supervision, X.-K.O.

Funding: This work was supported by the National Natural Science Foundation of China (21476212), Science
and Technology department of Zhejiang Province (2018C02038) and the Foundation of Bureau of Science and
Technology of Zhoushan (2019C21023).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, N.; Hua, Z.; Ba, G.; Zhang, S.; Liu, Z.; Thiele, C.J.; Li, Z. The anti-tumor growth effect of a novel agent
dmamcl in rhabdomyosarcoma in vitro and in vivo. J. Exp. Clin. Cancer. Res. 2019, 38, 118. [CrossRef]
[PubMed]

2. Zhai, Y.; Ma, H.; Hui, Z.; Zhao, L.; Li, D.; Liang, J.; Wang, X.; Xu, L.; Chen, B.; Tang, Y.; et al. Helper study:
A phase ii trial of continuous infusion of endostar combined with concurrent etoposide plus cisplatin and
radiotherapy for treatment of unresectable stage III non-small-cell lung cancer. Radiother. Oncol. 2019, 131,
27–34. [CrossRef] [PubMed]

3. Asmawi, A.A.; Salim, N.; Ngan, C.L.; Ahmad, H.; Abdulmalek, E.; Masarudin, M.J.; Rahman, M.B.A.
Excipient selection and aerodynamic characterization of nebulized lipid-based nanoemulsion loaded with
docetaxel for lung cancer treatment. Drug Deliv. Transl. Res. 2019, 9, 543–554. [CrossRef] [PubMed]

4. Altman, R.B. Predicting cancer drug response: Advancing the dream. Cancer Discov. 2015, 5, 237–238.
[CrossRef] [PubMed]

5. Zendedel, E.; Atkin, S.L.; Sahebkar, A. Use of stem cells as carriers of oncolytic viruses for cancer treatment.
J. Cell. Physiol. 2019, 234, 14906–14913. [CrossRef] [PubMed]

6. Panda, J.; Satapathy, B.S.; Majumder, S.; Sarkar, R.; Mukherjee, B.; Tudu, B. Engineered polymeric iron oxide
nanoparticles as potential drug carrier for targeted delivery of docetaxel to breast cancer cells. J. Magn. Magn.
Mater. 2019, 485, 165–173. [CrossRef]

7. Maeda, H.; Matsumura, Y. Tumoritropic and lymphotropic principles of macromolecular drugs. Crit. Rev.
Ther. Drug 1989, 6, 193–210.

8. Moku, G.; Layek, B.; Trautman, L.; Putnam, S.; Panyam, J.; Prabha, S. Improving payload capacity and
anti-tumor efficacy of mesenchymal stem cells using tat peptide functionalized polymeric nanoparticles.
Cancers 2019, 11, 491. [CrossRef] [PubMed]

9. Zhang, K.; Zhou, D.; Wang, Z.; Zhang, Y.; He, P. Hybrid mesoporous silica nanospheres modified by
poly(nipam-co-aa) for drug delivery. Nanotechnology 2019, 30, 355604. [CrossRef]

10. Kumar, B.; Murali, A.; Bharath, A.B.; Giri, S. Guar gum modified upconversion nanocomposites for
colorectal cancer treatment through enzyme-responsive drug release and nir-triggered photodynamic
therapy. Nanotechnology 2019, 30, 315102. [CrossRef]

11. Cassano, D.; Summa, M.; Pocovi-Martinez, S.; Mapanao, A.-K.; Catelani, T.; Bertorelli, R.; Voliani, V.
Biodegradable ultrasmall-in-nano gold architectures: Mid-period in vivo distribution and excretion
assessment. Part. Part. Syst. Charact. 2019, 36, 1800464. [CrossRef]

12. Xu, X.; Li, H.; Li, K.; Zeng, Q.; Liu, Y.; Zeng, Y.; Chen, D.; Liang, J.; Chen, X.; Zhan, Y. A photo-triggered
conjugation approach for attaching rgd ligands to biodegradable mesoporous silica nanoparticles for the
tumor fluorescent imaging. Nanomed.-Nanotechnol. Biol. Med. 2019, 19, 136–144. [CrossRef] [PubMed]

13. Vallet-Regi, M.; Ramila, A.; del Real, R.P.; Perez-Pariente, J. A new property of mcm-41: Drug delivery
system. Chem. Mater. 2001, 13, 308–311. [CrossRef]

14. Cai, C.; Li, X.; Wang, Y.; Liu, M.; Shi, X.; Xia, J.; Shen, M. Polydopamine-coated gold core/hollow mesoporous
silica shell particles as a nanoplatform for multimode imaging and photothermal therapy of tumors. Chem.
Eng. J. 2019, 362, 842–850. [CrossRef]

15. Liu, C.-G.; Han, Y.-H.; Zhang, J.-T.; Kankala, R.K.; Wang, S.-B.; Chen, A.-Z. Rerouting engineered
metal-dependent shapes of mesoporous silica nanocontainers to biodegradable janus-type (sphero-ellipsoid)
nanoreactors for chemodynamic therapy. Chem. Eng. J. 2019, 370, 1188–1199. [CrossRef]

16. Zhang, Y.; Wang, J.; Xiao, J.; Fang, T.; Hu, N.; Li, M.; Deng, L.; Cheng, Y.; Zhu, Y.; Cui, W. An electrospun
fiber-covered stent with programmable dual drug release for endothelialization acceleration and lumen
stenosis prevention. Acta Biomater. 2019, 94, 295–305. [CrossRef]

http://dx.doi.org/10.1186/s13046-019-1107-1
http://www.ncbi.nlm.nih.gov/pubmed/30850026
http://dx.doi.org/10.1016/j.radonc.2018.10.032
http://www.ncbi.nlm.nih.gov/pubmed/30773184
http://dx.doi.org/10.1007/s13346-018-0526-4
http://www.ncbi.nlm.nih.gov/pubmed/29691812
http://dx.doi.org/10.1158/2159-8290.CD-15-0093
http://www.ncbi.nlm.nih.gov/pubmed/25623160
http://dx.doi.org/10.1002/jcp.28320
http://www.ncbi.nlm.nih.gov/pubmed/30770550
http://dx.doi.org/10.1016/j.jmmm.2019.04.058
http://dx.doi.org/10.3390/cancers11040491
http://www.ncbi.nlm.nih.gov/pubmed/30959908
http://dx.doi.org/10.1088/1361-6528/ab209d
http://dx.doi.org/10.1088/1361-6528/ab116e
http://dx.doi.org/10.1002/ppsc.201800464
http://dx.doi.org/10.1016/j.nano.2019.04.005
http://www.ncbi.nlm.nih.gov/pubmed/31048083
http://dx.doi.org/10.1021/cm0011559
http://dx.doi.org/10.1016/j.cej.2019.01.072
http://dx.doi.org/10.1016/j.cej.2019.03.272
http://dx.doi.org/10.1016/j.actbio.2019.06.008


Pharmaceutics 2019, 11, 430 11 of 11

17. Zhang, X.; Niu, S.; Williams, G.R.; Wu, J.; Chen, X.; Zheng, H.; Zhu, L.-M. Dual-responsive nanoparticles
based on chitosan for enhanced breast cancer therapy. Carbohydr. Polym. 2019, 221, 84–93. [CrossRef]

18. Stephens, A.; Pater, K.; Rao, A.; Browne, P.; Raley, S.; Street, L. Recurrent wernicke’s encephalopathy in
pregnancy: A case report. Nutr. Neurosci. 2019, 22, 528–530. [CrossRef]

19. Geersing, A.; de Vries, R.H.; Jansen, G.; Rots, M.G.; Roelfes, G. Folic acid conjugates of a bleomycin mimic for
selective targeting of folate receptor positive cancer cells. Bioorg. Med. Chem. Lett. 2019, 29, 1922–1927. [CrossRef]

20. Handali, S.; Moghimipour, E.; Kouchak, M.; Ramezani, Z.; Amini, M.; Angali, K.A.; Saremy, S.; Dorkoosh, F.A.;
Rezaei, M. New folate receptor targeted nano liposomes for delivery of 5-fluorouracil to cancer cells: Strong
implication for enhanced potency and safety. Life Sci. 2019, 227, 39–50. [CrossRef]

21. Zhang, Q.; Deng, S.; Liu, J.; Zhong, X.; He, J.; Chen, X.; Feng, B.; Chen, Y.; Ostrikov, K. Cancer-targeting graphene
quantum dots: Fluorescence quantum yields, stability, and cell selectivity. Adv. Funct. Mater. 2019, 29. [CrossRef]

22. Narmani, A.; Rezvani, M.; Farhood, B.; Darkhor, P.; Mohammadnejad, J.; Amini, B.; Refahi, S.; Abdi
Goushbolagh, N. Folic acid functionalized nanoparticles as pharmaceutical carriers in drug delivery systems.
Drug Dev. Res. 2019, 80, 404–424. [CrossRef] [PubMed]

23. Niu, S.; Williams, G.R.; Wu, J.; Wu, J.; Zhang, X.; Zheng, H.; Li, S.; Zhu, L.-M. A novel chitosan-based
nanomedicine for multi-drug resistant breast cancer therapy. Chem. Eng. J. 2019, 369, 134–149. [CrossRef]

24. Ha, A.; Zhao, Y.; Binns, C.W.; Lee, A. Prevalence of folic acid supplementation by pregnant women in
vietnam (p10-102-19). Curr. Dev. Nutr. 2019, 3. [CrossRef]

25. Mintzer, M.A.; Simanek, E.E. Nonviral vectors for gene delivery. Chem. Rev. 2009, 109, 259–302. [CrossRef]
[PubMed]

26. Duse, L.; Agel, M.R.; Pinnapireddy, S.R.; Schafer, J.; Selo, M.A.; Ehrhardt, C.; Bakowsky, U. Photodynamic
therapy of ovarian carcinoma cells with curcumin-loaded biodegradable polymeric nanoparticles.
Pharmaceutics 2019, 11, 282. [CrossRef] [PubMed]

27. Silva, D.S.; dos Santos, D.M.; Almeida, A.; Marchiori, L.; Campana-Filho, S.P.; Ribeiro, S.J.L.; Sarmento, B.
N-(2-hydroxy)-propyl-3-trimethylammonium, o-mysristoyl chitosan enhances the solubility and intestinal
permeability of anticancer curcumin. Pharmaceutics 2018, 10, 245. [CrossRef]

28. Jouyandeh, M.; Jazani, O.M.; Navarchian, A.H.; Shabanian, M.; Vahabi, H.; Saeb, M.R. Surface engineering of
nanoparticles with macromolecules for epoxy curing: Development of super-reactive nitrogen-rich nanosilica
through surface chemistry manipulation. Appl. Surf. Sci. 2018, 447, 152–164. [CrossRef]

29. Zhao, X.; Shan, C.; Zu, Y.; Zhang, Y.; Wang, W.; Wang, K.; Sui, X.; Li, R. Preparation, characterization, and
evaluation in vivo of ins-sio2-hp55 (insulin-loaded silica coating hp55) for oral delivery of insulin. Int. J.
Pharm. 2013, 454, 278–284. [CrossRef]

30. Kusakabe, K.; Ichiki, K.; Hayashi, J.-I.; Maeda, H.; Morooka, S. Preparation and characterization of
silica—Polyimide composite membranes coated on porous tubes for CO2 separation. J. Membrane Sci. 1996,
115, 65–75. [CrossRef]

31. Liu, C.; Jin, R.-N.; Ouyang, X.-K.; Wang, Y.-G. Adsorption behavior of carboxylated cellulose
nanocrystal-polyethyleneimine composite for removal of cr(vi) ions. Appl. Surf. Sci. 2017, 408, 77–87. [CrossRef]

32. Bespalova, Y.; Kwon, D.; Vasanthan, N. Surface modification and antimicrobial properties of cellulose
nanocrystals. J. Appl. Poly. Sci. 2017, 134. [CrossRef]

33. Trittschack, R.; Grobety, B.; Koch-Mueller, M. In situ high-temperature raman and ftir spectroscopy of the
phase transformation of lizardite. Am. Mineral. 2012, 97, 1965–1976. [CrossRef]

34. Huang, B.; Bartholomew, C.H.; Woodfield, B.F. Improved calculations of pore size distribution for relatively
large, irregular slit-shaped mesopore structure. Microporous Mesoporous Mater. 2014, 184, 112–121. [CrossRef]

35. Song, J.; Xu, T.; Gordin, M.L.; Zhu, P.; Lv, D.; Jiang, Y.-B.; Chen, Y.; Duan, Y.; Wang, D. Nitrogen-doped mesoporous
carbon promoted chemical adsorption of sulfur and fabrication of high-areal-capacity sulfur cathode with
exceptional cycling stability for lithium-sulfur batteries. Adv. Funct. Mater. 2014, 24, 1243–1250. [CrossRef]

36. Ghazitabar, A.; Naderi, M.; Haghshenas, D.F.; Rezaei, M. Synthesis of n-doped graphene aerogel/co3o4/zno
ternary nanocomposite via mild reduction method with an emphasis on its electrochemical characteristics. J.
Alloy Compd. 2019, 794, 625–633. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.carbpol.2019.05.081
http://dx.doi.org/10.1080/1028415X.2017.1416941
http://dx.doi.org/10.1016/j.bmcl.2019.05.047
http://dx.doi.org/10.1016/j.lfs.2019.04.030
http://dx.doi.org/10.1002/adfm.201805860
http://dx.doi.org/10.1002/ddr.21545
http://www.ncbi.nlm.nih.gov/pubmed/31140629
http://dx.doi.org/10.1016/j.cej.2019.02.201
http://dx.doi.org/10.1093/cdn/nzz034.P10-102-19
http://dx.doi.org/10.1021/cr800409e
http://www.ncbi.nlm.nih.gov/pubmed/19053809
http://dx.doi.org/10.3390/pharmaceutics11060282
http://www.ncbi.nlm.nih.gov/pubmed/31208085
http://dx.doi.org/10.3390/pharmaceutics10040245
http://dx.doi.org/10.1016/j.apsusc.2018.03.197
http://dx.doi.org/10.1016/j.ijpharm.2013.06.051
http://dx.doi.org/10.1016/0376-7388(95)00290-1
http://dx.doi.org/10.1016/j.apsusc.2017.02.265
http://dx.doi.org/10.1002/app.44789
http://dx.doi.org/10.2138/am.2012.4162
http://dx.doi.org/10.1016/j.micromeso.2013.10.008
http://dx.doi.org/10.1002/adfm.201302631
http://dx.doi.org/10.1016/j.jallcom.2019.04.188
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation 
	Preparation of MSN 
	Preparation of MSN-PEI 
	Preparation of MSN-PEI-FA 

	Characterization of Materials 
	Curcumin Loading Content of MSN-PEI-FA 
	Curcumin Release Experiment 

	Results and Discussion 
	Preparation Principle of MSN-PEI-FA 
	Characterization 
	Optimizing the Encapsulation Efficiency and Loading Efficiency 
	The Release Rate at Different pH Values 
	Cytotoxicityand Uptake by Tumor Cells 

	Conclusions 
	References

