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A dual-targeting drug delivery system (DTDDS) with magnetic targeting and active targeting was obtained to improve the targeting
and drug-loading capacity of magnetic drug nanocarriers. An ultraviolet-visible spectrophotometer and flow cytometry were used
to investigate the drug-loading and release capacity, cytotoxicity, and inhibition of tumor cell proliferation, separately. Results show
that DTDDS has obvious magnetic characteristics, on which the modification amount of folic acid is 64.82mg g-1. Doxorubicin was
taken as a template drug to evaluate its drug-loading capacity, which was as high as 577.12mg g-1. Good biocompatibility and low
cytotoxicity of DTDDS were further confirmed. Moreover, DTDDS can target the folate receptor on the surface of HeLa cells and
deliver doxorubicin into HeLa cells, thereby increasing the proliferation inhibition for cancer cells. Therefore, this new dual-
targeting drug delivery system shows potential in significantly reducing the toxic side effects of chemotherapy and improving
chemotherapy efficiency.

1. Introduction

For nearly half a century, malignant tumors have become a
major killer of human health. At present, the main methods
for treating tumors include surgical resection, chemother-
apy, and radiotherapy [1]. Among them, the chemotherapy
method using chemical drugs to inhibit tumor cells has
become the main means of tumor treatment because of
their small traumaticity. However, the biggest disadvantage
of traditional chemotherapeutic drugs used in clinical prac-
tice is their lack of tissue selectivity. Conventional therapeu-
tic doses have significant toxic side effects on normal tissues
and organs, which is why the amount of drugs actually
entering the tumor cells is limited. This not only affects
the therapeutic effect of the tumor but also destroys the
immune system and finally causes gastrointestinal reactions,
bone marrow suppression, etc. [2]. Therefore, nanodrug

delivery systems with high efficiency of drug utilization and
low toxic side effects have become hot issues in current che-
motherapy research [3].

Magnetic nanoparticles are widely used in drug carriers
because of their unique magnetic responsiveness, good bio-
compatibility, and low toxicity [4]. They can also be targeted
to lesion sites under the action of an external magnetic field
and reduce the systemic distribution of cytotoxic drugs,
thereby reducing side effects and dosage. However, further
studies have found that magnetic targeting drug delivery sys-
tems have a poor ability of entering into cancerous cells,
although they can be localized in the intercellular substance
of cancerous cells, resulting in their low therapeutic efficiency
[5]. Delightedly, active targeting provides a new idea for solv-
ing this disadvantage [6]. Active targeting can be achieved by
modifying the specific ligand on the surface of the drug car-
rier, which can be actively linked to the receptor on the
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surface of the tumor cell. It can avoid being uptaken by
the macrophage and can improve the affinity between
the drug carrier and the tumor cell, thereby improving
the targeting efficiency of the drug carrier. Folate receptors
are highly expressed on the surface of various tumor cells,
while they are rarely expressed on the surface of normal
cells, which provides a new opportunity for targeted treat-
ment of tumors [7]. Therefore, combining magnetic targeting
and folate active targeting and synthesizing a dual-targeting
nanodrug-controlled release system will show higher target-
ing efficiency and therapeutic effect on the tumor.

As a new inorganic nanomaterial with high specific sur-
face area, large pore volume, good biocompatibility, and
high drug loading, ordered mesoporous carbon nanomater-
ials have become an ideal drug delivery carrier. It shows
great potential in the treatment of malignant tumors with
high efficacy [8, 9].

For the design of a novel drug delivery system, the eval-
uation of biocompatibility, cytotoxicity, and proliferation
inhibition for cancer cells is fundamental and necessary
[10] Generally, healthy human blood, normal cells, and
tumor cells need to be taken as research objects to investi-
gate the biocompatibility of the dual-targeting drug delivery
system (DTDDS) by means of hemolysis and flow cytome-
try. Herein, in order to improve the targeting performance
and drug-loading capacity of magnetic nanodrug carriers,
DTDDS, which was obtained by using magnetic ordered
mesoporous carbon nanospheres as a magnetic targeting
drug carrier matrix followed by their modification by folate
with active targeting, was applied to investigate the drug-
loading and release capacity, biocompatibility (including
blood compatibility and histocompatibility), cytotoxicity, and
inhibition of tumor cell proliferation. These investigations
provide a new method for the targeted treatment of tumors
in vivo and lay a theoretical basis for clinical application.

2. Experiments

2.1. Materials. 1-(3-Dimethylaminopropyl)-3-ethylcarbodii-
mide hydrochloride (EDC, 97%) and N-hydroxysuccinimide
(NHS, 98%) were purchased from Beijing J&K Scientific Ltd.
Folate (97%) was purchased from Maya Reagent Co., Ltd.
Anhydrous ethanol (C2H5OH, 99.7%), N-(β-aminoethyl)-γ-
aminopropyltrimethoxysilane coupling agent (KH-792), gla-
cial acetic acid (CH3COOH, 99.5%), and glutaraldehyde were
all obtained from Tianjin Guangfu Technology Development
Co., Ltd. Doxorubicin (DOX) and 4-hydrazinobenzoic acid
(HBA, 98%) were supplied by Shanghai MackLin Biochemical
Co., Ltd. Trypsin-EDTA digestive solution (0.25%), DMEM
high-sugar medium, and fetal bovine serum were provided
by Wuhan Bude Bioengineering Co., Ltd. Cell Counting Kit-
8 Kit (CCK-8), Hoechst 33258, and Annexin V-FITC/PI Kit
were purchased from Shanghai Biyuntian Biotechnology Co.,
Ltd. All reagents were of analytical grade.

2.2. Synthesis of DTDDS. Magnetically ordered mesoporous
nanoparticles were prepared as previously reported by
Chen et al. [11]. To graft folate on its surface, the amino
and hydrazine groups were firstly introduced to obtain

hydrazine-grafted magnetic ordered mesoporous nanopar-
ticles [12, 13]. As these nanoparticles only show a magnetic
targeting effect, they were named magnetic targeting drug
delivery system (MTDDS) in this work. Then, their modifica-
tion by folate was carried out by the activation of the carboxyl
group. Three milligrams of EDC and 3mg of NHS were
added into 10mL of folate solution (800μgmL-1) for ultra-
sonic dispersion for 30min, and then 4mg of MTDDS was
suspended in the above solution and continued to react for
24 h at 25°C. After the reaction was completed, it was sepa-
rated and purified to obtain DTDDS. Finally, a certain
amount of DTDDS was dissolved in 10mL of PBS solution,
and the modification amount of folate was calculated accord-
ing to the UV-vis absorbance of folate at 350 nm in combina-
tion with the standard curve of folate.

2.3. DOX Loading Performance. Loading of DOX molecules
was achieved by chemical and physical adsorption of DTDDS
[12, 14]. Firstly, DTDDS powder is quantitatively added to a
PBS solution (pH = 7:4) and ultrasonically dispersed to
obtain different concentrations (100, 200, 300, 500, 800,
and 1000μgmL-1) of a DOX solution. They were placed in
a constant-temperature shaker and subjected to a light-
proof drug-loading experiment at room temperature and
160 rpm. The solution was magnetically separated and lyoph-
ilized to obtain DTDDS@DOX. Finally, the upper layer solu-
tion was collected and the absorbance of DOX was measured
by UV-vis. The drug-loading amount of DOX at equilibrium
was calculated according to the DOX standard curve and
equation (1) [15]:

Qe =
C0 − Ceð Þ × V

M
, ð1Þ

where C0 (μgmL-1) is the initial DOX concentration, Ce
(μgmL-1) is the equilibrium DOX concentration, V (mL) is
the volume of DOX solution, and M (mg) is the weight of
DTDDS. To confirm the targeting effects of DTDDS@DOX,
the DOX loading on MTDDS was also conducted on the
same condition to obtain (MTDDS@DOX).

2.4. DOX Release Performance In Vitro. According to the
drug-loading results, DTDDS with the maximum equilib-
rium drug-loading capacity (577.12mg g-1) was used to
evaluate the release properties. Four milligrams of
DTDDS@DOX was dispersed in 5mL of PBS buffer solu-
tion (pH = 7:4) in a dialysis bag (with a molecular weight
of 1000D), and then the dialysis bag was placed in 50mL
of PBS buffer solution at pH = 5:6 for the release of DOX
at 37°C in a constant-temperature shaker (160 rpm). At
regular intervals, the quantitative solutions were removed
from the beaker for a UV-vis test. At the same time, a quan-
titative amount of PBS solution was supplemented to the bea-
ker. The absorbance of DOX was measured to calculate the
cumulative release rate Q (%) of DOX according to [16]

Q %ð Þ = V0 × Ct + V ×∑r−1
n=1C

M × X
× 100%, ð2Þ
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where V0 (mL) and V (mL) are the total volume of PBS
(i.e., 50mL) and the removed volume of the sample from
the release medium at each interval (i.e., 2mL), Ct (μgmL-1)
is the drug concentration at time “t” in the release mediator,
M (mg) is the weight of the drug carrier DTDDS@DOX, and
X is the drug-loading rate (%) (drug ‐ loading rate (%)= the
weight of loaded drug molecules on carrier/the weight of
carrier and the drug to be loaded× 100%).

2.5. Biocompatibility of DTDDS with Blood. Once a drug
delivery system enters the body by oral or intravenous
injection, it will encounter blood and come in contact with
it [17]. Hemoglobin release from red blood cells may be
caused by the destruction of the erythrocyte membrane.
Therefore, it is necessary to investigate the hemolysis anal-
ysis by testing the blood compatibility of nanomaterials.
The hemolysis rate was calculated, and the biocompatibil-
ity of the nanodrug carrier was investigated.

Two milliliters of fresh anticoagulated healthy human
blood was added to the centrifuge tube and then diluted with
2.5mL of 0.9% physiological saline. The diluted fresh healthy
human blood was gently mixed for experimental use. The
lyophilized DTDDS powder was mixed with 0.9% physiolog-
ical saline to prepare different concentrations (0.1, 0.3, and
0.5mgmL-1) of the nanoparticle solution, and each group
was repeated in parallel for three times. The distilled water
was used as a positive control, and 0.9% physiological saline
was set as a negative control, each of which was added to a
15mL centrifuge tube in an equal volume. The prepared cen-
trifuge tubes of different concentrations of DTDDS solution,
physiological saline, and distilled water were placed in a 37°C
water bath. After 60min, 0.3mL of diluted healthy human
blood was completely dispersed in each centrifuge tube and
kept in a 37°C water bath for 60min. Finally, the centrifuge
tubes were centrifuged at 2000 rpmmin-1 for 10min. After
centrifugation, the supernatant was pipetted into a cuvette
and measured on a UV-vis. The absorbance (OD) of the
supernatant of each group at 545nm was measured to calcu-
late the hemolysis rate according to [18]

Hemolysis rate %ð Þ = ODtest sample −ODnegative control
ODpositive control −ODnegative control

 !
× 100%:

ð3Þ

The above experiment was repeated 3 times indepen-
dently. If the hemolysis rate is <5%, the nanocarrier con-
forms to the requirements of the hemolysis experiment. If
the hemolysis rate is >5%, the nanocarrier material has
hemolytic toxicity [19].

2.6. Cytotoxicity of Drug Carriers. Cell viability was measured
by flow cytometry. HeLa cells were cultured as described
above and counted on a hemocytometer plate. They were
seeded in a 24-well plate which was previously irradiated
with ultraviolet light at a density of 1 × 105/mL per well, and
then 1mL of a single-cell suspension was added to each well.
The inoculated 24-well plate was placed in a constant-
temperature cell incubator for 24h to allow the cells to

adhere well to the wall. After the cells are attached, the old
culture solution is aspirated, washed 3 times with PBS, and
then added with different concentrations (0, 25, 50, 75, 100,
and 200μgmL-1) of DTDDS solution and allowed to culture
continuously for 24 h. The culture solution and the excess
DTDDS were aspirated and washed 3 times with PBS solu-
tion. After having been digested with 0.25% trypsin, the cells
were washed 3 times with PBS solution, centrifuged at
2000 rpm for 5min, and collected and mixed by blowing.
The supernatant were discarded and the cells were resus-
pended by adding 500μL of binding buffer. After adding
5μL of Annexin V-FITC, 5μL of PI were mixed with the cells
and protected from light for 10-15min.

2.7. Proliferation Inhibition for HeLa Cells. In this experiment,
the HeLa cells were used to evaluate the proliferation inhi-
bition effect of DOX or DTDDS@DOX (MTDDS@DOX)
by the Cell Counting Kit-8 (CCK-8) method. HeLa cells
were seeded in a UV-irradiated 96-well plate at a density
of 7 × 104/mL per well, and 100μL of a single-cell suspen-
sion was added to each well. The inoculated 96-well plate
was placed in a cell culture incubator for 24 h to allow the
cells to adhere well to the wall. The DTDDS was sus-
pended in fresh medium and filtered through a 0.22μm
filter. The concentration of DOX, MTDDS@DOX, and
DTDDS@DOX were separately arranged as 8, 4, 2, 1,
0.5, 0.25, 0.125, and 0μgmL-1, and the concentration of
0μgmL-1 was used as a control group. The nonadherent
cells of each well were aspirated and washed 3 times with
PBS. 100μL of different concentrations of MTDDS@DOX
or DTDDS@DOX solution were added to each well and
5 subwells were set in each group. Subsequently, the 96-
well plates were placed in a constant-temperature cell
incubator for 24 and 48h, respectively. Then, the 96-well
plate was taken out. The supernatant was aspirated and
washed 2-3 times with PBS. 100μL of fresh medium was
added. Finally, 10μL of the CCK-8 reagent was added to
each well and allowed to incubate continuously for 4 h in
the dark. The OD value at 450nm of each well was mea-
sured with a microplate reader. The relative survival rate
of the cells = ðODexperimental group/ODcontrol groupÞ × 100%. The
above experiment was repeated 3 times independently.

Moreover, the morphology of the HeLa cells was also
investigated to further confirm their effect of proliferation
inhibition. HeLa cells were seeded on a pre-UV-irradiated 6-
well plate at a density of 5 × 104 cells/mL per well, and 2mL
of a single-cell suspension was added to each well. The inocu-
lated 6-well plate was placed in a cell culture incubator for 24h
to allow the cells to adhere. Then, DOX, MTDDS@DOX, and
DTDDS@DOX solutions were added separately and allowed
to culture continuously for 6 and 12h. The fresh medium
was set as the blank control group. The growth of each group
of cells was observed by an inverted microscope.

2.8. Intracellular Uptake of DOX by HeLa Cells. Hoechst
33258 is a blue fluorescent dye that can penetrate cell mem-
branes. It can be specifically bonded to double-stranded
DNA and shows nuclear morphology. It is less toxic to cells
and is suitable for most cell staining. At the same time,
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DOX has intrinsic red fluorescence; therefore, the combina-
tion of Hoechst 33258 and DOX can be used to observe the
uptake and distribution of DOX in cells. In this study, HeLa
cells were used as effector cells, and the uptake ability of
HeLa cells to three drugs (DOX, MTDDS@DOX, and
DTDDS@DOX) was qualitatively observed by an inverted
fluorescence microscope. The concentrations of the drugs
were compared at the same concentrations, and the fluores-
cence intensity of DOX in the cell was observed to verify
the tumor targeting of the drug carrier modified by folate.

DOX, MTDDS@DOX, and DTDDS@DOX were dis-
persed in fresh medium, filtered through a 0.22μm filter,
and diluted. HeLa cells were cultured on a 6-well plate at a
density of 5 × 104 cells/mL per well. When the adherent cell
growth coverage reached 80% to 90%, the supernatant was
removed and washed with PBS for 3 times. Each plate was
divided into three groups, and each group was paralleled
two times. The solution of DOX, MTDDS@DOX, or
DTDDS@DOX was added into cells separately, and then
placed in a cell culture incubator for a further 4 h. Subse-
quently, the medium of each well was aspirated with a
pipette. The remaining nanoparticles in the solution in each
well were rinsed with PBS buffer for 10 min × 3 times. Glu-
taraldehyde (2.5%) was used to fix the cells for 10min at
4°C. After being rinsed by PBS buffer, 100μL of Hoechst
33258 solution was added into each well and kept for
10min. The staining process should be placed under the
microscope to prevent overstaining. To avoid cells from
being inactivated for a long time after rinsing, they should
be immediately observed and photographed under an
inverted fluorescence microscope.

2.9. Instruments. The morphology feature of DTDDS was
analyzed by a field emission electron microscope (FESEM,
JEOL JSM-6700F, Japan) and a transmission electron micro-
scope (TEM, JEM-100CXII, Japan). The average hydrody-
namic diameter of the nanospheres was measured using
dynamic light scattering (DLS) of a Zetasizer Nano ZS90
(Malvern Instruments, UK). UV-vis absorption spectra were
recorded on a Hitachi U-3900 UV-vis spectrophotometer
(Hitachi High-Technologies, Japan). A multifunction micro-
plate reader (BioTek Instruments, CYT3MF, USA) and a
flow cytometer were used to detect the viability of cells (Beck-
man Coulter, FC500, USA). Cellular images were acquired
with an inverted microscope (Olympus, Japan).

3. Results and Discussion

3.1. Structure and Dual-Targeting Properties of DTDDS. The
morphology of DTDDS was observed by FESEM
(Figure 1(a)) and TEM (Figure 1(b)), which shows that they
are in a spherical morphology with an ordered mesoporous
structure and an average size of about 100nm. To further
characterize their size information, the hydrodynamic diam-
eter of DTDDS was measured in PBS suspension, which is
around 220nm, as shown in Figure 1(c). It is worth mention-
ing that the size obtained by DLS is about 120nm higher than
that measured by SEM, which can be illustrated by the fact
that there exists a hydrated layer around the surfaces of
DTDDS as it was measured in the aqueous solution. At the
same time, the zeta potential of DTDDS in PBS at a concen-
tration of 80μgmL-1 was obtained, which is -27.0mV, dem-
onstrating their relative stability in PBS.
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Figure 1: (a) FESEM and (b) TEM images and (c) size distribution of DTDDS; inset is the photograph of magnetic separation for
DTDDS dispersion.
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The insert in Figure 1(a) is a picture of DTDDS in PBS
solution before and after magnetic separation. It can be seen
that DTDDS moves towards the magnet and finally gathers
on the side of the bottle when a magnet of 0.24T is close to
the aqueous dispersion, proving that DTDDS has potential
in the magnetic targeting area.

The folate grafting amount onto DTDDS was calculated
by the standard curve. Figure 2(a) shows the UV-vis curves

of different concentrations of folate solution. It can be
seen that the characteristic absorption peaks of folate are
at 280 and 350nm. At low concentrations, the absorbance
and concentrations of folate at 280nm are more consistent
in a linear relationship. Therefore, 280 nm was chosen as
the characteristic absorption peak of folate. The relation-
ship of Abs-C can be obtained by linear regression, as
shown in Figure 2(b). In the range of 0-15μgmL-1, the
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Figure 2: UV-vis spectra of folate (a) and standard curve (b). UV-vis spectra of DOX (c) and standard curve (d).
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Figure 3: (a) DOX loading and (b) release curves at 37°C.
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standard curve equation is y = 0:06521x, R2 = 0:99991.
Combined with the standard curve of folate, the average
modification amount of folate by DTDDS is 64.82mgg-1.
As reported, the grafting amount of folate around this value
could achieve active targeting [15]. These results demon-
strate that DTDDS has the ability of dual-targeting including
magnetic and active targeting because of its magnetism and
folic acid components.

3.2. DOX Loading and Release Properties of DTDDS. The
drug-loading capacity and release properties of DTDDS can
remarkably affect its efficacy of cancer therapy. Therefore,
the effect of DOX concentration on the drug loading of
DTDDS and the performance of release in vitro were evalu-
ated. First of all, the UV-vis spectrum of DOX was measured
from 200 to 600nm. The characteristic absorptions are
located at 232 and 480nm, as shown in Figure 2(c), and the
absorbance value at 480nm has a linear relationship with
the concentration. Therefore, it is selected as the characteris-
tic absorption peak of DOX in this work. The relationship of
Abs-C can be obtained by linear regression, as shown in
Figure 2(d). In the range of 0-60μgmL-1, the standard curve
equation is y = 0:01645x, R2 = 0:99969.

TheDOX loading results are shown in Figure 3. According
to Figure 3(a), the loading amount of DOX increases with the
change of its initial concentration and up to 577.12mgg-1 at
the concentration of DOX of 500μgmL-1. It is expected that
the drug loading will continue to increase with the increase
of DOX concentration. The drug-loading mechanism of
DOX on DTDDS can be attributed to an integration of mono-
layer and multilayer adsorption, as both porous adsorption
and covalent interactions take place during the drug-loading
process [11]. Therefore, the loading rate is affected by the con-
centration of DOX, the diffusion rate of DOX in PBS, and also
the interactions between DOX and DTDDS. In Figure 3(a),
with the increase of the concentration of DOX, the loading
rate initially increases and then decreases. It can be inferred
that when the concentration is quite low or high, porous
adsorption dominates in the loading, which is a little slow.
While when the concentration increases to 300 and
500μgmL-1, covalent interactions dominate, leading to a
much higher loading rate.

As shown in Figure 3(b), the release profile of DOX in
DTDDS was carried out at 37°C when the pH is 5.6 due
to the lower pH value inside the cancer cell. From the
release curve, it can be intuitively found that the release
rate can reach more than 20% in 30 h of release time,
demonstrating its good controlled release. As mentioned
before [11], the high drug loading of DTDDS obtained
in this work can be attributed to the combination of phys-
ical and chemical forces, indicating that the force between
DOX and DTDDS is relatively strong, which is also an
important reason for its slow release.

3.3. Biocompatibility of DTDDS with Blood. Fresh anticoa-
gulated healthy human blood was used to study the hemo-
lysis rate of DTDDS, in which saline was set up as a
negative control and distilled water was set as a positive
control. The hemolysis rate of DTDDS was calculated to

verify its blood compatibility. The experimental results
are shown in Table 1 and Figure 4. The hemolysis rate
of each group of DTDDS is less than 5%. Compared with
the positive control group, the P value is less than 0.05
and the difference is significant. There is no difference
compared with the negative control group. Therefore,
DTDDS meets the requirements for the hemolysis rate of
medical materials.

3.4. Cytotoxicity of DTDDS. The determination of cell via-
bility of DTDDS is critical when evaluating its response to
cytotoxic drugs or other environmental factors. Recently,
flow cytometry provides a rapid and reliable method to

Table 1: Hemolysis rate of DTDDS (n = 3, �χ ± S).

Samples
Concentration
(mgmL-1)

Mean OD
value

Hemolysis
rate (%)

P
value

DTDDS

0.100 0:013 ± 0:002 1.0 0.006

0.300 0:019 ± 0:002 1.5 0.007

0.500 0:024 ± 0:002 2.0 0.007

Saline 0:003 ± 0:001 0.0

Distilled water 1:041 ± 0:061 100
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Figure 4: Hemolysis analysis of DTDDS.

Table 2: Cell viability of different concentrations of DTDDS
against HeLa cells detected by flow cytometry (n = 5, �χ ± S).

Concentration (μgmL-1) Cell viability (%) t value P value

200 64:70 ± 1:47 35.106 <0.05
100 76:05 ± 1:29 23.2 <0.05
75 79:46 ± 1:09 20.449 <0.05
50 80:56 ± 1:05 19.192 <0.05
25 92:69 ± 1:34 1.758 0.117

0 93:79 ± 1:13
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Figure 5: Cell viability of DTDDS against HeLa cells with different carrier concentrations measured by flow cytometry: (a) 0 μgmL-1, (b)
25μgmL-1, (c) 50 μgmL-1, (d) 75 μgmL-1, (e) 100 μgmL-1, and (f) 200μgmL-1.
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quantify viable cells in a cell suspension. Propidium iodide
(PI) is a membrane impermeant dye that is generally
excluded from viable cells. PI is excited at 488nm with a
relatively large Stokes shift and emits at a maximum wave-
length of 617nm. Because of these spectral characteristics,
the cell viability is obtained by counting the percentage of
viable cells in all cells. To further verify the biosafety of
the drug carrier, flow cytometry-Annexin V/PI double
staining was used to detect the cell viability of different
concentrations of DTDDS against HeLa cells after incuba-
tion for 24h. The experimental results are shown in
Table 2 and Figure 5. The concentrations of DTDDS in
the groups of 50, 75, 100, and 200μgmL-1 are significantly
different from those in the control group (P < 0:05). When
the concentration of DTDDS is 100μgmL-1, the cell viabil-
ity reaches 76:05 ± 1:29%. In Figure 5, UR represents late
apoptotic rate, LR represents early cell apoptosis rate, UL
represents cell death rate, and LL represents cell survival
rate. The results verified the biosafety of DTDDS. There-
fore, the cytotoxicity produced by the drug carrier DTDDS
in the subsequent experiments can be negligible.

3.5. Proliferation Inhibition for HeLa Cells. To confirm the
therapeutic efficiency of DTDDS as an intracellular nanocar-
rier, free DOX, MTDDS@DOX, and DTDDS@DOX were
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Figure 6: Cell viability of HeLa cells after coincubation with series concentrations of DOX (a), MTDDS@DOX (b), and DTDDS@DOX (c) for
24 and 48 h.
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Figure 7: Optical micrographs of HeLa cells.
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incubated with HeLa cells, and the cell viability was tested by
the CCK-8 method. The results are shown in Figure 6. The
proliferation inhibition effects of DOX, MTDDS@DOX,
and DTDDS@DOX drugs on HeLa cells depend on incuba-
tion time and their concentration. With the increase of incu-
bation time and drug concentration, the cell viability
decreases gradually. When the drug concentration is less
than 1μgmL-1 and the drug group acts on HeLa cells for
24 h, the proliferation inhibition of the DOX group on HeLa
cells is stronger than that of the MTDDS@DOX and
DTDDS@DOX groups. When the drug concentration is
1μgmL-1 and the drug group acts on HeLa cells for 48h,
the proliferation inhibition of the DTDDS@DOX group to
HeLa cells is stronger than that of the DOX and
MTDDS@DOX groups. These indicate that DTDDS@DOX

has a sustained release effect and can target the folate recep-
tor on the surface of HeLa cells to improve the inhibition
rate. When the drug concentration is higher than 2μgmL-1,
there is no difference in the inhibition of HeLa cell prolifera-
tion by the three drug groups.

The effects of DOX, MTDDS@DOX, and DTDDS@DOX
on the morphology and quantity of HeLa cells under an
inverted microscope were observed to further reveal the
inhibitory effect of the drug-loading system on tumor cells.
The results show that the cells in the blank control group
grow well and the morphology is uniform, as shown in
Figure 7. After 6 h of drug treatment, the number of viable
cells decreases significantly, the morphology shrinks, and
the apoptotic cells increase (Figures 8(a), 8(c), and 8(e)).
After 12 h of drug treatment, the number of viable cells of
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Figure 8: Optical micrographs of HeLa cells incubated with free DOX for 6 h (a) and 12 h (b), with MTDDS@DOX for 6 h (c) and 12 h (d),
and with DTDDS@DOX for 6 h (e) and 12 h (f).
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the DTDDS@DOX group is significantly less than that of the
MTDDS@DOX andDOX group (Figures 8(b), 8(d), and 8(f)).
There are more cells with morphological shrinkage and apo-
ptosis, and the cell morphology change more obviously, which
also indirectly verifies that DTDDS@DOX can target into
HeLa cells and has a stronger antitumor effect.

3.6. Intracellular Uptake of DOX by HeLa Cells. To further
validate the targeting effect of DTDDS@DOX on HeLa cells,
the inverted fluorescence microscopy was used to qualita-
tively observe the uptake ability of HeLa cells by the pure
DOX group, MTDDS@DOX group, and DTDDS@DOX
group. The fluorescence intensity of DOX in the cells by the
three drug groups at the same drug concentration and
the same time was compared. Figure 9 shows the results
of fluorescence microscopy after the incubation of DOX,
MTDDS@DOX, and DTDDS@DOX on HeLa cells for
4 h, separately. The blue fluorescence is from Hoechst
33258, and the red fluorescence is from DOX. The exper-
imental results show that the intracellular red fluorescence
intensity of HeLa cells in the DTDDS@DOX group is sig-
nificantly stronger than that in the DOX MTDDS@DOX
group. This can be attributed to the fact that
DTDDS@DOX delivers drugs to cells by targeting folate
receptors on the surface of HeLa cells, thereby increasing the
intracellular uptake of DOX. Meanwhile, the microenviron-
ment of HeLa cells is weakly acidic, and drug releasing from
DTDDS@DOX is easier in a weak acid environment. There-
fore, the folate-modified drug-loading system can be used as
a highly efficient chemotherapeutic drug carrier to target
tumor cells such as HeLa cells that highly express folate recep-
tors, and further enhance the antitumor effect.

4. Conclusions

In summary, the DTDDS with magnetic targeting and
active targeting can load 577.12mg g-1 of DOX, and DOX
can be released in a controlled manner from DTDDS with
a release rate of about 20% in 30 h. The hemolysis rate of
DTDDS is less than 5%, which is significantly different
from the positive control group and in compliance with
the required biocompatibility hemolysis rate. When the

concentration of DTDDS is 100μgmL-1, the cell viability
reaches 76:05 ± 1:29%, showing good biocompatibility and
low toxicity, which can be used as a highly efficient nano-
drug carrier for drug delivery. Because of its good sustained
release and targeting properties, DTDDS can more effec-
tively inhibit the proliferation of HeLa cells and reduce
the side effects of normal cells. In view of its outstanding
performances in drug delivery, DTDDS shows great poten-
tial in improving the efficacy of cancer treatment and
reducing the side effects.
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