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Abstract: To overcome the drawback of drug non-selectivity in traditional chemotherapy, the
construction of multifunctional targeting drug delivery systems is one of the most effective and
prevailing approaches. The intratumoral anti-angiogenesis and the tumor cell-killing are two
basic approaches in fighting tumors. Herein we report a novel tumor vascular-targeting multidrug
delivery system using mesoporous silica nanoparticles as carrier to co-load an antiangiogenic
agent (combretastatin A4) and a chemotherapeutic drug (doxorubicin) and conjugate with
targeting molecules (iIRGD peptide) for combined anti-angiogenesis and chemotherapy. Such
a dual-loaded drug delivery system is capable of delivering the two agents at tumor vascula-
ture and then within tumors through a differentiated drug release strategy, which consequently
results in greatly improved antitumor efficacy at a very low doxorubicin dose of 1.5 mg/kg. The
fast release of the antiangiogenic agent at tumor vasculatures led to the disruption of vascular
structure and had a synergetic effect with the chemotherapeutic drug slowly released in the
following delivery of chemotherapeutic drug into tumors.

Keywords: mesoporous silica nanoparticles, drug delivery, tumor vasculatures targeting,
antiangiogenic agent

Introduction

At present, the effective therapy of cancer is still an unsolved challenge faced by human
beings. There are a number of critical drawbacks in traditional chemotherapeutics to
overcome, such as low treatment efficiency, harmful side effects, poor pertinence, and
so on. So how to substantially enhance the efficacy while diminish the side effects of
chemotherapy has been the focus in cancer therapy.'

Tumor angiogenesis plays an important role in tumor development, and therefore
is also an important sector considered in the treatment of tumors.*” Different from
normal tissues, the vasculatures of tumors show specific overexpressions of cytokines,
and therefore can be used as targets for tumor treatment,*® and tumor vasculatures,
which are the transport channel of nutrition for the fast proliferating tumor cells, are
appropriate therapeutic targets.* The disruption of tumor vasculatures can lead to the
necrosis of tumors. According to the literature,'® drug resistance and other side effects
that occur in traditional chemotherapy can be circumvented effectively by focusing
on tumor vasculatures in tumor treatments; however, the antitumor efficacy is not
satisfactory if only adopting anti-angiogenesis therapy.'' So, the combination of anti-
angiogenesis with conventional chemotherapeutics is expected to give substantially
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Figure | Schematic diagram of the antiangiogenic agent (CA4) and chemotherapeutic drug (DOX) deliveries by DC@T-MSNs in tumor-.
Notes: CA4 is first released at tumor vasculature under the targeting guidance of iRGD peptides (step |); subsequently, the DDSs are endocytosized into acidic tumor cells

where most DOX is released (step 2).

Abbreviations: CA4, combretastatin A4; DC@T-MSNs, DOX-loaded iRGD-MSNs; DDS, drug delivery system; DOX, doxorubicin; HUVECs, human umbilical vein

endothelial cells; MSNs, mesoporous silica nanoparticles.

improved results in tumor treatments, which can be achieved
by delivering both antiangiogenic agent and chemotherapeu-
tic drug under optimal dosages into tumors. Doxorubicin
(DOX), as a traditional chemotherapeutic agent, has been
proved to be a wide-spectrum anticancer drug and effec-
tive for various cancers, such as breast cancer, liver cancer,
lung cancer, etc. In addition, combretastatin A4 (CA4) as
an effective anti-angiogenesis agent has been proved to be
capable of disrupting tumor vasculatures which support
tumor growth and spreading.!>!3 So some literature points
out that coadministration of CA4 and DOX seems to be a
good choice.'*!'¢ Unfortunately, the conventional simple
coadministration of two different drugs usually results in
unsatisfactory therapeutic efficacy, mainly due to the lack of
targeting function of the naked drugs and onsite synergetic
therapeutic effects.

To effectively integrate anti-angiogenesis and conven-
tional chemical therapy by direct and simultaneous transport
of multidrugs, drug carriers become crucial. Compared
with organic nanoparticles, inorganic nanocarriers, such as
mesoporous silica nanoparticles (MSNs), carbon nanotubes,
and gold nanoparticles, are highly stable both chemically and
biologically.'”! Especially, MSNs have a number of unique
features, such as uniform and tunable particle size, pore size,
and morphology; high surface area and pore volume; facile

122 and they have been demon-

surface functionalization; etc,
strated to be one of the most valuable drug carriers.?>*
Herein, we used MSNs as a carrier to construct a tumor
vasculature-targeting drug delivery system (DDS) by co-
loading DOX and CA4 as the chemotherapeutic drug and

anti-angiogenesis agent, respectively, and MSNs were grafted

with iRGD sequence (CRGDKGPDC), which was reported to
be a ligand showing effective affinity to o, 3, receptor over-
expressed on a number of cancer cells as well as endothelial
cells in tumor tissues.?> Especially, it has been reported that
iRGD-coupled composites are capable of binding to tumor
vasculatures and spreading into the extravascular tumor
parenchyma; however, conventional RGD peptides can only
deliver cargos to the blood vessels.

Most encouragingly, when the DDS arrives at tumor
vasculatures during its bloodstream circulation under
guidance by iRGD-containing peptides in a short moment
of time, the angiogenesis inhibitor CA4 is able to release
rapidly from the constructed DDS at tumor vasculatures
under the effective tumor vascular targeting, and during the
later, much longer process of DDS uptake by tumor cells,
the anticancer drug DOX will be released mostly within the
cells of significantly lower pH values, thanks to the special
feature of pH-responsive release behavior of DOX from
MSNs, 22 as shown in Figure 1, which is of great benefit
in realizing differentiated release rates of anti-angiogenesis
and anticancer effects in the pathway of drug delivery from
the vascular system to the tumor cells, as recently proposed
conceptually by us.!?

Experimental methods

Materials

Tetraethyl orthosilicate, triethanolamine, ethanol, methanol,
hydrochloric acid ([HCI] 37%), and sodium chloride (NaCl)
were purchased from Sinopharm Chemical Reagent Co.
Hexadecyltrimethylammonium chloride ([CTAC] 25 wt%),
3-aminopropyltriethoxysilane (APTES), and rhodamine
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isothiocyanate were purchased from Sigma-Aldrich Co.
(St Louis, MO, USA). Phosphate-buffered saline (PBS)
solution (pH 7.4) was procured from Shanghai Runcheng
Biomedical Co., Ltd. The anticancer drug doxorubicin
(DOX) was procured from Beijing HuaFeng United Tech-
nology Co., Ltd. CA4 was procured by Hangzhou Ruishu
Biochemical Co., Ltd. iRGD was synthesized by Shanghai
Sangon Biotech Co., Ltd. No further purification was con-
ducted before chemicals were used.

Preparation of MSNs, targeted-MSNs

(T-MSN:s), and drug-loaded MSNs
Preparation of MSNs

Briefly, 2 g of CTAC and 0.02 g of triethanolamine were
dissolved into 20 g of water with magnetic stirring, respec-
tively. The solution was heated to 80°C for 1 hour, followed
by the addition of 1.5 mL tetraethyl orthosilicate dropwise;
20 uL of rhodamine isothiocyanate—APTES was also added
dropwise in order to ensure enough —~NH, groups grafted
on MSNs for subsequent surface iRGD modification. The
magnetic stirring was continued for another 1 hour to
achieve a uniform mixture. In order to remove the residual
reactants, the nanoparticles collected by centrifugation were
washed three times with ethanol and deionized water. The
centrifugation was continued for 20 minutes at 18,000 rpm
and the particles were redispersed under sonication. Then,
the as-received nanoparticles were repeatedly extracted three
times with a 1 wt% solution of NaCl in methanol at room
temperature for 3 hours to remove the CTAC.

Conjugation of iRGD (T-MSNs)

iRGD was covalently conjugated onto amine-functionalized
MSNs through -COOH group by using crosslinking reagents
EDC and N-hydroxysuccinimide (NHS). To modify the MSN
surface with iRGD peptide, 0.01 mmol iRGD was dissolved in
PBS solution (pH 7.4) and 0.2 mmol EDC and 0.5 mmol NHS
were added into the solution. The mixture was then stirred
at room temperature for 15 minutes. Subsequently, 20 mL
PBS solution of MSNs (1 mg/mL) was added to the above
solution, and the mixture was stirred for 12 hours at room
temperature. Excess EDC, NHS, and iRGD were removed
by repeatedly washing the nanoparticles with distilled water
several times.

Drug loading in MSNs and T-MSNs

Five milligrams of MSNs or T-MSNs were respectively
mixed with 5 mL of DOX solution of water (0.5 mg/mL),
CA4 solution of water (2 mg/mL), and DOX plus CA4 mixed

solution of water with stirring in darkness for 24 hours.
The drug-loaded nanoparticles were collected by centrifuga-
tion. The supernatant solution was collected and the residual
drug contents were measured by ultraviolet—visible (U V-vis)
measurements to evaluate the drug-loading capacity. The
residual DOX content was measured by U V-vis spectroscopy
at the wavelength of 480 nm, and residual DOX content
was measured at a wavelength of 200 nm. The drug-loading
capacity is represented as mean = standard deviation of three
independent experiments.

Nanoparticle characterization

The morphology and mesostructure of nanoparticles were
observed via a JEM-2010 electron microscope. The accelerat-
ing voltage was 200 kV. Dynamic light scattering measure-
ments were conducted on Zetasizer Nanoseries (Nano ZS90).
UV-vis spectra were recorded on a Shimadzu UV-3101PC
spectroscope.

In vitro drug release

Twenty milligrams of the above-prepared drug-loaded MSN's
(D@MSNs, C@MSNs, DC@MSNSs) in a 3,500 Ka dialysis
bag were immersed in 20 mL pH 7.4 PBS at 37°C and shaken
at a speed of 100 rpm. At certain time intervals, 3 mL of
the supernatant PBS was taken out to test the drug-released
concentration, by virtue of UV-vis absorption technique at
different wavelengths, and then was returned to the original
PBS. The standard curve was used to calculate the drug
release amount. The absorbances of the supernatant PBS
were recorded on a Shimadzu UV-3101PC UV-vis absorption
spectrophotometer.

Cell culture

HeLa cells and human umbilical vein endothelial cells
(HUVECs) were seeded at a concentration of 5,000 cells/cm?in
DMEM (Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% fetal bovine serum (Sijiqing Biological
Engineering Materials Co., Ltd., Hangzhou, People’s
Republic of China) or HUVEC special medium. All the
cells were cultured at 37°C in a 5% CO, humidified envi-
ronment until the cell concentration reached 80%. Then,
the medium containing MSNs, drug-loaded MSNs, and
free drugs in different concentrations were added for vari-
ous cell experiments. Ninety-six-well culture plates were
used for the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) assay and 35 mm glass-bottom
dishes were used for confocal laser scanning microscopy
imaging.
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MTT assay

All cell viability tests were conducted by employing MTT
assay. Specifically, HeLa cells were first seeded at a con-
centration of 5,000 cells/cm? and then cultured for 48 hours.
Then, new culture media containing MSNs and T-MSNs
at concentrations of 25, 50, 100, and 200 pg SiO,/mL
were added for cell culture, while the culture media of
DDSs of different drug-loaded MSNs were introduced
at a fixed concentration of DOX. Then, the cells were
cultured for an additional 24 and 48 hours. Then, 100 uL.
of MTT solution with a concentration of 0.5 mg/mL was
added and incubated for another 4 hours’ incubation. Then,
100 uL of dimethyl sulfoxide was added and formazan
crystals were solubilized. The absorbance was read with
a microplate reader (Bio-Tek ELx800) at the wavelength
of 490 nm.

Immunohistochemical staining

Twenty-four hours after injection with MSNs and T-MSNs
and other materials, the mice were sacrificed. The tumors
were fixed in 4% paraformaldehyde. Tumors were stained
with CD31 antibodies for microvessel and Ki-67 antibodies
for cell proliferation analysis. The nuclei were counterstained
with hematoxylin. TUNEL assay was carried out for cellular
apoptosis.

In vivo antitumor studies

The healthy adult male Kunming (KM) mice and KM
mice bearing HelLa tumors were obtained from Shanghai
Laboratory Animal Center, Chinese Academy of Science
(Shanghai, People’s Republic of China) (warrant number
SCXK [Shanghai] 2007-0005). All animal operations were
conducted in accordance with the People’s Republic of
China national standards for laboratory animal quality and
the Chinese guidelines for the care and use of laboratory
animals. Six- to eight-week-old female KM mice were
used. All mouse experimental procedures were performed
in accordance with the Regulations for the Administration
of Affairs Concerning Experimental Animals approved by
the State Council of People’s Republic of China.

The tumor-bearing mice were allowed to grow until
the tumor volume reached 100 mm? before all the in vivo
experiments. Mice were divided into seven groups and every
group had five mice, and the groups were injected with
PBS solution, DC@MSNs, DC@T-MSNs, C@MSNs, D@
MSNs, free DOX plus CA4, and free DOX, respectively.
All materials were diluted with saline. The DOX doses were
kept identical at 1.5 mg/kg by injection through the tail vein.
The injection interval was every 6 days and, in total, four

injections were conducted (24 days in all). Tumor sizes were
recorded every 2 days with a digital caliper.

Biodistribution study

Mice that received intravenous injections were euthanized
24 hours post-injection, and blood, tumor, and major organs/
tissues were collected and wet-weighed. The organs were
cut into 1-2 mm? pieces and incubated in digestion solution
containing mixed acids (nitric acid:perchloric acid, V:V=4:1)
for 12 hours. Silicon content was determined by inductively
coupled plasma optical emission spectrometer (ICP-OES).

Results

Characterization of MSNs

T-MSNs were synthesized by covalently conjugating iRGD
onto amine-functionalized MSNs through the -COOH group,
as schematically shown in Figure 2A. As can be seen from
the transmission electron microscopy images (Figure 2B),
we successfully synthesized monodispersed MSNs of about
40-50 nm in diameter without visible aggregation among the
particles. The MSNs had a regular spherical morphology, a
mesoporous structure, and perfect monodispersivity. Dynamic
light scattering measurement results indicated that the MSNs
had a well-defined particle size distribution centered at 63 nm
in accordance with the above transmission electron microscopy
results. DOX and CA4 were successfully loaded into MSNs
with different drug-loading capacities, which were confirmed
by UV-vis measurements. No visible effects of the grafting of
iRGD and drug loading on the morphology, size, and disper-
sivity of the MSNs could be observed. The Fourier transform
infrared spectra of MSNs and T-MSNs are shown in Figure 3A.
Compared with the spectrum of MSNs, that of the T-MSNs
shows a series of new bands at 1,680 cm ™ (stretching vibration
bands of N-H), 1,590 cm™ (stretching vibration bands of C=0),
and 1,400 cm™! (bending vibration bands of C-N), which should
be assigned to the vibration in -NHCO-, and, more specifically,
1,250 cm ! stretching vibration bands of C-O in COOH. So the
Fourier transform infrared spectra provide evidence that iRGD
was successfully conjugated on MSNs.

The amounts of DOX in single DOX-loaded MSNs
(D@T-MSNSs, with iRGD grafting, the same hereinafter)
and double DOX plus CA4-loaded MSNs (DC@T-MSNs)
were determined to be 12%%0.9% and 16%0.7%, while
those of CA4 in single CA4-loaded C@T-MSNs) and double
DC@T-MSNs were 3%10.2% and 7%%0.5%, respectively.
The promoted loading amounts of both DOX and CA4 in
the double-loaded DDS can be attributed to the electrostatic
interaction and hydrogen bonding among positively charged
DOX molecules, negatively charged CA4 molecules, and
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Notes: (A) Schematic diagram of synthesis route of T-MSNs. (B) TEM images of MSNs (a), T-MSNs (b), and DC@T-MSNss (c). (C) The corresponding DLS particle size distributions.
Abbreviations: DC@T-MSNs, DOX and CA4 loaded iRGD-MSNs; DLS, dynamic light scattering; MSNs, mesoporous silica nanoparticles; T-MSNs, targeted MSNs; TEM,

transmission electron microscopy.

inner-mesopore surfaces. Positively charged DOX can be
easily adsorbed onto the negatively charged surface, mainly
the inner pore surface of MSNs, and the hydrogen bonding
between the OH groups on the MSN surface and the -OH
groups in DOX molecules will further promote the DOX
loading.?” So MSNs can load more DOX than CA4, while
more CA4 can be loaded in DC@MSNs than in C@MSNss
due to CA4 electrostatic interaction with the positively
charged DOX.

Differentiated releases of DOX and CA4

Figure 3B shows the drug release profiles (release amount
and concentration) in a constant release medium within an
interval of 50 hours. The sustained release behaviors of
the two different drugs can be well observed. The release
percentages of CA4 from C@T-MSNs and DC@T-MSNs
were both around 30% in 10 hours, while those of DOX
from D@T-MSNs and DC@T-MSNs were as low as 10%
and 5% in the same period (Figure 3A), respectively. Such a
difference in release rate between CA4 and DOX remained
up to the end of experiments of 50 hours. The much slower

release of DOX than that of CA4 can also be attributed to
the electrostatic interaction and hydrogen bonding between
positively charged DOX molecules and mesopore surface
of MSNs. To verify this, zeta potentials were measured and
the data are shown in Figure 3C. It can be seen that pure
MSN and CA4 were negatively charged and DOX was
positively charged. Because of the electrostatic interaction
between the oppositely charged MSN and drugs, the CA4
loading capacity of DC@T-MSN was higher than that in
C@T-MSN, and the different drug release rates were also
related to the different zeta potentials. Besides, in respect of
the accumulative release amount shown in Figure 3C, both
agents released much higher amounts from double-loaded
DC@T-MSNs than single-loaded D@T-MSNs or C@T-
MSNs due to the much higher drug-loading amounts in the
double-loaded DDS than those in the single-loaded DDSs.
The above results demonstrate that, considering the drug
releases from double-loaded DC@T-MSNS, a large part
of CA4 will be released first and most DOX is still within
MSNs in 2 or 3 days of incubation, which means most DOX
is retained within MSNs while most CA4 is released from
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loaded iRGD-MSNs; DOX, doxorubicin; MSNs, mesoporous silica nanoparticles; T-MSNs, targeted MSNs.

DC@T-MSNs during the early period of drug delivery.
Nevertheless, DOX will be released much faster once the
DDS has been taken up in a low pH environment such as
tumor cells owing to the pH-responsive release behavior of
DOX from MSNs. %

It should be noted that the fast and prior release of CA4
to DOX from DC@T-MSNs is fortunately in favorable coin-
cidence with the expectation of the sequential drug delivery
in vivo: the first fast-released CA4 from DC@T-MSNs at the
vascular wall will play a first role in anti-angiogenesis once
the DDS reaches the endothelial system under the guidance
of tumor vascular targeting, then the later released DOX
within tumor cells of lower pH values will be responsible
for killing cancer cells in the later stage when the DDS has
been taken up by the tumor cells.

Cytotoxicity

Next, the cytotoxicities of carrier MSNs and T-MSNs at
different concentrations and for different incubation time
durations against HeLa cells and HUVECs were evaluated
by MTT assay. As can be seen from Figure 4, MSNs and
T-MSNs exhibited no significant cytotoxic effects up to
48 hours. The cytotoxicities of MSNs loaded with different

drugs were also evaluated by the same method. All of the
three drug-loaded MSNs showed significant cytotoxicities,
which became more significant at increased drug concen-
trations and incubation durations. Though only a partial
amount of drug was released, the cytotoxicity of DC@MSNs
remained higher than that of D@MSNs and C@MSNs under
the same conditions. By comparison, C@MSNs showed the
lowest cytotoxicity. It can also be seen that the cytotoxicity
difference between DOX@T-MSNs and DOX@MSNs was
larger at low concentrations than that at elevated concentra-
tions, which can be attributed to the targeted drug delivery
by DOX@T-MSNs.

Cellular uptake of DDSs

The cellular uptake behavior of MSNs and T-MSNs was
observed by using HUVECs and HeLa cells. The time-
dependent uptakes of these two types of MSNs at
100 pg/mL were monitored by confocal laser scanning
microscopic imaging (Figure 5). In HeLa cells, we can
see that longer incubation favors the particles’ uptake, no
matter whether MSNs or T-MSNs. Thanks to the overex-
pression of o, 3,, HeLa cells can uptake more T-MSNs than
MSNSs. When free iRGD peptides (50 uM) were added into
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the medium, the amount of T-MSNs taken up by HeLa cells
decreased significantly, confirming the targeting effect of
the iRGD.

In 30 minutes, HUVECs had uptaken a considerable
amount of MSNs, which became much more significant in
24 hours of incubation (Figure 5). So we can see that the
dual drug-loaded DDS carrying both anti-vasculature and
antitumor agents can be uptaken quickly and in large amount
by cancer cells and endothelial cells.

In vitro evaluation of treatment efficacy

for endothelial cells by DC@MSNs

The capability of C@MSNs and DC@MSNs in disrupt-
ing the HUVEC B-tubulin structure was then investigated.
Cultured respectively with C@MSNs, DC@MSNs, and
the MSNs in 24 hours, the B-tubulin structure of HUVECs
was dyed with green fluorescence. The results are shown
in Figure 6. MSN-treated HUVECs showed no significant
B-tubulin damage, while the HUVECsS treated with C@MSNs
and DC@MSNss presented significant B-tubulin disruption,

and, especially, HUVECs treated with DC@MSNs were
destroyed completely.

In vivo evaluation of antitumor effect

To evaluate the antitumor effect of DC@T-MSNs and other
drug-loaded MSNs, the tumor growth behaviors in HelLa
tumor-bearing mice were recorded. Figure 7 shows the results
of the tumor volume and body weight changes in different
mouse groups treated with single DOX or CA4, or dual DOX—
CA4-loaded DDSs. From the results, tumor growth was inhib-
ited by DC@T-MSNs most effectively; actually, the tumors
showed no significant growth in around 20 days of vein injec-
tion in this case, as compared to the retarded tumor growth
by the other DDSs or free drugs at the same DOX dose of
1.5 mg/kg. The fact that body weight increased slowly in both
control and the DC@T-MSN groups indicates that the mice
were in a relatively normal state. Non-targeting drug-loaded
MSNss and free drugs showed much weaker inhibiting effects
on tumor growth than the targeting groups, in correspondence
to the body weight losses of mice in these groups.
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Figure 5 Cellular uptake of MSNs and T-MSNss.

Notes: (A) Cellular uptakes of MSNs and T-MSNs by Hela cells under the absence and presence of free iRGD. (B) Cellular uptake of T-MSNs by HUVECs for varied
incubation durations. MSNs and T-MSNs were labeled by RITC.

Abbreviations: HUVECs, human umbilical vein endothelial cells; MSNs, mesoporous silica nanoparticles; RITC, rhodamine isothiocyanate; T-MSNs, targeted MSNs.
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MSN DC@MSNs C@MSNs

Figure 6 Immunofluorescence staining of 3-tubulin in HUVECs after incubations with (A) MSNs, (B) DC@MSNS, and (C) C@MSNS.
Abbreviations: C@MSNs, CA4 loaded MSNs; DC@MSNs, DOX and CA4 loaded MSNs; HUVECs, human umbilical vein endothelial cells; MSNs, mesoporous silica nanoparticles.
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Figure 7 Tumor growth (A) and weight change (B) profiles of HelLa-bearing mice after different treatments.

Notes: The injection dose of DOX was |.5 mg/kg. The drugs were administrated every 6 days.

Abbreviations: CA4, combretastatin A4; C@T-MSNs, CA4 loaded iRGD-MSNs; D@T-MSNs, DOX loaded iRGD-MSNs; DC@T-MSNs, DOX and CA4 loaded iRGD-
MSNs; DC@MSNs, DOX and CA4 loaded MSN's.
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In vivo tumor biodistributions of MSNs
and T-MSNs

Tumor blood vessels were detected by immunofluorescence
stain (CD31). When T-MSNs were injected alone, the red
fluorescence of T-MSNs was found along with the green
fluorescence of the tumor blood vessels (Figure 8), whereas
in tumors treated by MSNs, there was no red fluorescence
observable at the tumor blood vessels.

Two groups of four HeLa tumor-bearing mice were each
intravenously injected with MSNs and T-MSNs for biodis-
tribution studies. To obtain quantitative dosages of MSNss
and T-MSNs uptaken in different organs in the following
24 hours after intravenous injection, the silicon concentra-
tions in the tumor, heart, liver, spleen, lung, and kidney were
analyzed by ICP-OES. The results are shown in Figure 9.
Tumors treated by T-MSNs showed substantially enhanced
amounts of Si uptake in 24 hours compared with tumors
treated by MSNs, showing the prominent targeting effect of
T-MSNs. Mice treated with both targeting and non-targeting
MSNs showed relatively high Si uptakes both in the liver and
lung, confirming the remarkable capture of nanoparticles by
the reticuloendothelial system (RES).

CD31

MSNs
24 hours

T-MSNs
1 hour

T-MSNs
24 hours

Histological evaluation after different

treatments

TUNEL results are shown in Figure 10, showing the
apoptosis of the cancer cells that received different treat-
ments. Tumor cells treated with DC@T-MSNs showed the
most significant TUNEL staining, while the other groups
showed much weaker staining, indicating that DC@T-MSNs
had the highest drug efficacy.

Tumor cellular proliferative activity was measured by
Ki-67 immunostaining. The group treated with DC@T-
MSNs showed the least proliferative activity, but other
drug-loaded MSN-treated groups showed much higher
proliferative activity according to the stronger staining. So
DC@T-MSNs presented the most proliferation inhibition
effect on cancer cells.

Vasculatures in tumors treated with different DDSs were
dyed by CD 31 immunostaining. Figure 10 shows that tumors
treated with PBS maintained the apparent normal structure of
vasculatures. Comparatively, vasculatures in tumors treated
with D@MSNs were discontinued, and those treated with
either C@MSNs or DC@MSNs were more significantly
damaged, showing the substantial effect of CA4.

RITC Merge

Figure 8 Immunofluorescence staining (CD3 1) of tumor blood vessels (green), RITC-labeled MSNs, and T-MSNs (red), and DAPI-dyed tumor cells (blue).
Abbreviations: MSNs, mesoporous silica nanoparticles; RITC, rhodamine isothiocyanate; T-MSNs, targeted MSNs.
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Figure 9 Silicon distributions in different organs of mice treated by MSNs and T-MSN's.
Abbreviations: MSNs, mesoporous silica nanoparticles; T-MSNs, targeted MSNs.

Discussion

In clinics, antiangiogenic agents are used usually as adju-
vant therapy because of the low and incomplete killing
effect of tumors and because traditional chemotherapy will
lead to serious side effects and drug resistance. Reports
have evidenced that the combination of two therapeutic
protocols, such as anti-angiogenesis and chemotherapy or
chemotherapy and thermal therapy, would have synergistic
effects against malignant cancers. However, the conventional
simple coadministration of two different drugs is incapable
of guaranteeing these drugs reaching the same tumor site at
respectively desired time points. Hence, the elaborate com-
bination of different drugs’ deliveries of anti-vasculature and

Control C@T-MSNs

.j‘,

TUNEL

Ki-67

ol SRS
BRSO

anticancer agents through a controllable and targetable DDS
could be of great potential for cancer therapy.

In this study, MSNs were chosen as a drug support to
deliver two different drugs, and iRGD was used as the tar-
geting peptide. The wide-spectrum chemotherapeutic drug
DOX and vascular disrupting agent CA4 were selected as
chemotherapeutic agent and antiangiogenic agent, respec-
tively. The iRGD peptide conjugated on MSNs can target
0,3, integrin receptors overexpressed in cancer cells and
tumor vascular cells. As shown in Figure 2, the uniform and
consistent morphology and small size of MSNs favors their
prolonged blood circulation, which enables better targeting
to the vessel wall of tumor sites. After peptide conjugation
and drug loading, the morphology, dispersity, and hydrau-
lic diameter have no significant changes, ensuring the long
circulation of the drugs in the body.

Effective drug targeting is one of the keys in cancer
chemotherapy. In the present study, the targeting effect
was verified by in vivo tumor biodistributions of MSNs and
T-MSNs. Tumors treated by T-MSN's showed a substantially
enhanced amount of Si uptake in 24 hours compared with
tumors treated by MSNs, showing the prominent targeting
effect of T-MSNs by iRGD grafting.

The release behaviors of the two drugs (DOX and CA4)
are in line with expectations. After injection into the vascular
system, the double drug-loaded MSNs will circulate in the
bloodstream and gradually accumulate in the targeted tumor
under the guidance of iRGD peptide to the o, 3, receptors on

C@MSNs

—

Figure 10 TUNEL staining and Ki-67 and CD3| immunostainings of tumors with different treatments.
Abbreviations: C@T-MSNs, CA4 loaded iRGD-MSNs; D@T-MSNs, DOX loaded iRGD-MSNs; DC@T-MSNs, DOX and CA4 loaded iRGD-MSNs; DC@MSNs, DOX

and CA4 loaded MSNEs.
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the angiogenes in tumors, and then firstly release most of
CA4 -loaded in MSNs and a small fraction of DOX due to the
electrostatic interaction and hydrogen bonding between posi-
tively charged DOX molecules and negatively charged mes-
opores. Sequentially, when the particles permeate deep into
the interior of the tumor, then are uptaken by the tumor cells,
a large amount of DOX will be released quickly owing to the
promoted release of DOX in the tumor cells of lowered pH
value, though DOX releases very slowly in a neutral envi-
ronment. Thus, the differentiated releases of the antiangio-
genic agent and then the chemotherapeutic anticancer drug,
respectively, at tumor vasculature and within tumor cells can
be realized, which, we believe, will be highly favorable for
enhancing the anticancer efficacy.

Thus, the greatly enhanced therapeutic efficacy of the
double-loaded DC@MSNs compared to the single-loaded
D@MSNs or C@MSNs can be attributed to the synergetic
effect between sequentially released antiangiogenic agent
CA4 and chemotherapeutic anticancer drug DOX: CA4 is
first released from DC@MSNss to the tumor vascular system
under the effective iRGD targeting. As a vascular disrupting
agent, the released CA4 would result in significant tumor vas-
cular disruption, tumor hemorrhage, and shutdown of tumor
blood flow. Then, the damaged tumor vasculatures would
facilitate the permeation of the DDS, which is carrying most
of the unreleased DOX, into the tumor microenvironment and
the accumulation of DOX molecules within the tumor cells
with high concentration through intracellular endocytosis
of the DDS. Finally, the DOX release is promoted in the
acidic environment in tumor cells, and the released DOX
efficiently induces the apoptosis of cancer cells therein. Such
a synergetic effect during the drug delivery by DC@MSNs is
responsible for the greatly enhanced cytotoxic effect of DOX
to cancer cells and the in vivo antitumor efficacy.

The greatly enhanced in vivo antitumor efficacy, includ-
ing either antiangiogenic or anticancer effects, has been
evidenced by the immunohistochemical staining, CD 31
staining, and Ki-67 staining results, as shown in Figure 10. It
can be seen that DC@T-MSNss are able to induce widespread
tumor vasculature disruption (CD31 staining), extensive
cytotoxicity (TUNEL), and strong proliferation inhibition
of tumor cells (Ki-67 staining). Compared with the groups
treated with non-targeted MSNs or single drug-loaded MSNs,
DC@T-MSNs induced the strongest disruption and apoptosis
of the tumor cells.

In cancer therapy, in order to improve the efficacy of
treatment, high doses of chemotherapeutic agents are used.
But high doses of chemotherapeutic agents will bring about

large numbers of problems, such as drug resistance and dam-
age to other organs, which are the most important reasons
leading to high mortality. So, low-dose but high-efficiency
chemotherapeutic agents are greatly needed. Encouragingly,
by intravenously administrating our targeting and dual-loaded
MSN delivery system, DC@T-MSNSs, the therapeutic effect
is so remarkable that the tumor growth can actually be almost
totally inhibited in nearly 3 weeks at a rather low DOX dose
of 1.5 mg/kg, in great contrast to other single-loaded and/or
non-targeting counterparts. This demonstrates the great
potential of combining dual-drug delivery and tumor vascular
targeting in future cancer therapy.

Conclusion

In this study, we designed and constructed an MSN-based
DDS with iRGD peptide surface modification for tumor
vascular targeting and sequential antiangiogenic agent (CA4)
and chemotherapeutic drug (DOX) co-delivery. The double-
loaded and targeting DDSs were featured with significant
releases at different rates of the antiangiogenic agent and the
chemotherapeutic drug at tumor vasculature and within the
tumor cells, respectively. As a result, both antiangiogenic
and anticancer effects, such as vascular disruption, enhanced
permeability of the vessel wall, extensive cytotoxicity, cel-
lular proliferation inhibition, and apoptosis induction, were
achieved in vivo, which finally resulted in the complete sup-
pression of tumor growth in nearly 3 weeks at an extremely
low DOX dose of 1.5 mg/kg. A synergetic effect between
the antiangiogenic effect by CA4 and the anticancer effect
by DOX was manifested and discussed in the in vivo tumor
experiments. Thus, we envision that the present DDS featured
with dual drug co-delivery and tumor vascular-targeting
effect will be of great potential in the future clinical treat-
ment of cancer.
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