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Abstract: In this study, topotecan-loaded mesoporous silica nanoparticles were prepared and
surface conjugated with folic acid (FTMN) to enhance the therapeutic efficacy of topotecan
for the treatment of retinoblastoma (RB) cancers. The particles were nano-sized and exhibited
a sustained release of drug in the physiological conditions. The folic acid-conjugated nanofor-
mulations exhibited a remarkable uptake in RB cells compared to that of non-targeted nano-
particles. These results clearly indicate that receptor-mediated endocytosis is the mechanism
of cellular internalization. The greater cellular uptake of FTMN resulted in significantly higher
cytotoxic effect in Y79 cancer cells compared to that of other formulations. The results were
well corroborated with the live/dead assay and nuclear fragmentation assay. FTMN consistently
induced apoptosis of cancer cells with an efficiency of ~58%. Our results clearly showed that
nanoparticulate encapsulation of TPT exhibited superior anticancer efficacy in Y79 cancer cells
compared to that of free drug or non-targeted nanoparticles. As expected, FTMN exhibited
a remarkable reduction in the overall tumor volume compared to any other group with less
presence of tumor cells in histology staining. Overall, folic acid-conjugated nanoparticulate
system could provide an effective platform for RB treatment.

Keywords: retinoblastoma, topotecan, mesoporous silica nanoparticles, apoptosis, anticancer
effect

Introduction
Retinoblastoma (RB) is a rare tumor of the eye which occurs in infants and children.
The incidence of RB is rare it affects only about 1 in 20,000 children.' The onset of
RB results in either vision loss or secondary tumor development. It is associated with
the mutation of RB gene (RBI) in about 40% of patients with RB.%* The cure rate of
RB is more than 90% in developed countries; however, secondary tumor develop-
ment after many years of treatment is a severe problem. Current treatment regimens
for RB include local thermotherapy, cryotherapy, and radiotherapy.* However, it has
been reported that such therapies result in severe complications including cataract,
retinopathy, and facial deformities. To effectively reduce the tumor burden, primary
chemotherapy is often necessary along with other local treatments. Although systemic
administration of chemotherapeutic drugs reduced the incidence of RB, it resulted
in severe systemic toxicity to normal organs, necessitating the need to revise the
treatment modality.>

In this context, effective delivery of anticancer drugs to the desired tumor region
without exhibiting its side effects would be an interesting prospect. In cases of RB,
the ideal situation would be to deliver the drugs to the eye without causing any side
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effects to other parts of the eye as well as to the systemic
regions.” Topotecan (TPT) is a topoisomerase 1 inhibitor
which breaks the DNA strands and inhibit the cell replications
with proven therapeutic activity against many cancers includ-
ing RB.3? It has been reported that the controlled release of
TPT to the tumor tissues would be more beneficial and that
high concentrations of drug should be delivered to the tumor
without causing any adverse effects.!!! Therefore, delivering
increased concentration of TPT to the eye via nanoparticles
(NPs) might be an interesting strategy for further research.

All of the limitations of a traditional chemotherapeutic
drug may be effectively overcome by the formulation of
NPs."? Drug encapsulation in NPs might help to overcome
the problem associated with the blood-retina barrier. Among
the plethora of NP systems, mesoporous silica nanoparticles
(MSNs) offer several attractive features such as large surface
area, nano-sized particles, surface modifications, pore size
and pore shape, large-scale synthesis, and excellent colloidal
stability.!*'> The drug could be easily loaded in the pores
of the NPs and thereby prevent from the premature release
and maintain the integrity of the encapsulated drugs.'®! It
has been reported that surface modification of NPs with
suitable ligands or targeting agents might improve the
therapeutic efficacy and reduce the unwanted side effects.'®
Conjugation of NPs with antibodies and ligands such as
folic acid (FA) allows for the specific targeting of NPs to
the cancer cells which overexpresses the receptor for the
targeting ligand." In this regard, studies have repeatedly
shown that FA is an attractive targeting agent which is very
specific to the FA receptors (K ~107'" M). FA receptors are
overexpressed in several cancers such as in breast, brain, and
lung cancers and in RB. It is worth noting that the expression
level of FA receptors is around 150-300 times more than
that of the normal tissues.?**' Owing to this distinguishing
property, FA has emerged as a suitable targeting agent for
the cancer treatment.

In this study, we aimed to increase the anticancer efficacy
of TPT in the treatment of RB. For this purpose, TPT-loaded
MSNs (TMNs) were prepared and surface conjugated with
FA (FTMNs). The TMNs and FTMNs were characterized
for particle size and size distributions and release kinetics.
Targeting specificity of FA toward RB cells was studied by
means of cellular uptake analysis (fluorescence-activated
cell sorter [FACS] and confocal laser-scanning microscopy
[CLSMY]). The anticancer effect of individual formulations
was evaluated by means of cytotoxicity assay, live/dead
assay, Hoechst 33342 staining, and apoptosis assay.

Materials and methods

Materials

Cetyltrimethylammonium bromide, tetraethylorthosilicate,
aminopropyl-triethoxysilane (APTES), FA, and TPT were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
All other chemicals were of reagent grade and used as such.

Preparation of FA-conjugated MSNs

First, to prepare MSN, 500 mg of cetyltrimethylammonium
bromide (CTAB) was dissolved in 240 mL water and stirred
well. To this CTAB solution, 1.8 mL of 2 M NaOH was
added and the temperature was increased to 80°C. 5 mL of
ethanolic tetraethylorthosilicate (21.9 mmol) was added to
the above solution and stirred for 3 h. After the solution was
cooled, particles were separated by filtration and dried. The
particles were repeatedly washed with hydrochloric acid
and methanol to remove the surfactant residues and refluxed
for 24 h. The particles were finally washed with water and
dried and kept aside. Separately, 450 mg of FA, 200 mg of
N,N’-dicyclohexylcarbodiimide, and 180 uL of APTES was
dissolved in 35 mL of anhydrous DMSO and stirred for 24 h
under inert atmosphere. The reactive FA was reacted with
1 g of MSN and refluxed for 4 h at 110°C. The final product
was washed and dried overnight.

Particle size and morphology

The average particle size, polydispersity index, and surface
charge were evaluated using Zetasizer instrument (Nano-
7590, Malvern Instruments Ltd, Malvern, Worcestershire,
UK). The suspension was diluted with distilled water and
studied at 25°C. The experiment was performed in triplicate.
The morphology of particles was evaluated using transmis-
sion electron microscopy (JEM 2100F, JEOL, Tokyo, Japan).
The suspension was stained with 2% phosphotungistic acid
and placed on a copper grid. The sample was dried and
observed under microscope.

In vitro drug release

The in vitro drug release study was performed by dialysis
protocol. A dialysis bag with an average molecular weight of
5,000 Da was used to load the drug-loaded formulations. The
dialysis bag was sealed and put in a centrifuge tube contain-
ing 25 mL of the release media. The set-up was placed in
a shaker bath maintained at 37°C and 100 rpm. At specific
time, 2 mL of the media was taken out and fresh media was
added to maintain the sink conditions. The amount of drug
released in the media was calculated by HPLC method.
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Cell culture conditions

RB cells (Y79; ATCC; Manassas, VA, USA) were grown
in RPMI culture medium supplemented with 10% FBS and
1% antibiotic mixture. The cells were grown in ambient
conditions under humidified atmosphere.

In vitro cellular uptake of NPs

To investigate the cellular uptake pattern of targeted and
non-targeted NPs, rhodamine-B was loaded in the MSNs
and purified by gel filtration chromatography using Sephadex
G-50 column. Y79 cells were seeded in a 6-well plate at a
seeding density of 2x10° cells/well and the cells were kept
aside for 24 h. The cells were then treated with TMN and
FTMN and incubated for 2 h in the RPMI media. Followed
by this, cells were washed three times with PBS and fixed
by paraformaldehyde. The cells were stained with 4/,
6-diamidino-2-phenylindole to stain the nucleus. Then,
the cells were washed again and observed through CLSM
(Nikon, Tokyo, Japan).

The cellular uptake efficiency was further studied by flow
cytometer (FACS; BD Biosciences, San Jose, CA, USA). Y79
cells were seeded in a 6-well plate at a density of 2x10° cells/
well and the cells were kept aside for 24 h. The cells were then
treated with TMN and FTMN and incubated for 2 h in the
RPMI media. The cells were extracted and washed two times
with PBS. Then, the cells were centrifuged and the pellet was
re-dispersed in PBS and detected by flow cytometer.

Cytotoxicity assay

The cytotoxic effect of free TPT, TMN, and FTMN was
evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide (MTT) assay. The MTT assay works
on the basis of cleavage of tetrazolium salt into insoluble
formazan crystals, whose absorbance is measured. The Y79
cells were seeded in 96-well plate at a seeding density of
1x10* cells/well and the cells were kept aside for 24 h. The
cells were then treated with free TPT, TMN, and FTMN and
kept aside for 24 h. Separately, blank NPs were incubated in
cells at increasing concentration. The medium was removed
the next day and treated with MTT reagent and incubated
for 4 h. The media was carefully removed and treated with
100 uL of DMSO to extract formazan crystal. Absorbance
of formazan in individual plate was read using microplate
reader (BioTek Instruments, Winooski, VT, USA) at 570 nm.
Statistical analysis was performed using one-way analysis
of variance and Student’s #-test with p<<0.05 is considered
statistically significant.

Nuclear morphology

The Y79 cells were seeded in a 6-well plate containing
cover slips at a seeding density of 2x10° cells/well and the
cells were kept aside for 24 h. Then, the cells were treated
with free TPT, TMN, and FTMN and kept aside for 24 h.
Next day, cells were fixed with paraformaldehyde for 10 min.
The cells were then washed two times and stained with
Hoechst 3342 (10 pg/mL) for 15 min. The cells were again
washed with PBS, and the cover slips were mounted on the
glass slides. The nuclear morphology of cancer cells were
observed using fluorescence microscope.

Live/dead assay

The live/dead assay was performed by acridine orange—
ethidium bromide double staining protocol. The cells were
then treated with free TPT, TMN, and FTMN and kept
aside for 24 h. Then, the cells were harvested and washed
properly with PBS. Then, the harvested cells were stained
with acridine orange—ethidium bromide staining kit as per
the manufacturer’s protocol and observed under fluorescence
microscope.

Annexin V/propidium iodide-based
apoptosis assay

The Y79 cells were seeded in a 12-well plate containing
cover slips at a density of 2x10° cells/well and the cells
were kept aside for 24 h. Then, the cells were treated with
free TPT, TMN, and FTMN and kept aside for 24 h. The
cells were washed and harvested by scraping. The harvested
cells were washed and pelleted. Next, the cell pellets were
resuspended in a 100 UL of binding buffer and stained with
2.5 uL of annexin V and 2.5 puL of propidium iodide and
incubated for 15 min. The volume was made up to 1 mL
and the samples were analyzed using flow cytometer at a
rate of 10,000 events.

Antitumor efficacy study

The animal experimental protocol was approved by the
Institutional Animal Ethical Member Board of The 2nd
Affiliated Hospital of Harbin Medical University, People’s
Republic of China. We have followed the guidelines for
Care and Use of Laboratory Animals, China. The tumor
was developed in nude mice (Y79 cells) and then equally
divided into 4 groups. The mice were injected with respec-
tive formulation and tumor volume was evaluated by vernier
caliper. The tumor was extracted and further subjected to
histological analysis.
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Statistical analysis

The statistical analysis was performed by Student’s #-test
and a p<<0.05 was considered statistically significant. All the
data are presented as mean * standard deviation.

Results and discussion

RB is a rare tumor of the eye which occurs in infants and
children. In this study we synthesized MSNs and surface
conjugated with FA to enhance the anticancer efficacy of
TPT in RB. The conjugation with antibodies and ligands such
as FA allows for the specific targeting of NPs to the cancer
cells which overexpresses the receptor for the targeting ligand
(Figure 1). The conjugation of FA with the MSN was evalu-
ated by FTIR (Figure S1). First, FTIR spectra of blank MSN
was observed followed by the FTIR spectra of MSN-NH,
after the addition of APTES in the reaction mixture. The
peaks around 1,650 cm™ and 1,460 cm™' indicate the pres-
ence of N—H and C-N stretching vibrations suggesting that
APTES had introduced the amine functional group on the
surface of MSN. In addition, CH, stretching vibrations were
observed around 3,000 cm™'. FTIR spectra clearly indicate
the successful conjugation of FA to the MSN. As seen, NH,
peaks around 1,650 cm™ was disappeared after FA conju-
gation while new peaks were observed at 1,660 cm™ and
1,600 cm™ confirming the amide bond formation.

Characterization of FA-conjugated

TPT-loaded MSNs

In this study, TPT-loaded MSNs were first prepared and then
surface conjugation of FA on the surface of the NPs was per-
formed. The FA present on the surface of NPs is expected to
increase the targeting specificity toward the RB cells. The par-
ticle size of TMN was found to be 11012.54 nm which was con-
siderably increased to 168.511.65 nm after surface conjugation
with FA. The increase in particle size was primarily attributed

Mesoporous silica
nanoparticle (MSN)

Topotecan-loaded MSN

to the presence of FA on the surface of the NPs. The particle
size of less than 200 nm would be beneficial to penetrate the
tumor tissues which have irregular endothelium. The particles
were perfectly spherical in nature and dispersed in the copper
grid uniformly (Figure 2A). The particle size was consistent
with the dynamic light scattering measurement.

In vitro drug release

In vitro drug release pattern helps in understanding the nature
of drug—material interaction and its release kinetics in the
simulated conditions. In general, release of encapsulated drug
from the NPs depends on various factors such as nature of
the materials, temperature, size, shape of the NP, and so on
(Figure 2B). In this study, we have attempted to differentiate
the release pattern of TMN and FTMN (impact of FA conju-
gation on the surface). It can be seen that TPT released in a
relatively controlled manner from FTMN compared to that
of TMN. The difference in the release of drug was primarily
attributed to the presence of FA on the surface. The presence
of FA on the surface might prevent the release of encapsu-
lated drug from the core to the outer media. Approximately
30% of TPT released from TMN compared to ~20% of drug
released from FTMN after 24 h incubation. The same trend
continued until the end of the study with ~80% and ~60% of
drug release from TMN and FTMN, respectively, after 100 h
incubation. The controlled release of drug will enhance the
treatment modality in cancers.

Cellular uptake efficiency of NPs

inY79 cells

The targeting efficiency of TMN and FTMN in Y79 cells
were investigated by cellular uptake studies. First, cel-
lular uptake of NPs was studied by using flow cytometer.
Rhodamine-B was loaded in the MSNSs to track the uptake
of NPs. As shown (Figure 3), FTMN showed a remarkably

FA-conjugated topotecan-
loaded MSN

Figure | Schematic presentation of preparation of folic acid-conjugated mesoporous silica nanoparticles loaded with topotecan.

Abbreviation: FA, folic acid.
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Figure 2 (A) TEM image of FTMN; (B) In vitro release profile of TPT from TMN and FTMN. The release study was performed in physiological media under 37°C.
Abbreviations: TEM, transmission electron microscopy; TPT, topotecan; TMN, TPT-loaded mesoporous silica nanoparticles; FTMN, TPT-loaded mesoporous silica

nanoparticles surface conjugated with folic acid.

higher uptake in Y79 cancer cells compared to that of
non-targeted TMN. The higher cellular internalization of
FTMN was primarily attributed to the FA receptor-mediated
endocytosis uptake mechanism.?> TMN, however, might be
internalized via a normal adsorption process.

The targeting efficiency of FTMN was further studied
by CLSM. As seen (Figure 4), FTMN treated cell group
showed a strong red fluorescence on the endolysosomal
region compared to that of TMN. A strong red fluorescence
on the cytoplasmic region is a proof that FTMN was internal-
ized in a higher percentage than that of TMN.?° It has been

500

400

300

Count

200

100

-102 0

10?

103
PE-A

104 10°

Figure 3 In vitro cellular uptake study of TMN and FTMN in Y79 cancer cells. The
cellular uptake was studied by flow cytometer.

Abbreviations: PE-A, phycoerythrin; TPT, topotecan; TMN, TPT-loaded mesopo-
rous silica nanoparticles; FTMN, TPT-loaded mesoporous silica nanoparticles
surface conjugated with folic acid.

reported that the internalized NPs in the lysosomes release
the drug which will then travel to the desired pharmacologi-
cal locations to exhibit its therapeutic effects. This finding is
in agreement with the flow cytometer experiment. Overall,
flow cytometer as well as CLSM clearly showed the superior
targeting effect of FA-conjugated nanocarrier system.

In vitro cytotoxicity assay

The in vitro cytotoxicity assay of free drug and drug-loaded
NPs was evaluated by MTT assay. First, cytotoxic effect of
blank NP was studied in Y79 cancer cells. The results showed
a high biocompatibility for the tested materials (Figure 5A).
The cell viability was more than >90% throughout all the
concentrations (200 pg/mL). The excellent safety profile of
blank nanocarrier is suitable for the systemic applications.
Followed by this, cytotoxic potential of anticancer agents
were studied in Y79 cancer cells. All the formulations
showed a dose-dependent cytotoxic effect in the cancer
cells. Especially, FTMN exhibited a remarkably higher
anticancer effect in the cancer cells compared to that of any
other formulations (Figure 5B). The IC,  value of FTMN
was many fold smaller compared to that of either free drug
or TMN indicating the excellent anticancer potential. The
high cytotoxic effect of FTMN was primarily attributed to
the enhanced cellular uptake of NPs in the cancer cells. It is
well known that TPT is one of the components of therapeutic
regimen in RB treatment; however, free form of TPT has
side effects. Therefore, encapsulation of drug in the NPs
will maintain the therapeutic potency of anticancer drugs
while reducing its side effects. Our results clearly showed
that nanoparticulate encapsulation of TPT exhibited superior

International Journal of Nanomedicine 2018:13

submit your manuscript

4383

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Qu et al

Dove

TMN

FTMN

Figure 4 Colocalization of TMN and FTMN in Y79 cancer cells. The study was performed by CLSM. Scale bar: 20 um.
Abbreviations: CLSM, confocal laser-scanning microscopy; DAPI, 4, 6-diamidino-2-phenylindole; TPT, topotecan; TMN, TPT-loaded mesoporous silica nanoparticles;
FTMN, TPT-loaded mesoporous silica nanoparticles surface conjugated with folic acid; Rho-B, Rhodamine B.

anticancer efficacy in Y79 cancer cells compared to that of
free drug or non-targeted NPs.

We have performed an additional study on retinal ganglion
cells (RGC-5; ATCC; Manassas, VA, USA) as a control cell
line (Figure S2). As seen, free drug as well as drug-loaded
formulations showed definitive cytotoxic effect in RGC-5 cells
although the intensity of cytotoxic action is lesser compared
to that of the cancer cells. It must be noted that although for-
mulations kill the RGC-5 cells at in vitro level, upon systemic
administration, it is expected that most of the NPs will accumu-
late in the tumor cells via enhanced permeation and retention
effect as well as FA receptor based-cancer targeting.

>
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Hoechst 33342 staining

DNA fragmentation assay was performed to analyze the
TPT-induced apoptosis by Hoechst 33342 staining (Figure 6).
It can be seen that untreated cells maintained their typical
morphology and present in large numbers. The TPT treat-
ment, however, induced a typical apoptosis pattern. To
be specific, FTMN showed a remarkably higher nuclear
fragmentation confirming the higher apoptosis potential of
FA-conjugated formulations than that of free drug or non-
targeted NPs. Moreover, only fewer cells were left attached
on the cover slip indicating the higher anticancer effect of
the formulations than that of free drug or non-targeted NPs.

B 120,
B TPT B TMN B FTMN
100
S
= 801
=
S 601
)
>
= 401
[}]
o
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Concentration (pg/mL)

Figure 5 (A) Cytotoxicity analysis of blank nanoparticles; (B) In vitro cytotoxicity of blank NP, TPT, TMN, and FTMN in Y79 cancer cells after 24 h incubation. The cells

were treated with respective formulations studied using MTT assay.

Abbreviations: NP, nanoparticle; TPT, topotecan; TMN, TPT-loaded mesoporous silica nanoparticles; FTMN, TPT-loaded mesoporous silica nanoparticles surface

conjugated with folic acid.
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Control

TMN

FTMN

Figure 6 Hoechst 33342 based nuclear staining of Y79 cancer cells. The assay was performed by fluorescence microscopy.

The enhanced apoptosis effect of FTMN can be primarily
attributed to the higher uptake potential of folic receptors
overexpressed on the RB cells.

Cellular morphology

The cells were observed through optical microscope for
the change in morphology after treatment with respective
formulations (Figure 7A). The control cells maintained their
typical shape, whereas formulation-treated cells showed

definite changes in the morphology. Consistent with the
cytotoxicity assay, FTMN-treated cells showed remarkably
cancer cell death and the cells were largely rounded and fewer
in number.

Live/dead assay

The cytotoxic potential of the synthesized TPT, TMN,
and FTMN was further confirmed by live/dead assay
(Figure 7B; Figure S3). The cells were treated with respective

Figure 7 (A) Morphological imaging of Y79 cancer cells after treatment with TPT, TMN, and FTMN; (B) live dead assay of Y79 cancer cells after treating with respective

formulations.

Abbreviations: TPT, topotecan; TMN, TPT-loaded mesoporous silica nanoparticles; FTMN, TPT-loaded mesoporous silica nanoparticles surface conjugated with folic acid.
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formulations and incubated for 24 h. After drug incubation,
cells were stained with calcein AM as a representative live cell
marker. As seen, cells treated with free TPT showed reduced
green fluorescence compared to that of untreated control.
Consistent with the MTT assay, TMN and FTMN showed
a remarkable decrease in the green fluorescence intensity
indicating the superior anticancer effect of the optimized
formulations. Again, the enhanced anticancer effect of FTMN
might be due to the enhanced internalization of the FA in
the NPs. It is generally known that calcein AM could enter
the viable cells and gets converted into calcein in the presence
of intracellular enzymes and thereby stains green color.

Control
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105 0.01 0.14
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<
w
a 10
102 Ty TN
0 LR
99.00"" 0.85
-102
0 102 10° 10* 105
FITC-A
TMN
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105 4.75 9.28
10

0 10?2 10° 104 108
FITC-A

Apoptosis assay

The quantitative apoptosis assay was performed by Annexin-V
FITC/propidium iodide staining to investigate the apopto-
sis potential of free TPT, TMN, and FTMN, respectively
(Figure 8). It is generally known that Annexin V detects the
early apoptosis by phosphatidylserine externalization. The
results clearly showed the apoptosis effect of individual
formulations. No cells were present in early or late apoptosis
in the untreated group, whereas ~18% cells were present in
the apoptosis quadrant after exposure with free TPT. The
TMN increased the apoptosis cell percentage might due
to better internalization compared to that of free drugs.

TPT
uL UR
105 2.64 4.18
10
<
w
o 10 :
102 >
0 LR
100 13.5
0 102 108 10¢ 10°
FITC-A
FTMN
uL UR
105 34.51 22.83
10
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3.48
0 102 10° 10 108
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Figure 8 Induction of apoptosis in Y79 cancer cells by treatment with TPT, TMN, and FTMN. The cells were treated with respective formulations and stained with Annexin V

and PI.

Abbreviations: PE-A, phycoerythrin; TPT, topotecan; TMN, TPT-loaded mesoporous silica nanoparticles; FTMN, TPT-loaded mesoporous silica nanoparticles surface

conjugated with folic acid; Pl, propidium iodide; FITC, fluorescein isothiocyanate.
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Especially, FTMN showed the remarkable apoptosis of
cancer cells with around ~58% apoptosis. The results clearly
indicate the superior anticancer effect of FTMN compared
to that of any other formulations. The plausible reason for
the superior apoptotic effect of FTMN was primarily attrib-
uted to the enhanced internalization of FA receptor-directed
NPs.* In addition, a sustained release pattern of drug to the
cancer cells also induces the higher cancer cell death.

In vivo antitumor efficacy

The in vivo antitumor efficacy assay was performed in
Y79-cancer cell bearing xenograft tumor model. The animal
study was duly approved by the Institutional Animal Ethical
Member Board, The 2nd Affiliated Hospital of Harbin
Medical University, People’s Republic of China. As seen
(Figure 9A), tumor volume continued to grow in the untreated
mice. In case of TPT, tumor volume was slightly less than that
of control but not satisfactory. Results were improved in case
of NP-based TMN due to the better accumulation of nano-
sized particles in the tumors. As expected, FTMN exhibited a
remarkable reduction in the overall tumor volume compared
to any other group. The excellent antitumor efficacy was
primarily due to the targeting efficiency of FA toward the
respective receptor in the tumor tissues that might increase
the intracellular concentration of the chemotherapeutic drugs.
The final tumor of FTMN was around ~300 mm? compared to

that of ~1,000 mm? in case of control. The antitumor efficacy
was further confirmed by the H&E staining (Figure 9B).
The mice injected with FTMN showed a few tumor cells
compared to any other group. The control group retained
their heteromorphism, including an irregular shape, darker
stained nuclei, and nuclear atypia. By comparison with the
groups treated with free drug, FTMN group showed dramatic
decrease in tumor cell volume and nuclei. The results are
concordant with the antitumor efficacy analysis.

Conclusion

In conclusion, FTMN were synthesized to enhance the
therapeutic efficacy in RB cancers. The particles were nano-
sized and exhibited a sustained release of drug in the physi-
ological conditions. The FA-conjugated nanoformulations
exhibited a remarkable uptake in RB cells compared to
that of non-targeted NPs. The results clearly indicated that
receptor-mediated endocytosis is the mechanism of cellular
internalization. The greater cellular uptake of FTMN resulted
in significantly higher cytotoxic effect in Y79 cancer cells
compared to that of other formulations. The results were well
corroborated with the live/dead assay and nuclear fragmen-
tation assay. Consistently, FTMN showed the remarkable
apoptosis of cancer cells with around ~58% apoptosis. Our
results clearly showed that nanoparticulate encapsulation of
TPT exhibited superior anticancer efficacy in Y79 cancer
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Figure 9 In vivo antitumor efficacy analysis in animal mode. (A) tumor volume and (B) H&E staining.
Abbreviations: TPT, topotecan; TMN, TPT-loaded mesoporous silica nanoparticles; FTMN, TPT-loaded mesoporous silica nanoparticles surface conjugated with folic acid.
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cells compared to that of free drug or non-targeted NPs.
As expected, FTMN exhibited a remarkable reduction in
the overall tumor volume compared to any other group with
less presence of tumor cells in histology staining. Overall,
FA-conjugated nanoparticulate system could provide an
effective platform for RB treatment.
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Figure S1 FTIR spectra of MSN, MSN-NH, and MSN-FA.

Abbreviations: FTIR, Fourier transform infrared; MSNs, mesoporous silica nano-
particles; MSN-NH,, mesoporous silica nanoparticles bonded with amide group;
MSN-FA, mesoporous silica nanoparticles bonded with folic acid.
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Figure S2 Cell viability of TPT, TMN, FTMN in RGC-5 cells.

Abbreviations: TPT, topotecan; TMN, TPT-loaded mesoporous silica nano-
particles; FTMN, TPT-loaded mesoporous silica nanoparticles surface conjugated
with folic acid.
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