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Hyperbranched Polyglycerol-Induced Porous Silica
Nanoparticles as Drug Carriers for Cancer Therapy In Vitro

and In Vivo

Yang Yang,™ Anhe Wang,” Qiang Wei,” Cathleen Schlesener,™

Junbai Li*®d

Mesoporous silica-based nanoparticles are generally accepted
as a potential platform for drug loading with a lot of advantag-
es, except for their complex purification procedures and struc-
tures that are difficult to decompose. In this work, biocompat-
ible hyperbranched polyglycerol is introduced to synthesize
mesoporous silica nanoparticles (MSNs). The materials possess
good biocompatibility, controlled release, and biodegradability.

1. Introduction

An ideal nanocarrier drug-delivery system for cancer therapy
should possess several features, such as 1) enough surface or
pore volume to host the required amount of pharmaceuticals,
2) suitable nano-size to realize the enhanced permeability and
retention (EPR) effect and to maximize cellular uptake, 3) con-
trollable release in weak acidic environment of tumors, and
4) safe excretion from the biological system."” Despite the vari-
ous methods reported on the preparation of inorganic, organ-
ic, or composite nanocarrier drug systems for clinical therapy,
it remains challenging to develop a nanocarrier system that
possesses all of the features mentioned above. Silica-based
porous nanoparticles are popular carriers in drug delivery, as
they are generally accepted as biocompatible, porous, and pro-
vide a versatile platform for drug loading.*® A silanol-contain-
ing surface can be easily functionalized, allowing for a better
control over the drug-diffusion kinetics. In the past decade,
several synthetic strategies for the fabrication of mesoporous
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They also show passive targeting capability through the en-
hanced permeability and retention effect and can be excreted
from the biological system. The method avoids the needs to
employ traditional surfactants and complicated purified proce-
dures, which make these MSNs an efficient delivery system for
cancer therapy.

silica nanoparticles (MSNs) have been developed,” such as the
well-known surfactant-mediated sol-gel method."®"" However,
surfactants with low biocompatibility are often used during
material preparation, and complex synthesis and purification
procedures are unavoidable. Otherwise, the MSNs prepared by
traditional methods are generally too rigid to decompose over
a reasonable period. Although some work has reported that
surfactant-mediated MSNs can be degraded in simulated body
fluid,">" their degradation takes too long, even more than
1 month. This would limit potential clinical applications of
silica-based nanoparticles to some extent.

Recently, some pathways for the synthesis of silica nanopar-
ticles without surfactant involvement have been devel-
oped."*? |n these methods, sugar, dendrimers, dyes, or other
non-surfactant components were employed for the synthesis
of silica materials. The synthesized materials are often amor-
phous, because no micelles or large-scale clusters are formed
during the preparation. Therefore, their structures are looser
compared with surfactant-mediated MSNs, which would make
their decomposition easy in physiological conditions."® More
importantly, some environmentally friendly molecules can also
be used to construct porous silica nanoparticles."'® There-
fore, it is unnecessary to remove these assistant molecules,
which is different for removing s traditional surfactant tem-
plate through tough conditions during the preparation of sur-
factant-mediated MSNs.

Hyperbranched polyglycerol (PG, structural formula shown
in Scheme 1a) is a biocompatible, low-cost, and water-soluble
macromolecule.?"*? Qur previous work reported that PG can
be used as a green template in preparing bulk mesoporous
silica in an environmentally benign way."” In this work, we syn-
thesized MSNs doped with PG (PGSNs) that were approximate-
ly 50 nm in size through an improved method (Scheme 2). The
prepared materials possess good biocompatibility, controlled
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Scheme 1. Representative structure of PG (a) and amino-functionalized PG
(PG—NH,) (b); the structures shown represents only one possible isomer or
one part of scaffold (Mw =10 kDa).
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Scheme 2. Schematic illustration of the preparation of PG-doped silica nano-
particles (PGSNs) and their use as drug nanocarriers for tumor treatment.

release, and a desired biodegradation rate. As nanocarriers for
cancer therapy, the PGSNs show passive targeting capability
through the EPR effect and can be excreted from the biologi-
cal system. The method avoids any surfactant and complex pu-
rified procedures, which make them a multifunctional, biocom-
patible, and efficient delivery system for cancer therapy.
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2. Results and Discussion

Typical silica nanoparticles doped with PG (PGSNs) were syn-
thesized through a one-pot modified sol-gel method. Firstly,
amino-functionalized PG (PG—NH,, structural formula shown in
Scheme 1b) was synthesized according to previous work.?*2¥
An appropriate amount of PG—NH, was mixed with silicon pre-
cursor (TEOS) overnight under slight vibration. We believe that
the nanosilica seeds will be formed immediately, when ammo-
nium hydroxide is added into the mixture of PG—NH, and
TEOS. Then, Si—OH on the surface of the silica seeds interacts
with the amino group of PG—NH, through hydrogen bonding
or electrostatic forces. Therefore, amorphous PGSNs were ob-
tained from sol-gel hydrolysis condensation reactions and in-
teractions between silica seeds and PG—NH, (Scheme 2a). Typi-
cal structures of the PGSNs are shown in Figure 1. They are ap-

Figure 1. Typical SEM (a) and TEM (b) images of PGSNs-100. The inset image
of TEM shows the mesoporous structure of a single particle.

proximately 50 nm mono-dispersed nanoparticles, which pos-
sess mesopores inside them of approximately 2 nm in size. Po-
rosimetry showed that the particles are characterized by
a larger surface area (71.88 m?’g™'), in comparison with dense
silica particles (16.79 m?g™"). The size and morphology of silica
nanoparticles are different if the amount of added TEOS is in-
creased. As described in the Experimental Section, the diame-
ter increases from 5 to 50 nm if the ratio of PG—NH,/TEOS is
changed from 1:0.8 to 1:16 (wt/wt) (Figure S1). It is reported
that silica monomers can interact with the amino groups
through hydrogen bonds.”™ In this work, we propose that the
TEOS molecules will interact with PG—NH, according to the hy-
drogen-bonding interaction. Furthermore, PG—NH, will be
doped into the silica nanoparticles after hydrolysis of TEOS. As
is known, the PG molecules (Mw =10 kDa used here) are flexi-
ble and possess a diameter of approximately 4 nm diameter.”®
Therefore, PG—NH, will be doped into the silica nanoparticles
after the hydrolysis of TEOS, resulting in a loose and porous
morphology. The pores of the nanoparticles are likely filled
with a lot of PG molecules. Meanwhile, the flexible PG mole-
cules might contain more small molecules for drug-delivery
applications.

Several control experiments proved that amino-functional-
ized PG had a decisive role for regulating the PGSN nanostruc-
ture. For example, SN-Ctrl-1(silica nanoparticles, control 1) was

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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synthesized by replacing PG—NH, with unmodified PG. SN-Ctrl-
2 (silica nanoparticles, control 2) was synthesized when there
was no PG added. As shown in Figure S2, both SN-Ctrl-1 and
SN-Ctrl-2 present solid silica spheres instead of mesoporous
silica nanoparticles, which are similar to those of silica spheres
synthesized with the Stéber method. It is also shown that the
PG component does not work by controlling the structures of
silica nanoparticles, because there are no hydrogen bonds
formed between PG and the silica monomers.

To verify the components of PGSNs, Fourier transform infra-
red (FTIR) spectra were measured for PG—NH,, PGSNs, and cal-
cined PGSNs. In Figure S3, the FTIR spectrum of PG—NH, shows
characteristic absorbance bands at 2925 and 2875 cm™' (CH,
stretching). For the spectra of the PGSNs, we can still observe
these bands. They are a little weaker than those of pure PG—
NH, because PG—NH, was doped into the silica nanoparticles.
These characteristic absorbance bands are not present for the
calcined PGSNs when removing the organic component. Fur-
ther evidence of PG—NH, incorporation and information on the
inside of the particles was provided by chemical maps ob-
tained by using electron energy loss spectroscopy (EELS). Fig-
ure S4 shows a filtered bright-field transmission electron mi-
croscopy (TEM) image of PGSNs and the corresponding chemi-
cal maps taken from two compositional elements: Si (from
silica) and N (from PG—NH,). From thermogravimetric analysis
(TGA) of PGSNs-100, the sample lost about 22% weight from
100 to 600°C (Figure S5). It does not vary much according to
the recipe PGSNs-100 synthesis (18 % in theory).

As an ideal drug-delivery vehicle, nanocarriers should be
non-toxic and biodegradable. In particular, it is more desirable
if they possess a suitable size to enable the EPR effect in
cancer therapy.”~* It is known that both PG and silica nano-
particles are highly biocompatible materials.?"?? In addition,
based on the size and the structure of the PGSNs, it is promis-
ing to use them as drug carriers. Therefore, the properties of
PGSNs for controlled release were first investigated. Doxorubi-
cin (Dox), a positively charged anticancer drug, was taken as
a model drug to investigate the loading and release behavior
from PGSNs. Photographs (the inset image of Figure 2) show
that Dox has been loaded into the silica nanostructures with
a high efficiency. Interestingly, PGSNs-Dox presents different re-
lease behavior at different pH values (the curves in Figure 2).
In the case of pH 7.2 buffer, Dox is released slowly from the
silica nanostructure. Only 23.8% of the adsorbed Dox is re-
leased after 2 weeks. In contrast, in pH 5.0 buffer, 88.6% of ad-
sorbed Dox is released during the same time period. Basically,
the PGSNs keep their morphology integrity before and after re-
leasing Dox (Figure S6). Silica nanoparticles have negatively
charged surfaces (zeta potential —20.6 mV for calcined PGSNs
in water), whereas the charge of the silica nanoparticles be-
comes neutral at pH 5.0 (zeta potential —1.22 mV for calcined
PGSNs in MES buffer), and there is a weak interaction between
Dox and silica nanostructures, allowing the Dox to be released
more quickly. However, Dox escapes from the silica nanostruc-
tures slowly at pH 7.2, owing to the strong static interaction.
Also, Dox has a pH-dependent solubility, and this may contrib-
ute to the pH dependence of Dox release. This feature of drug
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Figure 2. Release profile of encapsulated Dox from PGSN particles in differ-
ent pH buffers. The inset image shows the supernatant of PGSNs-Dox in the
corresponding pH buffer after centrifugation.

release from PGSNs at low pH is very desirable for the acidic
cancer microenvironment.

Nano-sized and well-dispersed PGSNs are particularly re-
quired when they are used as drug carriers to realize the maxi-
mization of cellular uptake. Confocal laser scanning microscopy
(CLSM) confirms that the PGSNs can carry drugs into the cyto-
plasm of cancer MCF-7 cells after 3 h co-incubation. As shown
in Figure 3, fluorescence signals from Dox-loaded PGSNs (Fig-
ure 3¢, excitation at 559 nm) were strongly co-localized at the
area of treated cells, which suggests efficient interactions be-
tween the cells and the particles, whereas the blue fluorescent
domains represent the cell nuclei stained by Hoechst 33342 ex-
cited by a 405 nm laser (Figure 3a). The green frame repre-
sents the cell membranes stained by Alexa 488 excited by
a 488 nm laser (Figure 3b). The 3D rebuilding image of the
cells also revealed that PGSNs-Dox were endocytosed into the

Figure 3. CLSM of MCF-7 cells incubated with PGSN-Dox for 3 h and stained
with Hoechst 33342 and Alexa Fluor 488 WGA by exciting at 405, 488, and
559 nm: a) Hoechst 33342-labeled cell nuclei (blue); b) Alexa 488-labeled cell
membranes (green); c¢) PGSN-loaded with Dox; d) the overlapped image;

e) enlarged and three-dimensional image. x-y top view at a given z and two
other images of the respective x-z (bottom) and y-z (right) views along the
two yellow lines that represent the position where the stack is cut to form
the x-z and y-z sections, respectively.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cells and located in the cytoplasm (Figure 3e). Another cell
line, Hela cells, were also cultured together with PGSNs-Dox. A
similar result was obtained (Figure S7). It is noted that most of
the Dox would not be released from PGSNs at this beginning
stage in cells. However, the drug would be gradually released
into the cytosol as time went on. After the PGSNs were labeled
with fluorescein isothiocyanate (FITC), the release of Dox from
the PGSNs into the cytosol could be observed in real time by
using CLSM within 30 h (Figure S8). It proved that Dox was car-
ried into cells with high efficiency by the PGSN carriers. Fur-
thermore, Dox could be released into cytoplasm through the
weakly acidic environment of endo-/lysosomes.

To assess the cytotoxicity of PGSNs-Dox and the biocompati-
bility of the PGSNs in vitro, the viability of MCF-7 cells was ana-
lyzed after co-culturing with different concentrations of PGSNs
and PGSNs-Dox. As shown in Figure 4 (blue bars), the PGSNs

100 -

60: | B & [ I
l
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Cell relative activity (%)

2% 6///0 60 rP,Il

Uy 0 70 7%

(¢ % %
%,,o/ 0h5% “ileta, G,
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Figure 4. Cytotoxicity of different dosages of PGSNs (blue bar), PGSNs-Dox
(0.18 mg Dox per mg of PGSNs, red bar), and Dox (yellow bar, with the same
amount of Dox-loaded PGSNs) to MCF-7 cells, the cells treated without
PGSNs-Dox or pure Dox as a control.

did not cause any obvious cytotoxicity, as the concentration
reaches 0.08 mgmL™", which indicates that the materials have
excellent biocompatibility with the cells. It is reported that
silica particles with a smaller size inhibit the growth of cells, to
some degree.®”*" Maybe the PG component reduces the ex-
posure of silanol groups on the silica surfaces, which could de-
crease the cytotoxicity caused by the silanol groups.®*>% After
drug loading, especially for the high dosage of samples,
PGSNs-Dox exhibited a higher cytotoxicity to cells (yellow bars)
compared with PGSNs and the same amount of pure Dox (red
bars). The cytotoxicity caused by different concentration of
PGSNs-Dox and free Dox were analyzed. The IC50 value of free
Dox is 9.40 ugmL~" (16.21 um), whereas it is 21.46 pgmL~" for
PGSNs-Dox (6.67 um for the loaded Dox, according to the load-
ing efficiency in PGSNs). It shows that the IC50 decreases for
loaded Dox invitro. After being internalized by cells, the
PGSNs can protect the fragile drugs and directly release them
inside the cells, owing to their pH responsiveness. Further-
more, with the protection of PGSNs, the anticancer drug can
also avoid toxicity to normal tissues and organs.

ChemistryOpen 2017, 6, 158 - 164
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As inorganic drug carriers, silica nanoparticles are generally
considered rigid and difficult to degrade. Recently, several
groups have reported that silica-based nanoparticles could
also be degraded with the help of doped organic compo-
nents."*'%3* However, the degradation rate is so slow, even
more than 1 month. In this work, low concentration PGSNs
(0.1 mgmL™") could be degraded, mostly by shaking the cul-
ture at 37°C. As shown in Figure 5, about 80% of the PGSNs
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Figure 5. ICP-OES measurement of the amount of degraded silicon of
PGSNs in PBS.

were degraded within 30 h. Most PGSN particles were decom-
posed into scattered fragments (TEMs in Figure S9). It is shown
that the PGSNs possess an amorphous and loose nanostruc-
ture with the doped PG (Figure S10). In the dilute solution, the
PGSNs would be decomposed into fragments or silicate with
continuous shaking. It is worth mentioning that the degrada-
tion speed of PGSNs is dependent on their concentration in so-
lution. For example, in the drug-delivery experiment men-
tioned above, PGSNs (1 mgmL™") are degraded slowly within
2 weeks (Figure S6). It is reasonable that a silicate-saturated so-
lution will be achieved rapidly in highly concentrated PGSN so-
lution, which cannot be decomposed further.

The antitumor activity of PGSNs-Dox in BALB/c mice was
evaluated by analyzing the tumor volume in vivo. After treat-
ment with free Dox, PGSNs-Dox, and saline, the average tumor
volume of each group at the 11" day of implantation was
588.5, 538.9, and 944.0 mm’, respectively (Figures 6a and 6b).
PGSNs-Dox exhibited a clear inhibitory effect on tumor growth,
as compared with the control groups (p <0.05). The tumor in-
hibition rate is 37.7% for the positive group (treated by Dox)
and 42.9% for the experiment group (treated by PGSNs-Dox).
Despite the limited improvement, it is still very meaningful for
PGSNs used as drug carriers. They can protect the fragile drug,
which can cause toxicity to normal organs. As an effective de-
livery system for anticancer drugs, the carrier should be able to
aggregate around the tumor and deliver the drugs into tumor
tissues to achieve a tumor-targeted therapy. To assess whether
PGSNs could efficiently accumulate in the tumor, the biodistri-
bution of PGSNs was evaluated after injecting a Cy7-labeled
PGSN solution into a xenograft mouse model through the tail

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Photograph of a tumor isolated from mice after treatment with Dox, PGSNs-Dox and PBS, respectively; b) tumor volume changes over time;
¢) biodistribution of PGSNs in nude mice, and in vivo real-time images of Cy7-labeled PGSN from approximately 3 to 56 h after intravenous injection. The
images are merged from near-infrared fluorescence and X-ray spectra, and the calibration bar was 180-1000 arbitrary units (a.u.).

vein and imaging immediately. As shown in Figure 6 ¢, immedi-
ately after intravenous injection, fluorescence emitted from the
nanoparticles was easily visualized in the superficial vasculature
of the whole body, which might be attributed to the uptake of
nanoparticles by the reticuloendothelial system. Subsequently,
as blood circulated, the PGSNs were seen to gradually distrib-
ute inside kidney, liver, and finally the tumor. Meanwhile, the
fluorescence signal was clearly visualized and gradually central-
ized on the tumor within 32 h, confirming a satisfactory pas-
sive targeting capability of PGSNs through the EPR effect. Fur-
thermore, after 56 h, the fluorescence signal of the PGSNs dis-
appeared from the body gradually. During this period, PGSNs
were degraded into smaller sizes, which were small enough for
renal clearance (< 5.5 nm).B9

3. Conclusions

We synthesized mesoporous silica nanoparticles doped with
functionalized PG (ca. 50 nm in size) through a simple and
green synthetic route. The composite nanoparticles present
good biocompatibility and biodegradability. Anticancer drugs
(e.g. Dox) can be loaded into the nanoparticles with high effi-
ciency and with controlled release in a weak acidic environ-
ment. Both experiments in vitro and in vivo proved that this
new nanocarrier system can carry the drug into cells or into
tumors with passive targeting capability. It has a low toxicity
and can be degraded invivo and excreted from the body

ChemistryOpen 2017, 6, 158 - 164 www.chemistryopen.org
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through the urinary system. These features make it ideal for
therapeutic applications and with great promise for potential
cancer treatment.

Experimental Section
Materials

PG (Mw 10 kDa) was synthesized by anionic, ring-opening, multi-
branching polymerization of glycidol with slow monomer addi-
tion.?”*¥ According to our previous work, 10 kDa PG has better
dispersity and be synthesized more easily. Tetraethyl orthosilicate
(TEOS) was purchased from Acros. Dox and FITC were purchased
from Sigma-Aldrich. A cell-counting kit-8 (CCK-8) was obtained
from Dojindo Molecular Technologies, Inc. Alexa Fluor 488 WGA
and Hoechst 33342 Cell markers were obtained from Molecular
Probes Inc. Cy7 NHS ester was synthesized by Okeanos Tech. CO.,
Ltd. (Beijing, China). Other reagents were obtained from Beijing
Chemical Reagent Co. (Beijing, China). The water used throughout
the study was purified with a Milli-Q integral A10 system from Mil-
lipore Co. (USA).

Preparation of PGSNs

Firstly, we synthesized PG—NH, with 30% amine functionality ac-
cording to the literature.”>” For 'H NMR spectra of PG-NH,, see
Figure S11. PG—NH, was dissolved into methanol with a concentra-
tion of 20 mgmL ' as a stock solution. PGSNs were synthesized by
using a modified sol-gel method. Firstly, PG—NH, stock solution

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(600 pL), methanol (2 mL), and a specific volume TEOS were mixed
and stirred in a sealed vessel for 12 h. In this recipe, 10, 50, 100, or
200 pL of TEOS was added for parallel controls. Then, a mixture of
ammonium hydroxide (1.5 mL) and water (1.5 mL) were quickly
added into the above solution and stirred vigorously for 6 h. The
products were centrifuged at a high speed (10 000 rpm, 5 min)
and washed with methanol and water several times. The purified
products were dried in a vacuum oven at room temperature. The
final obtained products were marked as PGSNs-10, PGSNs-50,
PGSNs-100, and PGSNs-200, respectively, according to the different
volumes of TEOS in the recipe.

Guest Molecules Loaded into PGSNs and Released in
Response to pH

PGSNs-100 samples (ca. 4 mg) were incubated in 0.5 mgmL™" Dox
aqueous solution (1.33 mL) for 24 h. The loading efficiency was cal-
culated according to the change of characteristic absorption of
Dox (480 nm) before and after incubation with PGSNs-100. Then,
the silica nanostructures were centrifuged and washed with water
three times. The samples (denoted as PGSNs-Dox) were split equal-
ly into two parts and dispersed into 1.2 mL of either phosphate-
buffered saline (PBS) (pH 7.2) or MES buffer (pH 5.0). Therefore, the
concentrations of the PGSNs-Dox samples in different buffers were
the same (ca. 1.6 mgmL ™). At a preset time point, the sample sus-
pension was centrifuged, and then 0.3 mL of the supernatant was
removed. The absorbance at 480 nm of the supernatant was mea-
sured using a UV/Vis spectrometer. After that, 0.3 mL of fresh
buffer solution was added to the sample suspension. This process
was repeated until no further release was observed.

Biodegradability of Silica Nanostructures

The PGSNs-100 sample was dispersed into PBS at a low concentra-
tion (0.1 mgmL™") following shaking of the culture at 37°C. At
a preset time point, a series of aliquots (5 pL) of the solution was
removed and dropped on a copper grid for TEM observation. At
the same time, 5 mL of the dispersed solution was taken out and
filtered by using Millipore tubular ultrafiltration centrifugation
modules (molecular weight cut off 10000). The filtered solution
was analyzed for silicon content by using ICP-OES.

Cell Culture

Hela and MCF-7 cells were cultured at 37°C in a DMEM medium
(Gibco BRL, USA) complemented with FBS (10%), L-glutamine
(2 mm), penicillin (100 Uml™"), and streptomycin (25 mgmL™") in
a humidified atmosphere with 5% CO,. For the following experi-
ments, cells were detached from culture flasks by using PBS con-
taining EDTA (0.02%) and trypsin (0.05%), and seeded to a 35 mm
glass-bottom Petri dish for CLSM observation or 96-well plates for
cytotoxicity measurements. The concentration for seeded cells was
10° mL.

Staining of Cells for CLSM Investigation

After the cells were incubated in the logarithmic growth phase,
the 2mgmL~" PGSN-based dispersed sample solutions (50 uL)
were added for 4 h of co-culturing. Then, the cells were washed
twice with PBS to remove the dispersed nanoparticles and dead
cells in the growth media. The cell nuclei and membranes were
stained with Hoechst 33342 and Alexa 488 WGA (0.025 mgmL™',
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10 ub) for 15 min, respectively. After that, the cells were washed
with PBS three times, and supplemented with fresh cell culture
medium. Then, the stained cells were observed by using CLSM.

Cytotoxicity Assay of PGSNs and PGSNs-Dox In Vitro

The cytotoxicity assay was conducted with MCF-7 cells in 96-well
plates grown to ~70-80% confluency. Every 4 wells were taken as
one group and incubated with different concentration of PGSN,
PGSN-Dox and Dox for 48 h, respectively. The Dox loading amount
was 0.18 mg per mg of PGSNs. For every well in each group, cells
were cultured in 0.007, 0.02, 0.04, 0.06, and 0.08 mgmL~' PGSNs or
PGSNs-Dox suspension (in cell culture media) as parallel experi-
ments. At the same time, the same amount of Dox was added to
the cells in another group and cultured as a positive control. After
48 h, cells were washed with cell medium. Then, sterile filtered
CCK-8 in PBS (10 pL) was added to each well and incubated with
the cells for 1 h at 37°C, followed by measuring the absorbance at
450 nm with ELISA (Tecan infinite 200). Cell viability was expressed
as the percentage of viable cells compared with blank control
(cells without particles). /IC50 values were calculated by using IBM
SPSS Statistics 22 software.

In Vivo Fluorescence Imaging

Fluorophore Cy7 was labeled on the surface of PGSNs before ap-
plying fluorescence imaging in vivo. In detail, the Cy7 NHS ester re-
acted with PGSNs directly in pH 8.0 buffer solution for 24 h in the
dark. Cy7-labeled PGSNs (Cy7-PGSNs) were purified by repeatedly
washing with saline before further application. All animal experi-
ments were reviewed and approved by the Animal Care and Use
Committee. Tumor-bearing mice were prepared by inoculating
0.2 mL of PBS containing 2x 10° MCF-7 cells at the left hind leg of
female balb/C nude mice (20+2 g), and the tumor was allowed to
grow for approximately 7 days. When the tumor volume reached
600 mm?, 200 uL Cy7-PGSN nanoparticles (in PBS, 1 mg mL~") was
injected through the tail vein. For invivo imaging, mice were
placed on the warmed stage and anaesthetized with 2.5% isoflur-
ane. Image acquisition was performed at different time intervals
on an in vivo imaging system. Meanwhile, the fluorescence intensi-
ties of the tumor and the background were analyzed by using the
corresponding software.

Tumor Therapy In Vivo

When the average tumor volume reached 120 mm? the balb/
¢ nude mice (n=15) were randomly and equally divided into three
groups. The mice in the control group were treated with physio-
logical saline. Free Dox (200 uL, in PBS) or PGSNs-Dox (200 pL, in
PBS) was intravenously injected into the tail vein of every animal in
the other two respective groups. The concentration of free Dox
was 0.12 mgmL". The dispersed solution of PGSNs-Dox had a con-
centration of 2.5mgmL"", containing an equal amount of Dox,
that is, 0.12 mgmL™". Mice were treated either with the drug or
saline (control) every 2 days with a total of 5doses per rat. The
tumor volume and body weight were measured on alternate days.
On the seventh day of post-tumor implantation, the mice were
sacrificed randomly, and the tissue was extracted and fixed by 4%
formaldehyde solution overnight; tumors were completely excised,
and the tumor volume was calculated by using Equation (1):

Volume (mm?) =V =05 x a x b’ (1)

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemistryopen.org

,@’* ChemPubSoc
D! Europe

where a and b are the maximum and minimum diameters of the
tumor, respectively. The tumor growth inhibition was calculated by
using Equation (2):

Tumor growth inhibition (%) =

«(volume in control group— volume in treated group)

§ - 100
(volume in control group)

()

where “volume” always refers to the volume of the tumor at the
endpoint.

]
| X

All experiments were performed in triplicate. Statistical significance
was evaluated by using the one-way analysis of variance (ANOVA)
and Student’s t-test. Multiple comparisons were statistically ana-
lyzed by using SPSS software version 13.0 (significance was estab-
lished at P <0.05).

Characterization and Instrumentation

UV/Vis spectra were recorded with a Hitachi U-3010 UV/Vis spec-
trophotometer. CLSM images were taken with an Olympus FV1000
confocal system, which has a 60 x oil-immersion objective and a nu-
merical aperture of 1.4. The TEM images and selected-area electron
diffraction (SAED) patterns were acquired by using a JEM-1011 and
JEM-2011(JEOL, Japan). The scanning electron microscopy (SEM)
images were obtained with an S-4800 instrument with 10 kV accel-
erating voltage (Hitachi, Japan). The degradation of PGSNs was
monitored by using both TEM morphology investigation and anal-
ysis of the above supernatant through ICP-OES (Thermo Icap
6300). Invivo fluorescence imaging was performed at different
time intervals on the in vivo imaging system (FX Pro, Carestream
Health). The excitation and emission bandpass filters were at 740
and 760 nm, respectively. The fluorescence intensities of the tumor
and the background were analyzed by using corresponding soft-
ware. Zeta potential and size distribution were documented by
using a dynamic light scattering technique (Zetasizer Nano,
Malvern).
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