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ARTICLE INFO ABSTRACT

Keywords: Nanomedicine has revolutionized disease theranostics by the accurate diagnosis and efficient therapy. Here, the
Nanogels PAMAM dendrimer decorated PVCL-GMA nanogels (NGs) were developed for favorable biodistribution in vivo
Dendrimer

and enhanced antitumor efficacy of ovarian carcinoma. By an ingenious design, the NGs with a unique structure
that GMA-rich domains were localized on the surface were synthesized via precipitation polymerization. After G2
dendrimer decoration, the overall charge is changed from neutral to positive, and the NGs-G2 display the whole
charge nature of positively charged corona and neutral core. Importantly, the unique architecture and charge
conversion of NGs-G2 have a profound impact on the biodistribution and drug delivery in vivo. As a consequence
of this alteration, the NGs-G2 as nanocarriers emerge the highly sought biodistribution of reduced liver accu-
mulation, enhanced tumor uptake, and promoted drug release, resulting in the significantly augmented anti-
tumor efficacy with low side effects. Remarkably, this finding is contrary to some reported work that the
nanocarriers with positive charge have preferential liver uptake. Moreover, the NGs-G2 also displayed thermal/
pH dual-responsive behaviors, excellent biocompatibility, improved cellular uptake, and stimuli-responsive drug
release. Encouragingly, this work demonstrates a novel insight into the strategy for optimizing design, improving
biodistribution and enhancing theranostic efficacy of nanocarriers.

Surface charge
Thermal/pH dual-responsiveness
Drug delivery

1. Introduction been designed by optimizing their physicochemical properties, such as

size, softness, shape, surface charge and modification, to achieve highly

Over the past few decades, the development of nanomedicine has
revolutionized disease management via highly specific targeting or
recognition, precision diagnosis, efficient treatment, and real-time
monitoring [1-4]. However, the sophisticated biological environments
in the body impose considerable barriers to the transport of cargoes for
the targeted regions [5,6]. The ovarian carcinoma, especially, having
the highest mortality rate in gynecological cancers, is difficult to
theranostics drawing support from nanoplatforms due to its dense
extracellular matrix [7,8]. In recent years, some novel nanocarriers have
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efficient delivery, to improve theranostic efficacy and reduce systemic
toxicity [9-13].

A 3D cross-linked polymer colloids, nanogels (NGs) as nanocarriers
have attracted much attention in biomedical applications, including
drug/enzyme delivery, images and therapy of tumors, due to their
unique properties [14-16]. All the time we explored various NGs that
having the controllable size, deformable softness, highly porous
network, excellent biocompatibility and stimuli-responsiveness can be
employed as functional nanocarriers for improved tumor theranostics
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Scheme 1. Schematic illustration of the preparation of dendrimer-decorated PVCL-GMA NGs (NGs-G2) for efficient drug delivery in vivo. Compared to PVCL-GMA
NGs, the NGs-G2 display elevated tumor accumulation, reduced liver uptake, and more efficient antitumor activity due to their whole charge nature of positively

charged corona and neutral core.

[17-25]. In particular, the biocompatible PVCL-based NGs exist a vol-
ume phase transition temperature (VPTT) of about 35 °C which is close
to body temperature, and high cargo loading capacity along with
enhanced tumor accumulation for biomedical purposes [26-28].
Despite all that, these NGs also display low tissue penetration, insuffi-
cient cellular internalization and high liver retention, which seriously
limit their further clinical translation.

Additionally, the poly(amidoamine) (PAMAM) dendrimers with the
properties of well-defined structural architecture, highly branch and
multivalent cooperativity have been extensively utilized in the
biomedical fields [29-32]. In particular, the easily modifiable surface,
ultrasmall size, and strong cationic characteristic render PAMAM den-
drimers as effective nanocarriers to increase the bioavailability of hy-
drophobic molecules and improve the permeability within tumors [33,
34]. The PAMAM dendrimers can encapsulate or modify various func-
tional elements to form stable nanoplatforms with the cationic surface,
active diffusion, and good cell membrane affinity, resulting in facili-
tating tissue penetration and cellular internalization [35,36].

It is well known that the nanocarriers with different morphologies,
amphipathy, sizes, charges, and modifications obviously impact their
biodistribution and tumor accumulation in vivo [37-41]. Remarkably, in
very recent work, Shen et al. [42,43] synthesized enzyme-responsive
polymer or dendrimer-drug conjugation for enhanced tumor penetra-
tion via active transport of endocytosis and transcytosis to extend the
therapeutic efficacy of pancreatic cancer. The cationic character of these
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nanocarriers can significantly improve treatment efficacy. Moreover,
Chan et al. [44] evidenced that the dominant mechanism regarding the
entry of nanoplatforms into tumors is active transportation instead of
passive diffusion. Therefore, we hypothesized that the cationic den-
drimer decorated on the surface of NGs could reduce the unfavorable
liver retention and augment tumor accumulation of NGs.

The multicellular spheroid penetration and/or cellular internaliza-
tion of PVCL-based NGs with different sizes and dendrimer-crosslinked
alginate NGs with negative charge have been investigated [27,45].
However, these works only explored the capability of cell permeation
and uptake for NGs in vitro, which could not reflect the distribution and
tumor accumulation in vivo due to the sophisticated biological envi-
ronments. For the clinical translation of nanomedicines, it is necessary
to evaluate the in vivo behavior of novel NGs. Herein, for the first time,
we developed the dendrimer decorated PVCL-GMA NGs for bio-
distribution in vivo and enhanced antitumor efficacy of ovarian carci-
noma (Scheme 1). The NGs with adjustable size were first synthesized by
precipitation polymerization, and the GMA-rich domains were localized
on the surface of NGs in the form of small clumps. Subsequently, G2
dendrimer with different contents was conjugated on the surface of NGs
by the reaction with GMA. After dendrimer decoration, the formed
NGs-G2 display good colloidal stability, thermal/pH dual-responsive
behaviors, excellent biocompatibility, improved cellular uptake,
stimuli-responsive drug release, and elevated anticancer activity. More
importantly, the decoration of G2 on the surface of NGs significantly
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Fig. 1. (a) Schematic synthesis of PVCL-GMA NGs with different diameters. (b) AFM image of PVCL-GMA NGs of (2). (c) Raman spectra and (d) TEM images of PVCL-
GMA NGs of (1), (2) and (3). (1), (2) and (3) represent the PVCL-GMA NGs (BIS 1%, CTAB 0%), PVCL-GMA NGs (BIS 1%, CTAB 1%) and PVCL-GMA NGs (BIS 0.5%,

CTAB 1%), respectively.

affects the surface charge (from neutral to positive). As a consequence,
compared to free NGs, the NGs-G2 show the elevated cellular internal-
ization, promoted drug release, and reduced liver uptake, leading to
highly favorable biodistribution and antitumor efficacy. Notably, some
literatures imply that the positively charged nanoplatforms prefer to
accumulate in the liver after intravenous injection [46-49]. However,
our results clearly illustrate that the nanocarriers possessing overall
positively charged corona with neutral core could result in the reduced
liver uptake and enhanced antitumor efficacy with low side effects in
vivo.

2. Results and discussion
2.1. Synthesis and characterization of PVCL-GMA NGs and NGs-G2

To obtain the NGs with adjustable size, narrow size distribution and
biocompatibility, we used the precipitation polymerization method
(Fig. 1a). The PVCL-GMA NGs were synthesized using monomers of N-
vinylcaprolactam (VCL) and glycidyl methacrylate (GMA), the initiator
2,2'-Azobis(2-methylpropionamidine)dihydro-chloride (AMPA), the
crosslinker N,N’-Methylenebis(acrylamide) (BIS), and the surfactant
cetyltrimethylammonium bromide (CTAB). The GMA (10 mol%) was
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added after the initiation of polymerization to ensure the localization of
epoxy groups on the surface of NGs [50]. This increases the accessibility
of epoxy groups, which can be used for further conjugation of different
functional molecules like protein, drugs, targeted agents, or fluorescent
dyes. Atomic force microscopy (AFM) images (Fig. 1b) indicated that the
GMA-rich domains are localized on the surface of NGs in the form of
small clumps instead of even distribution. Also, the incorporation of
GMA in NGs was demonstrated by Fourier transform infrared (FTIR)
spectroscopy (Fig. S1). The characteristic peaks at 1618 and 1723 cm™!
were the carbonyl vibration from VCL and GMA, respectively. To
analyze quantitatively the GMA contents in NGs, the Raman spectros-
copy was used (Fig. 1c). The absorption peaks of the carbonyl group at
1623 cm ™! and 1729 cm™? for VCL and GMA respectively were selected
as representative signals for the monomer units in the copolymer
structure. Using the mixtures of linear PGMA and PVCL homopolymers,
the calibration curve was designed (Fig. S2). Furthermore, the actual
GMA contents in these NGs were calculated to be 9.0-9.2 mol%, which is
in consistent with the theoretical GMA content of 10 mol% (Fig. S3).
Additionally, the size of NGs can be controlled by adjusting the
contents of BIS and CTAB. Transmission electron microscopy (TEM) and
Cryo-field emission scanning electron microscopy (Cryo-FESEM) images
revealed that these three NGs had spherical shape, and the NGs (1), NGs



X. Lietal

Bioactive Materials 6 (2021) 3244-3253

(a) OH \I
. /\/ N !
/ e /
(0) T IZZ==7"
" pH 9-10
—_—
G2 PVCL-GMA NGs NGs-G2
<
>
(b) = 375 05 © 30
£ : =
5 360 - % los g LZD 25
S 345 “"‘{ 2z el
§ 0.6 = E 2l
£ 330 -é s
2 0.4 =
2 315 = *_5 1.0
£, 300 02 & &
=3 S Eosf
S 285 S q
E 0.0 £ 0.0}
: 270 131 1 1 1 1 1
NGs  NGs-G2-1 NGs-G22 NGs-G2-3 NGs-G2-4 5 0.0 0.5 1.0 1.5 2.0
Mol ratio of G2/GMA

Fig. 2. (a) Schematic illustration of the synthesis of NGs-G2. (b) Hydrodynamic diameters and electrophoretic mobilities of the NGs and NGs-G2 with different G2
amounts. (¢) The decorated G2 amount of NGs and NGs-G2FI at different G2/GMA molar ratios.

(2) and NGs (3) emerged uniform diameters of about 551 nm, 237 nm
and 264 nm, respectively (Fig. 1d and Fig. S4). By dynamic light scat-
tering (DLS) measurement (Fig. S5), the hydrodynamic diameters of
these NGs were 622.5 nm, 292.4 nm and 336.1 nm respectively, which
are bigger than that from TEM images. This is due to the swelling state of
NGs in the aqueous solutions. These results indicate the size of NGs is
controlled by turning the crosslinker content and surfactant concentra-
tion. For nanocarriers, the efficient tumor delivery and accumulation are
attributed to the enhanced permeability and retention (EPR) effect [51].
The previous report revealed that the EPR effect typically operates in the
nanocarriers with the size range of 100-400 nm [52]. Likewise, the NGs

with smaller size are beneficial to tumor deep penetration [27]. There-
fore, the NGs with the smallest hydrodynamic diameter (about 290 nm)
will be investigated as a model system in the following experiments.
Next, the G2 dendrimer was conjugated onto the surface of NGs by
the reaction of amino and epoxy groups under alkaline buffer condition
(Fig. 2a). The formed NGs-G2 had higher hydrodynamic diameter than
that of pristine NGs (Fig. 2b), which could be attributed to the hydrogen
bonds formation between the active groups of NGs-G2 (e.g., amino,
hydroxyl and carbonyl groups from G2) and water molecules. Likewise,
the surface potential of NGs was neutral (—0.012 pmcm/Vc) in the
simulated physiological environment of pH 7.4 buffer. For comparison,
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Fig. 3. (a) Hydrodynamic radiuses and (b) electrophoretic mobilities of NGs and NGs-G2 with different G2 amounts at different temperatures. (c) Electrophoretic
mobilities of NGs and NGs-G2 with different G2 amounts at different pH values.
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Fig. 4. (a) CCK-8 assay of SKoV3 cells treated with G2, NGs, NGs-G2-2 and NGs-G2-3 at different concentrations for 24 h. (b) CLSM images of FITC-phalloidin and
DAPI stained SKoV3 cells after treated with PBS, NGs, NGs-G2-2 and NGs-G2-3 at the concentration of 1 mg/mL. (c) Flow cytometric analysis and (d) CLSM images of

SKoV3 cells treated with PBS, NGs-FI, NGs-G2FI-2 and NGs-G2FI-3.

the surface potential of NGs-G2 converted to positive, and the electro-
phoretic mobility increased (0.101-0.7196 pmcm/Vc) with the molar
ratio of G2/GMA (Fig. 2b). What’s more, to visualize and quantify the
decoration of G2 onto the NGs, the fluorescence labeled G2 (G2FI) was
used instead of G2. Through the integration of NMR spectra (Fig. S6), the
number of FI attached to each G2 was 1.9. The G2 content-dependent
fluorescence intensities were explored using fluorescence microscopy
(Fig. S7). With the increase of G2/GMA molar ratio, the fluorescence
intensities of the NGs-G2FI enhanced significantly. Furthermore, by
UV-vis analysis (Fig. 2¢ and Fig. S8), the quantitative G2 amount of NGs-
G2FI almost reached the maximum of 2.31 mg mg~ ' at the G2/GMA
molar ratio of 1.0. The results suggest that the G2 can be coupled to the
NGs, and the conjugated G2 amount reaches saturation at the G2/GMA
molar ratio of 1.0.

3248

2.2. Thermal/pH dual-responsive behaviors of NGs-G2

The thermo-responsive property of NGs-G2 with different G2 con-
tents was validated by DLS measurement in the temperature range from
5 °C to 50 °C (Fig. 3a). The NGs displayed the VPTT of 28.4 °C. By
contrast, the NGs-G2 with different G2 contents presented similar VPTT
at about 28.1 °C, implying that the decoration of G2 is mainly on the
surface of NGs. Moreover, at temperature above VPTT, the hydrody-
namic radius of these NGs-G2 were nearly halved to about 100-120 nm
due to the shrinkage of NGs. We believe that the NGs-G2 can be used as
smart nanocarriers to load photothermal agents and drugs for
photothermally-maneuvered drug release through the collapse of NGs.
Besides, compared to NGs, the NGs-G2 exhibited a significant change of
electrophoretic mobility in the temperature range 5-50 °C (Fig. 3b).
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With the increase of temperature, the electrophoretic mobility of NGs
was nearly invariant, while that of all NGs-G2 was gradually increased.
This is attributed to the concentration of charges by the shrinkage of
NGs-G2 outer layer [53,54].

In addition, the pH-responsive behavior of NGs-G2 was determined
at the different pH values (Fig. 3c). The NGs displayed a neutral surface
charge and almost unchanged electrophoretic mobility in the pH range
from 10 to 3, while the positive surface charge and the increased elec-
trophoretic mobility of NGs-G2 were observed over the whole pH range.
It is due to the fact that the -NHj groups of NGs-G2 can acquire positive
charge of H™ and then form -NH7 in the acidic environment, implying
that these NGs-G2 are able to be protonated in acidic condition. The pH-
responsive property of NGs-G2 can improve the cell membrane affinity,
potentially enhancing the cellular internalization by cationization-
mediated active transportation in the acidic cancer region.

2.3. Biocompatibility and cellular internalization

The biocompatibility of G2, NGs, NGs-G2-2 and NGs-G2-3 was
assessed by CCK-8 assay (Fig. 4a). The viabilities of SKoV3 cells treated
with the NGs, NGs-G2-2 and NGs-G2-3 remained above 86% in the
studied concentration up to 2.0 mg/mL, while that treated with free G2
was significantly lower. Especially, under the concentration of 2.0 mg/
mL, the viability of cells treated with G2 decreased to 71.8%, which is
obviously lower than that treated with PBS (p < 0.001) or the NGs, NGs-
G2-2 and NGs-G2-3 (p < 0.05). This indicates that G2 dendrimer exists
certain toxicity at a relatively high concentration since cationic
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dendrimer displays strong interactions with cell membrane and can
induce the membrane disruption. Contrary, the NGs-G2-2 and NGs-G2-3
retain negligible toxicity in the studied concentration range because of
the biocompatible PVCL-based NGs. Furthermore, by confocal laser
scanning microscopy (CLSM) imaging (Fig. 4b), the cell treated with
NGs, NGs-G2-2 and NGs-G2-3 showed the integrated cytoskeleton
(green) and nuclei (blue), similar to that treated with PBS.

The cellular uptake of the nanocarriers is an important parameter to
evaluate their delivery property. To visualize the cellular internalization
effect, the SKoV3 cells treated with NGs-FI, NGs-G2FI-2 and NGs-G2FI-3
were observed via the CLSM images (Fig. 4d). After co-culture for 6 h,
the cells treated with NGs-G2FI-3 showed the highest fluorescence in-
tensity when compared to that treated with NGs-FI and NGs-G2FI-2.
Furthermore, the cellular internalization of NGs-FI, NGs-G2FI-2 and
NGs-G2FI-3 was quantitatively tested by flow cytometric analysis
(Fig. 4c and Fig. S9). All of these nanocarriers displayed time-dependent
fluorescence increase in cellular uptake. After treatment for 8 h, the
intracellular fluorescence intensities of NGs-G2FI-3 and NGs-G2FI-2
were 2.0 and 1.7 times higher than that of NGs-FI, respectively. This is
possibly due to the fact that the cationization of NGs-G2FI in acidic
cancer cell environment can facilitate cellular uptake by active trans-
cytosis and good cell membrane affinity, while the NGs-FI are inter-
nalized by the cells by phagocytosis and passive diffusion. Overall, these
results demonstrate the decoration of multivalent cooperative den-
drimer on the NGs is able to elevate significantly cellular internalization.
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Fig. 6. (a) Pharmacokinetics of Dox after intravenous injection of free Dox, NGs/Dox, and NGs-G2-3/Dox in the mice. The biodistribution in different organs of mice
bearing tumor after intravenous injection of free Dox, NGs/Dox and NGs-G2-3/Dox for (b) 3 h, (c) 12 h, and (d) 24 h.

2.4. Drug encapsulation and stimuli-responsive release

The formed nanocarriers were employed to encapsulate Dox, and the
Dox loaded amounts were measured by UV-vis spectra and standard
curve (Fig. S10b). After Dox loading, the Dox loaded nanocarriers
emerged a typical absorption peak of Dox at 490 nm (Fig. S10a).
Moreover, the hydrodynamic diameters of G2/Dox, NGs/Dox, NGs-G2-
2/Dox and NGs-G2-3/Dox were 11.4 nm, 308.7 nm, 316.3 nm, 332.1
nm, and 331.7 nm, respectively. Due to the ultrasmall size, free G2
displayed the low Dox loading of 217.2 pg/mg. At the same NGs con-
centration, the Dox loaded amounts in NGs, NGs-G2-2 and NGs-G2-3
were about 491.4 pg/mg, 587.4 pg/mg and 613.5 pg/mg, respectively.
By the calculation, the loading capacity of LCpox in the G2/Dox, NGs/
Dox, NGs-G2-2/Dox and NGs-G2-3/Dox was 17.8%, 32.9%, 37.0%, and
38.0%, respectively.

Next, the drug release behaviors of these nanocarriers were investi-
gated in PBS (pH 7.4, pH 6.8) and acetate buffer (pH 5.5) (Fig. 5a).
Obviously, at pH 7.4, the Dox was slowly released in all of the nano-
carriers within 24 h, and the cumulative release of these Dox loaded
nanocarriers reached about 8.9%-11.2%. While the Dox was quickly
released from these nanocarriers at both pH 6.8 and pH 5.5. It is
remarkable that 20.2%, 23.8% and 23.4% of Dox were released from
NGs/Dox, NGs-G2-2/Dox and NGs-G2-3/Dox within 4 h in pH 5.5
respectively, while a burst release of 37.3% appeared in G2/Dox at same
time period that may be ascribed to the ultrasmall size of G2. Likewise,
the Dox release from NGs/Dox, NGs-G2-2/Dox and NGs-G2-3/Dox was
able to maintain in a sustained way and kept a constant level of Dox
concentration until 24 h in the acidic condition. After 24 h, the
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cumulative Dox release from G2/Dox, NGs/Dox, NGs-G2-2/Dox and
NGs-G2-3/Dox reached 50.7%, 27.9% 32.3% and 35.5% respectively at
pH 5.5. The pH-responsive release of these Dox loaded nanocarriers is
due to the proton sponge effect [46,55], that should be beneficial for
inhibiting cancer cells, instead of normal tissues owing to their differ-
ence in pH value. Besides that, due to the relatively high toxicity, low
loading capacity and burst release of drug, free G2 dendrimer is not
suitable as a nanocarrier for drug delivery. Notably, a higher Dox release
of NGs-G2-3/Dox than that of NGs/Dox was observed. This could be
attributed to the fact that the protonated NGs-G2-3 with more positive
charges in acidic condition are likely able to repel the positively charged
Dox molecules and further promote the Dox release. These results
indicate that the NGs-G2-3/Dox possess the property of pH-responsive
sustained drug release, and thus may be an effective nanocarrier for
the inhibition of cancer cells with long-term activity in acidic tumor
regions as well as reduction baneful adverse reaction in normal tissues.

2.5. Anticancer activity in vitro

The anticancer activity of NGs/Dox, NGs-G2-2/Dox and NGs-G2-3/
Dox for SKoV3 cells was evaluated by CCK-8 proliferation assay
(Fig. 5b). These Dox loaded nanocarriers exhibited the concentration-
dependent inhibition efficacy of cell proliferation. At the same DOX
concentration, the cells treated with the NGs-G2-3/Dox displayed the
lowest viability due to the improved cellular internalization and pro-
moted drug release. Furthermore, the half maximal inhibitory concen-
trations (ICsps) of all nanocarriers were calculated (Fig. S11), and
followed the order of NGs/Dox (6.22 pg/mL) > NGs-G2-2/Dox (4.75 pug/
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Fig. 7. (a) Schematic illustration of the administration process used for chemotherapy of tumors. (b) Tumor volume and (c) body weight of mice bearing tumor in

different groups. (d) Quantitative analysis of apoptosis rate and (e) TUNEL staining of tumor sections in different groups.

mL) > NGs-G2-3/Dox (4.13 pg/mL) > Free Dox (2.59 pg/mL). Addi-
tionally, the DAPI-staining assay was performed to visually examine the
enhanced anticancer activity (Fig. 5c). The cells treated with NGs-G2-3/
Dox displayed the largest area of dead cells (dark regions, dead cells
exfoliated from cell walls), while that treated with PBS were all alive
(blue fluorescence), in agreement with the result of CCK-8 assay. These

results indicate that the decoration of multivalent cooperative den-
drimer onto the NGs can improve significantly the anticancer activity,
and the NGs-G2-3/Dox display the most valid efficacy attributing to the
sustained Dox release and enhanced cellular internalization.
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2.6. Biodistribution and antitumor efficacy in vivo

To prove our original hypothesis, the discrepancies in pharmacoki-
netics and biodistribution of free Dox, NGs/Dox and NGs-G2-3/Dox in
the mice bearing SKoV3 tumor were investigated. For pharmacokinetics,
the blood Dox concentration at different time points was determined
(Fig. 6a). Compared to the half-decay time (t; 2) of free Dox (0.30 h), the
NGs/Dox and NGs-G2-3/Dox displayed significantly longer t; /5 of 5.25 h
and 7.04 h, respectively. This result indicates that compared to free Dox,
both NGs/Dox and NGs-G2-3/Dox can prolong blood circulation time
which is beneficial for drug-load nanocarriers to be accumulated within
the tumor.

Furthermore, the biodistribution of Dox in different organs was
measured after intravenous injection for different time periods
(Fig. 6b—d and Fig. S12). Interestingly, the liver uptake of NGs-G2-3/Dox
significantly reduced when compared to that of NGs/Dox. The liver
uptake reduced by 1.46-1.72 times with NGs-G2-3/Dox compared with
NGs/Dox at 3-24 h post-injection. Notably, the contents of both NGs/
Dox and NGs-G2-3/Dox were decreased in the major organs of heart,
lung, kidney, brain at 24 h post-injection, avoiding the toxicity of long-
term retention for these major organs. Different from the previous report
that the nanoplatforms with positive charge prefer to accumulate in the
liver [46-48], our results illustrate that the nanocarriers having overall
charge nature of positively charged corona and neutral core display the
reduced liver uptake. Excitingly, after intravenous injection for 12-48 h,
the tumor accumulation of NGs-G2-3/Dox was relatively higher than
that of NGs/Dox (Fig. 6d and Fig. S12). As a comparison, free Dox was
rapidly metabolized within 24 h, and its accumulation in the tumor was
significantly lower than that of both NGs/Dox and NGs-G2-3/Dox.
Remarkably, these results highlight that the impact on in vivo bio-
distribution and pharmacokinetics is dependent not only on the size,
surface charge, and modification, but also on the nature of the whole
nanocarriers. The overall feature may affect the binding behavior of
nanocarriers and proteins in body fluids, depending on the charge of
both the subject and decorated surface, and hence impacting the overall
biodistribution. This finding may provide a novel insight into optimizing
the design, improving the biodistribution and enhancing the theranostic
efficacy of nanoplatforms.

Additionally, the antitumor efficacy of NGs/Dox and NGs-G2-3/Dox
was compared by the determination of tumor volume of mice bearing
tumor in different groups (Saline, NGs/Dox, NGs-G2-3/Dox and free
Dox). These nanocarriers were injected intravenously into mice bearing
tumor in different groups respectively according to the treatment
timeline (Fig. 7a). The tumors in Saline group grew rapidly, while the
tumor growth inhibitory effect in NGs-G2-3/Dox group was obviously
higher than that in free Dox and NGs/Dox groups (Fig. 7b and Fig. S13).
Moreover, through the TUNEL staining of tumor sections in different
groups (Fig. 7e), the largest area of apoptotic cells (green fluorescence)
was observed in NGs-G2-3/Dox group, and the apoptotic rate of tumor
region in different groups follows the order of NGs-G2-3/Dox (67.4%) >
NGs/Dox (43.8%) > free Dox (31.9%) > Saline (7.7%) (Fig. 7c). The
similar body weight change of the mice bearing tumor in Saline, NGs/
Dox and NGs-G2-3/Dox groups revealed that the low side effects of these
Dox loaded nanocarriers (Fig. 7d). In contrast, the significant reduction
of body weight in Dox group indicated that free Dox exhibits side effects
for mice. These results demonstrate the NGs-G2-3/Dox can indeed
dramatically elevate antitumor efficacy with low side effects by the
optimized biodistribution and delivery with the reduced liver accumu-
lation, improved tumor accumulation and stimuli-responsive drug
release.

3. Conclusion
In summary, we developed the dendrimer decorated NGs for

enhanced antitumor efficacy of ovarian carcinoma. The PVCL-GMA NGs
with tunable size were prepared using precipitation polymerization, and
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the NGs exhibited a unique structure that GMA-rich domains were
localized on the surface of NGs. Subsequently, the G2 with different
amounts was decorated on the surface of NGs by the facile strategy. The
formed NGs-G2 display excellent colloidal stability in aqueous solutions,
thermal/pH dual-responsive properties, good biocompatibility,
improved cellular internalization, stimuli-responsive drug release, and
elevated anticancer activity. More importantly, the decoration of
multivalent cooperative dendrimer on the NGs renders the NGs-G2 with
overall charge nature of positively charged corona and neutral core,
which has a drastic effect on the beneficial biodistribution of reduced
liver uptake and significantly augmented antitumor efficacy with low
side effects in vivo. This investigation implies a new insight into nano-
medicine for optimizing the design, improving the biodistribution, and
enhancing the theranostic efficacy.
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