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Abstract

The size of functional nanocomplexes, which targets the brain tumor associated macrophages nanocomplex plays
a very important role in their interaction with cells involving uptake, release and targeting selectivity. The size effects
of nanocomplex on cell-based targeted delivery were studied to investigate if this phenomenon can be employed
to combine the targeting peptide to provide a selective tumor associated macrophages targeted delivery system for
anti-glioma therapy. Paclitaxel (PTX) was loaded into a core-shell structure of nanocomplex (PTX-Nanocomplex).
Three different sizes of PTX-nanocomplex were prepared through nanoprecipitation. Rabies virus glycoprotein (RVG)
peptide was conjugated to PTX-nanocomplex to form RVG-PTX-nanocomplex. Uptake, release, transportation and
anti-glioma activities were studied in in vitro by using bone marrow derived macrophages (BMM) and tumor associated
macrophages (TAMs), human glioma U87 cells, and neurons. The resulting RVG-PTX-nanocomplex had a spherical
shape, with the size of 72 nm (small), 138 nm (medium), and 220 nm (large). The large-size RVG-PTX-nanocomplex
showed greater uptake by BMM, but did not take by neurons. Co-cultivation of U87 and TAMs pre-loaded with large-
size RVG-PTX-nanocomplexes provided significant anti-glioma activities. More importantly, large-size RVG-PTX-
nanocomplexes were selectively targeted to TAMs and effectively transported to U87 cells with lower side effects.
We concluded that the large-size RVG-PTX-nanocomplex had promising potential uses in the TAMs targeted delivery

system for glioma therapy.

Keywords: Size effect; Nanocomplex; Rabies virus glycoprotein
(RVG); Anti-glioma

Introduction

Glioma is the most lethal primary brain tumor [1,2]. The
survival rates of patients with malignant gliomas have not improved
significantly in past 4 decades, with less than one year survival rate
after diagnosis [1-4]. Surgery, radiation and chemotherapy are the
most common treatment of malignant glioma. However, because of
its invasive nature, glioma mass is particularly difficult to be separated
from the normal tissue and removed from disease site. Therefore, the
poor penetration of the therapeutic agents across the BBB makes the
currently available medicines ineffective.

PTX is very effective against a wide variety of solid tumor
cancers [5]. However, it has very poor aqueous solubility leading to
low therapeutic index, and side effects including nausea, vomiting,
loss of appetite, change in taste, thinned or brittle hair, and pain in
the joints. Numerous studies have aimed to develop the nano-PTX
delivery systems, including polymeric micelles [6], liposomes [7,8],
microspheres [9], nanoparticles [6,10-13], PTX-polymer conjugates
[14-16] and dendritic polymers [15]. Targeted delivery PTX-
nanoparticels are deemed as the most promising approaches [17-21].
When nanotechnology is applied to drug delivery systems, targeted
delivery of anti-cancer nano-drug offer greater tumor selectivity and
improved pharmacokinetics [17-21].

A delivery constraint to treat glioma arises due to the restrictive
permeability of the brain capillary endothelium that forms the BBB
[22,23]. It is important to consider not only the delivery of drugs to
the CNS, but also their ability to access the relevant target site within
the brain. RVG peptide [22], a short peptide derived from rabies virus
glycoprotein, has been used as a brain targeting ligand to deliver
bioactive agents into the brain [23-28]. By binding to the AChR in
the vascular endothelium of the BBB, RVG plays an important role
in allowing transvascular delivery specifically to cross the BBB and to
target the brain [24,29-35].

One of the pathological features of glioma is that tumor associated
macrophages/microglia (TAMs) express high levels of AChR and
support tumor growth [36,37]. Remarkably, the abundance of those
TAMs correlates with the grade of malignancy [36,38-42], which could
provide a relatively specific means for glioma-specific targeted delivery
[43,44]. In addition, activation of microglia/macrophages has a greater
ability to phagocytose and take up nano-drug followed by exocytosis of
the particles in order to release the drug within tumor tissue.

There are countless studies on the synthesis, encapsulation,
surface modification, and toxicity of nanoformulations [45-47]. On
the other hand, it is obvious that the size parameter of nanostructures
plays a very important role when they interact with live cells.
The size effect of nanoformulation on targeting specificity and
pharmacokinetical activities remains very poorly understood. There
are very few investigations of particle size effect on the uptake and
intracellular behavior, which will promote the practical applications
of nanotechnology based drug delivery systems [48-50]. Very recently,
we developed a RVG peptide conjugated PTX-nanocomplex (RVG-
PTX-nanocomplex). RVG-PTX-nanocomplex, with a mixed lipid
monolayer shell, a biodegradable polymer core, and targeting RVG
peptide, had good uptake, controlled release, effective anti-glioma
activities and preferentially across the BBB to target TAMs. In this
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study, we further formulated and selected varied sizes of RVG-PTX-
nanocomplex to study the in vitro behavior to optimize this delivery
system. By adjusting the PLGA polymer concentration in the process
of nanoprecipitation, which we chose for the preparation of the
nanoparticles, we successfully obtained RVG-PTX-nanocomplexes
with three sizes at ~ 72 nm, ~ 138 nm, and ~ 220 nm, respectively.
We found that the larger size of RVG-PTX-nanocomplex had a slower
release of the drug, and at the same time, the different sizes did not
affect toxicity to the tumor cells. Importantly, the larger size of RVG-
PTX-nanocomplex was specifically taken by macrophages, but not
taken by neurons. The size-controlled RVG-PTX-nanocomplex, of the
size ~ 220 nm, are more suitable for a macrophage based drug delivery
system for brain TAM:s targeted delivery to treat glioma [51-54].

Materials and Methods

Materials

Poly  (D,L-lactide-co-glycolide) ~ (50/50)  with  terminal
carboxylate groups (PLGA; inherent viscosity, 0.55 - 0.75 dl/g in
hexafluoroisopropanol; MW: ~ 44 kDa) was obtained from Absorbable
Polymers International (Pelham, AL, USA). The hydrogenatedL-
a-phosphatidylcholine (Soy) (HSPC, MW: 762) and DSPE-PEG-
Mal (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[Maleimide(polyethylene glycol)-2000]) were obtained from Avanti
(Alabaster, AL). The peptide RVG with cysteine at the C-terminus
(YTTWMPENPRPGTPCDIFTNSRGKRASNGGGGC, HS-RVG) was
synthesized by RS Synthesis (USA) Ltd. p-Mercaptoethano (PME) and
tetramethylrhodamine-5-maleimide (TRM) was obtained from Sigma
- Aldrich. Lissaminerhodamine B 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, Rhodamine 6G (Sigma-Aldrich) was used as
red fluorescence label.

Preparation of PTX-nanocomplex

Lipid-PLGA-PTX-nanocomplex was synthesized using a modified
nanoprecipitation technique combined with self-assembly, as described
previously [55-59]. Briefly, for the preparation of small nanoparticle,
PLGA, PTX (10% of the weight of PLGA) and Rhodamine 6G (2% of the
weight of PLGA) were first dissolved in N,N-Dimethylmethanamide
(DMF) at PLGA concentration of 3 mg/mL. HSPC and DSPE-PEG-
Mal (8/1, molar ratio) were dissolved in a 4% ethanol aqueous solution
at 120% PLGA polymer weight and heated to 65°C. The PLGA/
acetonitrile solution was then added drop-wise into the preheated lipid
aqueous solution (1 mL/min) under gentle stirring. The nanocomplex
was allowed to self-assemble for 2 h with continuous stirring while the
organic solvent was allowed to evaporate. The remaining organic solvent
and free molecules were removed by washing the NP solution three
times using an Amicon Ultra-4 centrifugal filter (Millipore, Billerica,
MA) with a molecular weight cut-off of 100 kDa, and nanocomplex
stock solution with the concentration of about 15 mg/mL was obtained.
The nanocomplex was used within one week and stored at 4°C.

Preparation of RVG-PTX-nanocomplex

Commercial HS-RVG (1 mg/mL) was reduced by PME (5 eq.)
in aqueous solution. After 4 h, PTX-nanocomplex (10 eq.) stock
suspension (10 mg/mL) was added and reacted for 24 h at room
temperature in dark. The Maleimide groups of the PTX-nanocomplex
specifically reacted with the thiol groups of HS-RVG. The resulting
RVG-PTX-nanocomplexes were washed with ultrapure water (15 mL)
by ultrafiltration, concentrated, and the stock suspension was kept at
4°C until use.

RVG-PTX-nanocomplex characterization

The average particle size and size distribution of the nanocomplex
were measured using a Malvern Zetasizer Nano ZS Dynamic Light
Scattering (DLS) instrument. The shape and surface morphology of the
nanocomplex were investigated by atomic force microscopy (AFM),
and 100 mL of PTX-loaded NP solution was placed on a clean mica
surface and then air-dried overnight. Images were obtained with
a Park AFM system. The drug encapsulation efficiency (EE%) was
calculated as: (actual amount of drug encapsulated)/(initial amount
of drug used in the fabrication) x 100%. The drug loading fraction
(DL%) were calculated as: weight of PTX in nanocomplex/weight of
the nanocomplex x 100%.

PTX release from nanocomplex

The suspensions of RVG-PTX-nanocomplex containing the same
amount of paclitaxel were placed into a 1 mL dialysis membrane tubing
(MWCO 3500, Spectrum Laboratories, Inc.) and dialyzed against 100
mL PBS with 0.1% Tween 80. At each fixed time points, samples of 2
mL of the release media was collected and compensated with an equal
volume of the fresh release media. The samples were freeze-dried,
thoroughly extracted with acetonitrile, and the released amounts of
PTX were determined by HPLC.

The PTX concentration of the solution was determined by reversed
phase HPLC (RP-HPLC) using a Phenomenex Luna C18 column
isocratically eluted with a 60:40 v/v acetonitrile/water. The system was
run at a flow rate of 0.8 mL/min, and PTX was detected at 227 nm. The
concentration of PTX in the solution was determined by the peak area
using a standard curve obtained with fixed concentrations of PTX in
acetonitrile.

BMM, TAMs and U87 cells cultures

Using a protocol approved by the Institutional Animal Care
and Use Committee (IACUC), mouse (Balb/C, male 4-6 weeks)
femur bone marrow was dissociated into single-cell suspensions.
Bone marrow cells were cultured in DMEM with fetal bovine serum
(10%), penicillin, streptomycin, and 500 U/ml. Macrophage-colony
stimulating factor (MCSF) is not only an important regulator of
macrophage production, but also stimulates macrophages/monocyte
polarization into TAMs under pathological condition. TAMs are
believed to represent proliferation of macrophage progenitor cells
within the tumor microenvironment. BMMs were supplied with MCSF
and co-stimulation by glioma U87 cultured medium to differentiate
into TAMs. Human glioma U87 cells labeled with green fluorescence
(GFP-U87) and embryonic mouse hippocampal cell lines (neuron
cells, mHippoE-14) were cultured in DMEM supplemented with 10%
fetal bovine serum.

MTT assay

For the MTT assay, cells were plated on 96-well plates and treated
to RVG-PTX-nanocomplexes and PTX-nanocomplexes containing
same amount of PTX, and free PTX. The cells were incubated to
experimental time. Then, to each well the medium was replaced by
100 pL of MTT solution (5 mg/mL solution in 10% fetal bovine serum
(FBS) in phosphate buffered saline (PBS)) was added and incubated
for 45 min at 37°C. At the end of the incubation period, with 100 uL of
dimethyl sulfoxide (DMSO) was replaced and the plate was moderately
shaken for 15 min at room temperature to let the purple formazan
crystals dissolve. Absorbance at 490 nm was measured with an ELISA
microreader.
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Flow cytometry

The cells were collected and fixed with 4% paraformaldehyde. Data
were acquired by BD FACS Canto II and analyzed on BD FACS Diva
software. PE channel was used for the detection of fluorescence.

Uptake by BMM and neuron

BMM and neurons were incubated with medium containing three
different sizes of RVG-PTX-nanocomplexes for uptake assays. For
fluorescence microscopy and flow cytometry analysis, a red fluorescence
(rhodamine 6G) labeled RVG-PTX-nanocomplex containing same
amount of dye was treated to the cultures. The initial fluorescence levels
of these three nanocomplexes stock suspension were compared and
adjusted using IVIS Lumina System (Xenogen Corp., Alameda, CA) to
make sure equal amount of initial fluorescence were used. At 1,2 and 4
h, the cultures were washed three times with PBS. Fluorescence signals
were first captured by fluorescence microscopy and then evaluated by
flow cytometry. The intracellular fluorescence density indicated the
uptake of RVG-PTX-nanocomplexes by BMM and neurons. To detect
uptake of PTX content, BMM were treated with three sizes of RVG-
PTX-nanocomplexes containing same concentration of PTX at 0.01
mg/mL. At the experimental time points, the supernatant and the cells
were collected and PTX was extracted for HPLC assay. The PTX levels
were calculated based on the positive control.

BMM release

For BMM release experiments, BMM cells were incubated with
medium containing drug loaded nanocompexes at a concentration of
0.01 mg/mL (calculated as paclitaxel) for 4 h, then change with fresh
medium. At fixed time points, the supernatant was change with fresh
medium and collected for paclitaxel content assay. The samples were
freeze-dried, thoroughly extracted with acetonitrile and the content of
paclitaxel was examined by HPLC.

Statistical analyses

One-way analysis of variance was used to compare the treatment
groups for each of the outcomes. Residual plots were examined to check
whether the model assumptions were met. If the model assumptions
were not met, then the log,  or square root transformation was applied
to help with model fit. If the overall F-test was statistically significant,
then pairwise comparisons were conducted, with adjustments made for
multiple comparisons, using Tukey’s method. P values less than 0.05
were considered to be statistically significant.

Results

Preparation of three sizes of RVG-PTX-nanocomplex

PTX-nanocomplex was formed as PLGA core and lipid shell
structure. PTX loaded core was made by the nanoprecipitation [55,60-
63] of PLGA, which is a non-cytotoxic and biodegradable polymer

PLGA (mg/mL) Lipid/ PLGA
PTX-NPs (S) 3 1.2
RVG-PTX-NPs (S) 3 1.2
PTX-NPs (M) 8 0.8
RVG-PTX-NPs (M) 8 0.8
PTX-NPs (L) 50 0.6
RVG-PTX-NPs (L) 50 0.6

Data represent mean + SE, n =3.

approved by FDA. The main content of HSPC is 1,2-dioctadecanoyl-
sn-glycero-3-phosphoethanolcholine (DSPC), a phospholipid with an
appropriate hydrophilic-lipophilic balance. HSPC was chosen as an
emulsifier and turned into the monolayer surrounding the hydrophobic
PLGA core. More importantly, DSPE-PEG-Mal, a PEGylated DSPE,
was selected as an additive to the emulsifier which will intersperse in
the phospholipid monolayer to form a PEG shell. The PEG long chain
of DSPE-PEG-Mal provides electrostatic and steric stabilizations, a
longer circulation half-life in vivo. In this study, the terminal maleimide
group of the DSPE-PEG-Mal enables us to mount RVG, the targeting
peptide, on the surface of nanocomplex. PTX loaded and fluorescence
labeled nanocomplexes were obtained by mixing PTX and Rhodamine
6G with PLGA solution in the nanoprecipitation process.

By adjusting the PLGA polymer concentration we successfully
obtained nanocomplexes with three typical sizes. The average size and
size distribution of nanocomplexes were determined by Dynamic Light
Scattering (DLS) measurement. The size of small-, medium- and large-
size nanocomplexes were made as 220 + 1.5, 137 + 1.4 and 72 £ 2.7 nm
with PDI 0.132, 0.165 and 0.189. PTX was successfully encapsulated
in the hydrophilic inner core of the nanocomplex. As shown in Table
1, the drug-loading capacities of PTX were 2.7%, 1.4% and 1.1%,
respectively. The corresponding encapsulation efficiencies were 27%,
14% and 11%, when the mass feed ratio of PTX and PLGA was fixed
at 1 to 10.

RVG-PTX-nanocomplex was obtained by modifying PTX-
nanocomplex with RVG [22-26] employing the specific bioconjugation
reaction between thiol group of synthetic RVG peptide with cysteine
C-terminal and Maleimide group of DSPE-PEG-Mal. The remaining
maleimide groups on the surface of the nanocomplex provide the
opportunity for further modification.

Characterization

There were increases of particle diameter and decreases of Zeta
potential after PTX-nanocomplex conjugated with RVG (Table
1). These changes indicated the successful modification of PTX-
nanocomplex by RVG peptide. The size distribution of RVG-PTX-
nanocomplex was determined by DLS measurement Figure 1A.
Visualization of the morphology by AFM showed that all three sizes
of RVG-PTX-nanocomplexes had smooth and spheroid shape without
aggregation Figure 1B. DLS measurement was used to characterize the
small, medium and large sizes of PTX-nanocomplex with or without
RVG modification, and the results are shown in Table 1.

The effect of size on PTX release from nanocomplex

The stability of RVG-PTX-nanocomplex was examined by
analyzing PTX released from nanocarrier in phosphate buffered saline
(PBS) at room temperature. Tween 80 was added into PBS to improve
the solubility of PTX. The released PTX was separately collected from

Size (nm) PTX loading (%) Zeta potential Encapsulation
efficiency (%)
72+27 2.72 +0.09 -53+1.3 27.2+0.9
73121 2.68+0.12 -49 £ 0.9 26.8+1.2
137+14 141+0.15 -50+1.7 14115
139+1.3 1.40+0.13 47 +14 14.0+1.3
220+1.5 1.10 £ 0.06 -48 £ 1.6 11.0+0.6
222 +1.1 1.10 £ 0.11 -43 + 2.1 11.0+1.1

Table 1: Characterization of three sizes of PTX-NPs and RVG-PTX-NPs.
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Figure 1: Characteriazation.

(A) Size and size distribution of RVG- PTX-nanocomplex by

DLS analysis

(B) AFM images of RVG- PTX-nanocomplex

Figure 2: Stability and cytotoxicity.

The release of PTX from RVG-PTX-nanocomplexes was examined by HPLC

(A)In contrast to small-size RVG-PTX-nanocomplex (Nanocomplex-S), the larger one (Nanocomlex-L) showed slower controlled
release over 786 h, indicating its greater stability. With 72 h treatment at various concentrations, dose dependent cytotoxicity of

RVG-PTX-nanocomplex to U87 was detected by MTT assay

(B) The size changes and PTX-nanocomplex with or without RVG conjugation did not significantly influenced the cytotoxicity.

RVG-PTX-nanocomplex displayed superior efficacy at 0.1 pg/ml

RVG-PTX-nanocomplexes by filtration process and quantitated by
HPLC. The very slow release behaviors revealed the greater stability
of RVG-PTX-nanocomplex Figure 2A. The small-size RVG-PTX-
nanocomplex Figure 2, Nanocomplex-S showed a burst release of
PTX at the first 6 h, and the cumulative release of PTX achieved 82%
at 786 h. In contrast, large-size RVG-PTX-nanocomplex Figure 2,
Nanocomplex-L did not exhibit a burst release and the cumulative
release of PTX reached 63% at 786 hours. The release of PTX from
large-size RVG-PTX-nanocomplex was relatively slower than that
from the smaller one. We deduced that the slower degradation of large-
size RVG-PTX-nanocomplex provided a very stable nanoformulation.
The generally more sustained and controlled release profile of large-
size RVG-PTX-nanocomplex facilitated the application for the delivery
of anticancer drugs.

The effect of size on cytotoxicity

Human glioma U87 cells were treated with small-size and large-
size  RVG-PTX-nanocomplex and PTX-nanocomplex at varying
concentrations (102-10° mg/ml). We compared the large and the small
particles to obtain more significant differences from the data. Free PTX
served as a comparison to evaluate the glioma-specific cytotoxicity.
Dose dependent cytotoxicity was seen in all groups. The therapeutic

efficacy of small-size and large-size RVG-PTX-nanocomplex and PTX-
nanocomplex were tested by measuring the U87 cells viability after 72 h
Figure 2B. PTX packaged by nanocomplex displayed lower cytotoxicity
to U87 cells than free PTX. No significant differences were obtained
between the small- and the large-size RVG-PTX-nanocomplex and
PTX-nanocomplex. The half maximal inhibitory concentration (IC50)
of RVG-PTX-nanocomplex appeared at 10* mg/ml. RVG-PTX-
nanocomplex displayed superior efficacy at 0.1 ug/ml. PTX loaded
within nanocomplex indicated the effective anti-glioma activity. Our
results indicated that the size modification of RVG-PTX-nanocomplex
did not significantly affect cytotoxicity to U87. Because of PTX
packaged within nanocomplex, the controlled release feature showed
less toxicity than free PTX under the same concentration.

The effect of size on BMM and neurons uptake

To compare the size effect on uptake of small-, medium- and large-
size RVG-PTX-nanocomplex by BMM and neurons, intracellular levels
of fluorescence signal were evaluated after 1, 2 and 4 h incubation.
We tested whether large-size RVG-PTX-nanocomplex facilitated
BMM uptake, but stopped the neuronal uptake. Rhodamine 6G, a red
fluorescent, was used to label RVG-PTX-NP and PTX-nanocomplex
(data not shown). The amount of bound fluorescence was examined by
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a live fluorescence imager system. BMM and the hippocampal neurons
were treated three different sizes of RVG-PTX-nanocomplex, small-
size Figure 3, Nanocomplex-S, medium-size Figure 3, Nanocomplex-M
and large-size Figure 3, Nanocomplex-L containing the same amount
of fluorescence. Fluorescence microscopy and flow cytometry assays
were used to examine the level and quickness of uptake by BMM and
neurons at 1, 2 and 4 h post-treatment.

The size increases in RVG-PTX-nanocomplex facilitated BMM
uptake by fluorescence microscopy and flow cytometry assays
Figure 3A and 3C. Comparable uptake of three different sizes of
PTX-nanocomplexes showed that phagocytosis of BMM did not

disturb by the physical property. Limited uptake of small-size RVG-
PTX-nanocomplex by neurons was obtained at 4 h by fluorescence
microscopy Figure 3B. Importantly, increase size of RVG-PTX-
nanocomplex prevented uptake by neurons Figure 3B and 3D.

Quantitation of fluorescence intensity by flow cytometry assay was
used to analyze the levels of RVG-PTX-nanocomplex taken by BMM
and neurons Figure 3E. Results indicated that large-size RVG-PTX-
nanocomplex provided the highest uptake levels in BMM. Increase
the size of RVG-PTX-nanocomplex correlated to the enhanced uptake
by BMM Figure 3E, upper panel. In contrast, increase of particle size
prevented uptake of RVG-PTX-nanocomplex by neurons Figure

Figure 3: Uptake of RVG-PTX-nanocomplex by BMM and Neurons.

Small-, medium-, and large-sizes RVG-PTX-nanocomplex Nanocomplex-S, -M and -L were treated to BMM (A) and neurons
(B) for 1, 2 and 4 hrs. Red fluorescence represented intracellular distribution of RVG-PTX-nanocomplex uptake by the cultures.
Representative images of flow cytometry results exhibited the fluorescence signals in BMM (C) and neurons (D) at 4 hrs treated
to three sizes of RVG-PTX-nanocomplexes. The shift of fluorescence distributions indicated the significant levels of all three
sizes of RVG-PTX-nanocomplex uptake by BMM. Quantitation of flow cytometer assay (E) showed that large-size RVG-PTX-
nanocomplex enhanced uptake by BMM. An increase uptake profile correlated to the rise of particle size. In contrast, enlarging
size prevented neuronal uptake of RVG-PTX-nanocomplex. A decrease of uptake profile correlated to the rise of particle size.
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3E, lower panel. The results confirmed that the biological functions
of macrophages facilitated rapid uptake of large-size RVG-PTX-
nanocomplex. Importantly, Increase the particle size stopped neurons
to take RVG-PTX-nanocomplex.

Quantitation of intracellular PTX in BMM

To validate the transportation ability of three different sizes of
RVG-PTX-nanocomplex, we examined uptake of PTX inside the
BMM at 1, 2, 4 and 8 h. The intracellular PTX were extracted from fully
washed BMM. RVG-PTX-nanocomplexes remaining in the medium
were collected and PTX was extracted. HPLC assay was used to analyze
PTX in BMM and medium. The levels of PTX were calculated as the
percentage of initial incubating concentration. With the increase of
incubation time, the amounts of PTX remaining within the medium
were gradually decreased Figure 4A, upper panel. In contrast,
intracellular PTX was increased in medium-size and large-size RVG-
PTX-nanocomplexes treated BMM. Large-size RVG-PTX provided
greater PTX levels with 25% of PTX within BMM at 8 h Figure 4B,
lower panel. Small-size RVG-PTX-nanocomplexes treated BMM
maintained a significant lower level of PTX at all the time points. This
result was not in accordance with the result from microscopy and flow
cytometry. We deduced that the smaller RVG-PTX-nanocomplexes
were digested quickly after internalized by BMM cells and most of
the released PTX inside the BMM cells binding to tubulin was hardly
extracted by organic solvent. Large-size RVG-PTX-nanocomplex
remained at stable formulation after internalized by BMM, leading to
PTX easily extracted from cell lysate.

Figure 4: Quantitation of BMM uptake and release.

(A) Quantitative analysis of the PTX content inside the BMM cells

The effect of size on BMM release of RVG-PTX-nanocomplex

Major differences in the BMM release were achieved from different
sizes of RVG-PTX-nanocomplex. The results were calculated as a
percentage of PTX released to the medium Figure 4C. BMM release of
PTX was up to several days. For the large-size RVG-PTX-nanocomplex,
a robust release process was shown during the first 24 hours, and about
42% of the PTX was released to the medium from BMM by 5 days.
Medium-size RVG-PTX-nanocomplex exhibited steady increases of
released PTX in the medium, and reached 38% at day 5. Small-size
RVG-PTX-nanocomplex revealed the lowest release profiles, and less
than 9% of PTX was released from BMM into the medium at day 5.
Thus, large-size RVG-PTX-nanocomplex released higher levels of PTX
to the extracellular space. Because the side effects of PTX binding to
tubulin had impact on BMM, MTT assay was used to examine cell
viability after internalizing three sizes of RVG-PTX-nanocomplexes.
Large-size RVG-PTX-nanocomplex loaded BMM showed greater
viability than the small-size RVG-PTX-nanocomplex Figure 4D.

Correlation of RVG-AchR binding with TAM uptake

RVG peptide can specifically bind with the AchR and play a key
role by crossing the BBB and entering the brain TAMs. Culture inserts
were used to separately co-culture BMM and U87 to differentiate to
tumor associated macrophages (TAMs). We made red fluorescence
labeled HS-RVG directly reacted with TRM (HS - RVG + TRM), HS-
RVG reduced by PME before reaction with TRM (HS - RVG + PME +
TRM), and PME reaction with TRM without HS-RVG (BME + TRM).
Macrophages were treated to HS - RVG + TRM, HS - RVG + PME +
TRM and PME + TRM for 2 h. The specific binding only showed in

(B) and the PTX remained in the medium (A) after different co-incubation time
(C) The percentage of PTX content released by BMM to the medium

(D) The viability of BMM cells during the release period
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HS - RVG - BME - TRM treated group Figure 5A, red. No specific
binding signals were seen in cultures treated with HS-RVG-TRM or
BME + TRM. The results further verified receptor-mediated RVG
specific binding.

To study AchR expression correlated with uptake of RVG-PTX-
nanocomplexes, antibody to AchR 7 was used to stain TAMs. High
levels of AchR displayed in TAMs Figure 5B, green. The intracellular
distribution of RVG-PTX-nanocomplexes uptake by TAMs Figure 5B,
red correlated with AchR?7 expression Figure 5B, merge._

Transportation of RVG-PTX-nanocomplex from TAMs to
[8}:74

RVG-PTX-nanocomplex uptake by TAMs was transported to the
neighboring U87 via cell-to-cell direct interaction. TAMs were pre-
loaded with red fluorescence labeled RVG-PTX-nanocomplexes Figure
6, red, and then co-cultured with GFP-U87 Figure 6, green. In the
mixed cultures, the red RVG-PTX-nanocomplexes loaded TAMs and
the green U87 cells allowed visualizing the cell-to-cell transportation of
RVG-PTX-Nanocomplex. The first 12 h, “nano-synaptic”-like contact
Figure 6A, arrow were seen between the red RVG-PTX-NP loaded
TAMs and green U87. Fluorescence images clearly showed the red
RVG-PTX-nanocomplexes transporting from the TAMs cytoplasm
into U87 Figure 6B. Enlarged image Figure 6C exhibited RVG - PTX

Figure 5: RVG mediated TAMs specificity.

The specific RVG binding shown in HS-RVG+BME+TRM treated cells
at 2 hrs incubation (A, red signals). No specific binding signals seen in
cultures treated with RVG without functional structure (HS-RVG-TRM) or no
fluorescence labeling (bME-TRM). The untreated TAMs served as control.
RVG binding to AchR mediated RVG-PTX-nanocomplex uptake was analyzed
by immunostaining with antibody to AchR7 (B, green). High levels of AchR
expressed in TAMs, which had taken up RVG-PTX-nanocomplex (B, red) to
display a correlated intracellular distribution (B, merge).

Figure 6: Pre-loaded TAMs transporting RVG-PTX-nanocomplexes to U87
cells.

RVG-PTX-nanocomplex pre-loaded TAMs (red, nano*-TAMs) were co-cultured
with GFP-U87 (green). At first 12 h, fluorescence images showed that nano*-
TAMs transported red RVG-PTX-nanocomplexes into U87 via cell-to-cell direct
transportation (A, arrow). The red “nanocomplexes” co-localized with GFP
resulted as yellow in U87 cell bodies (A and B). Enlarged image (C) showed the
“red-nanocomplexes” transporting to green U87 by TAMs process connection.

Figure 7: Anti-glimoa activities.

Microscopy was used to detect GFP-U87 cells (green) co-cultured with large-
size RVG-PTX-nanocomplex loaded TAMs (Nano-TAMs, red). Anti-glioma
activity of Nano-TAMs showed significant killing of U87 at 3 and 7 days when
compared to U87 alone. No red Nano-TAMs were seen at day 7 due to release
of red RVG-PTX-nanocomplex.

- nanocomplexes transportation via TAM extended process Figure 6C,
arrow.

Anti-glioma activities of RVG-PTX-nanocomplex loaded
TAMs

We further investigated whether RVG-PTX-nanocomplex engulfed
by TAMs can actively kill glioma cells. RVG - PTX -nanocomplexes
were pre-loaded to TAMs (Nano-TAMs). Nano-TAMs Figure 7, red
were co-cultured with U87 cells Figure 7, green, at a ratio of 1:1, and
continually cultured up to 7 days. U87 cell served as control Figure
7, upper panel. After 4 h of co-culture, red RVG-PTX-nanocomplexes
transporting into U87 showed as “yellow” U87 cells Figure 7, lower
panel. On co-cultivation days 3 and 7, fluorescence images showed
significant killing of U87 cells compared to the controls. Dual
fluorescence images showed that no red Nano-TAMs were detected at
days 3 and 7 of co-cultivation, indicating RVG-PTX-nanocomplexes
release and transportation to the U87 cells. The data further confirmed
RVG-PTX-nanocomplex targeted to TAMs to actively deliver PTX to
neighboring cancer cells, providing significant cytotoxicity._

Discussion

Nanoprecipitation is one of the most important methods for
the preparation of nanocomplex. Compared with other methods,
such as emulsion, it has the advantages of size modification [56-63].
When employing nanoprecipitation, the particle size can be rationally
predicted by solvent type, polymer concentration, and solvent to
water ratio. Particularly, there is a linear correlation between polymer
concentrations and volumetric sizes of the resulting nanocomplex.

The physicochemical properties of nanocomplex play critical roles
in cell uptake and pharmacokinetics. The core-shell nanocomplex was
capable of loading PTX inside and conjugating targeting peptide RVG
on the surface. Three sizes of RVG-PTX-nanocomplex increased to
about twice their size. The smaller size of RVG-PTX Nanocomplex had
higher PTX loading. The increases of size in RVG-PTX-nanocomplex
prevented uptake by neurons. The size-dependent uptake, release and
TAMs targeting specificity of RVG-PTX-nanocomplex were more
prominent between the sizes of 73 nm and 222 nm. Large-size RVG-
PTX-nanocomplex exhibited increases in uptake and release by BMM.
The particle size of RVG-PTX-nanocomplex had significant effects
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on TAMs targeting specificity and pharmacokinetics. In this study,
we optimized the most influencing factor, particle size, to develop a
brain-TAMs targeted delivery system. Three different sizes of RVG-
conjugated core-shell structural nanoparticles were successfully
prepared. By adjusting the PLGA polymer concentration, RVG-PTX-
nanocomplex was successfully made with size of ~ 73 nm, ~ 139 nm,
and ~ 222 nm. Since these particles had identical structure, chemical
components and surface properties except for their different size, the
small-, medium-, and large-size RVG-PTX-nanocomplex provide
excellent models to study size-dependent biological behaviors.

The internalization of three sizes of nanoparticles by BMM was
very similar. Among these three sizes of nanocomplex, the large-
size RVG-PTX-nanocomplex has generally had a more sustained
and controlled release profile in vitro due to the relatively slower
degradation than the smaller ones. After uptake by BMM, free PTX
was released faster from small-size RVG-PTX-nanocomplex leading
to a greater cytotoxicity than large-size RVG-PTX-nanocomplex. The
released PTX binds to tubulin preventing its transportation from BMM
to extracellular medium. It is well known that the release behavior of
PLGA nanoparticles can be regulated by the ratio of the composition
of LA units and GA units. Our results demonstrated that the increase
of particle size, by changing the PLGA polymer concentration,
prolonged PTX release from nanocomplex. From this study, we found
that the difference in size of RVG-PTX-nanocomplex did not affect
cytotoxicity to tumor cells. Although slower release of large-RVG-
PTX-nanocomplex had less initial toxic to tumor cells, the prolonged
and consistent PTX was transported to the cancer cell, leading to
potential improved pharmacokinetic and enhanced therapeutic
efficacy in clinical use.

The cell-to-cell transportation revealed initial localized distribution
of RVG-PTX-nanocomplex in the targeted TAMs at the sites of glioma
contact with the neighboring tumor cells. Cell-to-cell contact plays an
important role in the “nano-synaptic”-like transportation. Thus, co-
culture of pre-loaded macrophages with U87, transferred a significant
amount of RVG-PTX-nanocomplex to produce greater antiglioma
activities. In particular, pre-loaded TAMs delivered a greater amount
of RVG-PTX-nanocomplex into intracellular of U87 cells. It is likely
that “nano-synaptic”’-like transportation is involved in this TAMs
mediated delivery system.

The design of a single cell-based delivery system, targeting efficiency
and specificity with minimal off-target effects, remains to be a major
challenge. The advantage of this delivery system is that it combined a
high expression of AChR and strong phagocytosis of TAMs, providing
the selective targeting specificity. The ability of macrophages to uptake
RVG-PTX-nanocomplex, release drugs and accumulate within the
brain tumors makes them attractive targets for glioma therapy.
Although changing the size of RVG-PTX-nanocomplex greatly
influenced the neurons uptake behavior, the strong phagocytosis of
macrophages exhibited greater uptake of RVG-PTX-nanocomplex
without rejection by increasing the particle size. Most importantly,
RVG-PTX-nanocomplex uptake by neurons was particularly limited
by the particle size. We developed the size-controlled RVG-PTX-
nanocomplex for selective uptake by TAMs with off-neurons effect.
With selective TAMs uptake and effective PTX transportation and
U87 cytotoxicity, large-size RVG-PTX-nanocomplex offer greater
therapeutic potential for anti-glioma therapy. On the other hand,
small-size RVG-PTX nanocomplex are more easily internalized by
normal cells, leading to off-target side effects.

Conclusions

In this study, we developed three sizes of PTX loaded nanocomplex
mounted with RVG peptide. The size-controlled RVG-PTX-
nanocomplex for TAMs targeted delivery to treat glioma was
investigated. We found that large-size RVG-PTX-nanocomplex had
better controlled release, selective TAMs uptake and effective U87
cytotoxicity with off-neurons effect. We concluded that our “larger”
RVG-PTX-nanocomplex (139-222 nm) can have a more promising
potential when used in TAMs targeted delivery system for the treatment
of glioma.
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