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article processing of injectable nanonized encapsulated chemotherapeutics to target primary
and metastatic breast cancer tumor microenvironment for precise and controlled
delivery.

Results: A novel coaxial electrospraying of multiple cancer drugs (paclitaxel and
GW2580) as core and polycaprolactam (PCL) as the shell has been developed to
produce multi-cancer drug nanocapsules. Using electrospraying process, we have
successfully made nanocapsules containing paclitaxel to target breast cancer cells and
GW2580, a colony-stimulating factor 1 receptor (CSF1R) inhibitor to target CSF1R+
myeloid cells in the tumor microenvironments (TME). The UV-vis drug release test for
14 days shows a prolonged and sustained release pattern of both the drugs. In vitro
and in vivo results showed the effects of nanocapsules containing multiple drugs in
controlling the growth of tumor cells and increased survival of the animal bearing
breast cancers.

Conclusion: Nanonized multi-cancer drugs were encapsulated in a PCL shell. The
drug doses ratio and the polymer-to-drug ratio were controlled by engineered process
parameters. The studies showed the importance of making nanocapsules containing
nanocrystals of multiple drugs, which will pave the way of making multiple drug com-
binations in a controlled manner and capsules can be designed for sustained release
of the drugs after accumulation into the TME. TME-directed therapy can be a norm in
future cancer treatment strategies. These injectable nanocapsules will allow cancer
site-specific precision and controlled delivery to cure primary and metastatic breast
cancer and to overcome the chemotherapy resistance.

Keywords: Co-axial electrospraying, Injectable nanocapsules, PCL, Paclitaxel, GW2580,
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Introduction

There is growing potential for nanomedicine as effective, safer, and targeted cancer
treatment with the recent advancement. However, an incomplete understanding of
nano-bio interactions and the challenges regarding processing and fabrication in
scale-up engineering techniques, controls over drug release, efficacy, and cytotoxicity
to the human cell are the major challenges for its clinical success (Shi et al. 2017). To
date, different types of nanoparticles and nanocarriers have been reported. Carbon
nanotubes (CNTs) were investigated as nanocarriers where the payload can either be
encapsulated in the inner cavity or be attached to the surface. (Eatemadi et al. 2014;
Conde et al. 2014; Chen et al. 2017). However, the major drawbacks of CNTs as nano-
carriers are their high cytotoxicity, non-biodegradable nature, and poor water solu-
bility. Gold nanoparticles (Au NPs) have also been investigated (Ghosh et al. 2008).
Au NPs are mainly prepared using the colloidal synthesis method which has surface
plasmon resonance (SPR) bands to convert light into heat and disseminates that heat
to kill the cancer cells. However, Au NPs have low colloidal stability in blood flow and
high toxicity towards human cell impeding its use as nanocarrier in cancer therapy
(Voura et al. 2004). Quantum dots (QD) are fluorescent semiconducting inorganic
nanocarriers that have shown potential (Probst et al. 2013). However, the presence
of a highly toxic metal component (CdSe, ZnS) in the QD makes it incompatible as
a therapeutic agent. Similarly, functionalized superparamagnetic iron oxide nano-
particles (SPIONs) containing magnetite (Fe;O,) and maghemite (Fe,O;) were also
proposed as targeted drug delivery. Although functionalization of SPIONs provides
a surface to conjugate drugs and targeting ligands, eventually leads to instantaneous
drug release at the specific target (Wahajuddin and Arora 2012). Prolonged and sus-
tained release of drugs is not possible when it is surface conjugated drugs. Further-
more, liposomes, which are lipid bilayer vesicles, are a well-established formulation
strategy to improve drug delivery and enhance therapeutic outcomes. Although the
application of liposomes has been expanded since its discovery, the advantages have
so far been negligible as it has high production cost, short shelf life, and stability, low
encapsulation efficacy, rapid clearance from the bloodstream by the reticulo-endothe-
lial system (Sercombe et al. 2015; Yadav et al. 2017).

Biopolymeric nanoparticles have well-known degradation properties which make it
easier to controlled/tune drug release patterns with having less to no toxicity due to their
biocompatibility. These nanoparticles are reported to be processed by various methods
such as nanoprecipitation, nano/micro-emulsification which depends on the polymer,
and drug characteristics such as molecular weight, biodegradability, and hydrophobicity,
hydrophilicity (Sun et al. 2014). Issues with using polymeric nanoparticles include lim-
ited shape and wide size distribution, limited encapsulation efficiency, which eventually
affect drug release characteristics (amount, rate, and pathway) (Xu et al. 2013). Moreo-
ver, it is extremely difficult to have a scale-up fabrication process of such nanoparticles
with controlled doses of drugs and/or multiple drugs (i.e., chemotherapy) if only chemi-
cal synthesis processes such as emulsification or nanoprecipitation are followed. For
example, to our experience of the micro and nano-emulsification process, most of the
drugs we lose during the oil and water solution phase, and the encapsulation efficiency is
extremely low to have effective efficacy of the drug (Kumari 2018).
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In this study, we have shown a novel engineering fabrication process of coaxial electro-
spraying to encapsulate multiple cancer drugs (paclitaxel, GW2580) with polymer (PCL)
shells in nanoscale for cancer therapy. In this process, core drug solutions and sheath
polymer solution are forced by an electrostatic potential to eject out through different
but coaxial capillary channels, resulting in a core—shell structure. The coaxial jet pulsa-
tion mode in relation to the solution viscosity, solution miscibility and incompatibility,
solution conductivities, molecular weight and spray voltage will lead to a transformative
and scalable nanonization and nano-encapsulation of cancer drugs for targeted therapy.
The size and morphology of the nanocapsules will also depend on the process param-
eters, materials characteristics and solution concentrations. In the absence of an applied
electric field, distinct phase of droplets (where the polymer solution will engulf the drug
solution) will form at the capillary tip under the influence of gravity. With the effect of
high voltage, the capillary droplet will atomize into many nanodroplets which eventually
are collected as solid nanoparticles. Solution viscosity, electric conductivity and volatil-
ity, pumping rate, spinneret to collector distance, etc. will have impact on the resultant
formation of drug nanocapsules, and dose control. This engineered process is scalable
with higher encapsulation efficiency, prolonged and sustained drug release, size distri-
bution with less than 100 nm, over other techniques due to their versatile control on
the engineering process parameters. Drug dose ratios and polymer to total drug ratios
are controlled by the solution concentration and solution flow rate through the pump.
As coaxial electrospraying has minimal interaction with drug and polymer solution, it
encapsulates the drug into a polymer shell without any further chemical degradation
of the drug. Besides, more drug combinational therapy is possible by just adding more
solution pumps and its control system.

The nanoscale size of the capsules allows relatively higher intracellular uptake than
other nanostructured systems. They can improve the stability of active substances and
can be biocompatible with tissue and cells when synthesized from materials such as
polycaprolactone (PCL). PCL in biomedical application is suitable for excellent biocom-
patibility and its ability for longer drug delivery (Woodruff and Hutmacher 2010).

The rationale behind this size range is to utilize the enhanced permeability and reten-
tion (EPR) effects of a hypervascular tumor (Mosqueira et al. 2001; Upreti et al. 2013;
Aljuffali et al. 2011; Fang et al. 2013). The 10-100 nm nanoparticles utilize this EPR
effect to preferentially accumulate and be retained in tumors unlike the free drugs or
small molecules that rapidly undergo renal filtration. This phenomenon of the EPR
effect has shown that the retention time of drugs packed in nanoparticles is ten times
higher than that of free drugs at a tumor site (Li and Wang 2013; Iyer et al. 2006; Prab-
hakar et al. 2013; Greish 2010). We have successfully processed nanocapsules contain-
ing paclitaxel to target breast cancer cells and GW2580, a colony-stimulating factor 1
receptor (CSF1R) inhibitor to target CSF1R+ myeloid cells in the tumor microenviron-
ments (TME). TME comprises tumor cells, myeloid cells, T-cells, stem cells, immune
cells, extracellular matrix, blood vessels, etc. There has not been any report on such can-
cer drug nanonization to target tumor cells and TME, such as tumor-associated mac-
rophages (TAM) or myeloid-derived suppressor cells (MDCSs) at the same time. By
combining both paclitaxel and drugs that target TME (CSF1R blocker, GW2580), a syn-
ergistic therapeutic effect is expected that leads to control of not only the primary breast
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tumors, but also the metastatic foci. A few CSF1R blockers are now under clinical trials
for different disorders (Butowski et al. 2015; Patwardhan et al. 2014; Smith et al. 2015).
The intravenous formulation of both paclitaxel and GW2580 will allow to decrease the
total administered dose (significant decrease in toxicity) and increase the bioavailability
to the tumors. The nanocapsules can carry as little as 1-5 wt % of the drug when com-
pared to the carrier polymer. Moreover, these nanocapsules containing both drugs can
be injected directly into primary tumors at a lower amount and due to sustained release,
the effect could be comparable to the IV administered dose with respect to the control of

primary tumors.

Experimental (materials and methods)

Synthesis and fabrication method

Polycaprolactone (PCL) of average molecular weight 14 kg/mol was purchased from
Sigma-Aldrich and anticancer drug paclitaxel of 98% purity was purchased from AK Sci-
entific. GW2580 (colony-stimulating factor 1 receptor (CSF1R) inhibitor) was procured
from LC laboratory (Woburn, MA) and all other chemicals were of reagent grade and
purchased from Sigma-Aldrich. Paclitaxel was dissolved in formic acid with a concentra-
tion of 4.4 mg/mL. A homogeneous solution was prepared using a magnetic stirrer in
a light protective environment. GW-2580 was dissolved in dimethyl sulfoxide (DMSO)
with a concentration of 24.34 mg/mL. Both of these solutions were used as core solu-
tions in the electrospraying process. Biocompatible polymer, polycaprolactone (PCL)
was dissolved in a combination of three solvents with a concentration of 32.86 mg/mL
using a magnetic stirrer. The three-solvent system consists of formic acid (FA), acetic
acid (AA) and trifluoroethanol (TFE) with a volume ratio of 9:9:1. The three-solvent sys-
tem was used to lower the conductivity and volatility of sheath solution compared to
core solution. PCL solution was then sonicated for 13—19 h using a vibracell ultrasonic
materials processing unit (750-W with 20 kHz). The sonication parameters were: ampli-
tude 30%; pulse frequency: 50 s ON and 10 s OFF; temperature: 47 °C; to avoid the rise of
temperature during the sonication process, ice bath of 44 °C was used. A thermocouple
was dipped into the solution to measure the temperature with feedback control to main-
tain the temperature of the solution at around 47 °C.

NF-500 Electrospinning Unit (MECC, Japan) was used for electrospraying the multi-
cancer drug nanocapsules. Ultra-coaxial spinneret, a special concentric nozzle was used
for core and sheath coaxial stream. Ultrafine coaxial spinneret as shown in Fig. 1, a spe-
cial concentric nozzle, is used for creating a coaxial stream of two drugs solution in the
core and polymer solution at the sheath.

A 27-gauge needle (OD: 0.413 mm) acted as the core nozzle, which was placed con-
centrically into the shell nozzle (0.8 mm). Solutions were pumped to the spinneret using
two separate high-precision syringe pumps and 10 ml NORM-JECT latex-free syringes.
For multi-drug encapsulation, a special Y-connector with compatible Luer-lock adap-
tors was used to have two distinct drug solution flow which goes into the core of the
coaxial spinneret. In this case, two separate drug solutions were pumped from two
separate syringes. The schematic of the processing technique of the multidrug nanocap-
sules is shown in Fig. 2a. The electrospraying machine (Fig. 2b) was equipped with two
feed pumps at a precise flow rate from 0.2 to 10.0 ml/h. A dehumidifier was attached to
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Fig. 2 aThe schematic of the experimental setup with Y-connector. b Processing of nanocapsules with two

sets of drug molecules (namely the anti-breast cancer drug paclitaxel and CSF1R inhibitor GW2580) in the
core and the bio polymer PCL in the sheath

control system humidity. Relative humidity was maintained at around 40% throughout
the electrospraying process. The total flow rate (sum of the core and sheath flow rate)

was controlled to achieve continuous electrospraying and encapsulation of two drugs
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to produce the nanocapsules. The comparative flow ratio and concentration of the two
individual drugs were controlled very precisely to maintain the ratio of the mass flow
rate according to the doses. The system is capable of processing nanocapsules with mul-
tiple drugs with drug weight ratios of 1:1; 1:2; 1:4; 1:8 and more. The weight percentage
of the total drugs (paclitaxel + GW2580) was 25% with respect to the polymer sheath,
whereas the weight of the paclitaxel-to-GW2580 ratio was maintained at 1:8 in the
multidrug nanocapsules. The comparative flow ratio and concentration of the two indi-
vidual drugs were controlled very precisely to maintain the ratio of the mass flow rate.
The system processing parameters (voltage 25—44 KV, tip to collector distance: 140 mm,
mass flow rate for paclitaxel solution: 0.1014 pg/s; mass flowrate for GW2580 solution:
0.811 pg/s; mass flowrate for PCL solution: 2.74 pg/s; were kept constant during the pro-
cessing of the nanocapsules. The nanocapsules were collected in a glass Petri dish kept in
the grounded collector surface of the electrospraying machine. The produced nanocap-
sules were then vacuum dried and weighed. Along with multidrug nanocapsules, single
drug nanocapsules of PCL-paclitaxel and PCL-GW2580) were also produced where the
drug was in the core and the polymer was in the sheath.

SEM (scanning electron microscope)/TED (transmission electron detector) imaging

SEM and TED images of the as produced nanocapsules were carried out using JEOL
7600 field emission scanning electron microscope (FESEM) with a TED attached to it
was used to study the morphology of the particles for the imaging. The TED detector
was operated at 30 kV and 2 x 10~* Torr in order to produce a transmission electron
image. Energy dispersive spectroscopy (EDS) was used to investigate the presence of any
free drug compound at the outside of the sample. The acceleration voltage was needed to
be as high as 20 kV for EDS.

Dynamic light scattering (DLS) assay for size and zeta potential

Size and zeta potential of the nanocapsules containing both drugs were measured by
ZetaView Nanoparticle Tracking Analyzer (NTA) system. Nanocapsules were scrapped
from the petri dishes and dissolved in distilled water, and dispersed by ultrasonic force.
Then, nanocapsules were mixed with PBS (19/1 ratio), and 1 ml of sample was loaded
into Zetaview NTA. Nanoparticle size was determined by tracking their Brownian
movement in 11 positions and the measurement’s statistical average is taken for size
evaluation. Zeta potential was measured in 11 measuring positions and two station-
ary layers with the following parameters; 520 nm laser wavelength, 3.30 V/cm (pulsed)
sensed electrical field, and 25 °C temperature. Results were analyzed in ZetaVIEW soft-
ware (version 8.05.12 SP2) using maximum pixel 200 and minimum pixel 5 and Camera
0.703 pum per px were used for capturing and analyzing the data.

In vitro drug release tests

As produced nanocapsules of 13.75 mg were placed into 9.2 ml of 0.01 M phosphate buffer
saline (PBS) in centrifuge tubes and preserved in an incubator at 37 °C to allow the nano-
capsules to release drugs in PBS media. The PBS media did not contain any serum. 100 uL
of PBS solution were collected from each centrifuge tubes to UV transparent 96-well plates
at 24-h interval to measure the absorbance peak for each drug (paclitaxel and GW 2580)
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from which the amount of released drug from nanocapsules within that time was found.
Calibration curves for paclitaxel and GW2580 were plotted based on the absorbance and
the corresponding drug concentrations for respective drugs. The absorbance of drug is
proportional to their concentration in PBS solution. Calibration curves for paclitaxel and
GW2580 were plotted individually based on the absorbance and the corresponding known
drug concentrations for respective drugs. Figures 3 and 4 show the calibration curves for
paclitaxel and GW2580 drugs, respectively. GW2580 has two distinct absorbance peaks
near 230 nm and 280 nm wavelength, respectively. A correlation between these two absorb-
ances was established experimental calibration curves as follows:

GW2580 concentration : 1.6357 % Absyzg + 0.1515 = 1.5773 % Absygo + 0.0133
= Absy3p = 0.964 x Absygy — 0.084

where Abs,s,=local absorbance at 230 nm wavelength; Abs,g,=1local absorbance at
280 nm wavelength.

Page 7 of 18
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A vortex mixer was used to make the solution homogenized before taking samples.
Samples’ absorbance was measured using a UV-Vis spectrometer. Paclitaxel (PTX)
has a maximum absorbance at 230 nm and GW2580 has a maximum absorbance at
230 nm and 280 nm. At 230 nm, both the drugs (PTX and GW2580) showed a peak
absorbance. Therefore, the absorbance spectrum at 230 nm is a combined absorb-
ance for both drugs, which is illustrated in Fig. 5. From the absorbance spectrum for
multidrug-loaded nanocapsules the absorbance at 280 nm represents the amount of
GW2580 releasing from nanocapsules in PBS media. Hence, the concentration of
GW2580 was first calculated based on the absorbance at 280 nm. The absorbance
of GW2580 at 230 nm was found from the calibration curve of GW2580 for both
230 nm and 280 nm and the correlation is shown as equation-1. Then this GW2580
absorbance is deducted from the combined absorbance found at 230 nm to get the
absorbance that corresponds to paclitaxel. The calibration curves against the absorb-
ance were used to determine the actual cumulative drug release at each day. After the
2 weeks of the release test the amount of cumulative drugs did not increase. The max-
imum drug released during the overall test period were measured from the cumula-
tive total drug until the end of the test period. The percent release of the specific drug
on each day was measured compared with the maximum cumulative drugs.

Pristine PCL showed minimal absorbance (less than background absorbance of only
PBS) which was also found by other researchers (Jalili-Firoozinezhad et al. 2017), all
absorbance came mostly from the drugs inside the capsules. We did not observe any
interference of absorbance peaks with drugs and polymer PCL.

MDA MB 231 cells, culture methods, treatments, and cell viability assay

Human Triple Negative Breast Cancer (TNBC) cell line, MDA-MB-231 was cultured
in high glucose-containing Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum, and 4.0 Mm L-glutamine (Thermo Scientific). The cells
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Fig. 5 UV-Vis absorbance spectrum for different days for paclitaxel and GW2580-loaded nanocapsules
(paclitaxel-227 nm; GW2580-227 nm, 280 nm)
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were maintained at 37 °C in a normoxic (21% O,) chamber. At confluency, the cells were
split into 2.1 x 10° cells per T75 flask and maintained at regular growth condition until
attached properly and made 70-80 confluent. The effects of drugs in nanocapsules were
determined by cell viability assay. Cell viability was measured using a Cell Proliferation
Reagent WST-1 (Millipore, Sigma, USA). Briefly, MDA-MB-231 cells were plated at a
density of 1 x 10* cells/well in 96-well plates in 100 uL. DMEM with 10% FBS. Then the
cells were treated with nanocapsules containing paclitaxel at 100 mM concentration
for 24 and 48 h. Control groups contained DMEM-HG media only. Thereafter, 10 uL of
WST-1 solution were added to each well and the plates were incubated at 37 °C for an
additional 4 h. The absorbance of each well was then measured at 490 nm using Victor3
1420 Multilabel Reader (Perkin Elmer, Waltham, MA, USA). Medium with 10% FBS was
used as background and subtracted from the samples.

Raw 264.7 cells, culture methods, treatments, and cell viability assay

RAW264.7 mouse macrophage cell line was used for in vitro cytotoxicity assays using
GW2580 containing nanocapsules as RAW 264.7 cells are CSF1R-positive cells.
RAW?264.7 were grown in DMEM media containing 10% FBS. At 80% confluence, cells
were collected and replated in 96-well plates at a density of 1 x 10* cells/well in 96-well
plates in 100uL DMEM with 10% FBS. Then the cells were treated with nanocapsules
containing GW2580 at 100 mM concentration for 24 and 48 h. Control groups contained
DMEM media only. Thereafter, 10 pL of WST-1 solution were added to each well and
the plates were incubated at 37 °C for an additional 4 h. The absorbance of each well was
then measured at 490 nm using Victor3 1420 Multilabel Reader (Perkin Elmer, Waltham,
MA, USA). Medium with 10% FBS was used as background and subtracted from the
samples. Cell viability was measured as absorbance and performed in triplicates.

Methods for in vivo treatment and survival study

All the experiments were performed according to the National Institutes of Health (NIH)
guidelines and regulations. The Institutional Animal Care and Use Committee (IACUC)
of Augusta University (protocol #2014—0625) approved all the experimental procedures.
All animals were kept under standard barrier conditions at room temperature with
exposure to light for 12 h and dark for 12 h. Food and water were offered ad libitum.
Tumors were implanted orthotopically in animals with bodyweight between 20 and 22 g
under ketamine (50 mg/kg)-xylazine (10 mg/kg) anesthesia (intraperitoneal injection).
All animals received buprenorphine SR (1.2 mg/kg) subcutaneously to minimize post-
surgical pain. The depth of anesthesia was checked by pinching skin or toe. The humane
endpoint of the survival studies was the fulfillment of the criteria for euthanasia at the
end of the survival studies (survival), which was by determining body weight (loss of
more than 15% of baseline body weight), moribund, coma, paraplegia, inability to drink/
eat. All animals were checked 2-3 times a week. None of the animals that underwent
TME analysis and enrolled in survival studies died prematurely. All animals were treated
with soft chow, apple, and subcutaneous fluid when they started signs of ruftled fur, loss
of weight, lethargy, and dehydration. The animals were humanely euthanized once the
euthanasia criteria were achieved. All efforts were made to ameliorate the suffering of



Khan et al. Cancer Nanotechnology (2022) 13:6 Page 10 of 18

animals. CO, (displacement rate of 30-70% of the chamber volume with CO, per min-
ute) with a secondary method (bilateral thoracotomy or collection of major organs) was
used to euthanize animals for tissue collection. Death was confirmed by established cri-
teria of lack of breathing, lack of corneal reflex, lack of response to a firm toe pinch, and
rigor mortis.

Cell line

4T1, a murine mammary aggressive breast cancer cell line from a BALB/cfC3H mouse,
was originally obtained from the American Type Tissue Culture Collection (ATCC),
and modified by Dr. Hassan Korkaya (Augusta University) to express the luciferase gene
reporter. For cell cultures and propagation, cells were grown in Roswell Park Memorial
Institute 1640 medium (RPMI) (Thermo Scientific), supplemented with 10% fetal bovine
serum (FBS) (Nalgene-GIBCO), 2 mM glutamine (GIBCO, Grand Island, NY, USA) and
100 U/mL penicillin and streptomycin (GIBCO, Grand Island, NY, USA) at 5% CO, at
37 °C in a humidified incubator.

Tumor model

4T1 cells expressing the luciferase gene were orthotopically implanted in NSG J-1 mice
(Jackson Laboratory, Main USA). All the mice were between 5 and 6 weeks of age and
weighing 18-20 g. Animals were anesthetized using a mixture of xylazine (20 mg/kg)
and ketamine (100 mg/kg) through intraperitoneal administration. Then the hair was
removed for the right half of the abdomen by using hair removal ointment, and then the
abdomen was cleaned by povidone-iodine and alcohol. A small incision was made in the
middle of the abdomen, and the skin was separated from the peritoneum using blunt
forceps. Separated skin was pulled to the right side to expose the mammary fat pad and
50,000 4T1 cells in 50 pL. Matrigel (Corning, NY, USA) were injected. Tumor growth was
monitored every week. In vivo, optical images were obtained every week to keep track of
primary tumor and metastasis development by injecting 100 pL of luciferin (3 mg/mL)
intraperitoneally followed by the acquisition of bioluminescence signal by spectral AmiX
optical imaging system (Spectral instruments imaging, Inc. Tucson, AZ). The photon
intensity/mm/sec was determined by Ami-view software (version 1.6.0). The animals
were anesthetized using an isoflurane vaporizer chamber (2.5% Iso: 2+ 3 L/min O,) and
maintained under anesthesia (2% with oxygen) during the procedure.

Nanonized combined Paclitaxel and GW2580 encased in PCL sheath were collected
from the Petri dishes by using a sterile scraper and weighed. The percentage of paclitaxel
and GW2580 was approximately 2.7% and 22.2%, respectively, in the combined drug for-
mulations, sterile water was added to the formulation followed by sonication to make
an injectable solution. Drug formulation was administered into the tumor-bearing mice
intravenously through the tail vein in 100 mL solution at a dose of 20 mg/kg/day for
paclitaxel or 160 mg/kg/day for GW2580. Treatment was started on day 8 post-implan-
tation and continue for 2 weeks (every alternate day, a total of 6 doses).
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Fig. 7 TED images show the multidrug (paclitaxel +GW2580) PCL nanocapsules electrosprayed at voltage of
45 kV where the time for sonication of PCL solution was 19 h

Results and discussion

Figure 6 shows the SEM images of fiber particle transition phases electrosprayed at a
voltage between 25 and 30 kV. Energy Dispersive X-ray showed no presence of drugs
at the outer surface indicates the encapsulation of both the drugs. Samples were elec-
trosprayed with a voltage between 40 and 45 kV directly on TEM grids made of lacey
carbon copper. PCL was sonicated for a longer period (19 h) in this case before the
electrospraying of the nanocapsules.

TED image, shown in Fig. 7, was analyzed using Image] (Version 1.53i) software to
estimate the particle size distribution. The particles in the image were found within
20-100 nm size range. No drug compounds were detected by the EDS at the outer sur-
face. The observation is also consistent with the release test since no pattern of burst
release was observed during the drug release test. As can be seen in Fig. 4, the size dis-
tribution of the produced nanoparticles is less than 100 nm even before the osmosis fil-
tering. The total drugs (paclitaxel + GW2580) in the core was about 25% and the rest
was the sheath biopolymer PCL. All these injectable nanocapsules were produced using
electrospraying techniques with the innovative feeding and spinneret system as shown
in Fig. 2.
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The distribution of particle sizes as well as the zeta potential of the nanocapsules
containing both drugs was consistent in two different samples. It is to note that the
nanocapsules tend to agglomerate quickly and become larger particles if not dis-
persed using ultrasonic forces. The measured particle size was 168.95+60.5 nm. The
measured zeta potential was —21.57£0.17 mV at 25 °C.

As can be seen in Fig. 8 for the combined drug nanocapsules, the drug release profile
is slowly sustainable for prolonged release. No burst release of the drugs was observed.
Approximately 60-70% of drugs were released within the first 2—4 days, however, the
rest of the drugs were released over the next 12 days. It indicates a prolonged and sus-
tainable release pattern of the drugs from the nanocapsules. It is also observed that
the release of paclitaxel is slightly slower compared to the release of GW-2580 initially,
which is predictable due to the higher percentage of GW2580. In our previous study
(Sakib et al. 2017) of encapsulated 5-fluorouracil (FU) and paclitaxel into biocompat-
ible polycaprolactone (PCL) nanofibers (NFs) using core-sheath electrospinning pro-
cess, encapsulated NFs demonstrated consistent drug release pattern for 25 days in PBS
media and increased cytotoxicity in comparison to pristine drug when tested in human
prostatic cancer and breast cancer cells. The encapsulation efficiency of the drug-loaded
nanofibers was 77.5% and the amount of drug was only 4—5% of sheath polymer.

Cell viability which was measured as absorbance and was performed in triplicates. A
decrease in cell proliferation was observed following the addition of nanocapsules con-
taining paclitaxel in both 24 h and 48 h as shown in Fig. 9. Similar phenomena were
observed with cancer drug-loaded PCL nanofibers (Sakib et al. 2017). Cell viability was
determined by WST assay and trypan blue dye exclusion test. In both assays, PCL con-
taining paclitaxel, 5-FU (fluorouracil) and both Paclitaxel and 5-FU decreased cell viabil-
ity between 33 and 50%. However, nanofibers are not injectable due to its length scale.
Also, a significant decrease in cell proliferation was observed following the addition of
nanocapsules containing GW2580 in both 24 h and 48 h (Fig. 10). The in vitro results
showed the effectiveness of the encapsulated individual drugs. Encapsulated Paclitaxel
decreased the viability of breast cancer cells similar to that of naked paclitaxel mediated
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Fig. 10 In vitro drug efficacy test for PCL-encapsulated GW-2580

cells killing as shown previously (Liebmann et al. 1993). GW2580 is a CSF1R antago-
nist and its effects will only be seen in cells that express CSF1R such as myeloid cells.
We proved the effectiveness of encapsulated GW2580 by using RAW?264.7 cells, which
are mouse macrophages and express abundant CSF1IR (Menke et al. 2009; Barbetti et al.
2014). The results indicate that encapsulation does not alter the function of the nanon-
ized drugs.

It has been observed that all animals tolerated the nanonized combined paclitaxel and
GW2580. There were no adverse effects, with respect to weight loss, movement, and
other well-being, observed during the therapy. All control animals died within 24 days,
but the animals that received treatments survived for 29 days as shown in Fig. 11.
Kaplan—Meier statistical analysis showed a significant survival benefit with the combi-
nation of nanonized paclitaxel and GW2580. While the optical density of the tumor on
day 8 post-implantation for all the animals (both groups) did not show any significant



Khan et al. Cancer Nanotechnology (2022) 13:6 Page 14 of 18

Survival study

100
100

2 -
2 E p value =.02
§ 2
'.-f, = gonltrol — E - control
B3 Pacltaxel+ - B

% aclitaxel £ 50 -+ GW+Paclitaxel-PCL
2 @

2

[

o

o

T S T

0 10 20 30
days

DAY 8 — before treatment DAY 15 — 1-wk of treatment

I '

Contro

PAC+GW-PCL

Fig. 11 The efficacy of encapsulated paclitaxel plus GW2580 on survival of 4T1 tumor-bearing immune
deficient NSG mice. In vivo tumor growth (luciferase expressing 4T1 breast cancer cells) and animal survival
using the injectable PClL-encapsulated paclitaxel plus GW2580. Kaplan-Meier analyses showed significant
survival benefit with nanonized drug combination

difference, on day 15 (after 1 week of treatment) group of animals injected with nanon-
ized combined paclitaxel and GW2580 showed a significant reduction of optical
intensity.

To investigate the efficacy of nanoscale encapsulation of cancer drugs CSF-1R inhibi-
tor (GW2580) and Paclitaxel into biocompatible polycaprolactone (PCL) nanocapsules
in tumor growth and metastatic outgrowth, we utilized the metastatic 4T1 tumor cells.
Murine 4T1 cells were originally isolated from a spontaneous mammary tumor in the
BALB/c strain and have been reported to show characteristics of the human triple-neg-
ative breast cancer (TNBC) subtype. We previously showed that 4T1 tumor cells dis-
seminate into distant organs as early as 1-week post-implantation (Borin et al. 2016;
Piranlioglu et al. 2019) and cause the death of mice within 8 weeks (Ouzounova et al.
2017). To determine its effect of the encapsulated drug and naked paclitaxel, we first
implanted 50,000 4T1 tumor cells into the mammary fat pad of syngeneic mice and
started treatment (intratumor) 1-week post-implantation.

After three doses of injection (one dose/week), the treatment was terminated, and
mice were followed for tumor growth and survival. In the first set of mice, only one
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Fig. 12 Intratumoral administration of encapsulated paclitaxel with GW2580 increased the survival of mice
implanted with mammary tumor. Highly aggressive 4T1 tumor cells were implanted into 4th mammary fat
pad of BALB/c mice and treatment was started 1-week post-implantation and total three doses (one dose/
week) were injected. a Three doses injection of encapsulated paclitaxel plus GW2558 increased the survival
of the mice while all naked paclitaxel injected mice died within 70 days. b However, there were no significant
difference in tumor size up to 42 days between groups. Results are presented as mean = SD (3-5 mice in
each group)

mouse in the encapsulated group died within 40 days and the remaining mice were
tumor-free after treatment and survived until the time we followed up. However, all
the mice in the naked paclitaxel-treated group deceased within 70 days (Fig. 12a, b)
which is longer than the tumor-bearing mice without any treatment. Next, we exam-
ine the efficacy of encapsulated paclitaxel and GW2580 on the metastatic outgrowth of
disseminated tumor cells. GW2580 is a selective inhibitor of colony-stimulating factor
1-receptor (CSF1R), which is a key regulator of myeloid cell proliferation, survival, and
differentiation (Hume and MacDonald 2012). Inhibition of CSF1R has been shown to
alter the recruitment and polarization of immunosuppressive myeloid cells (Stafford
et al. 2016). Our group also showed that pre-treatment of mice with CSF1R inhibitor,
GW2580 before tumor implantation prevent the recruitment of myeloid cell infiltration
into lung, one of the main metastasis-targeting organ for breast cancer cells (Borin et al.
2017). The second set of mice euthanized to examine metastatic colonization of tumor
cells in the lungs 72 h after the last injection. IP-injection of naked paclitaxel decreased
the tumor weight but this decrease was not significant compared to control or encap-
sulated treatment (Fig. 13a, b). Although encapsulated pac (PCL-Pac+ GW intratumor
administration) showed a tendency towards increased weight, no significant difference
was detected for the weight of spleens between groups (Fig. 13c). Next, we performed
ex vivo lung imaging and it showed that micrometastatic colonization of tumor cells in
the lungs of naked pac-treated animals whereas two of animals in the encapsulated pac-
treated group showed macro-metastasis in the same organ. Yet, the signal intensity of
luciferase was not significantly different between groups (Fig. 13d, e).

Conclusions

Multicancer (paclitaxel + GW2580) drug nanocapsules were produced using a coaxial
electrospinning technique. Nanonized multi-cancer drugs were encapsulated in a PCL
shell. The drug doses ratio and the polymer-to-drug ratio were controlled by engineered
process parameters. The produced nanocapsules were less than 100 nm in size and
showed prolonged and sustained drug release for both the drugs. In vivo results proved
our hypothesis that nanocapsules containing multiple drugs will accumulate and release
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Fig. 13 Intratumoral administration of encapsulated paclitaxel with GW2558 did not alter the metastatic
potential of 4T1 tumor cells. Mice were killed 3 days after the last dose injection to check the metastatic
colonization of luciferase expressing 4T1 tumor cells. a, b IP-injection of naked paclitaxel decrease the tumor
weight. ¢ Although encapsulated paclitaxel (PCL-Pac +GW) showed a tendency towards increased weight,
no significant difference were detected for spleen weight between groups. d, e While only micro metastases
were observed in the lungs of naked pac-treated animals, two of animals in encapsulated pac-treated group
showed macro-metastasis in their lungs. Yet, signal intensity of luciferase was not significantly different
between groups. Results are presented as mean = SD (three mice in each group)

the drugs to cause sustained effects on the tumor growth and increase survival due to
the effect on both tumor cells (by Pac) and myeloid cells (by GW2580). Our results prove
the effects of the nanocapsules containing Pac+GW2580 when administered IV and
local administration to enhance survival, although metastatic potential has not been
altered. The effects might be due to increased accumulation (for EPR effects) and sus-
tained release for the PCL-based capsule. The studies showed the importance of making
nanocapsules containing nanocrystals of multiple drugs, which will pave the way of mak-
ing multiple drug combinations in a controlled manner and capsules can be designed for
sustained release of the drugs after accumulation into the TME. TME-directed therapy
can be a norm in future cancer treatment strategies.
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