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Abstract

Combination therapy with small interfering RNA (siRNA) and chemotherapeutic drug is proven to be effective in downregu-
lating cancer resistance proteins, such as P-glycoprotein (P-gp). These proteins are involved in multidrug resistance (MDR)
of tumors. A targeted formulation capable of delivering siRNA and chemotherapeutic drug will not only downregulate P-gp
but also increase the concentration of the chemotherapeutic drug at the site of tumor thereby increasing the therapeutic
effect and lowering the systemic exposure. In this study, monoclonal antibody 2C5-modified dendrimer-based micelles were
used to co-deliver siRNA and doxorubicin (DOX) to the tumor site in both male and female xenograft mouse model. The
nucleosome-specific 2C5 antibody recognizes the cancer cells via the cell-surface bound nucleosomes. The ability of ability
of the 2C5-modified formulation to affect the metastasis of highly aggressive triple negative breast cancer cell migration
in (MDA-MB-231) was assessed by a wound healing. Further, the therapeutic efficacy of the formulation was assessed by
measuring the tumor volume progression in which the 2C5-modified nanoparticle group had a similar tumor volume to the
free drug group at the end of the study, although a 50% increase in DOX concentrations in blood was observed after the last
dose of nanoparticle. The free drug group on the other hand showed body weight reduction as well as the visible irritation
around the injection spot. The treatment group with 2C5-modified micelles has shown to be safe at the current dose of DOX
and siRNA. Furthermore, the siRNA mediated P-gp downregualtion was studied using western blotting assay. We observed
a 29% reduction of P-gp levels in both males and females with respect to the control (BHG). We also conclude that the dose
of DOX and siRNA should be further optimized to have a better efficacy in a metastatic tumor model, which will be the
subject of our future studies.
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Introduction

For several decades now, cancer has remained one of the
leading causes of death worldwide [1]. Although chemo-
therapies are available in the market to treat cancer, their
effectiveness often remains questionable. The main obsta-
cle to the development of effective cancer treatments is the
simultaneous resistance of cancer cells to multiple drugs,
Center for Pharmaceutical Biotechnology known as Multidrug resistance (MDR) [2]. There are several
and Nanomedicine, Northeastern University, Boston, factors responsible for MDR in tumor cells, including altered
MA 02115, USA . . .
molecular targets, increased drug metabolism, genetic
defects, reduced apoptosis, overexpression of efflux pumps,
improved DNA repair pathways, and physiological factors
such as cell-to-cell interaction, higher interstitial fluid pres-
sure, low pH environment, regional hypoxia in the tumor,
irregular tumor vasculature, and the presence of cancer cells
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in difficult-to-penetrate areas [3]. Conventional chemothera-
pies may not be effective against MDR, leading to the appli-
cation of increased dosages, resulting in increased toxicities,
and decreased patient quality of life. Therefore, the counter-
action of MDR is required for an effective cancer treatment.

One of the common mechanisms that causes MDR,
involves the increased efflux of hydrophobic chemothera-
peutic drugs, which is mediated by energy-dependent ATP-
binding cassette (ABC) transporters. Several transporters
in this class, such as P-gp (P-glycoprotein), MRP1 (multi-
drug resistance-associated protein-1), BCRP (breast can-
cer resistance protein), and MXR (mitoxantrone resistance
protein), have a broad range of specificities and can pro-
mote the efflux of various classes of xenobiotics [4]. P-gp
is notable since it is responsible for resistance to a wide
range of chemotherapeutic agents. P-gp is encoded by the
MDRI1 gene and is expressed in normal transport epithe-
lium of the liver, kidney, and gastrointestinal tract, where it
detoxifies and protects the normal tissues from xenobiotics.
However, in tumor cells, overexpression of P-gp results in
the reduction in intracellular concentration of chemothera-
peutic drugs [2, 5-11].

MDR in tumor cells can be effectively reversed by selec-
tively suppressing the MDR1 gene. Downregulation of P-gp
via cancer-specific pathways has been developed to main-
tain the constitutive expression of P-gp in normal cells [12].
Although small molecule P-gp inhibitors, such as ketocona-
zole, verapamil, and clarithromycin are available, they can
cause side effects and do not downregulate protein expres-
sion at the gene level. Recent research has demonstrated that
siRNA, an endogenous tool, can effectively downregulate
P-gp and lead to MDR reversal [13, 14]. This transcriptional
repression strategy is not only highly specific but also aids
in preventing P-gp expression during disease progression.
However, there are several challenges to delivery of siRNA
to cancer cells, including poor cellular uptake, rapid clear-
ance, non-ideal biodistribution, and instability [15, 16].

In this study, we evaluated mixed dendrimer-based
micelles (MDM) for co-delivery of siRNA and DOX to
tumors in vivo. Amphiphilic PAMAM-PEG,,-DOPE and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-conjugated
poly(ethylene glycol)Sk (PEG;,-DOPE) self-assemble into
mixed micelles. The PAMAM polymer’s cationic charges
bind electrostatically the negatively charged phosphate
groups on siRNA, while the lipid core of the micelles can
accommodate hydrophobic chemotherapeutic drugs. This
allows for the simultaneous delivery of both, the drug and
siRNA, to cancer cells and exploits their synergistic effects.
Our previous research demonstrated that MDM loaded with
DOX and siMDR1 (siRNA specific to MDR1 gene) resulted
in a significant downregulation of the membrane-bound P-gp
in MDR cancer cells [17]. Typically, nanoparticles are not
specific to the tumor site and are cleared quickly from the
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body. We adopted a targeted delivery approach to enhance
the specificity of the MDM [18, 19]. In a previous study, we
incorporated the mAb 2C5 into the MDM by conjugating
it to a PEG7k-DOPE polymer, and studied the formulation
in MDA-MB-231 and SKOV-3TR cell lines [20]. The anti-
body is specific to cancer cell surface-bound nucleosomes,
which results from apoptotically dying neighboring cancer
cells [21, 22]. This modification produces 2C5-modified
micelles that are highly specific to tumor cells with reduced
systemic toxicities [23-25]. Additionally, the MDM’s com-
position can be tailored to add several functions, enhancing
their efficacy. The MDM’s ease of preparation by simple
self-assembly of polymeric components also represents a
significant advantage.

In previous studies, we demonstrated that modifying
micelles with mAb 2C5 and loading them with DOX and
siMDRI1 led to improved cellular uptake, cytotoxicity, and
enhanced anticancer effects against A2780 ADR ovarian
cancer in vivo and MDA-MB-231 and SKOV-3TR cell lines
in vitro [20, 26]. The nanoparticles prepared were 165 nm
in size with a PdI of 0.175 and a zeta potential of 2mV [20].
The DOX was encapsulated at 4%w/w of lipid concentration
which is 9uM and with an siRNA concentration of 500nM.
In this study, we aimed to further investigate the safety and
efficacy of the platform in a MDA-MB-231 (triple nega-
tive breast cancer) xenograft murine model. Usually, breast
cancer-related studies are performed in females, although
rarely breast cancer can occur in males [27], which can cer-
tainly justify the use of male animals in such studies. The
hormone- independent nature of triple-negative breast can-
cer allows study of the treatment in both males and females
thereby allow bridging the study gap and also comparing
the effect of the therapy in both sexes. The safety of the
preparation was evaluated by following the animal weight
during the time of dosing along with the subsequent ex vivo
evaluation of liver weight and levels of liver enzymes in
male and female mice. Furthermore, the concentrations of
DOX in the blood plasma were evaluated. Additionally, we
wanted to evaluate the anti-metastatic potential of the for-
mulation using the wound healing assay (a model of cancer
cells proliferation), which is a critical factor of the efficacy
of the formulation.

Materials and methods
Materials

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
and 1,2-dioleoyl-sn-glycero-3- phosphoethanolamine-N-
(methoxy(polyethylene glycol)-5000) (ammonium salt)
(PEG5,-DOPE) were purchased from Avanti Polar Lipids
(AL, USA). PAMAM Dendrimer with an ethylenediamine
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core, generation 4, 10% w/w solution in methanol (G(4)-
D) and Poly-L-lysine hydrobromide (MW 30,000-70,000)
(P2636-25 MG) were purchased from Sigma-Aldrich.
Aspartate aminotransferase (AST) Colorimetric Activity
Assay Kits was purchased from Cayman Chemical (MI,
US). Immuno-compromised NCG mice (strain#572) were
obtained from Charles River (MA, US). Doxorubicin,
methanol, ethanol, acetonitrile, bovine serum albumin
(BSA), Micro BCA assay kit were purchased from Thermo-
Fisher Scientific (MA, USA). Triple negative breast cancer
MDA-MB-231 cells were purchased from The American
Type Culture Collection (Manassas,VA). siRNA targeting
MDR-1 (siMDR-1): 5'- GGAAAAGAAACCAACUGU
CdTdT-3’ (sense), was purchased from GE Healthcare Dhar-
macon, (CO, USA). Negative siRNA control (Ambion™
In Vivo Negative Control #1 siRNA) was purchased from
Thermo- Fisher Scientific (MA, USA). Nuclease-free water
was purchased from Qiagen (MD, USA). Dulbecco’s modi-
fied Eagle’s media (DMEM), fetal bovine serum (FBS) and
Penicillin-streptomycin solution were obtained from Cell-
Gro (VA, USA). The Trypan blue solution was obtained
from Hyclone (Logan, UT). Antibody 2C5 was from
Envigo+. NPC-PEG-2 K-NPC (pNP-PEG,,-pNP) and NPC-
PEG-7 K-NPC (pNP-PEG,,-pNP) were purchased from Lay-
san Bio. Triethylamine (TEA) was purchased from Sigma.
Cell-culture inserts were purchased from Ibidi. Calf thymus
nucleohistone (LS003011) was acquired from Worthington
Biochemical Corporation.

Cell culture

The adriamycin-resistant human breast cancer cell line
MDA-MB-231ADR was cultured in DMEM 4.5 g/L glu-
cose. Media was supplemented with 10% FBS and antibiot-
ics (100 IU/mL streptomycin). Both cell lines were cultured
at 37 °C with 5% CO2. To maintain the MDR effect the cells
were resuspended in media containing 100 nM DOX HCl
after each passage [27].

Wound healing assay

MDA-MB-231 cell suspensions grown in T-75 flasks to
85% confluence were harvested. Cell suspension of 70 uL
was pipetted into the two wells of each insert (15,000 cells).
Inserts (one per well) were placed in a sterile 24 well dish.
Cells were incubated for 24 h at 37 °C to allow sedimenta-
tion and attachment. The cells were treated with formula-
tion independently at a final concentration of 2.5 pg/mL,
The inserts were removed with sterile tweezers and 1 mL
medium was added per well to remove unattached cells.
One additional mL of medium was added to the wells before
imaging. The morphology of the cells was recorded using a
Holomonitor. The wound was imaged holographically over

48 h (at 10-min intervals) to secure quantitative data on gap
widths and the percent cell-free areas following the drug
treatments. Inserts were introduced inside wells followed by
cell seeding, and once a confluent monolayer was produced,
the inserts were removed. Thus, the removal of the blockade
caused by the insert, resulted in a uniform cell-free zone,
into which cells could migrate. The process of migration
was followed by a live-cell imaging technique such as holo-
graphic monitoring or using regular microscopy.

Tumor growth inhibition

Studies on inhibiting tumor growth was conducted on female
and male NCG mice, strain 572 aged at 10 weeks with
accordance to Northeastern University Animal Care proto-
col 19-1035R approved by its Institutional Animal Care and
Use Committee (NU-IACUC). The animals were acquired
from Charles River and weighed approx. 25 and 32 g before
treatment, females, and males respectively. After an accli-
matization period of 7 days, the animals were inoculated
subcutaneously with MDA-MB-231 ADR cells in the rear
left flank, when tumors reached approximately 100 mm3,
the animals were randomly divided into six groups (n=06).
The groups were then administered BHG buffer, 2C5-MDM
nanoparticles containing both siRNA and DOX (2C5-MDM-
DR), MDM nanoparticles containing both siRNA and
DOX(MDM-DR), 2C5-MDM nanoparticles containing only
Dox (2C5-MDM-D), Dox solution (DOX.HCI), 2C5-MDM
nanoparticles containing only siRNA (2C5-MDM-R) and
2C5-MDM nanoparticles with negative (sequence that do
not target any gene product) siRNA (2C5-MDM-DR (nega-
tive siRNA)). The dose of siRNA was 1.5 mg/kg, whereas
DOX dose was 0.9 mg/kg in all groups. Both the siRNA
and DOX drugs are encapsulated within the nanoparti-
cle. During the final filtration step, a 0.2 pm syringe filter
removes any unencapsulated DOX, which is hydrophobic.
The siRNA, however, remains electrostatically bound to
the PAMAM dendrimer complex despite the filtration, as
described in our previous paper [20]. The treatment groups
were intravenously injected with 100 pl of the formulation
once every three days up to 11 injections. The tumor volume
was measured with a Vernier scale and calculated according
to the formula: V=0.5 X W X WXL, where W is the width
(smaller dimension of the tumor), and L is the length (the
larger dimension). At the end of the experiment, the animals
were euthanized. Tumors and livers were collected, weighed,
and snap-frozen with liquid nitrogen until further analysis.

Blood collection
Blood from the mice was collected by the submandibular

blood collection method. After administering the first dose
blood was collected before administering the subsequent
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doses. Blood sample was collected from each animal on day
3, day 9, day 15 and day 21 from one group of the animals
and from the other group on the day 6, day 12, day 18 and
day 24 for the study which was 30 days long. The dosing
schedule and blood withdrawal is presented on the Fig. 1.
Prior to sacrificing blood was also collected via cardiac
puncture method from all mice and centrifuged at 2000 g
for 30 min at 4 °C to separate the plasma, which was then
stored at —80 °C for further analysis of toxicity.

Toxicity

The formulations’ toxicity was determined by monitor-
ing the animals’ weight changes throughout the treatment
period. The animals’ weight was measured every other day
from the initial injection day until the day of euthanasia. To
measure the levels of aspartate aminotransferase (AST) in
the plasma, a colorimetric assay kit was utilized, according
to manufacturer’s instructions (Cayman, Ann Arbor, MI).

DOX concentration in the blood

DOX concentration in blood was measured by HPLC
method. Whole blood samples were mixed with the ace-
tonitrile (40:60) and the fluorescence signal was measured
at Ex488 nm/Em560 nm, reversed phase HPLC method on
a Hitachi Elute LaChrome HPLC system [28].

Ex vivo imaging of livers and tumors to evaluate
DOX accumulation

The average radiance, which corresponds to the doxoru-
bicin accumulated in the tissues was calculated from ex vivo

Fig.1 In vivo study design.
Created by BioRender.com

fluorescence of tumor and liver tissue using wide-field
optical imaging (IVIS Spectrum In Vivo Imaging System;
Perkin-Elmer, USA). The excitation and emission wave-
lengths were 480 and 590 nm, respectively. Quantification
of fluorescence from tumors and livers was expressed in
relative fluorescence units (RFU). The data is presented as
the mean + standard error of the mean.

Western blotting for siRNA mediated P-gp
downregulation

To evaluate P-gp expression, tissue samples underwent lysis
in radioimmunoprecipitation assay buffer (RIPA) solution
comprising 150 mM NaCl, 25 mM Tris-HCI, 1% Triton
X-100, 1 mM EDTA pH=7.4, 3% sodium dodecyl sul-
fate (SDS, Thermo Scientific, MA, USA), and 1% sodium
deoxycholate, supplemented with 1% protease inhibitor
(Thermo Scientific, MA, USA). Protein concentration was
quantified using the BCA assay. Equal amounts of protein
samples (75 pug) were loaded onto a gel (Novex WedgeWell
4-20% Tris-glycine gel, Invitrogen, USA) and subsequently
transferred to a polyvinylidene fluoride (PVDF) membrane
(iBlot, Invitrogen, USA). The PVDF membrane underwent
a 12-hour blocking at 4 °C in Tris buffer/Tween 20 (TBST)
solution with 3% bovine serum albumin (BSA) (Fraction
V) (Thermo Scientific, MA, USA). Subsequently, the mem-
brane was incubated with primary antibodies in TBST
solution at room temperature for 2 h: P-gp (1:2000, Abcam,
USA) and p-actin (1:500, ThermoFisher, USA). Following
TBST washes, the membrane underwent exposure to second-
ary antibodies in TBST solution: P-gp (goat anti-rabbit IgG-
HRP 1:20 000, Abcam, USA) and p-actin (HRP-conjugated
1:5000, Santa Cruz Biotechnology, Germany) for 1 h at

Dose
Day 1 Day7
— ' >
Day 0 I
TS+BW TS+BW

TS - Tumor size
BW - Body weight
BC - Blood collection
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room temperature. After three TBST washes, the membrane
was detected using the SuperSignal West Pico PLUS Chemi-
luminescence Substrate (Thermo Scientific, USA) for target
protein bands following the manufacturer’s instructions.

Results

Evaluation of tumor cells metastatic potential
by wound healing assay

The metastatic potential of MDA-MB-231 cells was
evaluated using wound healing assay. Figure 2 shows the
migration of the tumor cells in vitro. The treatment with
2C5-MDM-DR lowered cell migration, indicative of the
treatment potential in metastatic tumors. On the other hand,
in the DOX group, a minimal effect on the cell migration
was observed at first but with a later significant loss of cell
migration ability as shown in Fig. 2B. Unlike the control
group, cells treated with DOX exhibited an initial burst
of growth and migration. However, this rapid movement
slowed down significantly over time. This initial surge might
be attributed to insufficient drug uptake within the cells
due to the overexpression of drug efflux pumps, a known
mechanism of multidrug resistance. As the experiment was
conducted in a closed system, the full effect of DOX took
some time to manifest, eventually leading to the observed
cell death therefore decrease in coverage area.

Tumor volume measurement

The tumor sizes were measured before every dose adminis-
tration and the volumes of the tumors were calculated and
plotted against time as shown in Fig. 3.

Both female and male mice demonstrated similar outcomes
in both, DOX, and 2C5-MDM-DR treatment groups. A simi-
lar effect was achieved with similar DOX doses. It’s worth
mentioning that our previous study revealed a synergistic
effect with the 2C5-modified formulation loaded with DOX
and siRNA [20]. The negative control group (BHG) shows
smaller tumor sizes compared to some treatment groups, and
that could be due to several reasons. Biological systems inher-
ently have variability, and sometimes, by chance, the nega-
tive control group may show smaller tumor sizes compared
to treatment groups. Also, the observed differences might be
influenced by the size of the sample groups, as smaller group
sizes can lead to more variability in the results [29].

Toxicity of DOX according to the body weight
measurement

To evaluate the toxicity of the treatment, the weight of
each animal was taken prior to every drug administration.

Figure 4 shows the data of the body weight changes in both
male and female mice. We notice there is a decrease in the
weight of the animals particularly in the DOX group. This
body weight reduction was more pronounced in the male
mice versus the female mice as shown in Table 1.

The DOX group also showed other significant toxicities
including skin peeling on the tail and open wounds indicat-
ing local toxicities (Fig. 5). At the same time, 2C5-MDM-
DR demonstrated minimal toxicities in experimental ani-
mals, indicating that a similar dose of DOX was safe when
administered using the 2C5-modified nanopreparation.

Ex vivo liver and tumor weights

To further evaluate the safety and efficacy of the treatments,
the weights of harvested tumors and livers were measured
ex vivo for both male and female mice. The DOX group
showed a drug toxic drug effect, since the weight of the liv-
ers are much lower than in other treatment groups in both
male and female mice (Fig. 6). Although the weight of male
livers is higher in general the DOX group demonstrated the
lowest weight among all the treatment groups. Although,
the weights of the tumors are the lowest for DOX treatment
group, still this group showed significant toxicities. On the
other hand, 2C5-MDM-DR group maintained healthy liv-
ers with weights similar to the control (BHG) group. The
weights of tumors in the 2C5-MDM-DR group are lower
than in the non-targeted MDM-DR group in both male and
female mice.

AST levels in plasma

To further evaluate whether the treatment affects the liver
function and demonstrates liver toxicities, Aspartate Ami-
notransferase (AST) levels were estimated. There were no
signs of significant toxicity in both, females and males as
evidenced by the AST levels. Whereas the positive control
has the highest AST levels in comparison to other groups,
still the changes are insignificant. Interestingly, as shown in
the Fig. 7, the AST levels in females are somewhat higher
than in males.

Drug accumulation
DOX concentration in the blood

The DOX concentration in plasma was quantified using
HPLC to evaluate the trough concentration of the drug.
The 2C5-MDM-DR group in comparison with DOX
group has shown higher long-term drug accumulation. In
DOX group, the drug is cleared faster than the nanopar-
ticle group. The constant presence of doxorubicin in the
blood after repeated administration of nanoparticles is an
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Fig.2 Evaluation of tumor
metastatic potential in vitro
using wound healing assay,

A: Figure shows the start and
end points of cell migration in
the treatment groups, B: The
graph shows the coverage area
of the cell with respect to time
in hours
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Fig.3 Tumor progression (size) of the xenografted tumors in both male and female mice, A: Female mice, B: Male mice
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Fig.4 Body weight change of both male and female mice, A: The data for female mice, B: The data for male mice
Table 1 Body weight changes TREATMENT GROUP BODY WEIGHT CHANGE:  BODY WEIGHT
of both male and female mice FEMALES CHANGE: MALES
BHG -04 -0.93
2C5-MDM-R -2.15 -0.75
2C5-MDM-D -3.30 -1.93
MDM-DR -1.57 -3.20
2C5-MDM-DR (negative siRNA) -0.24 -1.93
2C5-MDM-DR -0.95 -1.99
DOX HCI -1.95 -2.80

Fig.5 Dermatological toxicities observed in free DOX treated group, A: Open wounds on the mice in DOX group, B: Skin peeling observed on
the tail region of the mice after repeated dosing. No similar toxicities were observed in other treatment group
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Fig.6 Weights of harvested tumors and livers in female and male
mice. The tumors weights show the effectiveness of the treatment and
the weights of the liver show the safety of the treatment, A: Tumor

intriguing observation. It suggests a potential sustained
release or circulation of the drug from the nanoparticles
over time, despite multiple doses being administered.
This phenomenon could be attributed to several factors
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including the design and composition of the nanoparti-
cles, drug release mechanisms and potential accumulation
[30]. Our nanoparticles were engineered with PEG-surface
modifications to ensure RES avoidance that could lead to
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Fig.7 Liver enzyme Aspartate Aminotransferase Activity (AST)
activity indicates the safety of the treatment and liver toxicity caused
by the treatment, A: AST activity in male mice, B: AST activity in

a continuous presence of doxorubicin in the bloodstream.
It’s also possible that repeated administration of nanopar-
ticles leads to drug accumulation in certain tissues or com-
partments, contributing to sustained levels of doxorubicin
in the bloodstream over time. Figure 8 shows the data for
both, males and females.

Evaluation of DOX accumulation by ex vivo imaging
of harvested livers and tumors

To study the DOX accumulation, ex vivo imaging of the
harvested tumors and livers of both males and females
were performed. Figure 8 shows the accumulation of DOX
fluorescence in the different treatment groups. The overall
drug accumulation in the females is lower than in the males.
The tumors in females had high drug accumulation for the

0.20 u

bt
-
a

AST activity (U/ml)

female mice. Results indicate +SD (n=3), and significance was cal-
culated with one-way ANOVA comparisons. **** p<0.0001, ***
p<0.001, ** p<0.01, * p<0.05

2C5-MDM-DR group (drug load consists of siRNA and
DOX). The DOX group itself provides very low accumu-
lation of DOX in the tumors of females compared to the
males. 2C5-MDM-DR application also resulted in higher
drug accumulation in the female livers. In part, those differ-
ences can be attributed to the autofluorescence from the met-
astatic tumor tissue in the liver which is more pronounced in
females. No DOX accumulation was observed in the female
livers for the DOX and 2C5-MDM-DR (neg siRNA) groups.
High accumulation of DOX was observed in male tumors
in every treatment group except 2C5-MDM-D. Both tumors
and livers showed high accumulation for 2C5-MDM-DR.
The livers had higher accumulation of the 2C5-MDM-DR
which can be attributed to the metastatic tumor in the liver
tissue as shown in Fig. 9. The differences in DOX accumu-
lation between males and females could be also attributed
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Fig.8 Plasma concentrations of DOX prior to administration, A:
Plasma concentrations of DOX with time in male mice, B: Plasma
concentration of DOX with respect to time in female mice. Results
indicate+SD (n=3), and significance was calculated with one-way
ANOVA comparisons. ** p <0.05

to the possible renal toxicity in males in comparison to
females, since it has been documented that DOX causes
significant nephrotoxicity in males than female rodents
[31]. This nephrotoxicity in males cause lowered glomeru-
lar filtration rate which would increase the DOX exposure
in males versus females [32]. This possibly is the reason
behind an increased DOX accumulation in male tumors and
livers in comparison to female tumors and livers. The treat-
ment group MDM-DR is a non-targeted group which can be
significantly accumulated in the liver than the tumor site. If
noticed carefully we can notice an increased accumulation of
MDM-DR in female livers versus the female tumors. Simi-
larly, an increased accumulation of MDM-DR is noticed in
the male livers as well. Additionally, the 2C5-MDM-D and
2C5-MDM-DR groups differ in the siRNA, 2C5-MDM-D
do not contain siRNA in the formulation. This lack of siRNA
causes the zeta potential to be highly positive in nature and
this might cause the formulation to interact with other blood
components unlike 2C5-MDM-DR. This likely explains why
there’s a reduced accumulation of 2C5-MDM-D when com-
pared to 2C5-MDM-DR.
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Fig.9 DOX accumulation from the ex vivo imaging data of the
tumors and livers of female and male animals, A: Female tumors, B:
Female livers, C: Male tumors, D: Male livers. Results indicate + SD
(n=3), and significance was calculated with two-way ANOVA com-
parisons. **** p <(0.0001, *** p <0.001, ** p<0.01, * p<0.05

siRNA mediated P-gp downregulation in tumors

Western blot was performed on the harvested tumors to
study the downregualtion of P-gp in the tumors. Figure 11A
shows the P-gp levels in female tumors. The BHG groups
served as the control. We can observed that there is a consid-
erable downregualtion of P-gp in the treatment groups versus
the control. The highest downregulation was observed with
the siRNA loaded nanoparticles (2C5-MDM-R). Both the
non-targeted formulation and the negative siRNA groups
did not have a considerable downregulation as was expected.
The 2C5-modified nanoparticles loaded with siRNA and
DOX (2C5-MDM-DR) produced a similar level of P-gp
downregulation to 2C5-MDM-R. Figure 11B shows the P-gp
levels in male tumors. It is interesting to note that the overall
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Fig. 10 Tumor metastasis to the liver and other regions in the body,
A and B: multiple tumors in the neck region that were metastasized
from the primary tumor and a blood vessel connecting them, C and
D: Livers with metastatic tumor. White Arrows: Primary and Metas-
tasized tumors, Red Arrows: Blood vessel connecting the primary
tumor to the secondary tumor

P-gp levels in males are lower than in females. We observed
a considerable downregualtion of P-gp in the 2C5-MDM-DR
treatment group in comparison to the control (BHG group).

Gender differences

Gender difference was an important consideration in the
study, primarily, because the toxicities caused by chemo-
therapeutic agents, such as DOX were expected to vary with
gender. Figure 3 suggests that males in DOX treatment group
demonstrated a noticeable weight loss in comparison to the
other treatment groups. However, in both males and females
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Fig. 11 P-gp levels in harvested tumors measured using western blot.
(A) P-gp levels female tumors, (B) P-gp levels in male tumors. The
above data shows the densitometry analysis. Results indicate +SD
(n=3)

other signs of toxicity, such as open wounds and peeling of
the skin and poor luster of the fur of the animals in the DOX
group were observed. Another observation was in the AST
data, where the females had a higher baseline level of AST
and higher elevation of the liver enzyme in comparison to
their male counterparts as shown in Fig. 6. Both males and
females showed greater clearance of DOX and higher accu-
mulation and residence time for the 2C5-modified micelles
as shown in Fig. 7. Little to no fluorescence of DOX in the
tumors and livers of females is indicative of higher renal
clearance of DOX in females in comparison to males, which
demonstrated high drug accumulation. In both male and
female subjects, the treatment with 2C5-MDM-DR led to a
higher degree of tumor metastasis to the liver as evidenced
by increased fluorescence of DOX in both tumors and livers
(Figs. 9 and 10). Finally, the P-gp levels in both males and
female treatment groups were analyzed using western blot. It
is interesting to note that the baseline P-gp levels of tumors
in male mice were considerably lower in comparison to the
tumors in female mice.

Discussion

The metastatic potential of MDA-MB-231 tumor cells was
assessed in a wound healing experiment. The wound heal-
ing assay is a rapid and straightforward in vitro technique
to examine cell migration [33]. Figure 2A illustrates the
images of control, DOX, and 2C5-MDM-DR groups based

@ Springer



Drug Delivery and Translational Research

on the refractive index, and the Fig. 2B shows the represen-
tation of the area covered by the migrating cells into the gap.
The cells were treated with 50nM concentration of siRNA
and 3.4nM of DOX. At low concentration of DOX, cells
in the free drug group showed shrinkage indicative of cell
death whereas in the 2C5-MDM-DR group the cells seem
to survive and show an effect in slowing the migration from
the onset unlike in the free drug group. A difference in cell
migration pattern was observed between the DOX treatment
and the 2C5-modified nanoparticle treatment. The cells in
the DOX group were denser which is indicative of cell death.
The nanoparticle treatment group demonstrated slow and
steady cell growth and migration compared to the control
group. On the other hand, the cells in the DOX treatment
group appeared to grow and migrate rapidly at first like
the control group, but then slowed down their growth. The
rapid initial migration is due to insufficient drug accumula-
tion within the cells due to overexpression of drug efflux
pumps which are reasons for multidrug resistance. Since
the experiment was done in a closed system, the drug effect
takes place when enough time has elapsed and is further
demonstrated by the slowing down of cell migration. The
slow and lowered gap coverage in the 2C5-MDM-DR group
relative to control group indicates the potential of 2C5-mod-
ified nanoparticle to lower cell migration, i.e. to show the
anti-metastatic effect.

In our previous studies, we were able to establish the
stability and safety of the 2C5-MDM-DR formulation,
making it suitable for in vivo testing [20]. In this paper
we continued to evaluate the therapeutic potential of the
2C5-modified nanopreparation in a xenograft animal model
(MDA-MB-231). In our previous study involving a xeno-
graft ovarian tumor model, the targeted formulation induced
a significantly higher tumor growth inhibition compared to
DOX and non-targeted formulation [26]. Here, in the current
xenograft mouse model involving MDA-MB-231, we were
not able to observe a significant difference in therapeutic
potential between the DOX and 2C5-MDM-DR group in
both the genders (Fig. 3). Although DOX-treated animals
showed the lowest weight of harvested tumors (Fig. 5) in
both males and females; however, this was accompanied
with more pronounced body weight loss (Fig. 4), when
compared to all other treatments, especially in males. In
both sexes, significant cutaneous toxicities were observed
in the DOX-treated group. Earlier studies have shown that
targeting liposomal DOX formulation with 2C5 antibody
had a positive effect in reducing the frequency of auricu-
lar erythema in tumor-bearing mice by three to four-folds,
due to lower accumulation in the skin [23]. Similarly, in our
study we noticed the 2C5-modified nanopreparation to be
safer than the DOX. Earlier studies have shown severe der-
matological toxicities even with liposomal DOX treatment
[34]. However, in our 2C5 modified nanoparticle preparation
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we have observed none of these dermatological toxicities.
Nonetheless, we observed such dermatological toxicities in
the free drug (DOX) group alone. This further illustrates the
safety of the 2C5-modified nanoparticle preparation under
study.

Concentrations of DOX in the whole blood of both,
males, and females, were quantified using HPLC. Figure 8A
and B clearly demonstrate that in the free DOX group the
drug was clearing more rapidly than in the case of the DOX-
loaded micelles. We have observed a cumulative effect of
DOX in the 2C5-MDM-DR group, leading to an increase
in the drug’s residence time. After the initial dose, DOX
exhibited a higher concentration in the bloodstream, which
gradually decreased with time and subsequent doses. The
steady-state concentration of DOX was never achieved in the
free DOX group. In both, males and females, we observed
a significant DOX clearance with respect to the DOX levels
in the nanoparticle groups. In males, consecutive doses of
2C5-MDM-DR led to a steady accumulation of DOX. How-
ever, in females, DOX from the formulation was initially
cleared out, with an increase in accumulation observed only
by dose 8. The nanoparticle formulation and free DOX were
injected intravenously via the tail vein injection. Most of
the DOX injected IV is cleared within a day [35]. The data
demonstrated the decreased clearance of DOX in the DOX-
loaded nanoparticle group and therefor increased residence
time of the drug.

To evaluate the DOX accumulation in different treatment
groups, ex vivo imaging of tumors and livers was performed
in both male and female mice after the organs were har-
vested. Figure 9A and B show DOX accumulation in female
tumors and livers, respectively. In both female tumors and
livers, there was a significant accumulation of DOX in the
2C5-MDM-DR group compared to the other treatment
groups. Similarly, Fig. 9C and D show the DOX accumula-
tion in male tumors and livers, respectively. A higher DOX
accumulation was observed in both male tumors and livers
in the 2C5-MDM-DR group. 2C5-MDM-DR resulted in a
significant DOX accumulation in male liver in comparison
to other treatment groups, highlighting the specificity of 2C5
antibody to the tumors. Interestingly, males had a higher
DOX accumulation than females across all treatment groups.
Female tumors and livers showed lower DOX accumulation
than their male counterparts, possibly due to higher DOX
renal clearance. In the MDA-MB-231 cells, a highly aggres-
sive and metastatic triple-negative breast cancer cell line,
demonstrate their metastatic nature (Fig. 10). The cancer
cells migrated from the primary tumor to different tissues
and parts of the body, including the liver, causing exten-
sive metastases. Additionally, the increased accumulation
of 2C5-MDM-DR in the livers of both males and females
can be attributed to the high specificity of the 2C5 antibody
to the tumor site [36, 37].
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Fig. 10A and B demonstrate the tumor’s metastasis from
the primary site to the lymph node where the secondary
tumor was noticed. Metastatic tumors were observed in sev-
eral animals, both male and female. Figure 10C and D dis-
play representative images of metastatic tumors in the liver.
The MDA-MB-231 tumor used in the xenograft model is
well-known to metastasize to various organs, including the
liver, lymph nodes, lungs, bones, and brain [38]. Although
the nanoparticle formulation inhibited cell migration
in vitro, a similar effect was not observed in vivo at the cur-
rent doses. The dose administered in this study might be too
low for the aggressive metastatic triple-negative breast can-
cer. In our previous in vivo evaluation, a significant reduc-
tion in tumor volume was observed in a xenograft ovarian
tumor model with an even lower dose than currently used
(0.9 mg/kg dose of DOX and a 1.2 mg/kg dose of siMDR1).
However, the lack of significance in tumor volume reduc-
tion in this current study can be attributed to the aggressive
nature of the triple-negative breast cancer model.

To evaluate the siRNA mediated P-gp downregula-
tion, we performed a western blot study in the harvested
tumors of both males and females. It is interesting to note
that the baseline levels of males are lower in comparison to
the females as shown in Fig. 11A and B. More importantly
we observed a considerable down-regulation of P-gp lev-
els in the treatment groups in comparison to the control.
The 2C5-MDM-DR and 2C5-MDM-R treatment groups in
the female mice have shown considerable downregulation
of P-gp with respect to the control while 2C5-MDM-DR
group in the male mice have shown considerable downregu-
lation of P-gp levels. The negative siRNA group in males
have shown similar P-gp levels to the BHG group which
shows the ineffectiveness of the scrambled siRNA in target-
ing P-gp. Contrary to the female response, the 2C5-MDM-R
treatment group in males is rather ineffective. Although a
statistical significance was not observed in the study, we
clearly noticed a trend in the results showing siRNA medi-
ated P-gp downregulation.

Previous studies have highlighted gender differences in
chemotherapy, with research indicating that sex-specific
differences in metabolic enzymes and transporters in the
liver and kidneys can result in unique pharmacokinetics
for commonly used anticancer drugs [39]. In the present
study, DOX-treated animals in both genders displayed lower
liver weight (Fig. 5) compared to other treatment groups.
This can be an indicator of acute drug toxicity in the DOX-
treated animals. Even though no significant elevations in
AST levels were noticed, female animals exhibited higher
baseline AST levels than males across all treatment groups
(Fig. 6). These finding align with previous research that sug-
gests these drugs often have an extended half-life in women,
which has been linked to both improved survival rates and
increased toxicity [39].

Conclusions

In our current study, we further evaluated the mAb
2C5-modified mixed dendrimer micelles as drug/siRNA
carriers in the MDA-MB-231 (triple negative breast can-
cer) xenograft mice model. The wound healing assay
results suggests that the migration of tumor cells treated
with 2C5-MDM-DR had slowed down in comparison to
the control, indicating that the formulation lowers the
metastasis. However, the presence of extensive metasta-
sis of the cancer in the liver and lymph node was still
observed in vivo, probably due to the insufficient drug
dose required for this difficult to treat cancer The ex vivo
imaging data revealed that the formulation is specific to
both primary and metastatic tumors. The concentration of
DOX in the blood indicates that the 2C5-MDM-DR for-
mulation increases the drug’s residence time. The tumor
volume progression, body weight changes and weight of
harvested organs indicate that current dose of 2C5-MDM-
DR formulation demonstrated similar efficacy as the same
dose of free DOX, but without any dermatological toxici-
ties observed in the free drug (DOX) group. Moreover,
there was an absence of a marked increases in AST levels,
indicating that the formulation is safe without liver toxici-
ties. The DOX concentration in the blood suggests that the
formulation increases the residence time of DOX in the
body. The current data suggests that the treatment at the
current DOX dose is safe. However, further optimization
of the dose to increase the efficacy in a metastatic tumor
model is needed. Meanwhile there were gender differences
for the toxicity of DOX, the nanoparticles were safe in
both genders. In future studies, we would like to run a dose
screening to optimize the dose of the formulation for the
metastatic model. In conclusion, although no considerable
improvement in efficacy of the 2C5-modified formulation
was observed in comparison to the free drug group, the
2C5-modified nanoparticles were found to be consider-
ably less toxic.
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