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ABSTRACT: Multidrug resistance (MDR) is a problem that is often associated with a
poor clinical outcome in chemotherapeutic cancer treatment. MDR may potentially be
overcome by utilizing synergistic approaches, such as combining siRNA gene therapy and
chemotherapy to target different mechanisms of apoptosis. In this study, a strategy is
presented for developing multicomponent nanomedicines using orthogonal and compatible
chemistries that lead to effective nanotherapeutics. Hyperbranched polymers were used as
drug carriers that contained doxorubicin (DOX), attached via a pH-sensitive hydrazone
linkage, and ataxia-telangiectasia mutated (ATM) siRNA, attached via a redox-sensitive
disulfide group. This nanomedicine also contained cyanine 5 (Cy5) as a diagnostic tracer as
well as in-house developed bispecific antibodies that allowed targeting of the epidermal
growth factor receptor (EGFR) present on tumor tissue. Highly efficient coupling of
siRNA was achieved with 80% of thiol end-groups on the hyperbranched polymer coupling with siRNA. This attachment was
reversible, with the majority of siRNA released in vitro under reducing conditions as desired. In cellular studies, the nanomedicine
exhibited increased DNA damage and cancer cell inhibition compared to the individual treatments. Moreover, the nanomedicine has
great potential to suppress the metabolism of cancer cells including both mitochondrial respiration and glycolytic activity, with
enhanced efficacy observed when targeted to the cell surface protein EGFR. Our findings indicated that co-delivery of ATM siRNA
and DOX serves as a more efficient therapeutic avenue in cancer treatment than delivery of the single species and offers a potential
route for synergistically enhanced gene therapy.

■ INTRODUCTION

siRNA is a powerful gene therapeutic that can knock down
specific genes, disrupting cellular pathways that contribute to
proliferation, drug resistance, and sensitivity and thereby
cancer-related morbidity.1,2 In many cases, using siRNA or the
clinical standard chemotherapy as monotherapies may be
insufficient to stop cancer progression due to resistance or
insufficient delivery. However, combination therapies that
involve co-delivery of siRNA together with anticancer drugs
provide a promising approach to overcome chemoresistance.3,4

Advantages of combining siRNA and chemotherapy include
overcoming multidrug resistance (MDR), reducing off-target
toxicity, and achieving potential synergistic apoptotic effects in
tumorous cells.5 Many studies have demonstrated that co-
delivery of siRNA/miRNA and anticancer drugs via nano-
particle-based delivery systems can greatly enhance the
inhibitory effect on tumor growth compared to siRNA or
drug monotherapies.6,7 Despite these initial advances in dual
therapies using gene/chemotherapy, there obviously still exists
a significant way to go before these systems are considered
clinically viable and more work is required to better understand
how the dual mechanisms of action provide enhanced
therapeutic outcomes.

Ataxia-telangiectasia mutated (ATM) is a protein kinase that
plays an important role in DNA response and cell cycle
checkpoints.8 With inactivated ATM gene and lack of the
resulting kinase, cells are very sensitive to DNA-damaging
agents.9 Many studies have shown inhibition of breast cancer
growth both in vivo and in vitro when the ATM gene has been
targeted and silenced via treatment with an appropriate
siRNA.10,11 Doxorubicin (DOX) is one of the most effective
chemotherapeutic drugs that is widely used in cancer treatment
and functions by damaging DNA through preventing activity of
topisomerase II.12−15 In this study, a combination of ATM
silencing siRNA and doxorubicin loaded into a hyperbranched
polymer as a nanocarrier was investigated as a therapeutic
strategy to treat breast cancer (Figure 1).
As shown in synthetic Scheme 1, a hyperbranched polymer

(HBP) based on methacrylic monomers that contain primarily
methoxy PEG pendant groups and small fractions of hydrazide,
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pyridine disulfide, and Cyanine 5 (Cy5) pendant groups forms
the scaffold of the nanomedicine. The HBP was designed to
include dual-responsive drug release mechanisms. DOX was
attached via formation of a hydrazone bond between the
ketone in DOX and the pendant hydrazides in the hyper-
branched polymer, enabling pH-controlled release under
mildly acidic conditions that mimic the pH of endosomal/
lysosomal compartments of tumor cells (pH 4.0 to 6.5).16−18

siRNA was attached to the hyperbranched polymer via a
disulfide exchange reaction, which yielded a redox-sensitive
disulfide linking group that could be cleaved under the highly
reducing conditions encountered in the cytosol where
glutathione (GSH) concentrations have been reported to
range from 2−10 mM.19−21 Moreover, the GSH concentration
in the tumor microenvironment is up to 4 times higher than in
normal tissues, providing a cell-specific release mechanism for
the siRNA.22,23 In order to track the polymer nanoparticles,
cyanine 5 (Cy5) was also incorporated into the polymer as a
fluorescent imaging tracer. In this study, a bispecific antibody
(BsAb) with dual specificity for both methoxy PEG (mPEG)
chains and epidermal growth factor receptor (EGFR) was
bound to the mPEG containing the hyperbranched polymer as
a targeting moiety.24 This strategy takes advantage of the high
expression of EGFR in many solid tumors and offers a simple
and rapid route for customizing the cell target of the
nanomedicine.25,26 Therefore, as a potential route to overcome
some of the issues associated with MDR, we report here a
preliminary study investigating a theranostic nanoparticle that
includes the combination of DOX and siRNA as a synergistic
therapeutic against breast cancer.

■ EXPERIMENTAL SECTION
Materials. Human ATM gene-specific siRNA (ataxia-

telangiectasia mutated sequence: sense: 5′-GGCCCUUAA-
GUUAUUUGAAGAUA and anti-sense: 5′-UAUCUU-
CAAAUAACUUA AGGGCC) were purchased from Bioneer
Pacific. Doxorubicin hydrochloride, trifluoroacetic acid (TFA),
triethylsilane, methacryloyl chloride, 2-mercaptoethanol, 2,2′-
dithiodipyridine, tert-butyl carbazate, 4-dimethylaminopyridine
(DMAP), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC·HCl), and 4,4′-azobis(4-cyanopentanoic
acid) were bought from Sigma Aldrich and used directly
without purification. Cyanine-5 amine was purchased from

Lumiprobe. Azobis(isobutyronitrile) (AIBN, Sigma Aldrich)
was recrystallized twice from methanol before use. Solvents
including n-hexane, ethyl acetate, dichloromethane (DCM),
dimethylformamide (DMF), diethyl ether, tetrahydrofuran,
acetonitrile, and methanol were used dry where applicable and
were of reagent grade quality. Poly((ethylene glycol)methyl
ether methacrylate) (PEGMA, MW = 475 g·mol−1) and
ethylene glycol dimethacrylate (EGDMA) were purified to
remove radical inhibitors before use by passing through a basic
alumina column. Ultrapure water (18.2 MΩ cm) was obtained
from an Elga ultrapure water system.
All products that are related to cell biology including cell

culture media Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum, (FBS), penicillin−streptomycin antibiotic
solution, trypsin, trypan blue solution, phosphate saline buffer
(PBS), sodium pyruvate, and glucose were purchased from
Sigma, USA. MDA-MB-468 was incubated at 37 °C in a
humidified atmosphere of 5% CO2 in air.

Characterization. 1H NMR spectra were acquired on a
Bruker Avance 400 MHz spectrometer. A gel permeation
chromatography−multiangle laser light scattering (GPC-
MALLS) system consisting of a 1515 isocratic pump (Waters),
Styragel HT 6E and Styragel HT 3 columns (Waters), a 2414
differential refractive index detector (Waters), and a Dawn
Heleos multi angle laser light scattering detector (Wyatt) with
THF as an eluent at a flow rate of 1 mL/min was used to
measure the molecular weight and dispersity of the polymers.
Dynamic light scattering (DLS) was used to measure the
hydrodynamic diameter using a Malvern Zetasizer. Poly-
acrylamide gel electrophoresis (PAGE) was performed on a
mini-Protean Tetra Cell equipped with a PowerPac Basic
power supply at 100 V for 40 min in TBE buffer. 8%
acrylamide and 8 M urea were used to make hand-cast gels.
SYBR gold-stained gels were used for visualization and were
carried out on a Gel Doc EZ System.

Synthesis of the Hyperbranched Polymer Carriers.
The synthesis of poly(PEGMA-co-TBMC-co-pyridindisulfide-
co-EDGMA-co-Cy5 MA) (HBP-1), deprotection of the tert-
butyloxycarbonyl groups (HBP-2), and attachment of
doxorubicin (HBP/DOX) follow the strategies reported in
our previous study and are outlined schematically in Scheme
1.27 The detailed synthetic procedure and all the character-
ization of the polymeric carrier including 1H NMR, UV/Vis,
and TEM are also listed in our published work.27,28

Conjugation of siRNA to the Hyperbranched Poly-
mer, HBP/DOX/siRNA. Deprotection of siRNA was achieved
by adding an appropriate volume of TCEP in TEAM buffer (5
mg/mL) to 10 μL of stock RNA solution (mole ratio
TCEP:RNA = 20:1) in a 600 μL Eppendorf tube. Then, the
mixture was vortexed for 30−60 s and incubated for 1 h at RT.
After, the deprotected 5′-thiol-modified sense strand RNA was
conjugated to either HBP-2 or HBP/DOX via a disulfide
exchange reaction using a thiol to pyridyl disulfide (PDS) ratio
of 1:100. HBP/DOX or HBP-2 (116 nmol, 4PDS group per
HBP-2) was mixed with 5′-thiol-modified sense strand RNA
(7 nmol) using siRNA-free water as a solvent at pH 8.0, by
addition of an appropriate amount of 1.0 M triethylammonium
bicarbonate (TEAB) buffer and incubating for 3 h at 25 °C.
Then, HBP/siRNA and HBP/DOX/siRNA were purified by a
G25 SEC column using PBS as an eluent buffer. The
conjugation efficiency was determined using denaturing RNA
urea-PAGE (4.8 g of urea, 3.75 mL of 20% acrylamide, 33 μL
of 30% APS, 4 μL of TEMED, 1 mL 10× TBE). Successful

Figure 1. Schematic illustration of the proposed HBP/DOX/siRNA/
BsAb behavior in vitro.
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conjugation (80% coupling efficiency) was also confirmed by
the appearance of multiple peaks of conjugated ssRNA in the
HPLC chromatogram shown in Supporting Information,
Figure S1, which was obtained using a Gemini reversed
phase C18 column running an acetonitrile gradient 1−15% in a
pH 9 KHCO3 buffer. In order to form the targeted
formulation, HBP/DOX/siRNA was mixed with BsAb at a
molar ratio of 3:1 at room temperature for 30 min in PBS
buffer to form HBP/DOX/siRNA/BsAb using strategies
employed previously.24,27

Release Study. The release studies of both HBP/siRNA
and HBP/DOX/siRNA were undertaken for 20 min at 37 °C
in PBS buffer (pH = 7.4) in the presence of tris(2-
carboxyethyl)phosphine (TCEP) at a concentration of 5
mg/mL as the reducing agent, and release was confirmed by
PAGE analysis. Polyacrylamide gel electrophoresis of HBP/

siRNA and HBP/DOX/siRNA conjugates was conducted on
samples with or without TCEP treatment, with free siRNA as
the control. The lanes were loaded with sample amounts that
corresponded to 150 ng of siRNA. The gels were imaged after
staining with SYBR gold nucleic acid gel stain (Gel Doc EZ
System).

Real-Time Cell Proliferation Analysis. MDA-MB-468
breast cancer cells were pre-seeded into 96-well plates (5 × 103

cells/well). After incubation for 24 h at 37 °C, the DMEM
culture medium was removed, and fresh medium was added.
To investigate the dose response, the cells were then separately
treated with HBP/DOX/siRNA/BsAb, HBP/DOX/siRNA,
HBP/DOX, HBP/siRNA, free RNA, and free DOX. Cells
were then monitored using the Incucyte Zoom Live Cell
Analysis system (Essen, MI, USA), and images were taken at
regular intervals during 144 h incubation at 37 °C with 5%

Scheme 1. Synthetic Scheme Showing the Development of a Dual Responsive Therapeutic for Delivery of Both Gene- and
Chemotherapeutics
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CO2. Cell proliferation curves were then plotted with the
Incucyte Zoom software.
Study of the Effect of the Treatments on Cell

Metabolism. After incubation of MDA-MB-468 cells in a
96-well plate at 5 × 104 cells/well in 200 μL of cell culture
medium for 12 h, each formulation of nanoparticles was added
to individual wells to give the same concentration of siRNA
(150 ng/well) and/or DOX (2 μg mL−1) and incubated for a
further 24 h. Then, each of the wells was washed with Seahorse
assay medium, which consisted of 1 mM sodium pyruvate and
25 mM glucose based on the manufacturer’s assay instructions
and 200 μL of fresh assay medium was added followed by
CO2-free incubation for another 1 h. The oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) were
measured using a Seahorse XF96 extracellular flux analyzer
(Seahorse Bioscience) before and after the injection of
oligomycin (1 μM) and carbonyl cyanide 4-(trifluoromethoxy)
phenyl hydrazone (FCCP) (1 μM) into each well. All
experiments were performed in at least triplicate.
siRNA Knock Down Study by Western Blot. Expression

of ATM protein kinase was assessed by western blot analysis.
MDA-MB-468 cells were seeded in 6-well plates (1 × 105

cells/well) and incubated in DMEM culture medium at 37 °C
for 24 h. Then, each formulation of nanoparticles was added to
give the same amount of siRNA (100 ng per 20 μL) for 24 h,
washed with PBS, and harvested with versine after washing
with warm PBS and incubation for 72 h. Protein samples were
prepared from cell lysate for SDS-PAGE. Protein samples were
diluted using Milli-Q water, and 50 μg of protein per 20 μL
was loaded to each lane of an SDS-polyacrylamide gel,
separated by electrophoresis, and then transferred to
polyvinylidene fluoride (PVDF) membranes. The PVDF
membranes were blocked with a blocking buffer, 5% bovine
serum albumin (BSA), at 4 °C and then incubated with
primary antibodies (anti-ATM, 1:1000), while a rabbit anti-β-
actin antibody (1:1000) was used as a loading control. After
sufficient washing, the membranes were incubated with goat
anti-mouse polyclonal secondary antibodies (1:5000) in the
dark for 1 h (Odyssey). After washing and drying, the
membranes were scanned with the Odyssey CLx (LI-COR,

NE, USE) imaging system, and Image J was used to analyze the
protein band.

DNA Damage γ-H2AX Foci Measurement. Cells were
cultured in 96-well plates with Lumox bases (Sarstedt). After
drug treatment, the cells were fixed with 4% paraformaldehyde
and permeabilized with Triton X-100. The cells were then
incubated with γ-H2AX primary antibodies at 37 °C with 5%
CO2 followed by Alexa488-labeled secondary antibodies and
DAPI to stain for DNA damage and nuclei. The stained cells
were imaged using the INCell analyzer 2000 from GE
Healthcare.

Statistical Analysis. All experimental data were obtained
in triplicate unless otherwise mentioned and are presented as
the mean ± standard deviation. Statistical comparison by
analysis of variance was performed using Student’s t test, and
significance levels are reported in the text for each analysis. *P
values < 0.05, **P values < 0.01, *** P values < 0.001, and
**** P values < 0.0001 were considered statistically significant.

■ RESULTS AND DISCUSSION

The development of nanomedicines that can selectively release
different therapeutics imparts stringent requirements in the
design protocols. This is even more important when
biomolecules are to be released because often they are
incompatible with many of the chemistries required to
undertake the different coupling approaches to assemble the
nanomedicines. This can be complicated further when a
molecular drug is combined with a biological drug (e.g.,
siRNA) and a biological targeting ligand (e.g., BsAb) as well as
imaging agents for tracking the therapeutic under biological
conditions. In this study, we have utilized orthogonal
chemistries to formulate the multicomponent nanomedicine
scaffold and then utilized antigenic interactions to establish a
strong link between the targeting moiety (anti-EGFR) and the
polymer using bispecific antibodies.

Synthesis and Release Study. The synthesis and release
study of HBP/DOX nanomedicine has previously been well
established and validated within our group.27 These materials
can be produced through facile synthetic approaches and have
demonstrated release of DOX over 24 h in the acidic

Figure 2. (A) Agarose gel electrophoresis of conjugates. Lane 1, 300 ng of free siRNA, lane 2, crude HBP/siRNA containing 300 ng siRNA directly
after conjugating reaction, lane 3, crude HBP/DOX/siRNA containing 300 ng siRNA after conjugating reaction. Note that no purification reaction
was performed on these products. Gels were made using 8% polyacrylamide, and electrophoresis was run at 100 V for 40 min and stained with
SYBR gold. The red line in the first lane on the gel is due to oversaturation. (B) Agarose gel electrophoresis of HBP/siRNA and HBP/DOX/siRNA
conjugates with or without TCEP treatment. The conjugate was preincubated for 20 min at 37 °C with TCEP at a concentration of 5 mg/mL. Lane
1, 150 ng of siRNA, lane 2, corresponding of 150 ng of siRNA of pure HBP/siRNA, lane 3, HBP/siRNA conjugate after treatment with TCEP, lane
4, corresponding 150 ng of siRNA of pure HBP/DOX/siRNA, lane 5, HBP/DOX/siRNA conjugate after treatment with TCEP. Visualization of
gold SYBR-stained 8% acrylamide-urea gel.
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environment encountered during endosomal/lysosomal traf-
ficking to effectively deliver the chemotherapeutic payload.
Building on this strategy, here we have sought to conjugate

both the DOX chemotherapeutic with a gene-modifying
component, siRNA. Hence, siRNA against ATM was
conjugated to HBP/DOX or HBP-2 for the single therapeutic
species via the thiol-disulfide exchange reaction. As shown in
Scheme 1, siRNA was successfully conjugated onto HBP/
DOX where pyridyl disulfide groups of HBP/DOX were
replaced by thiolated siRNA and formulated as HBP/DOX/
siRNA. This approach has been demonstrated in the literature
to be an effective means of attaching biomolecules to synthetic
materials.29,30

Covalent conjugation of siRNA to the polymer systems
(HBP/DOX/siRNA and HBP/siRNA) was confirmed by
agarose gel electrophoresis of the crude product (Figure 2A).
In the PAGE analyses, the increase in molecular weight due to
formation of hyperbranched polymer-siRNA conjugates (lanes
2 and 3 in Figure 2A) prevented migration of the conjugate
through the gel. Conversely, the lower-molecular-weight free
siRNA (Lane 1, Figure 2A) migrated to the base of the gel
(intense band), where the less intense band higher in the gel is
likely due to a small amount of siRNA dimer. It is important to
note that rather than observing discrete migration bands,
which is generally the case for biomolecules, the smeared
bands in lanes 2 and 3 were attributed to the hyperbranched
polymer component of the conjugates, where streaking results
from migration of the overall negatively charged conjugate
through the gel. In this case, the HBP/DOX/siRNA showed a
higher coupling efficiency than the HBP/siRNA, potentially
due to the changed physicochemical properties of the HBP
carrier when DOX was pre-attached. Quantitative fluorescence
measurements from the gel indicated that the conjugation
efficiency was approximately 80%, suggesting efficient coupling
of the siRNA to HBP/DOX to form HBP/DOX/siRNA. The
crude HBP/siRNA and HBP/DOX/siRNA were then purified
using a G25 SEC column using PBS buffer as an eluent, and
the resulting PAGE analysis showed an intense streaked band
at the top of the gel for HBP/siRNA and HBP/DOX/siRNA
(Figure 2B, lanes 2 and 4, respectively), with no band observed
for free siRNA compared to lane 1 for the free siRNA.
Following purification, the final polymer had approximately 0.8
siRNA molecules per HBP, slightly below the target 1 per
HBP.
In order to validate whether the siRNA could be effectively

released from the conjugate under reducing conditions, the

samples were incubated with TCEP as the reducing agent to
mimic the physiologically relevant conditions of high
glutathione concentration in tumor cells.29,31 After incubation
with TCEP for 20 min, the siRNA was released from both the
HBP/siRNA and HBP/DOX/siRNA, as shown in Figure 2B
(lanes 3 and 5). This confirmed that siRNA could be
successfully cleaved from the polymer conjugates in a reducing
environment but was stable under non-reducing conditions. To
further validate successful conjugation, HPLC chromatography
with UV detection at 260 nm was used to confirm that free
siRNA was not present in the conjugate. Supporting
Information, Figure S1 shows the resulting HPLC trace of
the free siRNA where an intense narrow peak was observed
(green trace) at approximately 20 min retention time. This
peak was not present in the spectrum for the conjugate and
there was a shift of the peak to 27 min due to the formation of
the higher-molecular-weight conjugate (purple trace). The
strong baseline signals present in the HPLC traces were due to
high absorbance of the buffer, and broadening of the peaks
could be associated with the molecular dispersity of the
hyperbranched polymer.

siRNA Knock Down Western Blot Study. The BsAb
functionalization of HBP nanomedicines has been well studied
and reported by our group. In short, tandem ScFv bispecific
constructs are produced, whereby one binding site recognizes
the disease epitope of interest, while the other binds to PEG.
These BsAbs then decorate the surface of PEGylated
nanomaterials through a simple mixing reaction under
physiological conditions to produce a non-covalent targeted
construct. This approach was used in the present study to
produce targeted constructs of each DOX/siRNA-loaded HBP
nanomaterial to assess the influence of targeting on subsequent
efficacy.
The in vitro transfection efficiency of HBP/DOX/siRNA/

BsAb, HBP/DOX/siRNA, HBP/siRNA, and free siRNA
toward MDA-MB-468 cells was evaluated via western blot
analysis. The proteins were transferred from the SDS PAGE
gel to a PVDF gel, incubated with a primary antibody for
ATM, and then stained. Actin was used as a control. As shown
in Figure 3, only HBP/DOX/siRNA/BsAb showed a
statistically significant reduction in ATM/actin in the cells,
compared to either HBP/DOX/siRNA or HBP/siRNA. This
suggests that BsAb is facilitating transport of the nanoparticles
into the cells with the requisite endosomal escape of the siRNA
to allow it to enact gene knockdown. This data indicated that

Figure 3. (A) Western blot of ATM expression in MDA-468 cells at 72 h post-transfection for HBP/DOX/siRNA/BsAb, HBP/DOX/siRNA,
HBP/siRNA, free siRNA, and blank control. β-Actin was used as the internal control. (B) Relative expression levels of ATM compared to the β-
actin internal control for cells treated with HBP/DOX/siRNA/ BsAb, HBP/DOX/siRNA, HBP/siRNA free siRNA, and the blank control (n = 3)
(*p < 0.05).
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HBP/DOX/siRNA/BsAb could successfully be used as an
siRNA delivery system, which can reduce expression of ATM.
In Vitro Cell Viability. Next, we investigated whether the

conjugates and scaffold controls could influence cell pro-
liferation in MDA-MB-468 breast cancer cells and the real-time
percent confluence versus proliferation time plots are shown in
Figure 4. Dual and single therapy controls were assessed at

siRNA doses of 150 ng/mL and DOX at 2 μg mL−1. Both
HBP/DOX/siRNA and HBP/DOX/siRNA/BsAb showed
the greatest inhibition of proliferation, where the percentage
confluence did not exceed 18% and had confluences of less
than 10% at 145 h. This was significantly lower when
compared to HBP/DOX without siRNA, which reached 40%
confluence at 145 h for an equivalent concentration of DOX in
the sample. These results indicated that a combination of
siRNA and DOX improved therapeutic efficacy compared to
single-therapeutic variants. Importantly, the therapeutic-free
HBP scaffold did not show any significant toxicity toward the
cells compared to the saline control, where both reached 100%
confluence at 145 h of proliferation. In addition, only a
minimal decrease in proliferation (85% confluence at 145 h)
was observed for HBP/siRNA at siRNA doses of 150 ng. The
data suggest that the siRNA and DOX combined act in concert
to improve the therapeutic response of the nanomedicine
formulations.
DNA Damage γ-H2AX Foci. γ-H2AX is a phosphorylated

version of H2AX (a histone H2A variant) that forms after
double-strand breaks (DSBs) of DNA.32 The γ-H2AX and
other proteins then aggregate into foci as part of the cellular
response to DNA damage. Visualizing and quantifying the
number of γ-H2AX foci using fluorescence microscopy has
become a recognized method for assessing the extent of DNA
damage in cells.33

Figure 5A shows representative fluorescence microscopy
images of MDA-MB-468 cells treated with a series of
hyperbranched polymers conjugated with different combina-
tions of siRNA, DOX, and BsAb as well as numerous controls.
Figure 5B compares the images by plotting the percentages of
cell populations that have more than 5 γ-H2AX foci in the

nucleus. The cells treated with the fully formulated nano-
medicine, HBP/DOX/siRNA/BsAb, had the highest yields of
the γ-H2AX foci with 45 ± 9% of the cells having more than 5
foci in the nucleus compared to the control, which only had 8
± 1% of the cells with more than 5 foci (****p < 0.0001, n =
5). Treatment with HBP/DOX/siRNA/BsAb was also
significantly higher than HBP/siRNA and the free drugs,
which had 12−22%.
To compare whether the dual-therapy approach was

influenced by being contained within a single scaffold or
simply simultaneously delivered in nanomaterials applied at the
same time, the DNA damage of HBP/DOX/siRNA and
combinations of individual therapy construct HBP/DOX &
HBP/siRNA was compared. HBP/DOX/siRNA and HBP/
DOX & HBP/siRNA showed high yields of γ-H2AX foci, with
32 ± 3% and 29 ± 5% of the cells exhibiting greater than 5
foci. This may be due to siRNA blocking the ATM gene and
resulting kinase, thus leading to the great sensitivity of cells to
DNA-damaging agent DOX, although this was lower than the
fully formulated nanomedicine showing the importance of
targeting BsAb.

Influence of the Nanomedicines on Cell Metabolism.
Cell metabolism including mitochondrial oxidative phosphor-
ylation and glycolysis plays essential roles in tumorigenesis. In
our study, the focus has been to treat MDA-MB-468 breast
cancer cells with different formulations of HBP nanomedicines
and then assess the effect on mitochondrial respiration and
glycolytic activity via measuring the oxygen consumption rate

Figure 4. Cell proliferation studies for treatment of MDA-MB-468
cells with HBP, HBP/DOX, HBP/siRNA, HBP/DOX/siRNA,
HBP/DOX/siRNA/BsAb, and HBP/BsAb. Values are the means
± the standard deviations (n = 5, S.D.) (*p < 0.05, ***p < 0.001).

Figure 5. (A) Cell DNA damage γ-H2AX foci study detected by
immunocytochemical staining for γ-H2AX (green) and DNA
counterstaining with DAPI (blue) in MDA-MB-486 cells. (B)
Percentage of cell foci determined by image analysis. Values are the
means ± the standard deviations (n = 5, S.D.) and compared with
blank control (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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(OCR) and extracellular acidification rate (ECAR) before
(baseline measurement) and after being stressed by addition of
oligomycin and FCCP. The oligomycin inhibits mitochondrial
production of ATP causing an increase in the rate of glycolysis,
while FCCP functions by depolarizing the mitochondrial
membrane, which increases the rate of oxygen consumption.
Hence, the measurements provide information regarding the
baseline energy requirements for the cells, the stressed
phenotype under an induced energy demand, and the
difference, which is the metabolic potential.27

MDA-MB-468 cells were treated with different formulations
of nanoparticles for 24 h and the level of oxygen consumption
was assessed using a Seahorse XF extracellular flux analyzer.
HBP/DOX/siRNA/BsAb exhibited a significantly reduced

oxygen consumption rate compared to the control for the
baseline and stressed conditions and was the lowest OCR of
the sample group. The extracellular acidification rate (ECAR)
was also the lowest, indicating that the fully formulated
nanomedicine had the highest potential for reducing glycolytic
activity. The above results indicate that when treated with
HBP/DOX/siRNA/BsAb, MDA-MB-468 cells are signifi-
cantly less energetic compared to the control and also to the
other treatment groups, where the treatment has effectively
rendered the cells into a quiescent state. Stressing the cells by
addition of oligomycin and FCCP showed no significant
increase in OCR (20 pmol/min increase for control) and only
a 10 mpH/min increase in the ECAR (30 mpH/min increase
for control) and an overall metabolic potential that was

Figure 6. Analysis of mitochondrial bioenergetics of MDA-MB-468 cells that have been treated with the following formulations: HBP, HBP/DOX,
HBP/siRNA, HBP/DOX/siRNA, HBP/DOX/siRNA/BsAb, and HBP/BsAb against MDA-MB-468 cells at concentrations corresponding to 2
μg mL−1 DOX and free siRNA at loading corresponding to 150 ng. (A) Mitochondrial respiration of cell energy phenotype. (B) Oxygen
consumption rate and extracellular acidification rate. Values are the means ± standard deviations (n = 5, S.D.) and compared with blank control
(*p < 0.05, **p < 0.01, ****p < 0.0001).
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reduced compared to the control. This indicated that cancer
cell deaths may be related to the ability of the targeted
therapeutic HBP/DOX/siRNA/BsAb to inhibit the cellular
energy status.
HBP/DOX/siRNA and HBP/siRNA & HBP/DOX

reduced the metabolic activity compared to the control, but
the metabolic activity was higher than that for HBP/DOX/
siRNA/BsAb (Figure 6). Similar to the DNA damage results
described above, having the combination of the targeting BsAb,
DOX, and siRNA gives the highest therapeutic efficacy. It is
expected that this is due to BsAb facilitating facile internal-
ization of the siRNA and DOX into the cells and potentially
leading to favorable intracellular trafficking of the therapeutic
components.

■ CONCLUSIONS
In summary, we have successfully developed a theranostic
system via attaching various functional molecules including a
bispecific antibody as a targeting agent and Cy5 as an imaging
tracer and then incorporation of doxorubicin and siRNA as
therapeutics using stimulus-cleavable chemical linkages. More-
over, the siRNA attachment was very efficient, where more
than 80% available sites were conjugated with siRNA. In
addition, we have demonstrated that the majority of siRNA
could be released in vitro under reducing conditions. We have
further investigated cellular toxicity and shown that HBP/
DOX/siRNA/BsAb could significantly inhibit cell growth
compared to either HBP/DOX or HBP/siRNA control
groups. Furthermore, HBP/DOX/siRNA/BsAb showed great-
est inhibition of both mitochondrial respiration and glycolytic
activity from metabolic studies. While the combination of
chemo−gene therapies showed enhanced effect in cell studies,
further optimization of the chemo:gene ratio would be
required to fully exploit this effect. Overall, all these features
indicate that this HBP/DOX/siRNA/BsAb system is a
promising theranostic for understanding novel treatment
mechanisms for breast cancer therapy.
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