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Background: Cancer is a complex heterogeneous disease to which singular modes of 
treatment mostly fail to produce a desired therapeutic efficacy. Targeting different cellular 
pathways using combinational therapies has been gaining popularity in cancer treatment, 
with the added benefit of reducing dosage and side effects.
Methods: A gold nanoparticle-mediated drug delivery nanoplatform was developed for co- 
delivery of doxorubicin and polo-like kinase 1 (PLK1) siRNA. Gold nanoparticles were 
coated with polyethyleneimine to facilitate assembly of PLK1 on the surface. Doxorubicin 
was loaded on nanoparticles through a pH-sensitive linker with a thiol group at one terminal 
end for controlled release.
Results: The therapeutic efficiency of this co-delivery system was evaluated in 2D and 3D 
cultured systems. The reduced IC50 value clearly demonstrated the synergistic effect of 
combined drug and gene delivery over their individual delivery in a cancer treatment model.
Conclusion: This study may provide an adaptable, facile platform to investigate drug- 
siRNA combinations for cancer inhibition.
Keywords: nanomedicine, cancer therapy, pH-responsive, co-delivery, PLK1

Introduction
Cancer therapy has been a major public health challenge due to the heterogeneity and 
complexity of cancer cells. Despite significant advances in cancer biology in the past 
few decades,1 the efficacy of current cancer treatment strategies is still not ideal. Breast 
cancer is the most common cancer in women. Due to early diagnosis, the survival rates 
of breast cancer have improved in recent years; however, it is still the most common 
form of cancer in women, and the second leading cause of death in women, surpassed 
by lung and bronchus cancer.2 Most patients receiving single therapies succumb to 
cancer due to dose-associated toxicity and multidrug resistance.2,3 Targeting multiple 
cellular pathways for cancer treatment has shown positive results. Combining multiple 
therapies that target various cellular pathways has demonstrated a synergistic or 
additive effect in cancer treatment by increasing the genetic barrier, minimizing side 
effects, and reducing therapeutic doses.4,5 The combination of chemotherapy and gene 
therapy has shown a synergistic effect against various cancer types, including breast 
cancer.6,7 Chemotherapy is the first line of treatment for cancer, as indicated by ample 
chemotherapeutic drugs available for almost all kinds of cancer types. On the other 
hand, mutations and genetic instability are the basis of the onset of cancer. Therefore, 
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gene therapy has a high potential for use in cancer treatment 
via the modulation of the genes responsible for cancer. 
Combining chemotherapy and gene therapy, hence, would 
be an ideal approach for cancer treatment.

Recent studies have demonstrated the efficacy of com-
binational therapy over monotherapy in various cancer 
types. Regardless of therapies being combined, it is crucial 
that the therapeutic agents are delivered to the same dis-
eased site. For instance, Su et al showed enhanced doxor-
ubicin (DOX) accumulation at the diseased site with the aid 
of tumor necrosis factor α (TNFα). However, since TNFα 
and DOX were delivered separately, TNFα leakage into 
circulation resulted in DOX accumulation in the liver, indi-
cating that co-delivery or simultaneous delivery is desired in 
chemo-gene combination therapy.8 Nanotechnology-based 
drug delivery systems can allow for co-delivery or simulta-
neous delivery of multiple therapeutic agents. Additionally, 
nanotechnology has enhanced existing drug delivery sys-
tems through its high drug loading surface area and its 
passive targeting capabilities. Multiple types of nanoparti-
cles have been investigated for applications such as drug 
delivery, imaging, photothermal therapy, and 
electroporation, and tissue engineering9–14 etc. As such, 
we developed a gold nanoparticle-based carrier vehicle for 
the co-delivery of drug and siRNA (Figure 1). DOX, repre-
senting chemotherapy, is one of the most common breast 
cancer therapeutic agents that work by intercalating DNA. 
Polo-like Kinase 1 (PLK1) siRNA represents gene therapy, 
down-regulation of PLK1 protein has been reported to 
inhibit cancer progression.17,18 The nano-delivery system 
and the synergistic effect of the drug/siRNA co-delivery 
were systematically characterized and investigated in 2D/ 
3D cultured tumor microenvironments.

Materials and Methods
Cell Culture
SKBR3 (ATCC® HTB-30™) and HEp-2 (ATCC® CCL- 
23™) cell lines were obtained from American Type Culture 
Collection (ATCC). HEp-2 and SKBR3 were cultured in 
EMEM and Mc-Coy culture media, respectively, at 37°C 
supplied with 5% CO2 and 95% humidity. Both culture 
media were supplemented with 5% FBS and 1% penicillin 
streptomycin.

Synthesis and Characterization of 
PEI-Coated Gold Nanospheres
Gold nanospheres (GNS) were synthesized using the 
Turkevich method.19 Briefly, 20 mL of gold chloride solu-
tion (Sigma-Aldrich Co., St Louis, MO, USA) was heated 
under continuous stirring until it started to boil. A total of 
2.2 mL of 1% sodium citrate was then added to the solu-
tion. As the solution turned ruby red, it was cooled down 
to room temperature and then filtered. GNS was stored at 
4°C until use. GNS was characterized using UV-Vis spec-
trophotometry, a Zetasizer,

DLS (dynamic light scattering) for particle sizing, and 
scanning electron microscopy.

Synthesized GNS were then functionalized with SH- 
PEG-COOH (Mw 5000, JenKem Technologies). For every 
1 mL of poly (ethylene glycol) (PEG) (1mM), 9 mL of 
GNS was added to make the final concentration of 1 nM. 
The solution was stirred for 2 hours at room temperature 
and then centrifuged at 7000 g for 20 minutes. The pellet 
was collected and re-dispersed in water. The pH was 
adjusted to 4.5–5.5. The carboxyl group was activated 
using EDC and NHS at the ratio of 4:1 for 30 minutes. 
To this mixture, 300 µL of 2 mg/mL polyethyleneimine 

Figure 1 Schematic representation of nanocomplex.
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(PEI) (Sigma-Aldrich Co., St Louis, MO, USA) solution 
was added and further incubated for 2 hours. The pellet 
was collected after centrifugation at 3000 rpm for 5 
minutes and re-dispersed in RNAse and DNAse-free 
water for storage. PEI-functionalized GNS was character-
ized using spectrophotometry and DLS.

PEI Quantification and siRNA Assembly
The copper sulfate complexion method reported by 
Ungaro et al was used for PEI quantification.20 First, 
0.05 mg/mL of copper (II) sulfate in acetate buffer was 
added to a PEI solution in the range of 0–4 mg/mL at a 1:1 
ratio. The absorbance at 285 nm was recorded to generate 
a standard curve. Similarly, 100 µL of 0.05 mg/mL of 
copper (II) sulfate solution was added to 100 µL of PEI- 
coated nanoparticles (1nM). The absorbance reading at 
285 nm was used to calculate the approximate PEI amount 
conjugated to GNS. The amount of N present in PEI was 
further used to calculate N/P ratio for siRNA conjugation. 
Thus, prepared GNS-PEI was mixed with siRNA at var-
ious N/P ratios for 30 minutes at 4 ͦC.

Cytotoxicity Analysis
The cytotoxicity of nanocomplex was evaluated using 
CellTiter-Glo® assay. Cells were seeded in 24 well plates 
at the cell density of 1x103 cells. Bare GNS, PEG-GNS, 
PEI-GNS, and PEI only were added to the cells at the final 
concentration of 0.2nM. The cell viability was measured 
after a period of 72 hours for both cell lines. At each time 
point, the media was replaced by fresh media followed by 
the addition of CellTiter-Glo® solution at the ratio of 1:1. 
The plates were kept on the shaker for 2 minutes and left 
undisturbed for 10 minutes as mentioned in the protocol. 
A Synergy ™ 2 multi detection microplate reader from 
BioTek Inc was used to measure chemo-luminescence of 
the samples. All experiments were performed in triplicate.

Study of siRNA Release and Gene 
Silencing
5-Carboxyfluorescein (FAM)-tagged siRNA was assembled 
on the surface of PEI-GNS to study the siRNA release. 
These nanoparticles were mixed with siRNA 30 minutes 
before adding to the cells. Cells were seeded in 48 well 
plates at a density of 0.25x105. The cells were incubated 
with siRNA-GNS-PEI for 24 hours. siRNA release to the 
cells was observed using fluorescence microscopy. 
Lysotracker red stain for acidic organelles was used to 

evaluate the uptake of nanoparticles through endocytosis 
(Figure S1). Co-localization of green (FAM) and red signal 
indicates the presence of nanoparticles within endosomes/ 
lysosomes. To evaluate the silencing efficiency of the nano-
complex, the cells were pre-transfected with plasmid GFP 
using lipofectamine following the manufacturer protocol. 
Briefly, cells were seeded at a density of 0.25x106 in 24- 
well plates. A mixture of pGFP and lipofectamine 3000 was 
added to cells. After 6 hours, GFP siRNA conjugated nano-
particles at the concentration of 80 nM, and 100nM was 
added to the cells and further incubated for 24 hours. The 
cells were then collected, washed, and re-dispersed in PBS 
with 0.1% FBS for flow cytometry analysis.

PLK1 Silencing
For PLK1 silencing, PLK1 siRNA was assembled to GNS 
following the previously mentioned protocol. The cells 
were incubated with PLK1-siRNA conjugated nanocom-
plexes for 24 hours. The cells were washed with ice-cold 
PBS and lysed using RIPA buffer containing 1% protease 
inhibitor. The lysate was centrifuged at 12,000 g for 30 
minutes and the supernatant was collected. Total protein 
concentration was determined using a BCA assay. Western 
blot analysis was performed to visualize the PLK1 protein 
in the sample. Briefly, protein samples were mixed with 
loading buffer and loaded to 12% polyacrylamide gel. The 
gel was run for 90 minutes at 120 mV. The proteins were 
transferred to a PVDF membrane using a semi-dry 
method. After transfer, the PVDF membrane was kept in 
a blocking buffer overnight. An iBind system was used for 
antibody binding and washing steps following the manu-
facturer’s instruction. The membrane was rinsed with PBS 
with Tween and distilled water followed by the addition of 
an ECL solution. The membrane was taped to the cassette 
and developed.

Doxorubicin Conjugation
For the covalent binding of DOX, 4x10 −5 moles of poly-
ethylene-hydrazine (PEG-HYZ) were added to 100 mL of 
GNS in the dark. After 24 hours, the mixture was centrifuged 
and washed several times with water to obtain GNS-HYZ. 
Then, 25 mg of DOX was added to 25 mL of GNS-HYZ 
followed by the addition of 10 µL sodium cyanoborohydride 
(5M in 1N Sodium hydroxide).21 The mixture was continu-
ously stirred at 50°C for 24 hours.22 DOX-GNS was exten-
sively dialyzed against PBS for 36 hours. The PBS was 
exchanged once every 12 hours.
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Determination of pH-Sensitive Release
A dialysis cassette was used to determine the drug release 
kinetics of DOX-GNS. Three buffers with pH 2, pH 5.5, 
and pH 7.4 to mimic acidic pH, endosomal/lysosomal pH, 
and physiological pH were used for the evaluation of drug 
release. For this, 0.1 mL of DOX-GNS was added to each 
3 mL buffer solution with varying pH. The cassette was 
submerged in PBS under continuous stirring. At each time 
point, 5 mL of PBS was taken and replaced with fresh 
PBS. The fluorescence intensity of DOX was measured at 
485 nm using a multiplate reader. The concentration of 
DOX was determined by the DOX standard curve. All the 
experiments were performed in triplicate. The cumulative 
release of DOX was calculated using the following 
formula:

Cummulativerelease %ð Þ ¼
samplewithdrawn � P t � 1ð Þ

totalbathvolume
þ p tð Þ

where P is percentage and t is time.

Synthesis of Combinational Nanocomplex
Twenty milliliters of DOX-conjugated GNS was first 
coated with PEG-COOH (100 µM) for 1 hour. The solu-
tion was centrifuged at 5000 rpm for 15 minutes. The 
pellets were collected and re-dispersed in the RNAse-free 
water. The pH of the GNS solution was adjusted to 4.5. 
Three hundred microliters of EDC and NHS in the ratio 
4:1 was added to the 10 mL of DOX- PEG-GNS to 
activate the carboxyl group followed by the addition of 
3 mL of PEI (2 mg/mL). The mixture was stirred at room 
temperature for 2 hours and centrifuged to remove 
unbound PEI. These nanocomplexes were incubated with 
PLK1 before cellular experiments.

3D Cell Culture
Cancer cell spheroids were cultured using an aqueous two- 
phase system as reported by Ham et al.23 Two polymers, 
PEG and dextran (DEX), were used to obtain two immis-
cible aqueous phase systems. A total of 0.5 g of PEG was 
dissolved in 9.5 mL of complete cell culture media. 
Different percentages of DEX (1%, 3%,5%,7%,9%, 11% 
and 15%) were prepared. Both PEG and DEX phase was 
kept at 37°C for 1 hour and were filtered before use. 
Round bottom 96 well plates were used for 3D culture. 
These plates were coated with 1% pluronic 1 day before 
spheroid culture. The cells were then harvested, and the 
concentration was adjusted to 1x107 cells per mL. These 

cells were mixed with DEX at a 1:1 ratio. A total of 50 µL 
of the PEG phase was added to each well in 96 well plates, 
to which 0.5 µL of cell and DEX mixture was dropped 
carefully. The plates were then stored at 37°C in presence 
of 5% CO2 under continuous shaking. The spheroids were 
imaged every alternate day using a brightfield microscope. 
For live-cell staining, these spheroids were stained with 
calcein for 30 minutes and imaged with a fluorescence 
microscope. The diameter of the spheroids was analyzed 
by ImageJ software.

To evaluate the therapeutic efficacy of combinational 
therapy in the 3D culture system, cell viability was deter-
mined by CellTiter-Glo® 3D cell viability assay. First, the 
spheroids were incubated with different nanocomplexes 
(DOX, DOX-GNS, PLK1-GNS, and DOX-PLK1-GNS) 
for various time points (24, 48, 72, and 96 hours). 
Following treatment, the spheroids were incubated with 
CellTiter-Glo® for 1 hour at room temperature. The lumi-
nescence was measured using a BioTek multiplate reader.

Statistics
Student’s t-test was performed to compare two groups 
whereas two-way ANOVA was used to compare multiple 
groups followed by post hoc Tukey’s test. GraphPad Prism 
was used for data analysis. The groups were considered 
significantly different for P < 0.05 unless otherwise stated. 
All the data are represented Mean ± SD unless otherwise 
stated.

Results
Synthesis and Characterization of 
PEI-GNS
Mono-dispersed GNS and subsequent surface modifica-
tions were stable in suspension as demonstrated by the 
UV-Vis spectrum and zeta potential value (Figure 2A and 
B). The surface plasmon peak and zeta potential values 
were 521 nm and −36 ± 5 mV, respectively. These nano-
particles were 12 nm in diameter as determined by SEM 
(Figure 2C). Following conjugation with SH-PEG-COOH 
and PEI, the peak absorbance shifted by 1–2 nm towards 
the upper part of the spectrum consistent with gold nano-
particle functionalization. To further confirm conjugation, 
zeta potential value was obtained at each conjugation step. 
The zeta potential value for PEG-GNS, PEI-PEG-GNS 
(unactivated), and PEI-PEG-GNS (activated) was found 
to be 0 ± 4 mV, 2 ± 3mV and 44 ± 4 mV, respectively 
(Figure 2B). An increase in zeta potential value from −36 
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± 5 mV to 0 ± 4 mV confirms the conjugation of PEG on 
the surface of GNS. Further conjugation of cationic poly-
mer PEI increased the zeta potential value to 44 ± 4 mV. 
The carboxyl group in the PEG linker was activated using 
EDC-NHS chemistry to conjugate PEI through electro-
static bonding. The minimal positive surface charge was 
due to nonactivated-COOH and resulted in lower conjuga-
tion of PEI. In comparison, activated-COOH resulted in 
higher efficiency of PEI conjugation as demonstrated by 
the increase of zeta-potential value. This result confirms 
that PEI is conjugated via the PEG linker. Hence, this 
nanocomplex is a core-shell structure where PEI shell is 
linked to the gold core via PEG linker as demonstrated in 
the schematic diagram (Figure 1). The hydrodynamic size 
of the nanoparticles was evaluated using DLS, which was 
37 ± 26 nm and 164 ± 14 nm for PEG-GNS and PEI-PEG- 
GNS, respectively.

Cytotoxicity Evaluation
CellTiter-Glo® assay was used to assess the cytotoxicity of 
these nanocomplexes at 1,3,5, and 7 days in HEp-2 and 
SKBR3 cells (Figure 2D). While PEI is widely used for 
siRNA/DNA delivery, its application has been limited by 
its significant toxicity. PEI alone demonstrated reduced cell 
viability in both HEp-2 and SKBR3 cell lines with increased 
incubation periods. Interestingly, PEG-GNS demonstrated 

more toxicity in day 3 and 5 HEp-2 cells and day 5 in 
SKBR3 cells. As PEG is considered to be biocompatible, 
this toxicity of PEG-GNS can be attributed to the carboxyl 
group.24 Uncharged COOH crosses the cell membrane easily, 
as they are lipid-soluble. Inside the cells, COOH becomes 
charged in the presence of H+ ions and tends to accumulate 
in cells resulting in acidification. SKBR3 is a metastatic 
cancer cell line and therefore has a high tendency to extrude 
H+ ions in comparison to HEp-2 cell line.25 This may have 
resulted in reduced cell viability in HEp-2 and not in SKBR3. 
However, no apparent toxicity was observed in both cell lines 
when treated with PEI-PEG-GNS. This result was further 
corroborated by necrotic and apoptotic cell analyses per-
formed on Day 1 and Day 7 (Figures S2 and S3). This was 
because the amount of PEI was minimal to facilitate siRNA 
assembly without eliciting significant toxicity.

siRNA Release
Binding affinity is an important parameter in gene delivery 
systems as it affects the gene release efficiency at the 
targeted site. While it is ideal that the carrier vehicle easily 
releases its payload at the desired site, it is equally impor-
tant to prevent non-specific leakage during the transport 
from the injection site to the target area. Therefore, optimal 
binding efficiency is desired for any gene delivery applica-
tion. To optimize the binding affinity, siRNA was 

Figure 2 GNS characterization. (A) UV-Vis spectrum before and after functionalization. (B) Zeta potential measurement. (C) SEM images. (D) Cell viability assay HEP2 (left) 
and SKBR3 (right) over the period of 7 days (n=3, Mean ±SEM, *P<0.05).
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assembled to the GNS-PEI surface in various N/P ratios 
(5:1, 10:1, 15:1, 20:1, and 25:1). The UV-Vis spectrum after 
siRNA conjugation and zeta potential value corresponding 
to each N/P ratio is shown in Figure 3A and B, respectively. 
The amount of PEI in GNS-PEI was determined by the 
spectrophotometric method using copper conjugation. As 
shown in Figure 3C, the minimal nucleic acid release 
occurred at 20:1 and higher N/P ratio whereas excessive 
release that is comparable to the control group occurred at 
5:1 and 10:1 ratio. However, the optimal release of siRNA 
was observed at the ratio of 15:1. Previous studies demon-
strated that the surface charge of nanoparticles affects the 
cellular uptake of the nanoparticle.26–28 The zeta potential 
value of the N/P ratio 15:1 showed −14 ±1mV which is 
optimal for our application. Although a cationic surface 
charge results in higher nanoparticle internalization, it 
shows significant toxicity potential. Therefore, a slight 
negative charge of the functional gold nanoparticle is desir-
able for drug delivery.

FAM-tagged siRNA was used to evaluate siRNA 
release in the cells for 24 hours. The green fluorescence 
signal in Figure 3D clearly depicts the degradation of 
naked siRNA in the cells. However, siRNA complexed 
with GNS-PEI was held intact during the delivery. Both 

80 nM and 100 nM concentration showed siRNA release; 
however, no significant difference was observed between 
these two concentrations. Therefore, we selected 100 nM 
concentration for our further studies.

PLK1 is an enzyme that belongs to Serine/threonine 
kinases which play an important role in regulating various 
cell cycle events such as mitotic signaling, centrosome 
maturation, and DNA damage in almost all cell lines. One 
of the primary functions of PLK1 is to regulate mitotic 
checkpoints to ensure genetic stability.29 A wide range of 
cancers including breast cancer have demonstrated 
a correlation between PLK1 expression and 
carcinogenesis.30 As a result, its expression level is used as 
a measure of tumor severity. Silencing PLK1, therefore, has 
shown a promising anti-proliferative response. Western blot 
results of the PLK1 silencing study showed reduced PLK1 
protein expression in both HEp-2 and SKBR3 cell lines as 
shown in Figure 4A. The anti-Plk1 blot of HEp2 cells 
showed doublet bands. This raised a potential protein degra-
dation concern. However, all treated, and control protein 
samples were separated on a duplicated Coomassie blue- 
stained gel that showed uniformed band patterns without any 
signs of protein degradation. The anti-actin blot showed 
a sharp band pattern for all samples. Furthermore, the 

Figure 3 siRNA release study. (A) UV-Vis spectrum of siRNA conjugation. (B) Zeta-potential measurement of different N/P ratios. (C) Gel-electrophoresis to optimize 
siRNA release. (D) Florescence image and flow cytometer analysis was used to examine siRNA release. Naked FAM-siRNA resulted in lower signal intensity whereas FAM- 
siRNA conjugated to GNS resulted in higher signal intensity.
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lower band showed consistent density for all samples and it 
was not inhibited by the siRNA treatment. We concluded 
that the lower band was a non-specific interacting protein.

Acid Triggered Drug Release Study
Controlled drug release is one of the most desirable fea-
tures in drug delivery applications, particularly in 
a complex disease like cancer where non-specific release 
poses a significant threat to normal cells. The tumor micro-
environment is slightly acidic in comparison to its normal 
environment. This acidic nature is primarily due to glyco-
lytic metabolism, hypoxia, and inefficient blood perfusion 
in tumors. Stimuli-responsive drug release in the acidic 
environment provides further assurance for site-specific 
delivery to cancerous cells. The presence of H+ ions 
leads to an increased hydrolysis rate which eventually 
results in the DOX release from the nanocomplex as 
indicated in Figure 4B. About 67% of DOX was released 
at pH of 5.5 whereas neutral pH value showed only 5% 
release over 6 days. Furthermore, 33% DOX release at pH 
2.0 and 11% of DOX release at pH 5.5 over the period of 
24 hours corroborate sustained release profile at a mildly 
acidic condition in comparison to higher or lower pH.

Antitumor Effect in Cancer Cells
The antitumor effect of combinational therapy was investi-
gated using cell viability assay and its efficacy was 

compared to a single therapy. Four different treatment 
groups (ie, free DOX, DOX-GNS, PLK1-GNS, and DOX- 
PLK1-GNS) in both HEp-2 and SKBR3 cell lines were 
systematically investigated. The size analysis of PLK1- 
GNS was 123±19 nm and after DOX-PLK1-GNS was 190 
± 13 nm (Figure 4C). Cells without any treatment were used 
as the negative control group. As shown in Figure 4D and E, 
all treatment groups demonstrated effective cell inhibition as 
compared to the control group for both cell lines. However, 
DOX-PLK1 conjugated GNS exhibited significantly higher 
anti-tumor efficacy among all the treatment groups (P < 
0.05). The therapeutic efficacy of nanocomplex was further 
evaluated in terms of IC50 value (Figure 4F). The IC50 value 
was calculated using GraphPad Prism software and summar-
ized in Table 1. The IC50 value is represented in terms of 
GNS concentration. The IC50 value was much lower for 
DOX-PLK1-GNS than DOX-GNS and PLK1 GNS for 
both HEp-2 and SKBR3 which indicate the synergistic 
effect of combinational therapy over chemotherapy or gene 
therapy alone. This result may have been caused by 
increased sensitivity of cells against given treatment. PLK1 
silencing has reported to sensitize cells against DOX drug. 
Any change in PLK1 expression level can have a direct 
effect on various cell cycle regulating events. Deregulated 
cell cycle events as a result of PLK1 silencing augments 
DOX treatment, which eventually improves the therapeutic 
efficacy of combinational therapy. Similarly, 48-hour cell 

Figure 4 (A) Western blot analysis to determine PLK1 protein expression. (B) pH-responsive release of DOX. (C) Size analysis of nanoconjugates following siRNA and 
DOX conjugation. Cell viability of (D) SKBR3 and (E) HEp2 after 48 hour of incubation with combinational particle. (F) IC50 value for comparison between combinational 
and single therapy for HEP2 and SKBR3 cell lines. (n=3, Mean ± SEM, *P<0.05).
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viability of different treatment groups further confirmed the 
synergistic effect of DOX-PLK1-GNS over other treatment 
groups as shown in Figure 4D and E

3D Tumor Spheroids
Although the 2D cell culture system is popular to evaluate 
the therapeutic efficacy of a drug delivery system, the results 
may not accurately correlate with an actual model. This is 
mainly due to the limited capability of 2D system to mimic 
the complexity of solid tumors in the physiological environ-
ment. Limited cell–cell interaction, the large surface area 
exposed to the given treatment, and cell–matrix interaction 
in 2D monolayer system affect the predictability of 

therapeutic outcome in in-vivo studies, which could be 
very labor-intensive and expensive. 3D spheroids, as 
a closer approximation of actual solid tumor to mimic an in- 
vivo study, have been widely used to bridge the gap between 
2D system and animal models. 3D spheroids resemble solid 
tumors in many similar ways such as cell–cell interaction, 
presence of quiescent and necrotic cell population, limited 
oxygen and nutrients to the necrotic core, and so on. To 
culture 3D spheroids, aqueous two-phase system (ATPS) 
based on two immiscible biocompatible polymers was 
used.18 Cells were mixed with the dextran (DEX) phase 
and dropped into PEG solution in round bottom 96 well 
plate. Bright-field images of spheroids cultured at a different 
percentage of DEX are shown in Figure S4. Figure 5A 
shows the size and volume of 3D spheroids increased with 
the increase in the DEX percentage. Nine percent of DEX 
resulted in more spherical spheroid formation between 3% 
and 9%. However, 11% and 15% formed loose aggregates 
for more than 50% of the wells. Figure 5B indicates normal 
size distribution and the average diameter of spheres to be 
737±12 µm. Live-cell staining was performed to evaluate 
the viable cells after spheroids were formed (Figure 5C), 
which confirmed the cell viability by fluorescence detection.

Table 1 IC50 Values for Different Treatment Groups

Treatment 
Groups

IC50 Values 
(HEP2)

IC50 Values 
(SKBR3)

Free DOX (µM) 3.287 ±1.9 0.805 ±0.29

DOX-GNS (nM) 0.091± 0.02 0.122 ± 0.02

PLK1 -GNS (nM) 0.44 ± 0.2 0.512 ± 0.3
DOX-PLK1-GNS 

(nM)

0.017± 0.005 0.06 ± 0.002

Figure 5 Evaluation of therapeutic efficiency in 3D spheroids. (A) Size and volume analysis of 3D spheroids cultured at different percentage of dextran. (B) 3D spheroids 
demonstrated normal size distribution. (C) Brightfield and florescence images of spheroids. The spheroids were stained with calcein to evaluate the live cells in the 
spheroids. (D) Bright field images of spheroids treated with DOX-GNS, PLK1-GNS, DOX-GNS and AH-DOX-GNS.
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Synergistic Effect of Combinational 
Nanoparticles
The spheroids were treated with DOX-GNS, PLK1-GNS, 
and DOX-PLK1 GNS, respectively, for 24 and 48 hours to 
evaluate the therapeutic efficacy of combinational vs sin-
gle therapy. Spheroid incubated with culture media with-
out nanoparticles was used as a negative control. We did 
not observe any inhibition in cell viability after 24 hours of 
treatment. Further incubation of spheroids for 48 hours 
showed some inhibition in cell viability; however, the 
results were insignificant. The spheroids were then incu-
bated with nanocomplex for 4 days to evaluate the IC50 

value. The IC50 value was found to be 0.122 ± 0.02 nM, 
0.512 ± 0.3 nM, and 0.06 ± 0.002 nM for DOX-GNS, 
PLK1-GNS, and DOX-PLK1-GNS, respectively, for 
SKBR3 spheroids. Reduction in IC50 value for combina-
tional therapy indicated a synergistic effect of combina-
tional therapy. Figure 5D shows the bright-field images of 
spheroids treated with different treatment groups.

Discussion
As drug discovery and development costs have skyrocketed in 
the past few decades, it is clinically relevant to explore novel 
approaches to effectively improve the efficacy of currently 
available cancer therapeutic reagents. Although there are 
ample drugs available in the market for a variety of cancers, 
major challenges such as low bioavailability, multi-drug resis-
tance (MDR), non-specific delivery, and dose-dependent side 
effects limit their therapeutic efficacy. DOX is a common anti- 
mitotic drug used for the treatment of a broad range of cancers. 
However, the full therapeutic potential of DOX is hindered due 
to its severe dose-associated side effects such as significant 
cardiac damage. Often, a high injection dose is required to 
achieve a therapeutic threshold at the diseased site due to the 
low bioavailability of drugs. This results in MDR development 
which is another major obstacle in cancer therapy. Therefore, 
targeted delivery of DOX at the tumor site is highly desirable. 
On the other hand, siRNA-based therapy is another powerful 
tool to control cancer cell proliferation and survival. 
A correlation of PLK1 overexpression and cancer has been 
established and many studies have reported anti-proliferative 
response of PLK1 silencing in various types of cancer.27,29,30 

Furthermore, PLK1 silencing has reported to sensitize the cells 
against DOX, thereby reducing the therapeutic systemic dose. 
In the present study, genes and drugs were co-delivered to 
improve the therapeutic efficacy of nanocomplex. We hypothe-
sized that PLK1 protein suppression in combination with the 

anti-mitotic effect of DOX would result in a synergistic effect 
conferring the improved therapeutic efficiency of combina-
tional therapy over single therapy. The controlled release sys-
tem is ideal to minimize dose-dependent side effects. 
Cytocompatibility largely depends on PEI, although consid-
ered gold standard for gene delivery, present a significant 
viability risk to cells. Our designed systems utilize PEI to 
attach siRNA at a minimal level without triggering toxic effect 
in the cells. Necrotic and apoptotic cell analysis over the period 
over 7 days indicated a minimal effect of our nanocomplex 
design in comparison to the adverse effect of PEI only (Figures 
S2 and S3). In this study, GNS is the core platform where the 
PEI is conjugated to the surface via a PEG linker representing 
a core-shell structure. DOX is simultaneously conjugated to 
the GNS surface through thiols bonds for combinational ther-
apy. In addition to DOX, our design provides the flexibility to 
conjugate other drugs or molecules to the GNS surface to 
develop multi-drug delivery systems. Further, GNS as a core 
provides the freedom to incorporate photothermal therapy as 
well as imaging component for diagnostic purposes if desired.

Our results indicated a synergistic effect of chemo-gene 
combinational therapy in comparison to the single mode of 
treatment not only in the 2D cell culture system but also in 3D 
tumor spheroids. We used 3D spheroids as the closest physio-
logical approximation of actual solid tumors because 2D cul-
ture often fails to mimic actual physiological tumors due to 
lack of cell–cell interaction, maximal exposure of cells to the 
given treatment, and absence of necrotic or quiescent cells. The 
two-phase aqueous system was used due to its simplicity. The 
cultured spheroids were slightly bigger than the others reported 
in previous studies. This was mainly because of the difference 
in the volume of a cell-DEX mixture (0.25 µL of cell-DEX 
mixture vs 0.5 µL in this study). We speculated that manual 
pipetting the cell-DEX mixture to the PEG phase in the well 
plate may also contribute to the discrepancy in the final spher-
oid size. Nevertheless, the IC50 value assessment observed for 
3D spheres demonstrated the enhanced efficacy of combina-
tional therapy over the single therapy, corroborating with the 
2D cell culture study.

Conclusion
To summarize, we developed a universal GNS-based drug 
delivery vehicle platform which could be further applied to 
study a combination of various drugs and genes with little 
modifications. It is a simple and facile platform that can be 
adapted for further conjugation of other therapeutic drug 
or clinically relevant biomolecules. The pH-responsive 
drug release provides an additional assurance to minimize 
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non-specific release and thus minimizes dose-dependent 
side effects and MDR. This design may represent 
a paradigm shift to developing a theragnostic platform 
due to the SPR and imaging capabilities of GNS.

Abbreviations
GNS, Gold nanospheres; PEG, Poly (ethylene glycol); 
PEI, Polyethyleneimine; PEG-GNS, PEG conjugated 
GNS; PEI-GNS, PEI conjugated GNS; PEG-HYZ, PEG- 
hydrazine; DEX, Dextran; DOX-GNS, Dox conjugated 
GNS; PLK1-GNS, PLK1 conjugated GNS; DOX-PLK1- 
GNS, DOX and PLK1 conjugated GNS.
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