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A B S T R A C T   

P-glycoprotein (P-gp) associated multidrug resistance (MDR) represents a major failure in cancer treatment. The 
overexpression of P-gp is responsible for ATP-dependent efflux of drugs that decrease their intracellular accu
mulation. An effective downregulation of MDR1 gene using small interfering RNA (siRNA) is one of the safe and 
effective tools to overcome the P-gp triggered MDR. Therefore, the development of an efficient and non-toxic 
carrier system for siRNA delivery is a fundamental challenge for effective cancer treatment. Polyamidoamine 
(PAMAM) dendrimer has been used for efficient delivery of siRNA (dendriplexes) to the tumor cells but the 
associated toxicity problems render its use in biological applications. A non-covalent lipid modification (lip
odendriplexes) is supposed to offer a promising strategy to overcome the demerits linked to the naked den
driplexes system. In the current study, we deliver siRNA, designed against MDR1 gene (si-MDR1), in colorectal 
carcinoma cells (Caco-2), having overexpression of P-gp, to check the role of MDR1 gene in tumor progression 
and multidrug resistance using two dimensional (2D) and three dimensional (3D) environment. Imatinib 
mesylate (IM), a P-gp substrate, was used as model drug. Our results revealed that the effective knockdown by 
lipodendriplexes system can significantly reduce the tumor cell migration in 2D (p < 0.001) and 3D (p < 0.001) 
cell cultures as compared to unmodified dendriplexes and si-Control groups. It was also observed that lip
odendriplexes aided downregulation of MDR1 gene effectively, re-sensitized the Caco-2 cells for IM uptake and 
showed a significantly (p < 0.001) higher apoptosis. Our findings imply that our lipodendriplexes system has a 
great potential for siRNA delivery, however, further in vivo application using a suitable targeted system can play 
a major role for better cancer therapeutics.   

1. Introduction 

Multidrug resistance (MDR) is a phenomenon to develop a cross- 
resistance in tumor cells accompanied by a decreased or altered intra
cellular accumulation of chemotherapeutic drugs. In many cases, MDR 
of chemotherapeutic drugs is highly associated with the overexpression 
of P-glycoproteins (P-gp), encoded by the MDR1 gene. The P-gp are 
overexpressed on the plasma membrane of the cancerous cells where it 

can trigger the ATP driven efflux of most of the anti-tumor drugs, lead to 
a reduced accumulation of the drug in the targeted tumor cells and 
subsequent failure of the chemotherapy (Tsuruo et al., 2003; Risnayanti 
et al., 2018). P-gp associated MDR can be tackled by the use of many P- 
gp inhibitors (Dantzig et al., 2003) or substrates (Ni et al., 2011), 
however, the side effects, off-targeting to tissues, and interaction with 
many chemotherapeutic drugs limit their use for clinical purpose. 
Therefore, a safe alternative tool to downregulate the expression of P-gp, 
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to silence the MDR1 gene, can be a double-stranded small interfering 
RNA (siRNA) (Essex et al., 2014). In gene silencing mechanism, siRNA 
enters the cells by the endocytosis process and after crossing the endo
somal membrane it gets loaded into RNA induced silencing complex 
(RISC) for the selective binding with the complementary mRNAs, to 
induce a catalytic degradation (silencing) of the targeted gene (Gilleron 
et al., 2013). 

On the other hand, P-gp are also present in the normal healthy tissue 
of the body and has a crucial role to perform different vital functions. 
Therefore, a carefully designed siRNA is the prerequisite to avoid off- 
targeting to the normal cells (MacDiarmid et al., 2009; Jiang et al., 
2010). 

Polyamidoamine (PAMAM) dendrimer with ethylenediamine core 
has been used for an efficient siRNA delivery (Zhou et al., 2006). The 
primary amine groups of the PAMAM mostly participate in the binding 
with the siRNA to make a stable nano-complex (dendriplexes) for sub
sequent transfection of the complexes into the cells, while the tertiary 
amino groups act as proton sponge in the endosomal environment to 
facilitate the release of siRNA into the cytoplasm (Dutta et al., 2006). It 
has also been reported that PAMAM dendrimer having terminal amino 
groups significantly possesses hemolytic toxicity and cytotoxicity (Jain 
et al., 2010). Therefore, a non-covalent lipid modification of den
driplexes can reduce their cytotoxicity and considerably enhance the 
cellular uptake to targeted cancer cells and lead to an efficient gene 
knockdown (Dutta et al., 2010). 

Imatinib mesylate (IM), a BCR-ABL tyrosine kinase inhibitor (Druker 
et al., 2001) has been approved by FDA for the treatment of chronic 
myeloid leukemia (CML) (Iqbal and Iqbal, 2014). Recently, it has also 
been investigated against other tumors like gastrointestinal stromal tu
mors (GIST) (Balachandran et al., 2011) and colon carcinoma (Graber- 
Maier et al., 2010). Imatinib mesylate is also a substrate of P-gp, 
therefore the overexpression of P-gp and BCR-ABL protein in a cell line 
can elicit resistance against imatinib (Mahon et al., 2003; Galimberti 
et al., 2005). However, a sequential treatment to deliver si-MDR1 (MDR 
modulation) and imatinib mesylate (apoptotic inducer) can be consid
ered a promising strategy against MDR cancer therapy (Biswas et al., 
2013; Sarisozen et al., 2017; Saw et al., 2017). The downregulation of P- 
gp by si-MDR1 can re-sensitize the tumor resistant cell and contributes to 
the apoptotic induction of IM by increasing its intracellular accumula
tion (Stromskaya et al., 2008; Negi et al., 2015). 

Traditionally, a sequential effect of gene silencing followed by 
chemotherapeutic treatment has been evaluated in two-dimensionally 
(2D) cell culture but these simulations can sometimes deprive of clin
ical outcome, due to their poor predictability for the normal physio
logical conditions. Therefore, to portray an in vivo like condition, three 
dimensional (3D) cell culture models are supposed to be a better 
reflection of the original tumor, by their ability to generate extracellular 
matrix (ECM) among the cell cluster in a hypoxic environment (Tera
shima et al., 2016). 

In our previous work, we have developed a state of the art optimized 
lipodendriplexes system (Tariq et al., 2019), having negligible cyto
toxicity with enhanced gene transfection efficiency. Therefore, using our 
safe and efficient nanocarrier system, the aim of the current study was to 
investigate its efficacy for RNA interference, against MDR1 gene using 
Caco-2 cell line (having overexpression of P-gp). The formulations were 
initially characterized using dynamic light scattering, laser Doppler 
anemometry and atomic force microscopy. In vitro toxicity studies 
including ROS, MTT, lysosomal disruption and DNA damage assays were 
performed in the Caco-2 cell line to evaluate the biocompatibility of the 
complexes. Afterward, the MDR1 silencing effect was investigated in 2D 
and 3D cell culture, to check the contribution of MDR1 gene in tumor 
progression and MDR. 

From the current study, we were expecting to (i) increased intra
cellular uptake of si-MDR1 by endocytosis mechanism, (ii) down
regulation of P-gp expression after knockdown of MDR1 gene, (iii) 
inhibition in MDR1 regulated cell migration, (iv) reversal of MDR and 

(v) subsequently enhanced apoptosis by imatinib mesylate. 

2. Materials and methods 

2.1. Materials 

1,2-dipalmitoylphosphatidylcholine (DPPC) lipid was a kind gift 
from Lipoid AG (Steinhausen, Switzerland). PAMAM dendrimer, ethyl
enediamine core, generation 5 solution (5%) in methanol, cholesterol 
(CH), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2,7- 
dichlorofluorescin diacetate (H2DCFDA), 4′,6-diamidino-2-phenyl
indole (DAPI) and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium 
bromide (MTT) were obtained from Sigma Aldrich Chemie GmbH 
(Taufkirchen, Germany). Dimethyl sulfoxide (DMSO) was purchased 
from Carl Roth GmbH & Co. Kg (Karlsruhe, Germany). SYBR® Safe DNA 
dye, Lyso Tracker® red DND-99, High Capacity cDNA Reverse Tran
scription Kit, PowerUp™ SYBR™ Green Master Mix, Pierce protein BCA 
assay kit and heparin sodium salt, from porcine intestinal mucosa were 
purchased from Thermo Fischer Scientific (Dreieich, Germany). RNeasy 
mini kit was purchased from Qiagen (Hilden, Germany). 96-well Bio 
assay™ kit was a gift sample from Greiner Bio-One GmbH (Frick
enhausen, Germany). Dulbecco’s modified Eagle’s minimum essential 
medium (DMEM), fetal bovine serum (FBS) and non-essential amino 
acid (NEA) were purchased from Capricon Scientific (Ebsdorfergrund, 
Germany). Purified water from PURELAB flex II dispenser (ELGA Lab
Water, High Wycombe, UK) was used for all the experiments. All other 
reagents used in experiments were of analytical grade. 

2.2. Oligonucleotides 

siRNA duplexes against MDR1 gene (si-MDR1) (sense 5′ GAU GAU 
GUC UCC AAG AUU AdTdT 3′; sense 5′ GUC ACU GCC UAA UAA AUA 
UdTdT 3′; sense 5′ GAU CGC UAC UGA AGC AAU AdTdT 3′), a non- 
targeting non-specific scrambled siRNA (si-Control) to have no 
silencing effects on rat, mouse and human genes and gene-specific 
primers (forward 5′ TTCAGGTGGCTCTGGATAAG 3′ and reverse 5′

TCAGCATTACGAACTGTAGACA 3′) were purchased from Eurogentec 
(Seraing, Belgium). 

2.3. Cell line and culturing 

Homosapiens colorectal adenocarcinoma (Caco-2) cell line was a 
kind gift from the Institute for Lung Research, University of Marburg, 
Germany. Caco-2 cell line was cultured in DMEM (containing 10% FBS 
supplemented with 10% NEA) at 37 ◦C and 5% CO2 under humid con
ditions). All cells were cultivated as monolayers and passaged upon 
reaching 80% confluency. 

2.4. Preparation of lipodendriplexes 

Lipodendriplexes were prepared in the same manner described pre
viously (Tariq et al., 2019). Briefly, PAMAM dendrimer solution was 
mixed with equal volumes of si-MDR1 solution using N/P ratio 12 (the 
ratio of terminal amino groups of PAMAM to the phosphate groups of 
nucleic acid) by vigorous pipetting, followed by incubation at room 
temperature for 30 min. The resulting dendriplexes were then mixed 
with a fine dispersion of liposomes (DPPC: CH; 85:15) at the liposome to 
PAMAM dendrimer mass ratio of 0.5 and incubated at room temperature 
for 1 h. 

2.5. Physicochemical characterization 

2.5.1. Dynamic light scattering and laser Doppler anemometry 
The hydrodynamic diameter and zeta potential of the lip

odendriplexes were determined by dynamic light scattering (DLS) and 
laser Doppler anemometry (LDA) techniques by Zetasizer Nano ZS 
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(Malvern Instruments, Malvern, UK), using a clear disposable folded 
capillary cell (DTS1060, Malvern Instruments). Prior to measurements, 
the samples were diluted (1:100 ratio) with purified water. The results 
were calculated from the measurements of three independent formula
tions (mean ± standard deviation). 

2.5.2. Atomic force microscopy (AFM) 
The surface morphology of the lipodendriplexes was characterized 

by atomic force microscopy (AFM) on NanoWizard® 3 NanoScience 
(JPK Instruments, Berlin, Germany). Briefly, 20 µl of the sample was 
placed on the surface of the silica wafer and was allowed to adsorb on it 
for 10 min. AFM images were acquired at room temperature using 
intermittent contact mode, at a resonance frequency of 160 kHz, by 
commercially available cantilever tips (NSC14 AlBS, Micromash Europe, 
Wetzlar, Germany). The results of images were processed using JPK data 
processing software v 6.1.62. 

2.6. Determination of reactive oxygen species (ROS) 

For reactive oxygen species (ROS) generation assay, Caco-2 cells 
were seeded at the seeding density of 25,000 cells per well in 96-well 
microtiter plates and were incubated overnight. For the measurement 
of ROS production, cellular ROS protocol by Abcam (Cambridge, UK) 
was used with slight modifications. Briefly, 100 µl of 25 µM cell- 
permeant reagent 2,7-dichlorofluorescein diacetate (H2DCFDA) was 
loaded to the cells for 1 hour at 37 ◦C. The cells were then washed thrice 
with PBS and incubated with the complexes for 1 h at a final siRNA 
concentration of 36 nM using 50 μM tert-Butyl hydroperoxide (TBHP) as 
a positive control. The cells were washed again with PBS and fluores
cence of dichlorofluorescein (DCF) was detected using excitation and 
emission wavelengths of 485 nm and 520 nm, respectively (FLUOstar 
Optima), to quantify the levels of ROS production. The intracellular 
fluorescence visualization was monitored by a microscope (CKX-53 
Olympus, USA), equipped with GFP fluorescence detection filters 
(ex.505 nm - em.530 nm) (Duse et al., 2018; Mahmoud et al., 2018). 

2.7. In vitro cell viability assay 

For in vitro cell viability assay, Caco-2 cells were seeded at a seeding 
density of 10,000 cells per well in 96-well microtiter plates and were 
incubated overnight. After incubation, the cells were incubated with the 
complexes at the final siRNA concentration of 36 nM for 4 h, using 1% 
TritonTMX-100 as a positive control. Afterward, an additional medium 
was added and incubated for a further 20 h. The medium of the plates 
was replaced by MTT reagent and were incubated for further 4 h. After 
the incubation, DMSO was added to dissolve the formazan crystals 
formed by the metabolism of the MTT dye by viable cells. The plates 
were then rotated on a shaking incubator (KS4000 IC, IKA Werke, 
Staufen, Germany) for 15 min. The absorbance of formazan was 
measured at 570 nm (FLUOstar Optima). The cell viability of the cells 
was expressed as a percentage of viability of the treated cells to un
treated cells. 

2.8. Lysosomal disruption and actin polymerization 

Caco-2 cells were seeded at the seeding density of 90,000 cells per 
well in a 12-well cell culture plates containing coverslips (15 mm 
diameter). After 24 h incubation, the old culture medium of the cells was 
replaced with the fresh medium and incubated with the complexes at the 
final siRNA concentration of 36 nM. Cells were incubated with the 
complexes for 4 h followed by incubation with 100 nM of Lyso Tracker® 
red DND-99 for 30 min at 37 ◦C to stain the lysosome. The cells were 
then washed with PBS containing Ca2+ and Mg2+ before fixing with 4% 
formaldehyde solution (Guo et al., 2018). Thereafter, cell nuclei were 
stained with DAPI, followed by actin cytoskeleton staining with 
Phalloidin-FITC. The coverslip was placed on a clear glass slide and 

sealed with fluorescence-free glycerol-based mounting medium (Fluo
rSave™, Calbiochem, San Diego, USA) before being analysed under a 
fluorescence microscope (CKX-53 Olympus, USA). 

2.9. DNA damage assay 

DNA damage was analysed by the comet assay (Ali et al., 2020). 
Briefly, Caco-2 cells were seeded at the seeding density of 90,000 cells 
per well in a 12-well cell culture plate and incubated overnight. After 
incubation, the old culture medium was replaced with the fresh medium 
and incubated with the complexes at the final siRNA concentration of 
36 nM for 4 h. After incubation, additional 1 ml of medium was added to 
the wells and incubated up to 48 h. The cells were washed thrice with 
ice-cold PBS containing Ca2+ and Mg2+. The cells were then trypsinized 
and suspended (8000 cells in 25 μl of PBS) in 75 μl of low melting 
agarose 1% (LMA) and placed on pre-coated microscopic slides (Super 
frost microscopic slides were coated with 1% normal melting point 
agarose (NMA) and the lower surface was wiped before the settling of 
gel). The gel was covered with glass coverslips and allowed to set on an 
ice block. The coverslips were carefully removed and the settled gel was 
sandwiched by an additional layer of LMA. The slides were then gently 
placed in ice-cold lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 
1% Triton™ X-100; pH 10) and incubated overnight at 4 ◦C under dark 
condition. Afterward, the microscopic slides were placed in alkaline 
electrophoresis solution (300 mM NaOH, 1 mM EDTA; pH > 13) for 20 
min to start the DNA unwinding process. Gel electrophoresis was per
formed under refrigerating conditions at 25 V and 250 mA for 30 min. 
The level of the electrophoresis solution should not be more than 5 mm 
above the gel. Subsequently, the slides were removed from the electro
phoresis chamber and rinsed with ice-cold neutralizing buffer (400 mM 
Tris buffer; pH 7.5) for 5 min to remove the alkaline traces. The slides 
were dried and fixed with 70% ethanol for 15 min. Thereafter, slides 
were stained with SYBR® safe DNA gel stain for 20 min in dark condi
tion. The cells were analysed by scoring 50 comets per slide using a 
microscope (CKX-53 Olympus, USA), equipped with GFP fluorescence 
detection filters (ex.505 nm - em.530 nm). The comets were analysed 
using Comet IV software (Instem, Staffordshire, UK). 

2.10. RNA interference experiments 

2.10.1. MDR1 silencing 
The knockdown of MDR1 gene experiment was conducted in the 

MDR1 gene expressing Caco-2 cell line. Cells were seeded in 6-well cell 
culture plates (Sarstedt AG & Co. KG, Nümbrecht, Germany) at the 
seeding density of 1,00,0000 cells per well. After overnight incubation, 
the cells were transfected with complexes at the final si-MDR1 concen
tration of 36 nM and incubated for 48 h. After incubation, the cells were 
washed with PBS followed by the trypsinization of the cells. The cells 
were collected and resuspended in PBS and subjected to RNA isolation. 

2.10.2. RNA isolation, reverse transcription and real-time quantitative PCR 
Total RNA was isolated using the RNeasy Mini Kit, according to the 

manufacturer’s instruction. After measuring the amount of isolated 
RNA, cDNA was synthesized using a High Capacity cDNA Reverse 
Transcription Kit, according to the manufacturer’s protocol. A 20 µl 
reactions mixture was subjected for a thermal cycler program as follows, 
25 ◦C for 10 min, 37 ◦C for 120 min, 85 ◦C for 5 min and then held at 
4 ◦C. The quantitative real-time PCR assay was performed with Quant 
studio 3 RT-PCR System (Applied Biosystems, Foster City, CA) using 
PowerUp™ SYBR® Green Master Mix, according to the manufacturer’s 
instructions. A 10 µl of the reaction mixture was used for RT-qPCR 
containing 15 ng of cDNA and 0.4 µl of 10 mM gene-specific primers. 
GPDH (housekeeper gene) was used as a positive control and Ct values 
were used to calculate the relative mRNA expression level. 
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2.10.3. Wound healing assay 
Caco-2 cells were seeded at the seeding density of 1,00,0000 cells per 

well in a 6-well cell culture plates. After overnight incubation, the cells 
were transfected with complexes at the final si-MDR1 concentration of 
36 nM and incubated for 48 h. After 48 h of transfection period, the cells 
were trypsinized and washed with culture medium. Thereafter, 25,000 
cells with a seeding volume of 70 μl were transferred into each chamber 
of culture insert of μ-Dish (Ibidi, Martius, Germany) and incubated 
overnight for their confluency. After incubation, culture inserts were 
removed and an additional medium (3 ml) was added in μ-Dish. Scratch 
closure was photographed to investigate the wound recovery at different 

time points (0, 16, 24, 48 h), using a microscope (CKX-53 Olympus, 
USA). The scratch closure area was calculated according to the gap filled 
by migrated cells in comparison to the scratch area at 0 h. Image J 
analysis software was used to calculate scratch closure. 

2.10.4. Transwell migration assay 
Caco-2 cells were grown in 6-well cell culture plates at a seeding 

density of 1,00,0000 cells per well. The cells were transfected with 
complexes at the final si-MDR1 concentration of 36 nM and incubated 
for 48 h. After 48 h of transfection period, the cells were trypsinized and 
washed with a serum-free culture medium. Thereafter, 2,50,000 cells 

Fig. 1. (A) Schematic representation of 3D tumor 
spheroid and 3D tumor ring bioprinting formation 
by magnetic levitation method. (B) Steps involved 
in spheroid formation: (a) Addition of Nano
Shuttles™-PL in the cells. (b) Trypsinization and 
washing of cells. (c) Addition of cells in 6-well ultra- 
low attachments plate and placement of the lid. (d) 
Placement of levitating drive (e) Incubation for 5 h 
to generate the ECM among the cells. (f) Formation 
of cells aggregates and break down. (g) Placement 
of 96-well ultra-low attachment plate on a spheroid 
magnetic drive. (h) Addition of cells under the in
fluence of the magnetic field. (i) Incubate the plate 
for 15 min to print spheroids.   
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with a seeding volume of 200 μl were transferred to the upper chamber 
of transwell insert (8 μm pore size, PET membrane; Corning, New York, 
USA). A 500 μl of culture medium with 20% FBS was added to the lower 
chamber and incubated the plate for 48 h. After incubation, the old 
medium was aspirated from the upper chamber of the insert and 
unmigrated cells were removed by the help of a wet cotton swab. The 
migrated cells attached to the lower part of the chamber were fixed with 
70% ethanol and stained with 0.1% crystal violet dye. The cell migration 
was observed in five randomly selected stained area under a bright field 
microscope and analysed using Wimasis image analysis software. 

2.10.5. Plate colony formation assay 
Caco-2 cells were grown in 6-well cell culture plates at a seeding 

density of 1,00,0000 cells per well. The cells were transfected with 
complexes at the final si-MDR1 concentration of 36 nM and incubated 
for 48 h. After 48 h of transfection period, the cells were trypsinized and 
resuspended in the new medium. Thereafter, 1000 cells were transferred 
into a well of 6-well cell culture plate and allowed to grow for 14 days. 
The cells were then fixed with 70% ethanol followed by washing with 
PBS. The cells were then stained with 0.1% crystal violet dye to detect 
the formation of colonies in the wells. The colony containing more than 
50 cells was counted manually. 

2.11. Formation of 3D tumor spheroids and 3D ring bioprinting 

In two-dimensional (2D) cell culture assays, the cell vasculatures are 
not in direct contact with the biochemical components of the media. On 
the other hand, it is also difficult to regulate the extracellular matrix 
(ECM) for the diffusion of extracellular compounds in a 2D environment. 
To overcome these challenges, 3D magnetic bioprinting can play a novel 
role to pattern a 3D cell culture structure by magnetizing the cells with 
biocompatible magnetic nanoparticles i.e Nano3D Biosciences Nano
Shuttles™-PL (Greiner Bio-One GmbH, Frickenhausen, Germany). The 
NanoShuttles™-PL assembly consists of gold nanoparticles, iron oxide 
and poly-L-lysine, a biopolymer with a cell-adhesive peptide sequence. It 
performs the dual function to electrostatically bind to the cells and to 
cross-link with the nanoparticles (de Cássia Antonino et al., 2019). The 
binding of the nanoparticles with the cells generates the magnetic 
properties in the cell which can be influenced by the external application 
of a magnetic field. The process of magnetic levitation initiates the cell 
aggregation and generates the ECM among the cells. Afterward, the 
induction of the magnetic field rapidly patterns the cells into a sphe
roidal or ring shape (Fig. 1A&B). After the removal of the magnetic field, 
the cells tried to proliferate or migrate through ECM (Timm et al., 2013; 
Tseng et al., 2016). 

2.11.1. 3D tumor spheroids cell migration 
3D tumor spheroids were prepared by the magnetic levitation 

method using the 96-well Bio assay™ kit (Greiner Bio-One GmbH, 
Frickenhausen, Germany). Caco-2 cells were seeded in a 6-well cell 
culture plate at the seeding density of 1,00,0000 cells per well. After 

overnight growth, the cells were transfected with complexes at the si- 
MDR1 concentration of 36 nM and incubated for 48 h. Afterward, the 
cells were incubated overnight with Nano3D Biosciences Nano
Shuttle™-PL (8 μl/cm2 of cell culture area) to crosslink the nanoparticles 
with the cells. On the following day, the cells were washed, trypsinized 
and resuspended in the media. A 2 ml of cell suspension was then 
distributed in the 6-well ultra-low attachment plate (Greiner Bio-One 

GmbH, Frickenhausen, Germany) at the cell density of 2,50,000 cells 
per ml. The plates were then covered with the lid and the levitating drive 
was placed at the top of the lid. The plates were then rotated 3–4 times 
and observed under the microscope to check the initiation of the levi
tating process. The plate was then incubated for 5 h to generate the 
extracellular matrix (ECM) among the levitating cells. The levitating 
cells were then broken by pipetting action. Afterward, a 96-well ultra- 
low attachment plate (Greiner Bio-One GmbH, Frickenhausen, Ger
many) was placed on the magnetic spheroid drive and broken cells were 
distributed at the cell density of 50,000 cells per well. The cells were 
then allowed to print on the magnetic spheroid drive for 15 min to 
obtain a loose connected spheroidal structure. The magnetic spheroid 
drive was then removed from the bottom and the plate was incubated 
overnight to grow the tumor spheroid. The migration of cells through 
the ECM was then recorded for 48 h and the percentage (%) of cell 
migration was calculated according to the following formula: 

Cell migration (%) =
Area covered by migrating cells (μm)

Total area covered by bioprinted region (μm)

× 100 (1)  

2.11.2. Cytoskeleton staining of spheroids 
Spheroid formation was done in the same manner mentioned above. 

After the 48 h of incubation, the spheroids were washed with PBS con
taining Ca2+ and Mg2+ and fixed with 4% formaldehyde solution for 1 h. 
The spheroids were then washed twice with PBS and counterstained 
with DAPI followed by Phalloidin-FITC for nuclei and cytoskeleton 
visualization, respectively. For every step, the spheroids were anchored 
by a magnetic spheroid drive to maintain their structural integrity. The 
magnetic spheroids were then carefully pulled out using a Magpen 
(Greiner Bio-One GmbH, Frickenhausen, Germany) and placed on a 
clear glass slide under the influence of the magnetic field. A coverslip 
was then placed over the spheroids and sealed with a fluorescence-free 
glycerol-based mounting medium. The spheroids were then analysed 
under a microscope (CKX-53 Olympus, USA), equipped with fluores
cence filters. 

2.11.3. 3D tumor ring closure assay 
For 3D ring bioprinting, the levitation of the cells was performed in 

the same manner discussed above. The levitating cells were then broken 
by pipetting action. Afterward, a 96-well ultra-low attachment plate was 
placed on the magnetic ring drive and broken cells were distributed at 
the cell density of 100,000 cells per well. The cells were then allowed to 
print on a magnetic ring drive for 15 min to obtain a loosely connected 
ring structure. The magnetic ring drive was then removed from the 
bottom and plates were incubated overnight to grow the tumor ring. The 
ring closure area was recorded for 48 h and compared with the si- 
Control. The percentage (%) of ring closure area was determined 
using the following formula:   

2.12. Apoptosis assay by flow cytometry 

Cells apoptosis was investigated, according to the sequential treat
ment protocol, by flow cytometry (FACS) technique. Briefly, 90,000 
Caco-2 cells per well were seeded overnight in 12-well cell culture 
plates. The cells were transfected with complexes at the final si-MDR1 
concentration of 36 nM and incubated for 48 h. After incubation, the 

Ring closure area (%) =
Inner diameter (μm) of ring after specified time interval

Initial inner diameter (μm) of the ring
× 100 (2)   
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media was replaced by IM (75 μM) and incubated for further 24 h. The 
controlled cells were incubated without any addition of the drug. Af
terward, the cells were collected, washed with cold PBS and resus
pended in 1x binding buffer. A 50 μl of binding buffer supplemented 
with 1 μl (10 μg/ml) of APC Annexin V were gently mixed with an equal 
volume of cell suspension and incubated at room temperature for 15 min 
under dark condition. Afterward, 300 μl of binding buffer containing 
0.4 μl (5 mg/ml) of propidium iodide (PI) was added and placed on ice 
for 5 min before analyse by flow cytometer (Guava®easyCyte™, Milli
pore Sigma, USA). The data was processed by Flowjo 10 software. 

2.13. Apoptosis determination in spheroids by live dead viability assay 

Tumor spheroids were formed in the manner discussed above. After 
the 24 h of spheroids formation, the media was replaced by IM (75 μM) 
and incubated for 24 h. The controlled spheroids were incubated 
without any addition of the drug. The spheroids were then washed with 
PBS before staining with a solution containing 3 μM syto 9 and 7.5 μM PI 
for live dead viability assay, using Live/Dead viability kit (Invitrogen™, 
Oregon, USA). The spheroids were then again washed with PBS and 
analysed under a microscope (CKX-53 Olympus, USA) equipped with 
fluorescence filters. 

2.14. Cell cycle analysis by flow cytometry 

For cell cycle analysis, briefly, 1,00,0000 Caco-2 cells per well were 
seeded overnight in 6-well cell culture plates. The cells were transfected 
with complexes at the si-MDR1 concentration of 36 nM and incubated 
for 48 h. After incubation, the media were replaced by IM (75 μM) and 
further incubated for further 24 h. The controlled cells were incubated, 
without any addition of the drug. Afterward, the cells were trypsinized 
and washed with ice-cold PBS. The cells were then fixed by a dropwise 
addition of 70% ice-cold ethanol and stored at − 20 ◦C for at least one 
hour. At the time of analysis, the cells pellet was washed twice with ice- 
cold PBS and suspended in 1 ml of PI/0.1% Triton™ X-100 staining 
solution (PI 20 μg and RNase 50 μg in 1 ml of 0.1% Triton™ X-100 so
lution). Keep the cell suspension in the dark condition at room tem
perature for 30 min. Just before the analysis, the cell suspension was 
vortexed and filtered using a polystyrene round-bottom tube equipped 
with a cell strainer cap. The cell suspension was poured in the cap and 
centrifuged for a short period. The cell cycle distribution was then 
analysed using a PE-A channel with a flow cytometer (BD Biosciences 
LSR II FACS, San Francisco, USA). A minimum of 20,000 events was 
measured per sample and data was analysed using ModFit LT V 5.0 
software (using a special updated file for Sub-G1 phase calculation). 

Fig. 2. (A) Size analysis of DPPC: CH-PAMAM lipodendriplexes. (B) AFM intermittent contact mode image of DPPC: CH-PAMAM lipodendriplexes using NSC14 AlBS 
cantilever; lock-in amplitude image of lipodendriplexes (scale bar represents as 500 nm). (C) 3D height representative view of the single lipodendriplex. (D) Cross- 
sectional height measured view of a single lipodendriplex showing a step height of 4 nm indicating a lipid bilayer. (E&F) Fluorescence micrograph and relative 
fluorescence units of intracellular ROS generation in Caco-2 cell lines, respectively after the addition of optimized complexes using TBHP as control. Higher DCF 
(green fluorescence) was produced from H2DCFDA after the addition of dendriplexes to the cells in comparison to lipodendriplexes. Blank represents cells without 
any treatment. (G) In vitro cell viability studies. (H) Lysosomal disruption and actin polymerization assay; DAPI (blue) corresponds to the nuclei staining while 
Lysotracker red (red) represents lysosomal staining. Phalloidin FITC (green) representing the cytoskeleton staining to monitor actin polymerization. (I&J) DNA 
damage assay; olive tail moment representing the extent of DNA damage of optimized dendriplexes and DPPC: CH-PAMAM lipodendriplexes (N/P ratio 12) in Caco-2 
cell line. Significantly higher olive tail moment was observed in the case of dendriplexes treated cells. Cells treated with non-specific scrambled siRNA considered as 
si-Control. Values are represented as mean ± S.D (n = 3) and statistical significances are indicated as *p < 0.05, **p < 0.01. Scale bar represents 20 μm. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2.15. Statistical analysis 

All experiments were performed in triplicates and the values are 
mentioned as a mean ± standard deviation. One-way Anova was per
formed to identify statistically significant differences using IBM SPSS 
software (Ver. 22). Dunnett’s test was used for multi-comparison be
tween the results and control, whereas multi-comparison among the 
different groups was made using Tukey’s test. Statistical difference of P 
values more than 0.05 considered insignificant. *p < 0.05, **p < 0.01, 
***p < 0.001. 

3. Results and discussion 

3.1. In vitro physicochemical characterization 

In our previous work, optimized lipodendriplexes of N/P ratio 12 
showed the highest gene transfection efficiency (Tariq et al., 2019). 
Therefore, this optimized non-viral nanocarrier was carried forward for 
gene silencing experiments (Dutta et al., 2006). In DLS and LDA analysis 
of lipodendriplexes, the average size and zeta potential were 213.1 ±
13.8 nm (Fig. 2 A) and 10.8 ± 1.6 mV (PDI = 0.2), respectively. The AFM 
findings showed a spherical morphology of the lipodendriplexes system 
(Fig. 2 B&C), while the cross-section (height measurement) of single 
lipodendriplex also depicted the results according to the hydrodynamic 
size obtained by DLS analysis (Fig. 2 D). Fig. 2 D also showed a step 
height of 4 nm representing the presence of lipid bilayer on the particle. 

3.2. Reactive oxygen species (ROS) generation 

It has been reported that toxicity produced by exposed terminal 
amino groups of PAMAM dendrimer played a crucial role in ROS gen
eration, which is directly associated with mitochondrial membrane 
permeabilization and disruption of mitochondrial transduction path
ways (Naha et al., 2010). In our study, we have used H2DCFDA (a flu
orogenic dye) for the detection of ROS generation in Caco-2 cells. After 
permeation into the cells, H2DCFDA was enzymatically deacetylates by 
cellular esterase to H2DCF (a non-fluorescent compound) that was 
further oxidized to DCF (green fluorescent) by intracellular ROS (Szy
chowski et al., 2016). The results of ROS generation showed that the 
cells incubated with dendriplexes produce significantly higher DCF 
signals as compared to lipodendriplexes, indicating the shield of lipo
some against PAMAM dendrimer induced toxicity. The microscopic 
evaluation showing the lower green fluorescent signals by lip
odendriplexes system further confirming the role of the exposed termi
nal amino group in ROS production (Fig. 2 E&F). 

3.3. In vitro cell viability (MTT assay) 

In vitro cell viability studies, using MTT assay were carried out in 
Caco-2 cell line to check the toxicity associated with the optimized 
complexes. It has been reported that dendriplexes having polycationic 
terminal amino groups exhibited cytotoxicity due to their interaction 
with the oppositely charged surface of cellular membranes and lead to 

Fig. 3. (A) RT-qPCR analysis for MDR1 gene silencing. (B) Scratch closure assay; microscopic evaluation up to 48 h. Scale bar represents 100 μm. (C) Graphical 
presentation of scratch closure area over the time period of 48 h i.e. the percentage of maximum area at 0 h. (D) Transwell cell migration assay using phase-contrast 
microscopy of the cells stained with 0.1% crystal violet. Scale bar represents 20 μm. (E) Graphical representation of the number of cells migrated per field. (F) Colony 
formation assay; Photographs of the cells colony stained with 0.1% crystal violet. (G) Graphical presentation of the number of colony formation after 14 days of 
incubation in Caco-2 cell line of optimized dendriplexes and of DPPC: CH-PAMAM lipodendriplexes (N/P ratio 12). Cells treated with non-specific scrambled siRNA 
considered as si-Control. Values are represented as mean ± S.D (n = 3) and statistical significances are indicated as *p < 0.05, **p < 0.01, ***p < 0.001. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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their structural disruptions (Movassaghian et al., 2011). As shown in 
Fig. 2 G, the dendriplexes treated cells showed less viability (i.e. 76.4 ±
6.4%) in comparison to lipodendriplexes and si-Control treated cells (i.e. 
98.2 ± 14.5% and 100.2 ± 27.3%, respectively). 

3.4. Lysosomal disruption and actin polymerization 

For an efficient nucleic acid delivery, the cargo should be stable 
during the endocytic uptake to release into the cytosol (Nguyen et al., 
2008). It has been reported that endocytosis is the main mechanism of 
cellular uptake of protonated PAMAM dendrimers which trafficked to 
lysosomes to buffered the endolysosomal pH (proton sponge effect) and 
can lead lysosomal rupturing by lysosomal membrane permeabilization 
(LMP) mechanism (Kitchens et al., 2007; Thomas et al., 2009). Cell 
death associated with LMP is highly associated with mitochondrial 
membrane permeabilization that can result in enhanced reactive oxygen 
species (ROS) generation, cytosolic acidification and cellular necrosis 
(Stern et al., 2012). It has also been reported that the PAMAM dendrimer 
can interact with the cytoskeleton in a biphasic manner. At low con
centrations, they retard the actin polymerization by acting as G-binding 
actin protein while at higher concentrations they behave as a nucleating 
protein to cause actin polymerization (Ruenraroengsak and Florence, 
2010; Shen et al., 2018). Therefore, to investigate the intracellular 
trafficking of PAMAM based complexes, LysoTracker® red DND-99 
(lysosomal marker) and Phalloidin FITC (cytoskeleton staining dye) 
were used. Fig. 2 H depicted that after the incubation period of 4 h, the 

cells treated with lipodendriplexes showed a higher fluorescence in
tensity of Lysotracker red as compared to dendriplexes suggesting a 
lower damaging and of lysosomes by the lipid-modified system. It was 
further observed that the concentration of PAMAM dendrimer used in 
the complexes does not alter the structure of the cytoskeleton and inhibit 
the actin polymerization process. 

3.5. DNA damage assay 

It has been evaluated from the above sections; the naked den
driplexes were responsible for enhanced oxidative stress and mito
chondrial membrane permeabilization that are the key determinants of 
cellular toxicity. The free radical formation was further responsible for 
the damage of many biological components including cellular proteins 
and DNA, which may lead to apoptosis and cellular necrosis (Naha and 
Byrne, 2013). The alkaline comet assay also called a single cell gel 
electrophoresis method, is a fast and reliable method for the determi
nation of DNA damage. If there is some damage or fragments present in a 
negatively charged DNA, the broken part may migrate towards the 
anode to resolve into DNA head and tail, similar to a broken comet. From 
the results, it was assessed that the lipodendriplexes exhibited less DNA 
damage with an olive tail moment of 0.7 ± 1.0 while in the case of 
dendriplexes it was significantly (p < 0.01) high i.e. 7.6 ± 4.4 (Fig. 2 
I&J). 

Hence, the exposed terminal amino groups on the surface of naked 
dendriplexes were considered responsible for ROS generation, 

Fig. 4. (A) 3D tumor spheroid cell migration assay in Caco-2 cell line of optimized dendriplexes and of DPPC: CH-PAMAM lipodendriplexes (N/P ratio 12). (B) 
Graphical representation of the percentage of cell migration from the original bioprinted area after 48 h. (C) Steps involved in staining and transferring the 3D tumor 
spheroid on the glass slides (a) Overview of spheroids in 96-well ultra-low attachment plate. (b) Placement of plate on a spheroid magnetic drive to hold the spheroids 
during washing, fixing and staining. (c) Move the Magpen to a well of 96-well plate to pick up a spheroid. (d) Removal of Magpen out of well (a magnet will stay on 
the pen). (e) A typical spheroid is attached to the underside of the pen. (f) Place the pen (without magnet) on the glass slide to place the spheroid, under the influence 
of the magnetic field. (D) Cytoskeleton staining of spheroids. DAPI (blue) corresponds to the nuclei staining while Phalloidin FITC (green) representing the cyto
skeleton staining to monitor actin polymerization. Cells treated with non-specific scrambled siRNA were used as si-Control. Scale bar represents 200 μm. Values are 
represented as mean ± S.D (n = 3) and statistical significances are indicated as *p < 0.05, **p < 0.01. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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mitochondrial damage, cytotoxicity and DNA damage. 

3.6. RNA interference experiments 

3.6.1. MDR1 gene silencing 
The RT-qPCR assay was performed to measure the gene silencing 

mediated by si-MDR1 complexes. It was observed that lipid-modified 
complexes exhibited 70% MDR1 gene silencing (p < 0.001) which was 
1.7 higher than naked dendriplexes (p < 0.01) i.e. 41% knockdown, as 
shown in Fig. 3 A. 

3.6.2. Wound healing assay 
P-glycoproteins (P-gp), encoded by the MDR1 gene, are not only 

involved in the drug efflux mechanism, but they can also play a major 
role in the promotion of tumor metastasis and provide protection of 
tumor cells against caspase-dependent apoptosis (Katoh et al., 2008; 
Zhang et al., 2014). To investigate the role of MDR1 gene in tumor 
metastasis, Caco-2 cells were transfected with si-MDR1 complexes and 
tumor progression was evaluated by wound healing assay, using Ibidi 
culture inserts. It was observed that the knockdown of MDR1 gene by 
lipodendriplexes exhibited less scratch closure as compared to den
driplexes and si-Control groups (Fig. 3 B). Results showed that in com
parison to si-Control, the percentage of the scratch closure in 
lipodendriplexes and dendriplexes treated cells were 23% (p < 0.001) 
and 47% (p < 0.01), respectively (Fig. 3 C). Therefore, it is evident from 
the findings, the enhanced downregulation of MDR1 by lipodendriplexes 
contributes to inhibition of metastatic progression. 

3.6.3. Transwell migration assay 
Cell migration was further investigated by the transwell migration 

assay. It has been observed that in comparison to si-Control group, lip
odendriplexes treated cells exhibited a significant reduction (p < 0.001) 
in cell migration (approximately 41% decreased) while 20% reduction 
(p < 0.01) was observed in the case of dendriplexes treated cells (Fig. 3 
D&E). Hence, the results of transwell migration assay were in good 
correlation with the results obtained in scratch closure assay. 

3.6.4. Plate colony formation assay 
Downregulation of MDR1 is also responsible for the suppression of 

cell proliferation and colonization (Katoh et al., 2008). To confirm this 
role of MDR1 in colon cancer, colony formation assay was performed in 
Caco-2 cell line. It was observed that after knockdown of MDR1 gene 
with lipodendriplexes, the number of colony formation was significantly 
(p < 0.001) reduced to 63%, compared to the si-Control group. Similar 
effects were recorded in dendriplexes treated group with an inhibition 
effect of about 48% (p < 0.001). Nevertheless, the knockdown produced 
by lipodendriplexes exhibited more significant (p < 0.01) results as 
compared to the parent dendriplexes group (Fig. 3 F&G). These results 
depicted that MDR1 knockdown played an obvious role in the inhibition 
of cell proliferation and colonization of Caco-2 cells. 

3.7. 3D tumor spheroid cell migration assay 

Cell migration plays a vital role in tumor metastasis. Therefore, to 
investigate the cell metastasis in Caco-2 cells, magnetically levitated 
cells were patterned into a 3D tumor spheroidal model to establish a 
similar in vivo tumor-like environment (Wiercinska et al., 2011). This 3D 
tumor model determines the impact of MDR1 silencing on tumor pro
gression. The cells treated with complexes containing si-MDR1 were 
allowed to migrate through ECM (away from the original bioprinted 

Fig. 5. 3D tumor ring closure assay using (A) a phase-contrast microscope and by (C) a mobile device while (B&D) depicting their graphical representation 
respectively, in Caco-2 cell line of optimized dendriplexes and DPPC: CH-PAMAM lipodendriplexes (N/P ratio 12) at specified time (h) intervals. Cells treated with 
non-specific scrambled siRNA considered as si-Control. White scale bar represents 200 μm. Black scale bar represents 5 mm. Values are represented as mean ± S.D (n 
= 3) and statistical significances are indicated as *p < 0.05, **p < 0.01, ***p < 0.001. 
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area) and the percentage of cell migration over the incubation period of 
48 h was recorded. The results showed that in the case of si-Control 
treated cells the percentage of cell migration was 28% while a signifi
cant reduction in cell migration was found in the case of dendriplexes (p 
< 0.05) and lipodendriplexes (p < 0.01) treated groups i.e. 18% and 
13%, respectively (Fig. 4 A&B). 

3.8. Cytoskeleton staining of spheroids 

It is difficult to handle the spheroids during the staining process. 
Therefore, in the case of a magnetically printed spheroid, for every step 
including washing, fixing and staining, the magnetic drive was placed 
under the plate to maintain the integrity of the spheroids. The Magpen 
was used to lift the stained spheroid and to place them on the slide for 
analysis (Fig. 4 C). The visualization of actin, in 2D culture of Caco-2 
cells, was analysed in Section 3.4 to investigate the process of actin 
polymerization. Similarly, the staining of actin was conducted in 3D 

culture to observe the distribution of cytoskeleton, which are respon
sible for cell-matrix adhesion and shape of the spheroids. Fig. 4 D 
illustrated that the spheroids treated with si-Control showed a loose 
cellular distribution due to their ability to migrate in outer media while 
in the case of lipodendriplexes treated cells, the intracellular layer was 
strongly adhered to the extracellular matrix and anchored the spheroids, 
responsible for the reduction in cell migration. 

3.9. 3D tumor ring closure assay using phase-contrast microscopy 

Ring closure assay is similar to a scratch closure assay (2D culture) in 
which the void circular space tends to close in 3D fashion over a specific 
time period (Tseng et al., 2015). Ring closure assay was performed on 
the magnetically levitated cells to investigate the role of MDR1 gene in 
cell migration using 3D bioprinted cells. The cells treated with com
plexes containing si-MDR1 were patterned into 3D ring structure and the 
ring closure was recorded for 48 h to evaluate the gene silencing effect. 

Fig. 6. Apoptosis assay in Caco-2 cell line using optimized dendriplexes and of DPPC: CH-PAMAM lipodendriplexes (N/P ratio 12) without or with (75 μM) IM 
treatment. (A) FACS micrographs indicating; Left bottom = healthy cells, right bottom = dead cells, left top = early apoptotic cells, right top = late apoptotic cells. 
(B) Graphical representation of percentage (%) of positive cells. Green, yellow, blue and red bar graphs representing live, dead, early apoptotic and late apoptotic 
cells, respectively. (C) Live dead staining of spheroids for apoptosis determination by fluorescence microscopy. Green fluorescence (syto 9) representing the live cells 
while red fluorescence (PI) indicating dead and late apoptotic cells. Cells treated with non-specific scrambled siRNA considered as control. Scale bar represents 200 
μm. Values are represented as mean ± S.D (n = 3) and statistical significances are indicated as *p < 0.05, ***p < 0.001. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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The percentage of ring closure was determined by measuring the inner 
diameter of the ring at specific time intervals (0, 16, 24, 36, 48 h). The 
results of Fig. 5 A showed that the cells treated with lipodendriplexes 
slower the ring closure as compared to dendriplexes and si-Control 
treated cells. After 48 h incubation, the cells treated with si-Control 
shrink the ring to 92% while in comparison to si-Control, a significant 
reduction in ring closure was found in the case of dendriplexes (p <
0.01) and lipodendriplexes (p < 0.001) with a reduction in the inner 
diameter of 47% and 21%, respectively (Fig. 5 B). 

3.10. 3D tumor ring closure assay using mobile device 

Ring closure area was also determined by a less expensive mobile 
device in comparison to the phase-contrast imaging microscope. The 
dark brown colouration of the ring makes it possible to capture the 
change in diameter in individual well on a microtiter plate (Fig. 5 C). It 
was observed that the results obtained using a mobile device were 
similar to the phase-contrast microscope, but the lower resolution power 
did not provide the exact results. About 91% of ring closure was 
recorded in si-Control treated cells while 45% (p < 0.01) and 23% (p <
0.001) were observed in the case of dendriplexes and lipodendriplexes, 
respectively (Fig. 5D). 

3.11. Apoptosis assay by flow cytometry 

Sequential treatment of RNA interference and chemotherapy pro
vides a synergistic effect to resolve the issue of multidrug resistance (Liu 
et al., 2017). The overexpression of P-gp on Caco-2 cells are responsible 
for the efflux of imatinib mesylate (IM). Therefore, the effective down
regulation of P-gp can enhance the intracellular accumulation of the IM 
and subsequent apoptosis of the cells. To investigate the apoptosis by 
flow cytometry (FACS), one group of the cells were incubated with si- 
Control, dendriplexes, lipodendriplexes and the other group of the 
cells were subjected to a sequential treatment of si-Control, den
driplexes, lipodendriplexes followed by 75 μM of IM. It has been 
observed that the downregulation of P-gp was accountable for the 
increased apoptosis of the cells (Fig. 6 A). The results of Fig. 6 B showed 
that the cells which were only incubated with si-Control, dendriplexes 

and lipodendriplexes exhibited 23.5 ± 5.5%, 25.3 ± 5.7% and 24.4 ±
6.7% cellular apoptosis (early + late apoptosis), respectively. Contrarily, 
a sequential treatment increased the subsequent cellular apoptosis. It 
has been observed that the lipodendriplexes aided sequential treatment 
significantly increased the apoptosis (54.9 ± 13.7%) in comparison to 
dendriplexes (p < 0.05) and si-Control group (p < 0.001) i.e. 35.7 ±
23.1% and 24.5 ± 12.3% respectively. Therefore, the downregulation of 
P-gp with the help of lipodendriplexes was responsible for the re- 
sensitization of the cells for enhanced intracellular accumulation of 
drug (IM). 

3.12. Apoptosis determination of spheroids by live dead viability assay 

In contrast to 2D culture, the live dead viability assay was performed 
in 3D tumor spheroidal model for apoptosis investigation. The live cells 
were stained with syto 9 while dead and late apoptotic cells were stained 
with PI. For the apoptotic determination, the equilibrated spheroids of 
si-Control, dendriplexes and lipodendriplexes were incubated without 
or with IM (75 μM) treatment for 24 h. The spheroids only incubated 
with si-Control, dendriplexes and lipodendriplexes maintain their 
cellular integrity and showed a dense outer layer of live cells, with a 
small portion of dead cells, while the IM treated spheroids exhibited a 
change in shape depicted a hollow cellular structure, indicating the loss 
of cell fragments from the spheroids. Results of Fig. 6 C showed that after 
the IM treatment, the lipodendriplexes treated cells exhibited maximum 
apoptotic effects and showed an enhanced red fluorescence of PI channel 
in spheroidal structure as compared to dendriplexes and si-Control 
treated group. These results further confirmed the enhanced intracel
lular accumulation of IM following the efficient knockdown by lip
odendriplexes system and were in good correlation with the results 
obtained from apoptosis assay in 2D culture. 

3.13. Cell cycle analysis and accumulation of Sub-G1 phase 

The cell cycle analysis was performed to determine the cell phase 
distribution by flow cytometry analysis. Results of Fig. 7 A depicted the 
effective downregulation of P-gp expression contributes to the apoptosis 
induced by IM and arrests the cell cycle at Sub-G1 phase. Fig. 7 B showed 

Fig. 7. Cell cycle analysis by flow cytometry in Caco-2 cell line by optimized dendriplexes and of DPPC: CH-PAMAM lipodendriplexes (N/P ratio 12) without or with 
IM treatment (75 μM). (A) FACS micrographs and (B) graphical representation of percentage (%) of positive cells. Green, yellow, blue and red bar graphs representing 
G0/G1, S, G2/ M and Sub-G1 phases, respectively. Cells treated with non-specific scrambled siRNA considered as si-Control. Values are represented as mean ± S.D (n 
= 2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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that the cells incubated with si-Control, dendriplexes and lip
odendriplexes exhibited 12.0 ± 5.5%, 8.6 ± 3.5% and 14.2 ± 7.7% of 
Sub-G1 phase distribution. While an increased percentage in Sub-G1 
phase was observed after the sequential treatment, depicting an 
increased Sub-G1 phase with lipodendriplexes treated group (34.7 ±
10.3%) in comparison to dendriplexes (28.2 ± 4.4%) and si-Control 
groups (23.4 ± 3.7%). These findings suggest that enhanced intracel
lular accumulation of IM arrests the Caco-2 cell cycle at the Sub-G1 
phase. 

4. Conclusion 

From the current study, it is evident that the lipodendriplexes system 
is a safe and efficient nanocarrier for siRNA delivery in colon carcinoma. 
Cytotoxicity studies including, ROS, in vitro cell viability, lysosomal 
disruption and DNA damage assay revealed that the lipid modification 
of dendriplexes significantly shields the terminal amino group induced 
toxicity and consequently improves the cell viability. The RNA inter
ference experiments in 2D and 3D environments also witnessed the 
pronounced cellular uptake and subsequent downregulation of MDR1 
genes depicted a significant inhibition of tumor metastasis and coloni
zation by such an optimized system. The sequential downregulation of 
MDR1 gene and chemotherapy has shown enhanced apoptosis of cancer 
cells, addressed a novel strategy to overcome the challenges associated 
with multi-drug resistant cancers. Therefore, this optimized system has 
the full potential to be used for further in vivo studies, by using ligand- 
specific targeting systems, against different types of cancer. 
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