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Abstract
Delivery of small-interfering RNA (siRNA) has been of great interest in the past decade for effective gene silencing. To overcome syn-

thetic and regulatory challenges posed by nanoparticle-mediated siRNA delivery, antibody–siRNA conjugate (ARC) platform is emerging

as a potential siRNA delivery system suitable for clinical translation. Herein, we have developed a delivery technology based on the ARC

platform for stable delivery of siRNA called as Gelatin-Antibody Delivery System (GADS). In GADS, positively charged gelatin acts as a

linker between antibody–siRNA and enables the endosomal escape of siRNA for gene silencing postcellular internalization. For proof of

concept, we synthesized a scalable GADS conjugate comprising of Cetuximab (CTB), cationized gelatin (cGel) and NSCLC KRASG12C-

specific siRNA. CTB was chemically conjugated to cGel through an amide link to form the CTB–cGel complex. Thereafter, siRNA was

chemically conjugated to the cGel moiety of the complex through the thioether link to form CTB–cGel–siRNA conjugate. RP-HPLC

analysis was used to monitor the reaction while gel retardation assay was used to determine siRNA loading capacity. SPR analysis showed

the preservation of ligand binding affinity of antibody conjugates with KD of ∼0.3 nM. Furthermore, cellular internalization study using

florescent microscopy revealed receptor-mediated endocytosis. The conjugate targeted EGFR receptor of KRAS mutant NSCLC to spe-

cifically knockdown G12C mutation. The oncogene knockdown sensitized the cells toward small molecule inhibitor—Gefitinib causing

∼70% loss in cell viability. Western blot analysis revealed significant downregulation for various RAS downstream proteins postoncogene

knockdown. Comparison of the efficiency of GADS vis-à-vis positive siRNA control and CRISPR–Cas9-based knockout of KRAS Exon 2
in the NCI-H23 NSCLC cell line suggests GADS as a potential technology for clinical translation of gene therapy.
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Introduction
Small-interfering RNA (siRNA) is a promising therapeutic tool
for genetic diseases such as cancer, wherein several types of
carcinomas are either undruggable or develop secondary muta-
tions leading to drug resistance.1–3 Knocking down the onco-
gene of interest circumvents the druggability issues enabling
effective personalized therapies.4 siRNA is known for effective
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knockdown of cytoplasmic genes with high specificity that
leads to either cellular apoptosis or drug sensitization.
However, their clinical application is restricted due to its low
in vivo stability.5,6 Also, cytoplasmic localization of siRNA
is required for siRNA to bind with RNA-induced silencing
complex (RISC) for effecting mRNA knockdown.6 Cytoplasmic
translocation requires endosomal escape after cellular internaliza-
tion which is generally achieved if the molecule of interest is either
cationic or has charge reversal properties.7,8 Indeed, in the past
decade, the need for stability and cytoplasmic translocation has
generated interest on the stable delivery of siRNA for utilizing
its therapeutic potential. Several works have been reported on
modalities to protect siRNA from external degradation factors
and effect stable delivery within the cytoplasm of cells for effec-
tive gene silencing.4,9

Systems reported for delivery of siRNA can be broadly
classified into the viral delivery system or non-viral delivery
system. In the case of non-viral systems, nanoparticle (NP)
platform comprising of metallic, polymeric, or liposomal-
based systems have been explored.8,10–12 For metallic
systems, gold nanoparticle (AuNP) mediated siRNA delivery
has been of primary focus.13,14 However, the relevance of
AuNP delivery system for clinical translation, specifically
for the delivery of siRNA, is limited due to siRNA degrada-
tion and bioavailability. Nonetheless, few works have been
reported to address the issues to certain extent through
surface layering.7,14,15 In the case of polymeric NP delivery
systems, advancements in drug encapsulation techniques and
controlled release of drugs provide synthetic design advan-
tages over metallic NPs.16,17 For delivery of siRNA, the bio-
molecule is physically entrapped within polymeric NPs and
targeted to biomarkers. Several works have been reported on
the use of cationic polymers such as Polyethyleneimine
(PEI) and Cyclodextrin for designing such systems.18–21

However, the use of PEI as the siRNA delivery system is
restricted due to dose-dependent toxicity. Also, with few
exceptions of polymer-based siRNA delivery platform, encap-
sulation of large molecules for systemic delivery is syntheti-
cally challenging.22

To move beyond NP-mediated delivery of siRNA, other
alternate methods have been explored such as direct conjuga-
tion of siRNA to ligands through linkers or embedding the mac-
romolecule within biodegradable matrix.22–26 Such techniques
provide relatively higher control and precision on the composi-
tion yielding homogeneous formulations. Using the embedding
technique, Khvalevsky et al. reported an implantable platform
—LODER, for siRNA-mediated knockdown in vivo.22

LODER is an intratumor implantable device comprising of bio-
degradable polymer matrix that protects siRNA from serum
degradation and releases siRNA over an extended period,
albeit without targeting.

For targeted delivery of siRNA, the use of ligands, such as
antibody or peptide linked to siRNA, is a potential solution.
Similar to Antibody Drug Conjugate (ADC) and called as anti-
body–siRNA conjugates (ARC), ligands linked to siRNA is
emerging as one of the leading platforms for siRNA delivery.

Ligands such as antibody, antibody fragments, peptides, and
aptamers have been commonly used for delivering siRNA.24,25

One such system, called Dynamic Poly-Conjugates (DPC),
was reported by Rozema et al.23 DPC was developed by conju-
gating siRNA to amphipathic polyvinyl ether (PBAVE) through
disulfide linkage and complexed with small molecule
N-acetylgalactosamine (GalNAc).23 Several lead molecules
have been developed for the delivery of siRNA with GalNAc
that have entered clinical trials.27 For targeted delivery, Cuellar
et al.26 reported direct linking of siRNA to antibody using
THIOMAB technology. Based on the ARC platform, the
system comprised antibody linked to siRNA through a small
molecule sulfo-SMCC linker. However, the effective oncogene
knockdown of this platform was applicable only for specific
systems with high antigen expression. Also, inadequate cytoplas-
mic translocation may be one of the primary reasons for limited
gene knockdown. In a separate work, cytoplasmic translocation
issue was overcome by utilizing protamine as a linker.28 The
system reported in the work utilized fusion protein containing
positively charged protamine and single-chain variable fragment
(scFv) of antibody or Fab fragment. While it is known that the
lack of Fc domain induces a high risk of agglomeration during
production and purification, it is important to consider cationic
property in conjunction with targeting moiety for effecting suc-
cessful gene knockdown while designing ARCs.

NSCLC KRASG12C mutation is known to be undruggable
till date. A few small molecule inhibitors have entered clinical
trials for specifically targeting G12C mutation.29 However, it
is known that inhibitors such as TKIs, used for EGFR muta-
tions, cause acquired resistances by activating alternate signal-
ing pathways.30 In this work, we aimed to develop an effective
and scalable ARC through Gelatin-Antibody Delivery System
(GADS) technology for circumventing drug resistance
through gene knockdown. The platform comprises (i) anti-
body that serves as targeting moiety and carrier, (ii) a cationic
macromolecule linking siRNA to antibody as well as aiding in
endosomal escape, and (iii) siRNA for gene knockdown
(Figure 1).

We demonstrated the effective KRASG12C knockdown in
NSCLC using cetuximab (CTB), cationized Gelatin (cGel)
and siRNA (CTB–cGel–siRNA) compound. The compound
was synthesized by linking carboxyl groups of cationic
gelatin to lysine residues of EGFR-specific antibody-CTB
through amide bond. Thiol-modified siRNA (S-S-siRNA) was
subsequently conjugated to the cGel moiety via thioether link.
Successful KRASG12C knockdown confirmed that cGel
enabled endosomal escape of siRNA after receptor-mediated
endocytosis. Western blot analysis showed downregulation of
relevant proteins downstream of the RAS pathway and PI3K
pathway. Also, toxicity analysis revealed sensitization of cells
to Gefitinib after KRAS oncogene knockdown. The receptor
binding affinity of Conjugate-1 (CTB–cGel complex) and
Conjugate-2 (CTB–cGel–siRNA) using SPR analysis postcon-
jugation was comparable to that of CTB. We believe this system
provides a promising and scalable platform technology for gene
therapy.
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Materials and Methods

Materials
Gelatin Type A bloom-110 was purchased from MP
Biomedicals (Cat # 960317). N-(3-Dimethylaminopropyl)-
N′-Ethylcarbodiimide Hydrochloride (EDC, Cat # E7750),
N-Hydroxysuccinimide (NHS, Cat # 130672), Thiazolyl Blue
Tetrazolium Bromide (MTT, Cat # M5655), Ethylenediamine
(EDA, Cat # 41008) were purchased from Sigma Aldrich.
RPMI 1640 media (Cat # AL162S) were purchased from
Himedia. Antibiotics, 100X concentrate, for cell culture was pur-
chased from Gibco (Cat # 15140-122). CTB (Erbitux) Erbitux
5 mg/mL was procured from Merck. ESHMUNO A resin was
purchased from Millipore (Cat # 120089). Protein Assay Dye
Reagent Concentrate was purchased from bio-rad (Cat #
5000002). β-Actin (Cat # 8457S), rabbit monoclonal pMEK 1/
2 (S221, Cat # 9154S), rabbit monoclonal MEK 1/2 (D1A5,
Cat # 8727S), rabbit monoclonal AKT (Cat # 4691S), and
rabbit monoclonal pAKT (T308, Cat # 4060S) were purchased
from Cell Signalling Technologies. H23 and A549 cell lines
were procured from ATCC, USA. Rabbit polyclonal antibody
against KRAS (Cat # ab180772) and secondary anti-rabbit
IgG-HRP (Cat # ab6721) were purchased from Abcam.
Three-color broad range pre-stained protein ladder used for
Western Blot analysis was procured from Puregene (Cat #
PG-PMT2962). Gt F(ab’)2 Anti-human IgG ϒ FITC conjugate
secondary antibody was procured from Life Technologies
(Cat # H10101C). Recombinant human EGFR (rhEGFR)

used for SPR was purchased from Sino Biologicals (Cat #
10001-H08H). Guide-it Complete sgRNA screening system for
CRISPR studies was procured from Takara Bio (Cat # 632636).

Cationization of Gelatin
Cationization of gelatin was carried out through activation of
carboxyl groups present in the gelatin using EDA. Briefly,
1 g of Type-A Gelatin (bloom 110) was dissolved in 40 mL
of DI water. Two hundred and fifty milligrams of EDC and
160 mg of NHS each dissolved in 5 mL of 0.1 M MES/0.5 M
NaCl buffer at pH 4.5 were added to the gelatin solution for car-
boxyl activation. Subsequently, 85 μl containing 75 mg of EDA
was added to the activated gelatin solution and pH was adjusted
to 5.25± 0.25 using 5 N HCl. The reaction was allowed to con-
tinue overnight at 37°C under constant shaking to obtain crude
cationized gelatin. For removal of excess EDA, EDC, and NHS,
the crude cationized gelatin was purified by desolvation method
using acetone precipitation. In the desolvation process, 150 mL
of acetone was added to 50 mL of crude cationized gelatin that
resulted in the precipitation of gelatin. The pellet was washed
with acetone and aspirated. The residual acetone present in
the pellet was removed under low pressure using vaccum evap-
orator (Eppendorf; Speedvac). The purified cationized gelatin
(cGel) precipitate was reconstituted in 50 mL of DI water to
obtain cGel solution and stored at 4 °C until further usage.
The cationization of gelatin was confirmed using zeta-potential
measurement.

Figure 1. Schematic representation of antibody–cGel–siRNA conjugate and details of their respective functions for targeted siRNA delivery.
Abbreviation: siRNA, small-interfering RNA.
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Synthesis of Conjugate-1
For Conjugate-1 preparation, 10 mL of cGel solution contain-
ing 200 mg of cGel was thawed to room temperature and pre-
cipitated using acetone in a process as described in the
Cationization of Gelatin section. The pellet was dissolved in
8 mL of DMSO for 15 min at 50 °C. Carboxyl activation for
preparation of amine-reactive cGel succinimide ester was
carried out by adding 100 mg of EDC and 60 mg of NHS dis-
solved in 2 mL of DMSO. Activation of carboxyl functional
groups present in cGel was carried out at a final concentration
of 20 mg/mL at 37 °C for 1 h (200 mg of cGel in 10 mL solu-
tion). 20 mM BME was used to deactivate the EDC present in
the reaction mixture. Subsequently, 40 mg of activated
amine-reactive cGel succinimide ester (∼25 kDa) was slowly
added to 20 mg of purified CTB (5 mg/mL, 150 kDa). The
pH of the reaction was maintained between 8.5 and 9 using
1 N NaOH during the cGel addition. The conjugation reaction
was allowed to proceed at 37 °C for 2 h and then incubated
at 4 °C overnight with gentle shaking to obtain crude
Conjugate-1. Subsequently, the reaction mixture was centri-
fuged at 10 000g for 15 min to remove suspended, undissolved
aggregates and particles. The supernatant, containing crude
Conjugate-1, was diluted (5-fold) using a buffer containing
10 mM PB, 10 mM Nacl, and 0.1 mM EDTA (pH 7.2). The
diluted reaction mixture was then purified using protein-A chro-
matography as described in the Protein-A Chromatography
section. The dilution was essential to reduce the concentration
of cGel present in the reaction mixture to avoid resin loading
issues during chromatography. The conjugation of cGel to
CTB and the removal of reaction impurities were confirmed
using RP-HPLC and SDS–PAGE analysis.

Synthesis of Conjugate-2
siRNA sequences 5′-(S-S)-GUUGGAGCUUGUGGCGUAGUU-
3′ (sense) and 5′-CUACGCCACAAGCUCCAACUU-3′ (anti-
sense) for KRAS G12C mutation were designed and purchased
from GE Dharmacon (Horizon Discovery). Purified Conjugate-1
obtained from Protein-A chromatography was buffer exchanged
with 50 mM PBS pH 7.2 and concentrated to 15 mg/mL using
ultrafiltration (50 kDa TFF minimate capsule with omega mem-
brane, Pall). siRNA was chemically bound to Conjugate-1 using
sulfo-MBS. Sulfo-MBS (4.16 mg) was dissolved in 1 mL PBS.
One hundred microliter of Sulfo-MBS solution was then added
to Conjugate-1 (15 mg, 1 mL) at pH 7.2 and incubated at room
temperature for 30 min. The activated Conjugate-1 was desalted
using 50 kDa filter (Amicon) to remove excess sulfo-MBS. The
desalting was carried out 3 times for maximum removal of
sulfo-MBS. No significant loss of protein was observed in the per-
meate and the recovery of MBS-Conjugate-1 was ∼95% based on
RP-HPLC assay. The thiol functionalized siRNA (s-s-siRNA) was
reduced as per the manufacturer’s instruction and added to
MBS-Conjugate-1 at various mole ratios of siRNA:Conjugate-1
(1:1, 2:1, 4:1, and 8:1). The reaction was allowed to proceed at
4 °C overnight with gentle shaking to obtain Conjugate-2. The

loading efficiency was analyzed using gel retardation assay. The
molecule was used for various analysis and functional assays
without any further processing.

Protein-A Chromatography
CTB and Conjugate-1 reaction samples were purified using
Protein-A affinity chromatography to remove impurities such
as excipients, excess cGel, EDC, NHS, BME, and salts.
Briefly, buffer containing 10 mM PBS, 10 mM Nacl, and
0.1 mM EDTA pH 7.2 was used for equilibrating and
washing the resin. Two milliters of resin volume, having
protein binding capacity of 20 mg/mL, were used.
Equilibration of the resin was stopped once pH of the resin
reached 7.0 to 7.2 and UV absorption reached asymptotic
lower levels forming the baseline. Then, respective compounds,
ie, CTB (25 mg) and Conjugate-1 (20 mg, based on CTB
content in Conjugate-1), were loaded at a flowrate of 100 cm/
h. Subsequently, the resin was washed with equilibration
buffer for 20 column volumes (40 mL) in case of Conjugate-1
to remove excess cGel and, 5 column volumes (10 mL) in
case of CTB. After washing, elution was carried out with
10 mM PBS/H3PO4 (pH 2.5). Elution was collected and the
pH of the eluate was adjusted to 7.5 with 1 M NaOH. The chro-
matography was performed using Bio-Rad NGC MPLC system
containing inline monitoring system for volume, pH, conductiv-
ity, and UV. The concentration of the eluate was estimated
using RP-HPLC assay with commercial CTB as the reference
standard (5 mg/mL, diluted to 1 mg/mL in PB buffer).

RP-HPLC Analysis
Shimadzu Prominence-I LC-203 °C Plus chromatography
system was used for performing RP-HPLC analysis. The analy-
sis was performed with Agilent Xbridge BEH300 C4 column
with 3.5 μm particle size for separation. The mobile phase com-
prised of two buffers, namely solvent A comprising of 0.1% TFA
in water and solvent B comprising of 0.1% TFA in acetonitrile.
The mobile phase gradient is as follows: (time, % solvent B):
0,20%; 1,20%; 13,45%; 15,80%; 17,20%; 20,20%; the flow
rate was 0.5 mL/min and the column temperature was main-
tained at 80 oC. The chromatograms were obtained at 280 and
214 nm. Ten microliter samples were injected for all analysis.
Prior to analysis of the molecules, the developed HPLC
method was validated for linearity, specificity, and accuracy
using CTB as the reference standard. All analyses were carried
out in triplicates with appropriate bracketing standards.

Zeta Potential (ζ)
Zeta potential estimation was performed using Malvern Zeta
Sizer (Nano-ZS) instrument. All samples were prepared at a
concentration of 1 mg/mL. One milliliter of sample was used
for measuring the zeta potential with dip cell kit. The samples
were filtered through 0.22 μm PES filters prior to analysis.
All analyses were carried out in triplicates.
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Gel Electrophoresis
SDS–PAGE analysis was carried out using 12% polyacryl-
amide gel for analyzing the molecular weight and band shift
postconjugation. Ten micrograms of samples namely, CTB,
conjugate-1 reaction sample, flow-through/wash of conjugate-1
reaction, and purified conjugate-1 were analyzed under standard
reducing and non- reducing conditions.

Agarose gel electrophoresis was carried out for Conjugate-2
samples ie, siRNA reacted with Conjugate-1 at different mole
ratios (1:1, 2:1 and 4:1 of siRNA: CTB), using 1.2% agarose
gel to determine the loading capacity. CTB was used as the nor-
malization factor. Five hundred nanograms of conjugate-2 reac-
tion samples were mixed with 5X DNA loading dye and loaded
onto the agarose gel. The samples were run in 1X TAE buffer at
100V for 30 min and imaged under UV light.

Native PAGE was used for co-localization analysis. In the
co-localization assay, we demonstrated the siRNA to be
bound to antibody and existed as one entity. CTB (5 μg),
Conjugate-1 (5 μg), and Conjugate-2 (5 μg, 500 ng siRNA)
samples were mixed with 5X DNA loading dye and loaded
onto 12% native polyacrylamide gel. The gel was run in 1X
TAE buffer for 60 min at 100 V. Subsequently, the gel was
stained with EtBr and imaged under UV light. The same gel
was then stained using Coomassie staining solution to
observe the colocalized protein bands. All imaging were per-
formed using Bio-Rad ChemiDoc™ XRS+ imaging system.

Fluorescence Microscopy
NCI-H23 cells (0.2 million cells/well) were seeded in a 6-well
plate containing glass coverslips and incubated overnight at 37 °C
in 5% CO2. For investigating receptor-mediated endocytosis, the
cells were fixed with 4% paraformaldehyde for 10 min. After
washing with PBS, coverslips containing the fixed cells were
blocked with 1% BSA/ 0.3 M glycine. The excess blocking sol-
ution was aspirated and washed with PBS three times. The cells
were treated with 1 μM of CTB, Conjugate-1, Conjugate-2, poly-
clonal IgG, and IgG–cGel for 1 h, and then labeled with secon-
dary antibody (dilution 1:500) for 1 h at room temperature.
FITC functionalized anti-human IgG ϒ was used as the secon-
dary antibody. Prior to fluorescence imaging and analysis, the
cells were washed 3 times with PBS to remove non-specific
binding of the molecules to cover slips, counter stained with
DAPI and mounted onto glass slides. For siRNA internalization
analysis, the seeded cells were first treated with 0.1 μM
conjugate-2FITC (FITC functionalized siRNA) and 100 pmol of
lipofectamine-transfected siRNAFITC for 6 h. Subsequently, the
cells were fixed, counter stained with DAPI and mounted onto
glass slides before fluorescence imaging.

Surface Plasmon Resonance
GE Biacore T200 was used for the determination of binding
kinetics for various molecules. CM5 sensor chip containing car-
boxymethylated dextran matrix was used for covalent

immobilization of anti-His antibody as per the manufacturer’s
instructions. Histidine-tagged EGFR (0.25 μg/mL) was then
bound to anti-his antibody functionalized CM5 chip at
25 °C. Subsequently, CTB, Conjugate-1, Conjugate-2, IgG,
and IgG-cGel at a constant flow rate of 30 μl/min were passed
through the chip at various concentrations (3.125, 6.25, 12.5,
25, and 50 nM). 1:1 binding model was used for calculating
the association constant (ka) and dissociation constant (kd)
values. In the model, two criteria were specified, namely (i)
kinetic constants to be uniquely determined and (ii) no significant
bulk contributions. The model enabled the utilization of the
appropriate concentration range for ligand binding affinity anal-
ysis for curve-fitting purposes. Using ka and kd, the equilibrium
dissociation constant, KD was calculated, and the values of the
conjugates were compared to that of CTB reference standard.

Western Blotting
Western blot analysis was carried out by seeding NCI-H23 cells
at a density of 0.5 million cells per well in a 6-well plate and incu-
bated at 37 °C. The cells were treated with 50 pmol of transfected
siRNA (siTA), 50 nM Conjugate-1, and 50 nM Conjugate-2
(Containing 50 pmol siRNA, 1:1 mole ratio of Conjugate-2:
siRNA). siRNA transfection was performed using RNAi Max
transfection reagent as per the manufacturer’s instruction. The
media containing the compounds were aspirated after 6 h of treat-
ment and replaced with basal RPMI 1640 media. After 72 h, the
detached cells were transferred to 1.5 mL tubes and centrifuged
for 15 min at 4 oC. Thereafter, the cell pellet was lysed using
100 μl of RIPA buffer containing 1X protease phosphatase inhib-
itor and was incubated at 4 oC for 30 min to obtain cell lysates.
The cell lysate were centrifuged at 10 000g for 30 min at 4 oC
and the supernatant was collected for further analysis. Protein
concentration from each cell lysate was determined using bicin-
choninic acid (BCA) protein assay kit (#71285-3, Novagen).
Twenty-five micrograms of total protein were loaded onto 12%
SDS–PAGE and transferred to methanol-activated PVDF mem-
brane using Mini-PROTEAN Tetra cell setup at 300 mA for 90
min. The transferred blot was first tagged with primary antibodies
namely anti-AKT (1:1000 dilution), anti-pAKT (1:2000 dilution),
anti-MEK (1:1000 dilution), anti-pMEK (1:1000 dilution),
anti-β-actin (1:2000 dilution), and anti-KRAS (1:1000 dilution)
for 1 h. The membrane was washed thrice with 1X PBST and
then treated with HRP-linked secondary antibody (1:5000 dilu-
tion) for 1 h at room temperature. The blots were developed
using BioRad Clarity™ western ECL substrate and visualized
using ChemiDoc™ XRS+ imaging system. Gene expression
levels were quantified by densitometry analysis using Image-J
tool. The knockdown gene expression study was performed 3
times for validation of KRAS gene knockdown. A similar proce-
dure was followed for A549 lung adenocarcinoma cells.

In Vitro Toxicity Assay
NCI-H23 cells in RPMI 1640 media supplemented with 4.5 g/L
D-glucose, 10 mM HEPES, 1 mM sodium pyruvate, 1.5 g/L
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sodium bicarbonate, 2 mM L-glutamine, 10% heat-inactivated
fetal bovine serum, and 1X penicillin streptomycin were
seeded at a density of 10 000 cells per well in 96-well plate
and incubated overnight at 37 °C. For determination of cytotox-
icity of the molecules, the cells were treated with 5 pmol of
siRNA (siTA) that served as the positive control, 5 nM
Conjugate-1, 5 nM Conjugate-2 containing 5 pmol of siRNA,
and 5 nM CTB that served as the negative control. The treat-
ment was carried out for 72 h. Subsequently, the cells were
treated with different concentrations of 100 μl gefitinib (1, 5,
25, 50, and100 μM) solution for 24 h. The cells were then
subjected to 10 μl of 5 mg/mL MTT dissolved in 1X PBS
for 4 h. The formazan crystals were solubilized in 100 μl
solubilizing buffer and the intensity of the developed color
was quantified using spectrophotometer (Biotek Synergy H1)
at 570 nm. All analyses were carried out in triplicates.

Crispr–Cas9 Knockout Studies
KRAS exon 2 target from NCI-H23 cells was amplified using
forward primer—5′’ AATATTGTTCTTCTTTGCCTCAGTG
3′ and reverse primer—5′ TGACATACTCCCAAGGAAAG
TAAAG 3′ for CRISPR–Cas9 cleavage. Four different
sgRNAs targeting exon 2 region in KRAS gene were designed
using Chop Chop analysis tool. For sgRNA screening, ribonu-
cleoprotein (RNP) complex was prepared by adding 50 ng of
sgRNA to 0.5 μl of Cas 9. The mixture was incubated for 5
min at 37 oC. Thereafter, the sgRNA–Cas9 RNP complex
was added to 250 ng of template dsDNA. The cleavage reaction
was allowed to proceed for 60 min at 37 oC. Cleavage products
were analyzed using agarose gel electrophoresis. The sgRNA
with maximum cleavage efficiency was selected for knockout
studies. In vitro transcription and screening of the sgRNAs
yielded 5′ CTGAATTAGCTGTATCGTCAAGG 3′ sequence
for efficient knockout of KRAS gene. The selected sgRNA
was cloned into pGuide-it-tdTomato linear vector. Five micro-
grams of cloned plasmid were transfected into NCI-H23 cells
using X-fect transfection reagent as per the manufacturer’s pro-
tocol. Fluorescence microscopy was used to confirm the internal-
ization and expression of CRISPR–Cas9 system using RFP
expression. Western blot was carried out for 25 µg of the cell
lysate to confirm KRAS gene knockout as per details prescribed
in the Western Blotting section. For cytotoxicity assay, a similar
knockout protocol was performed in 96-well plate containing 10
000 cells and subsequent analysis was performed per the proce-
dure detailed in the In Vitro Toxicity Assay section .

Results

Preparation and Characterization of Conjugate-1
Preparation of the GADS molecule comprises two main steps,
namely (i) conjugation of cGel to CTB carried out using the
amide linkage to form Conjugate-1 and (ii) conjugation of
siRNA to cGel moiety of Conjugate-1 through thioether link
to form Conjugate-2, as shown in Figure 2A. Gelatin was

cationized to increase its inherent positive charge prior to the
synthesis of Conjugate-1. It is known that the attribute of
high positive charge or negative-to-positive charge reversal is
required to induce proton sponge effect for the effective endo-
somal escape of molecules.31,32 Also, gelatin has been widely
used in pharmaceutical applications including drug delivery
and plasmid transfections in several works.33–35 In this work,
cationization of gelatin was carried out as per the procedure
reported earlier, with few modifications.33 For instance,
instead of dialysis as reported in the earlier work, we
removed excess EDA by two-step desolvation method to
obtain pure cGel.36 An increase in zeta potential to ∼+ 0 mV
from+5 mV indicated successful cationization. Parallelly, com-
mercial CTB was purified using Protein-A chromatography to
remove formulation components that could interfere during
the conjugation procedure. During the conjugation reaction of
activated cGel to CTB, the pH drastically dropped from 9 to
6. Since coupling of amine with reactive ester occurs at basic
pH, stepwise addition of activated cGel to CTB to maintain
the pH between 8.5 and 9 for effective conjugation was
warranted.

To determine if the conjugation was successful, SDS–PAGE
was performed to observe band shift (Figure 3A). As shown in
Figure 3A, upward band shift was observed in the case of reduc-
ing gel indicating increased molecular weight due to the addi-
tion of cGel to CTB. Multiple bands indicate heterogeneity in
the number of gelatin present per antibody. However, this is a
common phenomenon in case of ADCs wherein there is a
general heterogeneity in the number of drugs attached and the
antibody sites wherein the drug is attached. For instance, clini-
cally approved trastuzumab-emtasine ADC has an average drug
to antibody ratio of 3.5 and the drug load distribution varies
from 0 to 8.37

Interestingly, no upward band shift was observed in the case
of non-reducing gel (Figure 3B). On the contrary, a smearing
pattern was observed along with a downward band shift of
Conjugate-1. To understand this phenomenon, we generated a
physical mixture of CTB and cGel. We then purified the
mixture using Protein-A chromatography. Upon analyzing the
mixture before and after purification with non-reducing SDS–
PAGE, we observed that, in the presence of cGel, CTB tends
to be “dragged down.” However, after purification, ie
removal of cGel from the physical mixture, restoration of
CTB’s band position occurs, as shown in Figure 3B. In the
case of Conjugate-1, the smearing pattern is observed postpur-
ification as well, albeit only above the primary band, suggesting
excess cGel has been removed during the purification. Based on
these results and on comparison of the gel assays of physical
mixture, Conjugate-1 reaction and purified Conjugate-1, it
can be concluded that cGel is chemically bound to CTB
causing the “drag-down” effect to persist. A possible explana-
tion for the artifact “drag-down” effect can be attributed to
the molecular nature of gelatin since gelatin does not appear
as a distinct band in SDS–PAGE. The conjugation was also
monitored using RP-HPLC and the resulting conjugate caused
RT shift with a relative retention time (RRT) of 1.1
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(Figure 3C). Figure 3C shows crude Conjugate-1, unreacted
cGel and other impurities. Figure 3D shows the overlay of
CTB and purified Conjugate-1 wherein the removal of
unreacted cGel was confirmed. From the chromatogram, it
can also be observed that peak broadening occurs possibly indi-
cating multiple variants of Conjugate-1 are present in the reac-
tion mixture. In addition, size exclusion chromatography

coupled multiangle light scattering (SEC-MALS) analysis
revealed an average of ∼4 gelatin molecules per CTB molecule
(Supplement 1). To ensure the Conjugate-1 can cause proton
sponge effect for endosomal escape, charge reversal property
was determined using zeta potential. The zeta potential at pH
7 was neutral while the zeta potential increased to ∼+10 mV
at pH 5 suggesting the molecule carries the required property

Figure 2. Synthesis of CTB–cGel–siRNA conjugate. (A) Chemistry scheme of gelatin cationization followed by activation of cationized gelatin
and conjugation to purified CTB. Purified CTB–cGel (Conjugate-1) is then converted to thiol-reactive maleimide ester and thiol functionalized
siRNA is chemically conjugated to form CTB–cGel–siRNA (Conjugate-2). (B) Stepwise unit operation protocol for synthesizing Conjugate-2.
Note that the flowchart is applicable for generating other ARCs as well comprising of different antibody and different siRNA sequence.
Abbreviations: CTB, cetuximab; siRNA, small-interfering RNA, antibody–siRNA conjugate.
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for potential endosomal escape through charge reversal
(Figure 3E). Also, it is noteworthy to mention that, while
there was no site-directed conjugation of cGel to CTB, no sig-
nificant effect on the EGFR binding properties of CTB, or
unwarranted cytotoxicity was observed indicating the function-
ality of CTB to be intact as detailed in the following sections.

Preparation and Characterization of Conjugate-2
Thiol functional group at 5′ sense strand of siRNA was used to
conjugate with the amine functional group of cGel present in
Conjugate-1 as shown in Figure 2A. In an earlier study

wherein, ARC platform was used to deliver siRNA, a similar
approach was deployed. Thioether link-mediated conjugation
of protamine to cysteine residues of antibody was carried out
and siRNA was electrostatically complexed to the conjugate.38

However, we found that stable loading through electrostatic
interaction was ineffective and several parameters such as con-
centration of the antibody–cGel, amount of antibody–cGel, and
buffer components played a crucial limiting role. Hence, in our
work, we used thioether link for establishing a stable chemical
bond between siRNA and the cGel moiety of Conjugate-1. Herein,
NHS ester of sulfo-MBS was conjugated to the amines of cGel
moiety present in the Conjugate-1 to form MBS-Conjugate-1.

Figure 3. Physicochemical characterization of Conjugate-1 and Conjugate-2. (A) Band-shift assay using reducing SDS–PAGE. Lanes—1:
protein marker, 2: CTB, 3: Conjugate-1. (B) Band-shift assay using non-reducing SDS–PAGE. Lanes—1: protein marker, 2: purified CTB from
CTB–cGel physical mixture, 3: flow-through of CTB–cGel physical mixture containing cGel, 4: CTB–cGel physical mixture before purification,
5: CTB standard, 6: purified Conjugate-1, 7: flow-through of Conjugate-1 containing free unreacted cGel, 8: crude Conjugate-1 reaction sample.
Note that in Lane 5, the smearing pattern is observed as Conjugate 1 is dragged down. However, below Conjugate-1, no residual cGel is observed.
(C) RP-HPLC chromatogram of Conjugate-1 reaction sample containing 1: salts such as EDC/NHS, 2: free unreacted cGel and 3: Conjugate-1.
(D) Overlay RP-HPLC chromatogram of 1: CTB standard and 2: purified Conjugate-1. (E) Zeta potential measurement of Conjugate-1 at various
pH. Charge of Conjugate-1 reverses from negative at basic pH to neutral at pH 7 and positive at acidic pH. (F) Agarose gel electrophoresis for
assessing the maximum loading efficiency containing various mole ratios of siRNA: Conjugate-1. Normalization is carried out using CTB
concentration assessed using RP-HPLC. Lanes—1: siRNA standard corresponding to 1:1 (siRNA:CTB), 2: Conjugate-2 containing 1:1 (siRNA:
CTB), 3: siRNA standard corresponding to 2:1 (siRNA:CTB), 4: Conjugate-2 containing 2:1 (siRNA:CTB), 5: siRNA standard corresponding to
4:1 (siRNA:CTB), 6: Conjugate-2 containing 4:1 (siRNA:CTB). (G) Co-localization assay using concomitant staining of siRNA and protein with
EtBr (right) and Coomassie (left), respectively, to show that siRNA is bound to Conjugate-1. Lanes, 1: Protein marker, 2: Conjugate-1 and 3:
Conjugate-2.
Abbreviations: CTB, cetuximab; siRNA, small-interfering RNA; RP-HPLC, reverse-phase high-pressure liquid chromatography.
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The binding of siRNA to MBS-Conjugate-1 was confirmed using
gel retardation assay. As shown in Figure 3F, siRNA was bound
almost completely to the Conjugate-1.

We determined the loading efficiency of siRNA using densi-
tometry. The analysis revealed maximum loading of 2 moles of
siRNA per mole of Conjugate-1 was achievable (Figure 3F).
Furthermore, with the addition of excess siRNA, gel retardation
using agarose gel showed no increase in the bound siRNA
levels and an increase in the free residual siRNA. To prove
that siRNA is bound chemically to cGel moiety of the conjugate
and not through electrostatic complexation, or to the antibody
directly, two control reactions were carried out. For the
former case, the reaction was carried out in the absence of
sulfo-MBS. For the latter, the reaction was carried out in the
absence of cGel. No noticeable intensity of bound siRNA
was observed, confirming that the siRNA is indeed chemically
linked to cGel moiety of Conjugate-1. Furthermore, we used
native PAGE to confirm that siRNA was colocalized with
Conjugate-1 by first staining the gel with EtBr followed by
Coomassie blue staining for identifying the location of
nucleic acid and the protein, respectively (Figure 3G).

A similar process of synthesis was followed to generate
IgG–cGel–siRNA compound that served as a negative control
for various functional assays. The generic protocol for genera-
tion of Ab–cGel–siRNA detailing the unit operations and the
respective output is shown in Figure 2B.

Fluorescence Microscopy for Receptor-Mediated
Endocytosis
After confirmation of siRNA to be chemically bound to
Conjugate-1, qualitative investigation of cellular uptake using
fluorescence microscopy was carried out (Figure 4). The
cells, incubated on cover slips, placed in 6-well plate, were
fixed and then treated with CTB, IgG, Conjugate-1, IgG-cGel
and Conjugate-2. Labeling of the compound and controls
bound to EGFR receptors was carried out with FITC-tagged
secondary antibody. Also, to check specificity, IgG and
IgG-based conjugates served as negative controls. First, we
checked for specificity by treating the cells with IgG and
CTB (Figure 4A). Upon labeling with the secondary antibody,
no prominent fluorescence was observed in the case of IgG indi-
cating that IgG does not bind to the cell surface receptors as
expected (Figure 4A). In the case of CTB, considerable fluores-
cence was observed (Figure 4A). For Conjugate-1 and
Conjugate-2, specific receptor binding was confirmed through
uniform fluorescence indicating that modification of antibody
with cGel does not inhibit the ligand’s ability for receptor-
mediated endocytosis. However, non-specific fluorescence
was observed for IgG-cGel. A possible reason for non-specific
binding could be attributed to the positively charged cationized
gelatin present along with IgG that interacts with negatively
charged cell surface leading to non-specific binding through
electrostatic interaction. To confirm successful lipofection
of FITC-tagged siRNA (siRNAFITC), the cells were first

transfected and fixed later. A similar procedure was adopted
for Conjugate-2FITC and for CRISPR–Cas9 transfection.
Fluorescence was observed in the cells treated with
siRNAFITC and Conjugate-2FITC indicating successful internal-
ization (Figure 4B). For IgG–cGel–siRNAFITC, no fluorescence
was observed. The fluorescence microscopy data suggest the
compound to (i) specifically target EGFR receptors and (ii)
undergo internalization through receptor-mediated endocytosis.

SPR Analysis of Ligand Binding Kinetics
Fluorescence microscopy confirmed cellular internalization of
the GADS conjugates to be driven predominantly via receptor-
mediated endocytosis. However, it was important to determine
whether modification of CTB carried out to obtain Conjugate-1
and subsequently, Conjugate-2 affected the binding affinity of
the antibody towards EGFR. We used SPR analysis for quanti-
tative determination of steady-state affinity and binding kinetics
for various molecules using Biacore T200. CTB, Conjugate-1,
Conjugate-2, IgG, and IgG-cGel were analyzed at different con-
centrations (3.125, 6.25, 12.5, 25, and 50 nM). Nominal reduc-
tion in binding affinity with increased KD value was observed
for Conjugate-1 when compared with that of CTB. Using the
kinetics model, KD of CTB was found to be ∼0.1 nM while
that of Conjugate-1 was ∼0.3 nM. However, no change in KD

was observed for Conjugate-2 vis-à-vis Conjugate-1 suggesting
(i) no further modifications occur within the antibody and more
importantly, (ii) confirming that siRNA is bound to cGel in
Conjugate-2 or at-least, not further affecting the receptor
binding affinity of the antibody. IgG did not bind to the func-
tionalized CM5 chip and hence, the kinetics could not be deter-
mined for IgG conjugates. Figure 5 shows the kinetics of
various molecules and summary of ligand binding kinetic
constants.

RAS and Associated Protein Regulation Post-knockdown
and Post-knockout
Previous reports have shown that targeting KRASmutation results
in downregulation of phosphorylated RAS downstream proteins
—pMEK and pERK as well as PI3K downstream protein
pAKT.39,40 In this work, to investigate the efficacy of the molecule
for specific KRASG12C knockdown, expression of the key compo-
nents of RAS pathway and its cascading effect on PI3K pathway
was investigated using western blot. H23 cells harboring
KRASG12C mutation were treated with Conjugate-2 along with
appropriate positive and negative controls. After 72 h of treatment,
the cells were lysed, and the extracted proteins were analyzed for
gene expression study using western blot. The results were similar
to that of earlier works wherein, downregulation of pMEK and
pAKT was observed39,40 (Figure 6A). Also, in the case of cells
treated with Conjugate-2, almost-complete knockdown of
KRAS oncogene was observed. To check for specificity, we
treated A549 cells harboring G12S mutation with G12C-specific
Conjugate-2 (data not shown). No downregulation in downstream
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Figure 4. Fluorescence microscopy for assessing receptor-mediated endocytosis and internalization. (A) FITC induced fluorescence after
treating the fixed cells with various molecules—CTB, IgG, Conjugate-1, IgG-cGel serving as negative control and Conjugate-2 for assessing the
specificity of the molecules and receptor affinity. (B) Internalization assessment using Conjugate-2 containing FITC-labeled siRNA and
transfected FITC-labeled siRNA.
Abbreviations: CTB, cetuximab; siRNA, small-interfering RNA.
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Figure 5. Steady-state affinity (top) and kinetics (bottom) of CTB, Conjugate-1, and Conjugate-2 using SPR analysis carried out in Biacore
T200. The table details the ka, kd and KD values of the three conjugates.
Abbreviations: CTB, cetuximab; SPR, surface plasmon resonance.
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proteins were observed indicating the molecule to be specific for
G12C mutation. Similar to knockdown, knockout of KRAS
Exon 2 using CRISPR–Cas9 resulted in almost-complete downre-
gulation of KRAS, pMEK and pAKT (Figure 7A). Prior to knock-
out, the treated cells were analyzed using fluorescence microscopy
after 48 h of transfection. Expression of RFP was observed sug-
gesting successful plasmid internalization (Figure 7B).

Cytotoxicity Assay
After knockdown of KRAS using siRNA and knockout using
CRISPR–Cas9, we checked for cytotoxicity using MTT assay
and analyzed the cells upon knockdown or knockout. In all
cases, 5 pmol of siRNA was used for treatment. The assay
revealed no significant loss in the viability of the cells for all
the molecules including Conjugate-2 and si(TA). It has been
reported earlier that disruption of oncogenic pathways usually

results in altered downstream signaling cascade for cell survival
and, not leading to apoptosis in many cases.40,41 However, the
altered signaling pathway is also known to result in sensitiza-
tion of the cells to inhibitors.42–44 In this work, 72 h post-
knockdown, we treated the cells with various concentrations
of gefitinib. Approximately 70% loss in cell viability at 5 µM
gefitinib concentration was observed for cells treated with
Conjugate-2. The result was similar to that of si(TA)-treated
cells which served as the positive control (Figure 6B). These
results corroborate the results of earlier studies wherein, tar-
geted knockdown of mRNA sensitized the cells toward TKIs
in the case of NSCLC harboring KRASG12C mutation.39,40

Discussion
Delivery of siRNA using ARC platform is gaining momentum
for various cancers and diseases since (i) the platform provides

Figure 6. In vitro functional studies. (A) Western blot analysis of H23 cells treated with Cojugate-1, transfected siRNA-si(TA) that serves
as positive control and Conjugate-2. Downregulation of KRAS and downstream phosphorylated proteins indicate successful gene knockdown.
**P < .01 (B) Cell viability assay for H23 cell treated with various molecules and subsequently treated with Gefitinib for assessing knockdown
mediated TKI sensitization effect. Loss in viability of cells post gefitinib exposure for Conjugate-2 and si(TA) treated cells indicate sensitization
of cells towards the TKI post-knockdown. ***P < .001.
Abbreviations: siRNA, small-interfering RNA; si(TA), transfected siRNA using lipofectamine; TKI, tyrosine kinase inhibitor.
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stable and targeted delivery of siRNA using mAB and (ii) has a
higher potential for clinical translation.26,45–49 The targeting
ligand and siRNA design is fixed depending on the biomarker
and the gene sequence, respectively. The emerging interest
for siRNA delivery is mostly related to the linker technology
to achieve maximum stability, optimal bioavailability, cytoplas-
mic translocation, and specific knockdown. Most linker tech-
nologies are based on small molecules. However, few works
have reported macromolecule cationic linker such as protamine
for developing efficient ARCs.28,38 In this work, we developed
a delivery system based on ARC platform, called GADS,
with gelatin as the linker between antibody—CTB and
KRASG12C-specific siRNA. Gelatin and gelatin NPs have
been routinely used for drug delivery and plasmid transfec-
tions.33,35,40 While gelatin NPs have been reported for several
such delivery systems, no report till date has used gelatin as a
linker to our knowledge. For GADS, cationized gelatin as
linker enables antibody to carry siRNA, and in addition, pro-
vides the property of charge reversal to effect endosomal
escape postreceptor-mediated endocytosis. Indeed, using the
knockdown results combined with receptor-mediated endocyto-
sis, we hypothesize the mechanism of siRNA release to be
mediated via cationic gelatin (Figure 8). CTB moiety of
Conjugate-2 targets EGFR receptor enabling cellular internali-
zation. Cationic gelatin assists in proton sponge effect allowing
endosomal escape to cytoplasm and releasing the siRNA to
interact with RISC complex for effecting mRNA knockdown.
The release of siRNA is possibly mediated through various pro-
teinases including gelatinases—MMP-2 and MMP-9 present in
cytoplasm by degrading the gelatin. Alternatively, RISC

directly complexes with the antisense strand of siRNA
present in the conjugate and enables mRNA knockdown.50

However, it is difficult as on date, to detect and predict the
precise mechanism of release and siRNA–RISC complexation
within the cells for GADS molecule.

Binding of siRNA to Conjugate-1 was carried out through
chemical linkage rather than electrostatic complexation. The
loading of siRNA through electrostatic interaction onto the
carrier molecule requires several optimal parameters such as
high N/P ratio, lower moles of carrier molecule, and stable for-
mulations.51 For instance, electrostatic condensation of siRNA
using fatty acid amides of spermine reported N/P ratio of 22
for efficient loading of siRNA.52 In our case, the number of
moles of carboxyl group (75 mmol/100 g of gelatin) present
per mole of gelatin was calculated to be ∼32. The asymptotic
levels of cationization and conversion of carboxyl group to
amines are 50% as reported earlier.33 Assuming similar levels
of cationization, the maximum moles of amines present per
mole of gelatin is 16. Based on the theoretical values, we
carried out electrostatic complexation at theoretical N/P ratio
of 1,2,4 and 8. The maximum binding and saturation was
found at N/P ratio of 4 that roughly translated to a very low
loading efficiency requiring 4 moles of antibody to carry one
mole of siRNA. On the other hand, using sulfo-MBS to chem-
ically conjugate siRNA with cGel moiety, we successfully con-
jugated 2 moles of S-S-siRNA to 1 mole of Conjugate-1.

It is also important to synthesize ARCs that is scalable. For
generating homogenous API, monitoring and estimating the
levels of known and unknown impurities is essential.
RP-HPLC is widely used for impurity detection and reaction

Figure 7. CRISPR–Cas9 knockout analysis of KRAS in NCI-H23 cells. (A) Western blot analysis after knockout of KRAS mutation.
Almost-complete knockout is observed for KRAS protein, while downregulation of pMEK and pAKT is observed. **P < 0.01. (B) RFP
expression in transfected cells indicates successful transfection and gene modification.
Abbreviations: CRISPR, clustered regularly interspaced small palindromic repeats.
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monitoring. In the case of GADS, the known impurities were
the reaction components such as EDC, NHS, Sulfo-MBS
among other salts, and unreacted cGel. After establishing the
RP-HPLC retention time for various impurities, purification
was optimized. One of the important factors was removal of
excess cGel. The presence of unreacted cGel in Conjugate-1
impacts the loading efficiency of siRNA since siRNA will not
only bind to Conjugate-1 but also with unreacted cGel,
thereby reducing loading efficiency. Therefore, after subjecting
crude Conjugate-1 to Protein-A column chromatography, 20
column volume washing was essential to remove all unreacted
cGel present in the reaction mixture. Similarly, purification of
MBS-Conjugate-1 and storing the thiol-reactive compound at
appropriate conditions with essential formulation provides a
potential scalable platform. Since maleimide-thiol reaction is
highly stable and spontaneous, it is hypothesized that purified
thiol-reactive antibody–cGel complex can be fill-finished sepa-
rately and siRNA could be added to the complex prior to
dosage. The proposed procedure eliminates stability issues
and loss of potency pertaining to siRNA.

After synthesis and characterization of GADS conjugate, we
carried out analysis for Conjugate-2 along with appropriate con-
trols, for understanding its functional attributes. It is known that

any chemical modification of antibody can possibly result in
decreased ligand binding affinity. Healey et al.53 reported
4-fold decrease in antigen binding affinity for one of their con-
jugated antibodies vis-à-vis unconjugated antibody. In another
work, antibody variants with point mutation(s) were ranked
based on HER2 binding affinities for optimal ADC and the
KD values were significantly different for variants differing by
even a single amino acid.54 To determine if the GADS conju-
gate was functional with respect to receptor affinity, we
carried out SPR analysis and compared the KD values against
CTB. KD of CTB, Conjugate-1, and Conjugate-2 were ∼0.06,
∼0.28 and ∼0.27 nM, respectively, which is similar to the KD

values reported for CTB in earlier works.55,56 For
Conjugate-1, although there is ∼4.5-fold decrease in affinity,
it is known that KD values in nanomolar range are considered
high affinity antibodies. The decrease can be attributed to
cGel addition to the antibody’s backbone thereby nominally
reducing the affinity. The addition of siRNA to the complex
caused no significant change to the KD value, suggesting no
further modification occurs to the antibody backbone. Having
established satisfactory ligand affinity, we investigated KRAS
knockdown effects on downstream proteins. RAS pathway is
governed via Ras/Raf/Mek/Erk pathway.57 After treatment of

Figure 8. Schematic representation of possible mechanism of action of GADS molecule occurring in 5 stages. In stage 1, the GADS molecule
binds to the surface receptor of the cells and is internalized. In stage 2, the molecule enters the endosomes and traverses to late endosome (stage 3).
In stage 4, the molecule undergoes endosomal escape and releases siRNA in cytoplasm (stage 5) for RISC complexation and mRNA knockdown.
Abbreviations: GADS, gelatin-antibody delivery system; siRNA, small-interfering RNA; RISC, RNA-induced silencing complex.
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the cells, significant downregulation of KRAS, pMEK and
pAKT were observed for Conjugate-2 and si(TA)-treated
cells. No change in the protein expression levels were found
for CTB, Conjugate-1, or IgG–cGel–siRNA. Albeit knock-
down, there was no significant loss in cell viability. It is
known that knockdown or knockout of KRAS causes downre-
gulation of several proteins including pMEK and pERK,
leading to alterations in downstream signal cascades by trigger-
ing signals for alternate cell survival pathways.30,39 Also, mul-
tiple levels of crosstalk exist between mitogenic Ras/MAPK
pathway and survival PI3K/AKT pathway causing positive or
negative feedback depending upon the type of cells.58 In this
work, downregulation of pAKT upon knockdown of KRAS
suggested negative feedback loop conforming to earlier
reports.39,40 The mechanism of crosstalk in the case of
NSCLC cells between KRAS and PI3K pathway was reported
earlier to be governed through Shp2.40 Indeed, Shp2 has been
identified as a critical regulator for response towards TKIs.59

Earlier reports also suggest complex association or dissociation
between GAB1 and Shp2 affecting the feedback loop between
Ras and Akt pathways.40,60 Interestingly, TKIs such as gefitinib
acts on dysregulated Shp2, inhibiting the alternate survival
pathways leading to cellular apoptosis.59–61 Since we observed
downregulation of pAKT upon knockdown of KRAS, it was of
interest to investigate whether the cells are sensitized to gefiti-
nib. Approximately, 70% loss in cell viability was found at 5
μM gefitinib concentration for cells treated with Conjugate-2
while no loss was observed for standalone gefitinib (5μM) or
Conjugate-1-treated cells. Interestingly, knockout of KRAS
using CRISPR–Cas9 also showed similar protein regulation
profiles and no significant loss in viability was observed prior
to treatment with gefitinib.

In summary, the combined data of western blot and viability
assay reveal Conjugate-2 undergoes cytoplasmic translocation
for mRNA knockdown. Furthermore, the conjugate works
similar to lipofectamine-transfected siRNA, albeit the delivery
of GADS molecule is targeted. Although non-specific binding
was observed in fluorescence microscopy for IgG–cGel conju-
gate, the conjugate can be deemed non-functional. The resence
of cGel in the conjugate does not cause non-targeted cellular
penetration as observed through toxicity assay. Furthermore,
no loss in viability for Conjugate-2 without gefitinib and sensi-
tization towards TKI post-knockdown confirms efficient deliv-
ery of Conjugate-2. Correlating all the results, GADS
technology shows promising potential as an ARC platform.
However, it would be interesting to investigate the effect of
GADS platform on whole-genome level. We believe, exhaus-
tive RNA-Seq profiling will further our understanding of the
intracellular regulatory aspects and shed light on more effective
inhibition strategies.

Conclusion
The GADS technology developed in this study is based on ARC
platform for targeted and stable delivery of siRNA. The POC
used for demonstrating the technology shows KRASG12C

knockdown and subsequently, sensitization of NSCLC cells
toward small molecule TKI. The CTB component targets over-
expressed EGFR of NSCLC cells enabling receptor-mediated
endocytosis while the cGel acts as a linker and aides in endoso-
mal escape. The process for generating GADS molecule
requires formulation and stability only for thiol-reactive
antibody-linker intermediate, since siRNA can be conjugated
prior to dosing. In addition, the process is designed for
removal of impurities based on existing mAB purification meth-
odology, thereby allowing relatively easier scale-up operations.
While significant amount of work is required to enter clinical
phase for the technology including formulation development,
consistency batches, detailed physicochemical characterization,
and in vivo efficacy studies, we believe GADS technology to be
a potential ARC platform for gene therapy.
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