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Abstract

Drug resistance in cancer poses a serious challenge in finding an effective remedy for cancer patients, because of the
multitude of contributing factors influencing this complex phenomenon. One way to counter this problem is using a more
targeted and dose-limiting approach for drug delivery, rather than relying on conventional therapies that exhibit multiple
pernicious side-effects. Stability and specificity have traditionally been the core issues of peptide-based delivery vectors.
In this study, we employed a structural regression modelling approach in the design, synthesis and characterization of a
series of peptides that belong to approximately same topological cluster, yet with different electrostatic signatures encoded
as a result of their differential positioning of amino acids in a given sequence. The peptides tagged with the fluorophore
5(6)-carboxyfluorescein, showed higher uptake in cancer cells with some of them colocalizing in the lysosomes. The
peptides tagged with the anti-cancer drug methotrexate have displayed enhanced cytotoxicity and inducing apoptosis in
triple-negative breast cancer cells. They also showed comparable uptake in side-population cells of lung cancer with stem-
cell like properties. The most-optimized peptide showed accumulation in the tumor resulting in significant reduction of
tumor size, compared to the untreated mice in in-vivo studies. Our results point to the following directives; (i) peptides
can be design engineered for targeted delivery (ii) stereochemical engineering of peptide main chain can resist proteo-
lytic enzymes and (iii) cellular penetration of peptides into cancer cells can be modulated by varying their electrostatic
signatures.

Keywords Drug delivery - Cell-penetrating peptides - Drug resistance - Triple-negative breast cancer - Electrostatic
potential

Introduction

Ten million deaths and 19.3 million new cancer cases have
been reported in the year 2020 with female breast cancer
being the most diagnosed globally [1]. In higher-income
countries, cancer has emerged as the leading cause of death
exceeding the estimates of cardiovascular diseases indicat-
ing a new epidemiological transition. A major reason for
this transition is the varied nature of cancer as a disease,
with unknown risk factors [2]. Side-effects of conventional
chemotherapy and radiotherapy seriously limit their future
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as dependable options, and more recent modes of treatment
like immunotherapy and targeted therapy have also not been
matured to the desired efficacy level [3]. This has given rise
to the phenomenon of cancer drug resistance, where the
patient becomes non-responsive towards therapeutic agents
and therefore is a major reason for relapse.
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Drug resistance in cancer can be intrinsic where the can-
cer cells are inherently resistant to a therapeutic agent before
its administration or it can be extrinsic where the tumor cells
develop resistance to the drug after treatment [4]. Numer-
ous factors lead to drug resistance in cancer cells such as
drug efflux, drug inactivation, drug target alteration, epigen-
etic mechanisms, inhibition of cell death, tumor microen-
vironment and tumor heterogeneity [5]. Current strategies
to combat the problem of drug resistance in cancer include
combinational therapy of two or more types of drugs, glu-
cose deprivation, self-assembling prodrugs for reversing
drug resistance, targeting the cellular and non-cellular com-
ponents of the tumor microenvironment and targeting cyto-
toxicity of cancer stem cells [6—10].

It has been established that adoption of a structure is
mediated by the interplay of short-range and long-range
electrostatics in a peptide. The two interactions can be
modulated in a de novo design attempt, by stereochemical
engineering of the peptide backbone. This stereochemical
sequence to structure relationship can be further extended
by carefully choosing amino acids at designed positions to
impart a desired function. This strategy has successfully
been demonstrated in few earlier published reports [11-16].
This study is designed with two broad objectives. In the
first, it proposes to systematically verify how effectively we
can tune the structure and surface electrostatics in impart-
ing specificity to a functional peptide while it encounters (i)
cancerous and non-tumorigenic cell types and (ii) between
different cancer cell types. Secondly, it investigates the pos-
sibility of using this design strategy to develop conforma-
tionally stable peptides for use as delivery vectors for the
treatment of resistant cancers.

Cell-penetrating peptides (CPPs) are a novel class of
peptides that possess the property of entering the cell, and
their use as drug delivery vectors progressed after their
discovery in 1988 [17]. They are short peptides with 5-30
amino acids and can be attached with a wide variety of
cargo such as nucleic acids, proteins, drugs, quantum dots
and metal chelators for therapeutic or imaging purposes
[18-20]. CPPs can be cationic, amphipathic or hydrophobic
in nature. They enter the cells by energy-independent direct
penetration pathway or by an energy-dependent endocytosis
pathway and the internalization route can vary depending
on the physico-chemical nature of the CPP and the type of
cargo attached [21, 22]. Use of syndiotactic CPPs contain-
ing alternating D and L amino acids have been reported for
drug delivery in cancer cells having higher proteolytic sta-
bility and affinity to cancer cells [11, 12]. Tumor homing
peptides (THPs) having RGD/NGR motifs have been stud-
ied for specifically targeting cancer cells, intended to reduce
toxic side effects to non-cancerous cells [23]. Combining
a cell-penetrating peptide with a tumor-homing domain
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conjugated with an anti-cancer drug molecule can increase
the specificity to tumor cells many fold, thus enhancing the
therapeutic action of drugs [14, 15].

In this study we have chosen the drug methotrexate to
investigate the efficacy of the delivery vector. Farber et al.
demonstrated that the drug methotrexate, a type of folate
analogue, successfully induced remission in children suffer-
ing from acute lymphoblastic leukaemia (ALL) [24]. Since
then, it has achieved widespread use in the treatment of
many types of cancers such as leukemia, lymphoma, breast
cancer, osteosarcoma, lung cancer and also for the treatment
of autoimmune diseases such as rheumatoid arthritis [25].
Methotrexate enters the cell by active transport through the
reduced-folate transporter 1 (RFT-1), gets converted to poly-
glutamate and inhibits the action of dihydrofolate reductase
(DHFR) which ultimately leads to inhibition of purine and
thymidylate synthesis [26]. Efficacy of using methotrexate
as an anti-cancer drug is limited due to the development
of methotrexate resistance by, for example triple-negative
breast cancer cells. This resistance occurs due to many fac-
tors such as mutation in RFT-1, DHFR gene amplification
and reduction in polyglutamation. Moreover, methotrex-
ate has a very narrow therapeutic range and administering
higher concentrations of the drug leads to serious side-effects
[25]. Development of methotrexate resistance to breast can-
cer cells has been reported and new methods of targeting
methotrexate resistance cells have been studied [27-29].
We attempt a strategy to deliver the drug methotrexate for
therapeutic purposes in triple-negative breast cancer cells
using cell-penetrating peptides with different electrostatic
signatures and geometry. Many CPPs exist in solution as a
random coil, but attain a secondary structural conformation
on interaction with a biological membrane [30]. Second-
ary structure of the peptides has an impact on the uptake of
CPPs in cells, wherein, it is observed that helical peptides
have a higher tendency for uptake [16].

To achieve our designed objectives, we adopt a ‘structural
regression model’ by systematically changing the diameter
of helical peptide molecules, conserving their chemistry as
much as possible. We have designed four peptides of differ-
ent helical diameters, that may lead to four different electro-
static signatures which may further impart the much-needed
specificity and enhanced efficacy that are critical in the
selection of a delivery vector. Peptide YC101 is a-helical
in nature. The non-proteinogenic amino acid 2-aminoisobu-
tyric acid (AiB) is used for constraining the topology of the
peptide to an a-helical configuration. YC102 has a syndio-
tactic sequence forming a I1(L, D) gramicidin helix. YC103
forms a polyproline helix and YC104 has an extended con-
formation without helical folds. These peptides have very
distinct electrostatic signatures which is a vital factor for
interacting with the biological membrane. The different
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helical diameters of the peptides play a role in the qualita-
tive and quantitative aspects of cellular uptake in various
cancerous and non-tumorigenic cell lines. The fixing of the
peptide geometry is thus, extremely crucial for successful
cell-penetration and drug delivery.

Experimental procedures
Peptide synthesis

The designed peptides were chemically synthesized using
Solid Phase Peptide Synthesis (SPPS) method using rink
amide resin and Fmoc-chemistry. The resin is weighed
according to the scale of synthesis and peptides are synthe-
sized sequentially from C-terminus to N-terminus. Fmoc
group is cleaved using 20% piperidine solution in DMF for
30 min. pH of the solution is reduced by washing the resin
8-10 times using DMF. Fmoc-protected amino acids along
with activators HoBT, HBTU and DIPEA are added in 3
times excess. Attachment of amino acid is performed twice
for a period of 1 h and second time for 30 min. After attach-
ment and washing with DMF, the resin is again subjected
to treatment with 20% piperidine and the next amino acids
are added sequentially in a similar manner. Once all the
amino acids are attached, we proceed for the attachment of
the fluorophore 5(6)-carboxyfluorescein and the drug meth-
otrexate. Once the synthesis is complete, the peptides are
deprotected and cleaved from the resin using a mixture of
1,2-ethanedithiol, m-cresol, thioanisole, and trifluoroacetic
acid. The peptides are filtered using glass wool and precipi-
tated and washed several times with ice-cold diethyl ether.

Purification and characterization of synthesized
peptides

Synthesized peptides were purified by reverse-phase High
Performance Liquid Chromatography (RP-HPLC) using
a C-18 semi-preparative column (250X 10 mm, particle
size=10 pm, pore size=120 A). Gradient using 10% ace-
tonitrile in ultrapure water with 0.1% trifluoroacetic acid as
solvent A and 100% acetonitrile with 0.1% trifluoroacetic
acid as solvent B was used. HPLC peaks were collected and
analysed using mass spectrometry. MALDI-TOF (Bruker,
Autoflex Speed) machine in reflectron mode is used to deter-
mine the molecular mass of the peptides using a-cyano-4-
hydroxycinnamic acid (HCCA) matrix.

Characterization by circular dichroism (CD)
spectroscopy

Purified peptides at 50 uM concentration were prepared by
dissolving in ultrapure water. CD spectra of the peptides was
recorded using Jasco J-1500 spectropolarimeter by scanning
between 190 nm and 280 nm using a quartz cuvette of 1 mm
pathlength. Each spectrum has an average of 8 scans and the
data was converted to mean residual ellipticity as described
[31].

Electrostatic profiling of the peptides

Delphi software was used to calculate the Poisson-
Boltzmann electrostatic potentials (PB-EP) using the Finite
Difference Poisson-Boltzmann equation [32]. The output file
was saved into phi format. The PB-EP was mapped on the
molecular surface of peptides, analysed and rendered using
Pymol. The potentials are in the units of AT per unit charge
(e) where £ is the Boltzmann constant and T is the absolute
temperature. Each peptide has a unique electrostatic finger-
print that correlates with its functional properties.

Molecular dynamics simulation studies

GROMACS program suite was used to perform Molecular
Dynamics Simulations [33]. GROMOS96 forcefield with
53a6 parameter set together with Berger lipids forcefield
were used for simulations [33, 34]. The 1-palmitoyl-2-ole-
oylglycero-3-phosphoglycerol (POPG) lipid bilayer struc-
ture was obtained from the MemBuilder server [35]. The
POPG forcefield parameter from former research work by
Kukol et al. was employed [36]. The lipid bilayer was posi-
tioned in the XY plane, while its thickness was determined
in the Z plane. Four peptide molecules were positioned on
top of the lipid bilayer in the Z plane. The system was then
packed with water molecules, followed by a 200 ns produc-
tionrun [11, 12, 37].

Briefly, a 128-membered POPG lipid bilayer was gener-
ated. Four peptide molecules were positioned close to one of
the outer edge of the bilayer. The system was subsequently
solvated with water and its energy was minimized. Water
was used as a solvent (simple point-charge model, SPC).
Pressure coupling was achieved using the Parrinello-Rah-
man barostat, and the isothermal compressibility was set at
4.5% 1075 bar ~!. Energy minimization (steepest descent)
until a 1000 KJ 1000 KJ mol~! nm~! tolerance was the next
step. Subsequently, it was equilibrated for one nanosecond
(ns) in NPT (conserved Number of particles, Pressure, and
Temperature) conditions.

A 200 ns production run followed equilibration with four
peptides on a 128-membered POPG bilayer. Water (SPC)
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was used as the solvent. The Root Mean Square Deviation
and radius of gyration were determined for the conforma-
tions of the peptides using the g rms and g_gyrate tools of
the GROMACS package. Conformational analysis and free
energy calculations were carried out based on the output of
g_cluster program of the GROMACS package.

Cell culture

Human cancer cell lines MDA-MB-231 (breast cancer) and
A549 (lung cancer) were procured from National Cancer
Institute (NCI), USA. HeLa (cervical cancer) was obtained
from Central cell line repository of RGCB. These cells were
cultured in Dulbecco’s Modified Eagle Media (DMEM)
with the addition of 10% fetal bovine serum (FBS) and 1%
antibiotic mixture (10 mg/mL streptomycin, 10,000 units/
mL penicillin and 25 pg/mL Amphotericin B) [31]. Non-
tumorigenic breast epithelial cell line MCF-10 A was cul-
tured in Mammary Epithelial Basal Medium supplemented
with 10% fetal bovine serum, bovine pituitary extract
(BPE), hydrocortisone, hEGF, insulin and gentamicin/
amphotericin-B. Lifetime imaging facility of RGCB is
acknowledged for FRET-based Caspase sensor cells MDA-
MB-231 SCAT3 NLS. All the cells were grown in a humidi-
fied incubator at 37 °C with 5% CO.,.

Comparative uptake of peptides by flow cytometry

70,000 cells of MDA-MB-231, A549, HeLa and MCF-10 A
were seeded in 24-well plates and placed in an incubator at
37 °C overnight. On the following day, the cells were treated
with 5 uM of peptides tagged with 5(6)-carboxyfluorescein
(peptide-CF) for 3 h. After 3 h, the cells were rinsed with
PBS and treated with 0.04% of Trypan Blue dye for 5 min.
Next the wells were washed thrice with PBS and cells were
subjected to trypsinization. The cell pellet was then sus-
pended in 200 pL of ice- cold PBS and subjected to flow
cytometry analysis [38].

Cellular uptake of peptides by confocal microscopy

10,000 cells of MDA-MB-231, A549, HeLa and MCF-10 A
were seeded in 96-well plates and placed in the incubator
for 24 h. The following day, 5 uM of peptide-CF conju-
gates in serum-free and phenol red-free DMEM and MEBM
media was added to the cells for 3 h in a 37 °C incubator.
Once the incubation period is complete the cells were rinsed
twice with PBS and stained with 5 pg/ml Hoechst 33342
stain for 5 min. The cells in the 96-well plate were visual-
ized in a confocal laser scanning microscope (Zeiss LSM
980 Airyscan 2) to confirm cellular uptake using 20X objec-
tive with 0.8 numerical aperture.
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Colocalization of peptides by confocal microscopy

10,000 cells of MDA-MB-231, A549, HeLa and MCF-10 A
were seeded in 96-well plates and kept in the incubator for
24 h. The following day, cells were incubated with 5 uM
of peptide-CF conjugates in serum-free and phenol red-
free DMEM and MEBM media for 3 h in a 37 °C incuba-
tor. After 3 h, two PBS washes were given and incubated
with either 125nM of MitoTracker Deep Red dye or 40nM
of Lysotracker Deep Red dye for 1 h. After another PBS
wash, the cells were stained with 5 pg/ml Hoechst 33,342
stain for 5 min. They were visualized in a confocal laser
scanning microscope (Zeiss LSM 980 Airyscan 2) to study
the organelle (mitochondria or lysosomes) colocalization
using 40X objective with 0.95 numerical aperture. Values
for Pearson’s correlation coefficient for colocalization was
determined using the colocalization module in the Zeiss Zen
Blue software.

Cytotoxicity assay

Cytotoxicity in MDA-MB-231 and MCF-10 A cells was
determined using the tetramethyl rhodamine methyl ester
(TMRM) dye. 10,000 cells were seeded in a 96-well plate
and placed in an incubator overnight. The next day, cells
were washed once with PBS and stained using 5 pg/ml
Hoechst 33342 for 5 min. Next, the cells were treated with
media containing 100nM TMRM dye and incubated at 37
°C for 10 min. Cells were rewashed with PBS once more.
Cells were then treated with peptides conjugated with the
drug methotrexate (peptide-MTX) at different concentra-
tions (5, 10, 15 and 20 uM), prepared in media containing
2% FBS and 20nM of TMRM. This was subjected to incu-
bation for 48 h in an incubator. Fluorescent images using
confocal microscope (Nikon A1R HD) were taken in red
channel for mitochondrial staining and in blue channel for
nuclear staining using 20X objective with 0.75 numerical
aperture.

Apoptosis assay

10,000 MDA-MB-231 cells possessing stable expression
of FRET-based caspase sensor (DEVD) were used to deter-
mine the apoptosis inducing potential of the peptide-drug
conjugates. After seeding cells, peptide-MTX treatment at
various concentrations (5, 10 and 15 pM) was given. After
incubation for 48 h, imaging of CFP/YFP FRET ratio was
performed using fluorescence microscope (Nikon). The
images were analysed to generate quantitative data using
the color code of CFP/YFP FRET ratio ranging from scale
0to 2.



Drug Delivery and Translational Research

Serum biocompatibility assay

70,000 cells of MDA-MB-231, A549, HeLa and MCF-10 A
were cultured in 24-well plates and placed in an incubator
at 37 °C overnight. The following day, 5 uM of peptide-CF
conjugates were mixed with equal volume of Fetal Bovine
Serum (FBS) and incubated at 37 °C for 1 h. After one PBS
wash, cells were subjected to treatment with serum-incu-
bated and serum-free peptide-CF for 2 h. After 2 h, the cells
are washed once and treated with 0.04% of Trypan Blue
dye for 5 min. Multiple PBS washes were given and cells
were subjected to trypsinization. The cell pellet was then
suspended in 200 pL of ice- cold PBS and subjected to flow
cytometry analysis.

Serum stability assay

25 pl of peptides at a concentration of 50uM was taken
and mixed with an equal volume of sterile human serum
(Sigma). This was incubated at 37 °C for 1 h. After the incu-
bation, 25 pl of 0.6% trichloroacetic acid was added for pre-
cipitation of serum proteins. The mixture is placed at 4 °C
for 30 min and then centrifuged at 13,000 rpm for 5 min.
The supernatant was collected and 50 pl was injected in
reverse-phase High Performance Liquid Chromatography
(RP-HPLC) for analysis. Similar procedure was repeated
for serum-untreated peptides and only serum without pep-
tide, as control.

Hemolysis assay

2 ml of blood was drawn from a healthy individual in a tube
containing sodium heparin. The whole blood was centri-
fuged at 2000 rpm for 5 min to separate the plasma from
the RBCs. 2 ml of Phosphate buffer saline (PBS, pH 7.4)
was added to the layer of RBCs and this was subjected to
centrifugation at 2000 rpm for 5 min. This step of wash-
ing with PBS was repeated thrice until a clear supernatant
was observed. Next, a 20% haematocrit was prepared from
the RBCs by mixing 2 ml of PBS with 1 ml of RBCs. In a
microcentrifuge tube, 50 pl of 20% haematocrit was mixed
with an equal volume of 40uM peptide-MTX conjugate and
subjected to incubation for 2 h at 37 °C in an incubator with
shaking conditions. Complete hemolysis of RBCs and no
hemolysis was obtained using 0.5% Triton X-100 and PBS
respectively. The tubes were then centrifuged at 800 g for
5 min and 75 pl of the supernatant was added in triplicate to
the wells in a 96-well plate. Absorbance of the samples was
read at 540 nm wavelength, and hemolysis (percent) was
calculated as following [31]:

A54()nm S&lIlplO
— Asy Negative control
Percent hemolysis (%) = J-m"m_ . s - - x 100
Asyonm 0.5% Triton X100

— Asyonm Negative control

Cancer stem cell isolation by side-population assay

Side-population cells can be isolated using flow cytometry
by exploiting their ability to efflux out the DNA-binding dye
Hoechst 33342 by ABC transporters. The side-population
cells are enriched in cancer stem cells that induce tumors,
cause malignancies and resistance to therapy. This tech-
nique is very useful to isolate and culture cancer stem cells
and study the effect of therapeutic molecules in-vitro [39].
A549 cells were seeded in 100-mm tissue culture plates
to reach a confluency of 50-70%. Cells were detached by
trypsinization and washed with PBS. 1x 10° cells were sub-
jected to Hoechst staining (5 pg/ml) for a duration of 90 min
in a water bath and shaking the cells intermittently every
15 min. One set of cells were also treated with 100uM of the
drug Verapamil along with Hoechst staining, and incubated
in a similar way. After 1.5 h, the cells were centrifuged and
sorted by flow cytometry. The Hoechst dye is excited with
a UV laser at 355 nm and its fluorescence emission is mea-
sured with both 505 long-pass 670/40 filter (Hoechst Red)
and 450/50 filter (Hoechst Blue). The side-population cells
and the main population cells were collected through cell
sorting and seeded in 96-well plates.

Comparison of cellular uptake of peptides in side-
population and main-population cells

5000 side-population and main-population cells of A549
were seeded in a 96-well black-coloured clear bottom tis-
sue culture plate. The following day, cells were treated with
5uM peptide-CF conjugates for three hours. Wells were
washed with PBS twice and stained with 5 pg/ml Hoechst
33342 nucleic acid stain for 10 min at 37 °C. Imaging was
performed using confocal laser scanning microscopy (Zeiss
LSM 980 Airy Scan 2). The uptake of peptides in side-pop-
ulation and main-population cells was compared by measur-
ing the intensity in the green channel.

Tumor regression studies

All animal experiments were performed as per the ethical
guidelines under the approval of Institutional animal ethi-
cal committee of RGCB (IAEC/813/TRSK/2020). For in-
vivo experiments, NSG (NOD SCID gamma mouse) female
mice were maintained at the Animal Research Facility of
RGCB in a pathogen free condition and used at the age of
6-8 weeks. 100 ul of 10° MDA-MB-231 cells showing
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stable expression of Luc2-TdTomato (matrigel 50:50) were
injected to the right fourth mammary fat pad in a subcutane-
ous manner. Tumor formation was confirmed by palpation
and mice were segregated into three groups based on the
treatment-control, MTX treated and YC102-MTX treated
(N=3). The peptide drug conjugate YC102-MTX, MTX or
normal saline were administered as 100 pl injection once
every 14 days after 50 days of tumor cell inoculation, when
tumor reaches the size ready for imaging. YC102-MTX and
MTX were administrated at a concentration of 2 mg/kg body
weight of the mice. After the end of 4 weeks, the mice were
placed under anesthesia using 2% isoflurane and D-luciferin
potassium salts was injected by the intra-peritoneal route.
Bioluminescence imaging was performed using IVIS Spec-
trum in vivo imaging system (Perkin Elmer). Every fifth day
the tumor volume was measured using digital caliper and
calculated using the equation V=0.5 X L X W2, where V is
the tumor volume, L is the tumor length and W is the tumor
width. The animals were also euthanized and organs such as
lung, spleen, heart, kidney and tumor tissues were collected
for histopathology studies.

Biodistribution assay

To check for the biodistribution in mice, peptide YC102 was
tagged with the fluorophore cyanine 7 (Cy7) at the N-termi-
nus. Female NSG mice were segregated in 2 groups, healthy
mice and tumor-bearing mice (N=3). YC102-Cy7 conju-
gate was administered as 100uL injection through the tail
vein at a concentration of 2 mg/kg body weight. Mice were
placed under isoflurane anesthesia and imaged at the time
intervals of 3, 24, 48, 72, 96 and 120 h using IVIS Spectrum
in vivo imaging system (Perkin Elmer). Time dependent
tumour accumulation of YC102-Cy7 conjugate was calcu-
lated as Total Radiant Efficiency (p/s) / (WW/cm?) using in
vivo imaging software, Living Image® (64-bit) after back-
ground subtraction.

Histopathology studies

Organs such as liver, lung, spleen and tumor xenograft
were collected, sectioned and subjected to H&E staining
after performing dewaxing, dehydration and washing. H&E
images were captured using 40X objective (oil immersion,
NA 1.3) in Nikon ECLIPSE Ni-E microscope.

Statistical analysis
All experiments were performed with a minimum sam-
ple size of three with data represented as mean+SEM.

Statistical analysis was done using OriginPro 2018 soft-
ware (OriginLab Corporation, USA). Comparison of data
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between groups was done using using one-way analysis of
variance (ANOVA) and Tukey’s test with significance value
set at p-value < 0.05 (*).

Results and discussion

Design, electrostatic profiling and chemical
synthesis of the peptide-based delivery vectors

A set of four peptide-based delivery vectors having vary-
ing helical diameters with diversified geometrical shapes
were designed. Peptide YC101 has an a-helical configura-
tion, YC102 is a II(L, D) gramicidin helix, YC103 forms a
poly-proline helix and YC104 has an extended conforma-
tion. YC102 has the largest helical diameter, followed by
a-helical peptide YC101. YC103 has the smallest diameter
among all the helical peptides with 3 residues per turn. The
designed peptides were synthesized at laboratory scale
by employing conventional solid-phase peptide synthesis
(Fmoc chemistry). Peptides were conjugated with 5(6)-car-
boxyfluorescein or methotrexate on the N-terminus for
cellular uptake and cytotoxicity studies respectively. Sche-
matics for solid-phase peptide synthesis is shown in Fig S1.
The synthesized peptides were purified using reverse-phase
HPLC with 95% purity and further characterized by mass
spectrometry (MALDI-TOF) (Fig S2). The electrostatic
fingerprints of the peptides were generated by electrostatic
potential mapping using Delphi software (Fig. 1). The
designed peptides are amphipathic, having distinct electro-
static fingerprints. Variations in the electrostatic potential
distributions is an important aspect that modulates the inter-
action of the peptides with the membrane.

Molecular dynamics simulation and circular
dichroism spectroscopy of the designed peptides

The interaction of the designed peptides with lipid bilayer in
the presence of water was studied with Molecular Dynamics
simulation experiments performed using POPG bilayer in
water. All MD simulations were carried out in GROMACS
program suite using the GROMOS96 force field with 53a6
parameter set and Berger lipids parameters. Structure of
YC102 was designed with structural parameters similar to
a gramicidin helix alternating L and D chiral amino acids
at successive positions. Stereochemical distributions for the
designed peptide molecules were validated with ProChiral
program in bPE Toolkit [40].

To study the peptide-lipid bilayer interaction, the four
peptide molecules were positioned close to one end of the
POPG bilayer in water. The system was equilibrated, fol-
lowed by a 200 ns production run in NPT conditions. After
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Fig. 1 Structure and electrostat-
ics of the designed peptides.
Electrostatic fingerprints of the
designed peptides are gener-
ated using DELPHI software.
Poisson-Boltzmann electrostatic
potential (PB-EP) maps on the
peptide surface, as well as the
cylindrical dimensions (diameter
and height) of the four pep-
tides (YC101: a-helix, YC102:
syndiotactic gramicidin helix,
YC103: poly-proline helix, and
YC104: extended conforma-
tion) are shown. The color bar
represents the color-coded PB-EP
values on a scale of -10 (red) to
+10 (blue) in kT/e units. The
difference among peptides in the
spatial PB-EP and dimensions
are a result of differences in
stereochemistry and amino acid
sequences. Amino acid sequence
of the designed peptides are
depicted with L-amino acids
written in uppercase letters and
D-amino acids written in lower-
case letters and underlined
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the 200 ns production run, Root Mean Square Deviations,
Radius of Gyration distributions, cluster formation and free
energy was calculated (Fig. S3). The peptides successfully
penetrated the lipid bilayer’s outer layer during the 200 ns
simulation (Supp. Video 1-4). Additionally, the relative
positions of the peptides concerning the lipid head groups,
specifically phospho-glycerol, at both the beginning and
end of the 200 ns production run provides further evidence
of this penetration (Fig. 2A, Fig. S3). The peptide molecules
remained within the boundaries of lipid bilayer throughout
the simulation.

Following the 200 ns production run, an assessment was
conducted on each designed peptide to determine whether
they maintained their intended structures throughout the
simulation. This evaluation was based on Root Mean
Square Deviations and Radius of Gyration distributions
(Fig. S3). While the RMSD of the four designed peptides
was quite comparable to each other (within 0.5 nm distance
of deviations), YC102 and YC103 peptides have devi-
ated relatively to a greater extent, especially after 100 ns.
The radius of gyration estimates during the course of the
200 ns simulation suggests that gramicidin helical peptide
YC102 and poly-proline helical peptide YC103 have devi-
ated slightly from the designed fold. The Gibbs free energy
landscape of YC101, YC102 and YC104 lipid bilayer simu-
lations presents a relatively distinct Global Minimal Energy

Conformation (GMEC), while the energy landscape of the
YC103 peptide does not show any clear conformational
directive (Fig. S3).

The topological changes are evident from the secondary
structural changes verified using circular dichroism spec-
troscopy (CD). The secondary conformations of the peptides
were confirmed by their signature peaks in CD spectroscopy
experiments (Fig. S4).

Estimation of the cellular uptake of peptide-
fluorophore conjugates in cancer and non-
tumorigenic cells

Intracellular uptake of the peptides conjugated to 5(6)-car-
boxyfluorescein was assessed in four cell lines namely
MDA-MB-231 (triple negative breast cancer), A549 (lung
cancer), HeLa (cervical cancer) and MCF-10 A (non-tumor-
igenic mammary epithelial cells). The cells were treated
with 5 uM of peptide-CF conjugates for 3 h. Multiple PBS
washes and trypsinization of cells preceded flow cytometry.
As shown in Fig. 2B, the peptides show differential uptake
in different cell lines. The peptide YC102 showed enhanced
uptake in MDA-MB-231 cells. The other three peptides
YCI101, YC103 and YC104 showed maximal uptake in cer-
vical cancer cells. A well-established cell-penetrating pep-
tide, TAT, is used as a positive control in our experiments.
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Fig.2 Cellular uptake of the designed peptides. (A) Position of the pep-
tide YC102 when interacting with POPG bilayer in water at the start,
0 ns, (dotted) and end (solid) of a 200 ns run in MD simulation. (B)
Quantitative uptake of the peptides tagged with 5,6-carboxyfluores-
cein was compared in cancer cell-lines namely MDA-MB-231, A549,
HeLa and non-tumorigenic breast epithelial cell-line MCF-10 A. All
the cells were treated with SuM of peptide-CF conjugates for 3 h and
analysed using flow cytometry. Error bars represent mean+ SEM of
three independent experiments and the statistical significance was set

All the peptides showed better uptake than the control TAT
peptide as shown in Fig. 2B.

Intracellular uptake of peptides was visualized by confo-
cal laser scanning microscopy (Fig S5-S8). Peptides were
observed to differentially internalize in the cells based on
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at p<0.05 (¥) and was assessed in comparison with the cellular uptake
of the positive control TAT peptide. (C) Cellular uptake of the pep-
tides in cells, visualized and imaged through confocal laser scanning
microscopy. The cells were incubated with SuM of peptide-CF con-
jugates for 3 h, washed with PBS and imaged using confocal micro-
scope. Peptide-CF staining and nucleus stained with Hoechst 33342
are denoted by the green and blue channels respectively. Scale bar cor-
responds to 20 pm

the type of cells as well as the overall geometry and surface
electrostatics of the peptide. Peptide YC102 shows higher
uptake in triple-negative breast cancer cells MDA-MB-231
in comparison to non-tumorigenic mammary epithelial cells
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MCF-10 A. Tt also displays higher uptake in HeLLa and A549
cells (Fig. 2C).

Determination of peptide localization in sub-
cellular organelles

Colocalization of peptide-CF conjugates were studied in
two organelles namely mitochondria (Fig. S9-S12) and
lysosomes (Fig. S13-S16) using commercially available
MitoTracker Deep Red and Lysotracker Deep Red dyes.
The degree of colocalization can be quantified by Pearson’s
correlation coefficient whose values range from —1 to + 1.
The value of + 1 indicates perfect linear correlation between
the fluorophores, the value — 1 denotes perfect negative cor-
relation and the value 0 denotes uncorrelation between the
fluorophore probes [41, 42]. As mentioned in Table S1, the
designed peptide-CF conjugates show correlation values
0 or less than 0 with the mitochondria staining dye. This
means that the peptides do not co-localize in the mitochon-
dria but are distributed elsewhere in the cytoplasm or in
other organelles. As seen in Fig. 3B and Fig. S13-S16, it can
be observed that some of the peptides are localized in the
lysosomes. This can be due to their uptake by the endosomal
pathway. As mentioned in Table S2, peptide YC102 shows a
correlation coefficient value of 0.85 and 0.87 with the lyso-
some staining dye in MDA-MB-231 and HeLa respectively.

MCF-10A

Fig.3 Localization studies of the A
peptide YC102-CF in mitochon-
dria and lysosome. (A) Cancer
cells and non-tumorigenic cells
after treatment with SuM of
peptide-CF conjugate for 3 h,
were washed and stained with
125nM MitoTracker deep red
dye and Hoechst 33342. (B)
Cells after treatment with S5uM
of peptide-CF conjugate for 3 h,
were washed and stained with
40nM LysoTracker deep red dye
and Hoechst 33342. Blue colour
denotes nucleus, green denotes
YC102-CF and red denotes
mitochondria in panel A and
lysosomes in panel B B

Enlarged

Enlarged

MDA-MB-231

Such a high positive linear correlation indicates its colocal-
ization in the lysosomes. The peptides YC101 and YC103
also show colocalization but to a lesser extent in the lyso-
somes of MDA-MB-231, as can be judged from their coef-
ficient values ranging from 0.48 to 0.6. Further verification
of localization is beyond the scope of this paper and hence
not attempted.

Estimation of cytotoxic and apoptotic potential of
peptide-drug conjugates in triple-negative breast
cancer cells

The principal aim of a delivery vehicle is to successfully
deliver the drug molecule to the cancer cells. Tetrameth-
ylrhodamine methyl ester (TMRM) based assay was per-
formed to estimate cytotoxicity potential of the designed
peptide-methotrexate (MTX) conjugates against triple
negative breast cancer MDA-MB-231 cells and mammary
epithelial MCF-10 A cells. Tetramethylrhodamine, methyl
ester (TMRM) is a cell-permeant dye that accumulates
in active mitochondria with intact membrane potentials.
Healthy mitochondrial membranes maintain a difference
in electrical potential between the interior and exterior of
the organelle, referred to as membrane potential. Healthy
cells with intact mitochondria show a bright red signal but
in cells undergoing death there is a loss in the mitochondrial

A549 Hela
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membrane potential, and the TMRM signal diminishes
(Fig.S17, Fig. S18). Figure 4A, shows loss of cell viabil-
ity of MDA-MB-231 cells by the peptide-MTX conjugates,
with minimal loss to MCF-10 A cells.

Cellular apoptosis of cancer cells is a therapeutic target
for many drugs and molecules. Apoptosis, also known as
programmed cell death is under tight regulation by the cells
and is characterized by certain morphological hallmarks. It
causes minimal inflammation as compared to necrosis and
therefore it is targeted by cancer therapeutics. Apoptosis is
initiated by activation of cysteine proteases called caspases.
Two initiation pathways of apoptosis, namely extrinsic and
intrinsic, finally converge into a common pathway by acti-
vation of caspase-3 [43]. To study the apoptotic potential of
our peptide-drug conjugates, we have used MDA-MB-231
cells expressing stable CFP-YFP FRET-based probe. The
two fluorophores, CFP and YFP, are joined together by a
peptide-based caspase-3 cleavage site. Upon treatment with
the peptide-drug conjugates, the cells undergo apoptosis
which can be observed by a change in the CFP-YFP fluo-
rescence ratio (Fig. S19). As shown in Fig. 4B, treatment of
the peptide YC102-MTX at a concentration of 15uM causes
more than 30% of cells to undergo irreversible apoptosis.

Fig.4 Cytotoxicity studies for A
120 =

MDA-MB-231

Estimation of hemotoxicity, serum stability and
serum biocompatibility of the peptides

Hemolysis assay was performed to estimate the toxicity of
the drug delivery vehicle. RBCs were isolated and treated
with 20uM peptide-MTX conjugate. Heme release for all
the peptide drug conjugates was less than 3% indicating
negligible hemotoxicity (Fig.S20).

Peptides are susceptible to serum protease degradation
and is one of the important limiting factors for the use of
peptide-based delivery vehicles. To address this, we incor-
porated D-amino acids and non-proteinogenic amino acid
2-Aminoisobutyric acid (AiB) into the peptide sequence
based on their structure. As shown in Fig. S21, cellular
uptake of serum treated and untreated peptides is com-
parable thus indicating stability of the peptides in serum.
We have extensively studied this in our earlier published
reports, and this is the most important feature that qualifies
heterochiral peptide sequences as promising drug delivery
vehicles.

Stability of the peptides in serum was checked by incu-
bating the peptides with human serum, followed by char-
acterization with reverse phase-HPLC. As shown in Fig.
S22, similar HPLC profile resulted for untreated and serum-
treated peptides, indicating stability of peptides in serum

MCF-10A

120

peptide-MTX conjugates. (A)
Quantitative cell viability studies
of the peptide-drug conjugates 1001
on MDA-MB-231 and MCF-

10 A cells. MDA-MB-231 and
MCF-10 A cells were treated
with MTX and peptide-MTX
conjugates at SpM, 10uM, 15uM
and 20uM concentrations for

48 h and stained with TMRM
and Hoechst 33342 dye. The 204
cells with diminished TMRM

red signal and enhanced blue 0
signal of nuclear condensation

were undergoing cell death. (B)
MDA-MB-231 SCAT3 NLS cells
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and resistance to protease degradation. This indicates that
the designed peptides can be utilized for in-vivo studies and
as a future therapeutic agent.

Estimation of cellular uptake of peptides in side-
population cells having stem cell-like properties

Drug resistance in cancer can occur due to a wide array of
factors like drug efflux, drug inactivation, epigenetic phe-
nomena, DNA repair mechanisms, inhibition of cell death
and involvement of components from the tumor microen-
vironment. Cancer stem cells which are a part of the het-
erogenous tumor population show chemotherapy resistance
and play a significant role in drug resistance. Side-popula-
tion assay is a technique to identify and isolate cancer cells
having stem cell-like properties. This assay is based on the
Hoechst dye efflux properties of the side-population cells
through the ATP-binding cassette (ABC) transporters. To
confirm the specificity of the dye efflux, the ABC trans-
porter inhibition assay using the drug verapamil, a known
inhibitor of ABC transporter is performed simultaneously.
Side-population cells are less prevalent in basal subtype
of breast cancer cells as compared to the luminal subtypes
[44]. Therefore, MDA-MB-231 cells, which are of the
basal subtype showed undetectable side population cells on

A AB49 - Hoechst 33342
ot ot

A549 - Hoechst 33342 + Verapamil

treatment with Hoechst 33,342 [45]. A549 lung cancer cells
showed significant side-population, which were isolated by
flow cytometry and cultured in 96-well plates. The cellular
uptake potential of peptides tagged with carboxyfluorescein
was estimated in the side-population and main population
cells using confocal laser scanning microscopy.

As observed in the flow cytometry profile of Fig. 5A,
the percentage of side-population cells that are sorted by
Hoechst staining is approximately 4% of the entire cellular
population of A549. A tight smaller gate was used for sort-
ing based on Verapamil treated sample to ensure extreme
drug efflux population. This percentage reduces to almost
a negligible 0.05% after Verapamil treatment. Thus, this
method provides an effective way to isolate and study side-
population cells enriched in cancer stem cells.

After isolating the side population and main population
cells, the cellular penetration and uptake of the peptides was
determined. The side-population and main-population cells
isolated after Hoechst staining assay were plated in equal
number in 96-well plates and made to attach and grow over-
night. The following day, the cells were treated with peptide-
CF conjugates for 3 h and the intracellular cellular uptake
was studied using confocal laser scanning microscopy. The
extent of uptake was quantified by measuring the intensity
of the green channel for the carboxyfluorescein-tagged

196608 196608-

131072- 131072-

Hoechst Blue-A
Hoechst Blue-A

65536: 65536

sp

P

[ side population cells
{77 Main population cells

o, [ 005%
0 65‘536 131‘072 196‘6(]3 2621 65‘536 131‘072 1QéSOB 2621
C Hoechst Red-A Hoechst Red-A
Positive Peptides
Negative control
control TAT YC101-CF YC103-CF YC104-CF
A549
MP cells
A549
SP cells

Fig. 5 Cellular uptake of peptides in side-population cells (A) Repre-
sentative flow cytometric profiles obtained after staining A549 lung
carcinoma cells with 5 pg/mL Hoechst 33342 in the absence or pres-
ence of verapamil. The side-population (SP) and main-population
(MP) fractions are gated. (B) Comparative uptake of the peptides
tagged with 5,6-carboxyfluorescein in SP and MP cells of A549 cell
line. The cells were treated with SuM of peptide-CF conjugates for 3 h
and the uptake was quantified by measuring the intensity in the green

channel. (C) Uptake of the peptide-CF conjugates in the SP and MP
cells, visualized and imaged through confocal laser scanning micros-
copy. The cells were incubated with SuM of peptide-CF conjugates for
3 h, washed with PBS and imaged with a 20x objective using a confo-
cal microscope. Nucleus stained with Hoechst 33342 and peptide-CF
conjugates are denoted by the blue and green channels respectively.
Scale bar corresponds to 20 pm
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peptides. Panel C in Fig. 5, displays the qualitative images
for cellular uptake, where the peptides are denoted by
green colour and the nucleus stained with Hoechst 33342 is
denoted by blue colour. Based on the quantitative measure-
ment of the intensity of the green channel shown in panel B,
it is suggested that the cellular uptake of the peptides is sim-
ilar in side-population and main-population cells of A549.
Also, the cellular uptake of the designed peptides is 3040
folds higher than the uptake of TAT peptide. This indicates
that the peptides can be used to therapeutically target cancer
stem-cell like population of the tumors.

Estimation of tumor regression in triple-negative
breast cancer tumor bearing mice

For pre-clinical breast cancer studies, mice models are rou-
tinely used for their human genetic similarities, quick results

A Untreated YC102-

Control

MTX

Fig. 6 Tumor regression and Biodistribution in mouse xenograft
model. (A) Representative bioluminescence image from NOD/SCID
female mice showing tumor regression with MTX and YC102-MTX
treatment compared with untreated control (N=3). In vivo, biolu-
minescence images were obtained using an IVIS Lumina system to
record the tumor size at the end of 4 weeks of MTX and YC102-MTX
treatment. Bioluminescence images showed reduction in tumor size
in YC102-MTX treatment compared to MTX and untreated control.
(B) Photographic images of excised tumors from the untreated control,
MTX, and YC102-MTX treatment groups. YC102-MTX treatment
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and cost-effectiveness [46]. The conjugate YC102-MTX
was used to test the efficacy in mouse xenograft models.
Figure 6A shows bioluminescence images taken from tumor
bearing control mice and tumor bearing mice subjected to
MTX or YC102-MTX conjugate treatment. Tumor regres-
sion was observed in MTX and YC102-MTX treated mice
in comparison with the untreated control. Maximum tumor
regression was observed in YC102-MTX treated mice. Con-
siderable reduction in the size of tumor excised from mice
treated with YC102-MTX was observed (Fig. 6B) in com-
parison to the tumor excised from control and MTX treated
mice. Tumor regression by measurement of tumor volume
is shown in Fig. S23. Splenic enlargement is a character-
istic observed in metastatic breast cancer [47]. As can be
seen in the Fig. 6B, the spleen from untreated tumor-bearing
control mice is found to be considerably enlarged. Spleen
from mice treated with only MTX is also observed to be

B  Untreated YC102-

Control MTX

~ Spleen Tumor

showed a maximum reduction in tumor size in comparison with other
groups. The spleens were also observed to be enlarged in the untreated
control and MTX-treated group, but significantly small in the YC102-
MTX treatment group. (C) Biodistribution of YC102-Cy7 conjugate.
Healthy and tumor-bearing mice were injected with YC102-Cy7 con-
jugate (2 mg/kg body weight, N=3). Fluorescent images in healthy
mice showed peptide accumulation in the renal and hepatic system
within 3 h of injection. On the other hand, in tumor-bearing mice, the
peptide started accumulating at the site of tumor after 3 h of treatment
till the end (120 h)
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enlarged but the size of the spleen excised from mice treated
with YC102-MTX was significantly smaller. This also con-
firms tumor regression in mice treated with YC102-MTX
conjugate.

Estimation of peptide-fluorophore biodistribution
in-vivo mice models

To study the biodistribution in healthy and tumor-bearing
mice, YC102 peptide was conjugated with the fluoro-
phore cyanine-7 (excitation="750 nm, emission=773 nm).
YC102-Cy7 was administered at a concentration of 2 mg/kg
body weight of the mice. The mice were imaged at the time
intervals of 3, 24, 48, 72, 96 and 120 h (Fig. 6C). In healthy
mice, fluorescence was observed from the renal and hepatic
system within 3 h which suggests excretion and metabolism
respectively. In tumor-bearing mice, YC102-Cy7 started
accumulating at the tumor site after 3 h of treatment, which
continued till the end of the experiment (120 h). Time
dependent tumoral accumulation of YC102-Cy7 is shown
in Fig. S24. This indicates that the peptide YC102 has affin-
ity for the cancerous tumor whereas in the absence of tumor
it gets metabolized and excreted.

Histopathology of tissues of internal organs and
tumor xenograft

Tumor histology from the control untreated mice showed
proliferating tumor mass with increased proliferating
front infiltration into the adjacent skin with necrotic areas
(Fig. 7). Proliferation induced necrosis was also evident in
tumor tissue from MTX treated mice; whereas, the tumor
from the mice treated with YC102-MTX did not show
necrosis. Liver histology from the control and MTX treated

Fig. 7 Histopathology of tumor
and internal organs. Histo-
pathological H&E staining was
performed on tumor xenograft,
liver, lung and spleen. Tumor
from the untreated control and
MTX treated mice indicated signs
of necrosis which was absent in
YC102-MTX treated mice. The
liver from the untreated mice
also showed micro metastasis.
Images were captured using 40X
objective (oil immersion, NA
1.3) in Nikon ECLIPSE Ni-E
microscope

Untreated

mice displayed micrometastasis which was absent in mice
treated with YC102-MTX. Overall, the study demonstrated
that tumour retention by YC102-MTX conjugate suppressed
tumour growth and secondary metastasis in comparison to
MTX alone.

Conclusion

In this paper, we proposed a structural regression modelling
approach to verify the efficacy of such a design algorithm
in peptide functional design and to further explore the pos-
sibility of employing it in the generation of delivery vectors
for the treatment of resistant cancer. Such ‘dimensionality
reduction’ approaches have already been used in other com-
putational methods, especially in data science and machine
learning [48].

Conventional chemotherapy for cancer treatment causes
toxic side-effects in patients necessitating the need for
employment of drug delivery techniques, to deliver thera-
peutic molecules specifically targeted to cancer cells. These
techniques include a wide-variety of delivery molecules
such as lipids, proteins, polymers, nanoparticles, organic
and inorganic materials. In this study we use cell-penetrating
peptides having distinct electrostatic signatures and varying
helicity to deliver the anti-cancer drug methotrexate. Among
the four designed peptides, the syndiotactic peptide YC102
with a gramicidin II(L, D) helix showed enhanced cellular
uptake in MDA-MB-231 triple negative breast cancer cells.
YC102 conjugated to methotrexate displayed enhanced
cytotoxicity and apoptosis in triple negative breast cancer
cells with negligible toxicity in non-tumorigenic breast epi-
thelial cells. Moreover, the designed peptides also showed
cellular uptake in side-population cells having stem-cell

Liver Lung

Spleen
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like properties which indicates their application in targeting
cells with drug efflux property.

The efficacy of peptide-drug conjugate YC102-MTX
was further tested in mice models which showed signifi-
cant tumor regression in the treated mice, while compared
with the control. Tumor size was also found to be signifi-
cantly reduced in the case of treatment with YC102-MTX,
compared to same concentration of MTX. Biodistribution
studies of YC102 tagged with the fluorophore cyanine-7
showed continued accumulation in tumor. In contrast, the
peptide was found to accumulate in the liver and kidneys
of the control mice indicating its excretion and metabolism.
Enlargement of spleen a characteristic feature of metastasis
in breast cancer, was observed in the case of untreated and
methotrexate treated tumor bearing mice. But the spleen
was found to be approximately normal-sized in the case of
mice treated with YC102-MTX.

The results obtained from our study indicate that the cell-
penetrating peptide YC102 can be a promising potential
candidate for drug delivery for anti-cancer therapeutics in
triple negative breast cancer which is an aggressive subtype
of breast cancer with negligible possible therapeutic oppor-
tunity. This may be regarded as one of the key translational
advantage of such a multidisciplinary investigation.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s13346-
024-01674-y.
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