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Non-steroidal anti-inflammatory drugs conjugated
to a synthetic peptide exhibit in vitro cytotoxic
activity against cervical cancer and melanoma
cellst

Daniel Alejandro Castellar-Almonacid, @2 Andrea Carolina Barragan-Cardenas, (D}
Karla Geraldine Rodriguez—Mejia,@a Laura Angélica Maldonado-Sanabria, ®:
Natalia Ardila-Chantré, @2 Jose David Mendoza-Mendoza, ®°

Claudia Marcela Parra-Giraldo, @< Jhon Erick Rivera-Monroy, @

Zuly Jenny Rivera-Monroy, @®¢©

Javier Eduardo Garcia-Castafieda ©*? and Ricardo Fierro-Medina @ ¢©

Previous studies have shown that the palindromic peptide RWQWRWQWR derived from bovine
lactoferricin (LfcinB) has exhibited selective in vitro cytotoxic effects against multiple cancer cells such
as cervical, breast, and prostate cancer. We designed and synthesized peptides based on this
palindromic sequence conjugated with non-steroidal anti-inflammatory drugs (NSAIDs) such as naproxen
and ibuprofen to obtain novel hybrid peptides that could trigger infammatory processes within cancer
cells. Incorporating the non-natural amino acid ornithine as a spacer was done to improve the aqueous
solubility of the NSAID-peptide conjugates. The antibacterial activity of the conjugated peptides was
evaluated, and these peptides showed significant activity against E. coli strain ATCC 25922, with MIC
values of 12 uM. Cytotoxicity was assessed in human cervical cancer cells (HelLa) and human melanoma
cells (A375), showing that the NSAID-conjugated peptides retained and even exhibited better anticancer
activity compared to the palindromic peptide from which they were derived. The NSAID-LfcinB
conjugates showed good selectivity towards cancer cells in the concentration ranges evaluated, being
non-hemolytic. The cytotoxic effect of the IBU-Orns-1 and NAP-Orns-1 peptides was rapid and
selective, inducing severe morphological changes, including rounding, shrinkage, and vacuole formation,
which are associated with apoptosis. Flow cytometry assays revealed that the ibuprofen-conjugated
palindromic sequence induced apoptosis independently of peptide concentration and treatment
duration. These results suggest that the palindromic peptide RWQWRWQWR could be used for new
applications in cancer research, such as delivering small molecules with anti-inflammatory activity in
tumoral environments. The conjugation of NSAIDs to anticancer peptide sequences is a novel, viable,
and rapid strategy that facilitates the synthesis of hybrid peptides with enhanced anticancer activity,
thereby expanding the pool of promising molecules for preclinical and clinical studies in cancer therapy
development.

Introduction

Cancer is a public health challenge; its incidence and
mortality are increasing despite prevention strategies and the

1,2 . .
b Instituto de Biotecnologia-Facultad de Ciencias, Universidad Nacional de development of new treatments. The incidence of breast,
Colombia-Sede Bogotd, Bogotd D.C., Colombia prostate, cervical, and melanoma cancer has increased
¢ Biomedical Sciences Faculty-Universidad Europea, Madrid, Spain dramatically during the past decade.®* The increase in

@ Universidad de la Salle, LIAC, Bogota D.C., Colombia
¢ Departamento de Quimica-Facultad de Ciencias, Universidad Nacional de
Colombia-Sede Bogotd, Bogota D.C., Colombia

mortality is attributable to many factors, among which are
late diagnosis, the appearance of resistance, recurrence,
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of localised therapies and systemic therapies, which rely on
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using drugs as agents against proliferative cancer cells.
Systemic therapy includes chemotherapy, immunotherapy,
and hormonal and targeted therapy, etc.>>” The chemical
nature of current anticancer drugs is broad and includes
organic compounds, peptides, and proteins such as
monoclonal antibodies.®” A factor that dramatically affects
the success of the treatment is the poor selectivity of drugs,
causing adverse side effects that affect the health, recovery
capacity, quality of life, etc. of the patient.>® This aspect is
more evident in developing countries, where personalized
treatment is inaccessible for some patients.”

Therefore, searching for new therapeutic options with
higher selectivity, lower toxicity, and lower propensity to
generate resistance is essential for assuring the patients’
quality of life and increased survival rate.”'® Anticancer
peptides (ACPs) have emerged as a therapeutic option due to
their high internalisation, specificity, low toxicity, costs, and
ease of synthesis.”"°

The anticancer activity of ACPs is probably caused by
electrostatic interaction with the cancer cell's surface,
resulting in cell death.”'® Bovine lactoferricin (LfcinB) is a
cationic peptide produced by acid-pepsin hydrolysis of
bovine lactoferrin."* LfcinB has exhibited a cytotoxic effect
against human cell lines derived from cervix, colon, breast,
lung, liver, and leukaemia cancers.'> ™

The palindromic peptide LfcinB (21-25)p,: RWQWRWQWR
(peptide 1) and its derivatives have exhibited significant
anticancer activity against oral, breast, colon, cervical, and
endometrial cancer cell lines.'®"® This peptide exerts a
concentration-dependent and rapid cytotoxic effect on the
luminal breast cancer cell line MCF-7 (IC5, of 81 uM) and on
the cervical cancer cell line HeLa (ICs, of 47.6 uM)."”"® The
cytotoxic effect is selective towards cancer cells due to the
low cytotoxicity that this peptide exhibits in fibroblasts and
red blood cells."”'® Furthermore, this palindromic sequence
conjugated to protein and non-protein motifs exhibits
greater anticancer activity than the unmodified sequence,
suggesting that conjugation of this sequence is an effective
strategy for obtaining promising candidates for cancer
therapy.17’19’2°

Several studies have demonstrated the role of chronic
inflammation in cancer development, ROS production,
inducing DNA damage, proliferation, angiogenesis,
metastasis, immune system inhibition, etc.>** The
expression level of COX-2, an isoform of the COX enzyme
family, has been found to be elevated in cancers such as
breast, melanoma, cervical, ovarian, endometrial, prostate,
pancreatic, lung, bladder, etc.>® Studies have suggested that
COX-2 inhibitors and non-steroidal anti-inflammatory drugs
(NSAIDs) have anticancer properties.>*>® NSAIDs have shown
anticancer activity in vitro and in vivo, inducing apoptosis via
both COX/PG-dependent and -independent mechanisms
related to immune response, cell proliferation, apoptosis, cell
kinetics, angiogenesis, and calcium mobilization, among
others.”*° A case-control study has demonstrated that
continued use of low-dose aspirin (acetylsalicylic acid) may
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significantly reduce the risk of cutaneous melanoma in
women.>**°

Ibuprofen (IBU) induces apoptosis and inhibits
proliferation and metastasis of cancer cells.*”*> In particular,
in HeLa cells, IBU (IC5, = 6.2 mM) and its conjugates have
shown cytotoxic activity, and indomethacin or IBU induces
Hsc70 translocation into the nucleus in a dose-dependent
manner.**"%°

The naproxen-HBTA conjugate inhibits the proliferation
of A375 and B16F10 melanoma cell lines by an apoptotic
process and showed antitumor activity in murine
melanoma.®® Conjugates DOTA-Lys(IBU)-GG-Nle-CycMSHhex
and DOTA-Lys(Asp-IBU)-GGNle-CycMSHhex A and B have a
cytotoxic effect on B16/F10 melanoma cells with ICs,
values on the nanomolar order.’” Conjugated IBU-
coumarin has exhibited significant cytotoxic effects on
HeLa cells (IC5o = 0.6-5 uM).*®

New selective and effective cancer treatments are needed,
and one promising strategy is the conjugation of cancer
cell-selective anticancer peptides with drugs to obtain new
molecular entities that serve as drug transport/delivery
systems in the tumour microenvironment or inside the
cancer cell.>® Drug-peptide linkages using penetrating
peptide sequences allow drug internalization without
affecting membrane integrity, facilitating drug interaction
with the intracellular target and leading to programmed cell
death, which decreases adverse side effects.***" The
conjugation of ACPs with NSAIDs is a strategy that allows
obtaining multipurpose systems, since it has two molecules
with different intracellular targets (ACP and NSAID). The
ACP can transport the conjugate to the tumour and
internalise it in the cell. The present investigation explored
the synthesis, characterisation, and cytotoxic activity of
naproxen and ibuprofen conjugates with the palindromic
sequence RWQWRWRWQWR in cervical cancer and
melanoma cell lines.

Materials and methods

Reagents and materials

Rink amide MBHA resin, Fmoc-Arg(Pbf)-OH, Fmoc-GIn(Trt)-
OH, Fmoc-Trp(Boc)-OH,  6-chloro-1-hydroxybezotriazole
(6-CI-HOBt), N,N'-dicyclohexylcarbodiimide (DCC), and
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate (TBTU) were purchased from AAPPTec
(Louisville, KY, USA). Methanol (MeOH), diethyl ether, N,N-
dimethylformamide (DMF), dichloromethane (DCM), absolute
ethanol (EtOH), acetonitrile (ACN), formic acid (FA), isopropyl
alcohol (IPA), trifluoroacetic acid (TFA), 1,2-ethanedithiol
(EDT), triisopropylsilane (TIPS), ibuprofen standard
(>98%), and RP-SPE Supelclean columns were obtained
from Merck (Darmstadt, Germany). 4-Methylpiperidine,
pyridine, Triton X, potassium cyanide (KCN), phenol,
ninhydrin, ethylenediaminetetraacetic acid (EDTA), RPMI-
1640 culture medium, DMEM culture medium and bovine
trypsin were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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Fetal bovine serum (FBS) was purchased from Gibco (Waltham,
MA, USA). The HeLa (CCL2), A375, and L-929 cell lines and E.
coli ATCC 25922 strain were purchased from ATCC (Manassas,
VA, USA). Naproxen raw material (purity >99%) was kindly
donated by the Instrumental Analysis Laboratory of the
Pharmacy Department, Universidad Nacional de Colombia.
Reagents and solvents were used without further purification, as
their certified purity levels met the required specifications for
each experimental protocol.

Solid-phase peptide synthesis

The peptides and peptide-NSAID conjugates were obtained
using a manual solid-phase peptide synthesis (SPPS-Fmoc/
tBu) methodology standardised in our laboratory.’® 150 mg
of Rink amide MBHA resin (0.46 meq. g ') was swollen by
treating it with a mixture of DMC/DMF (1:1 (v/v)) for 2 h
at room temperature (RT), and then the resin was washed
with DCM (3 x 1 min). The Fmoc group was removed by
treating the resin or resin-peptide with 5% piperidine,
0.1% Triton X-100 in DMF for 15 min at RT under constant
stirring (2x). Afterward, the resin or resin-peptide was
washed with DMF (6 x 1 min) and DCM (3 x 1 min). Then
1-2 mg of dried resin or resin-peptide was treated with the
Kaiser test; a blue staining indicates the presence of
primary amine groups. The pre-activation reaction was
performed by dissolving the Fmoc-amino acid/DCC/6-Cl-
HOBt (1:1:1 equiv. and five excesses with respect to the
resin substitution) in 2 mL of DMF, and the reaction
mixture was gently stirred for 15 min at RT. Then the pre-
activated amino acid was mixed with the resin or resin-
peptide and the reaction mixture was gently stirred for 12
h at RT. The reaction mixture was filtered, and the resin or
resin-peptide was washed with DMF (3 x 1 min), IPA (1 x 1
min), and DCM (3 x 1 min). When necessary, the coupling
reaction was repeated until the Kaiser test was negative
(vellow coloration). For the coupling of IBU or NAP,
propionic acid activation was carried out employing NSAID:
TBTU: DIPEA in DMF (1:1:3 equivalent and three excesses
with respect to resin substitution) and the reaction mixture
was stirred for 15 min at RT. The reaction mixture was
added to the resin-peptide, and the reaction mixture was
gently stirred for 1 h at RT. Amino acid side chain
deprotection and peptide cleavage from the resin were
carried out by washing the resin—peptide with ethyl ether
(3x). It was then weighed, and a 1:20 (w/v) solution
containing TFA/water/TIPS/EDT (92.5/2.5/2.5/2.5 (v/v)) was
added, followed by shaking for 4 h at RT. The progress of
the reaction was monitored via RP-HPLC. When the
reaction terminated, the reaction mixture was filtered, the
solution was treated with diethyl ether (1:5 (v/v)) and
centrifuged for 5 min at 2500 rpm, and the supernatant
was discarded. Then 20 mL of diethyl ether was added and
the precipitate was resuspended, homogenized, and
centrifuged for 5 min at 2500 rpm (5x). The crude peptide
was obtained as a solid and stored under anhydrous
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conditions at -20 °C until use. For the Kaiser test, a
fraction of the dried resin (1-5 mg) was treated with a 2:1
(v/v) mixture of solutions A and B at 105 °C for 5 min.
Solution A was prepared by mixing equal volumes of
solution 1 and solution 2. Solution 1 consisted of 40 g of
phenol dissolved in 10 mL of absolute ethanol. Solution 2
was obtained by diluting 1 mL of an aqueous KCN solution
(65 mg/100 mL) with 50 mL of pyridine. Solution B was
prepared by dissolving 1.25 g of ninhydrin in 25 mL of
absolute ethanol. A positive reaction was indicated by the
appearance of a blue coloration, while a yellow coloration
indicated a negative result.

RP-SPE purification

Solid-phase extraction in reversed-phase mode (RP-SPE) was
employed to purify the peptides and NSAID-peptide
conjugates, following the methodology described by Insuasty
et al.** The crude product was dissolved in 0.05% water-TFA
(1 mg mL™") and analyzed via RP-HPLC. From the
chromatographic profile (f, ¢; and ¢p), the % ACN at which
each peptide eluted was determined, and the gradient elution
program was designed. The RP-SPE column was conditioned
according to the manufacturer's recommendations, and the
column was equilibrated with 10 mL of solvent A (water
containing 0.05% TFA) (3x). The peptide solution (25-50 mg
mL ") was then carefully loaded onto the column, and 10 mL
of solvent A (2x) was run through. Then the peptide was
eluted by passing 20 mL of mobile phase containing
increasing concentrations of solvent B (ACN with 0.05% TFA).
Fractions of 10 mL were collected and analyzed by means of
RP-HPLC, and those containing the peptide with the highest
chromatographic purity were pooled and then frozen and
lyophilized. The solid was analysed using RP-HPLC and
stored under anhydrous conditions at —20 °C until use.

RP-HPLC analysis

The peptide (1 mg mL™") was dissolved in solvent A (water
with 0.05% TFA), the solution was passed through a 0.22 pm
filter, and 10 pL was injected into a Hitachi Primaide-DAD
1110 HPLC system with a Chromolith C-18 monolithic
column (50 x 4.6 mm). The peptide was eluted employing a
gradient elution program 20/20/50/100/100/20/20% B in 0/1/9/
9.1/12/12.1/17 min at a flow rate of 1 mL min ', 210 nm at
RT. Solvent B was CAN with 0.05% TFA.'**?

High-resolution ESI-Q/TOF MS characterization

2 uL of peptide (1 mg mL™") was analysed in a Bruker Impact
II LC-QTOF MS using an electrospray ionization (ESI)
analyser in positive mode. The chromatographic separation
was performed in an Intensity Solo 2 C-18 column (100 x 2.1
mm, 2 pm) (Bruker Daltonics). Solvent A: water-FA 0.1% and
solvent B: ACN-FA 0.1%. The gradient elution program was
5/5/95/95/5/5% B at 0/1/11/13/13.1/15 min at a flow rate of
0.25 mL min~'. The ESI source conditions were end plate
offset 400 V, capillary 4000 V, nebulizer 26.1 psi, dry gas

This journal is © The Royal Society of Chemistry 2025
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nitrogen 8.0 L min~', and dry temperature 220 °C. The scan
mode was auto MS/MS with a spectral range from 50 to 1300
m/z, with spectra rate 6 Hz."

Proteolytic stability

To evaluate the stability of the peptides against enzymatic
degradation, the methodology reported by Insuasty et al*’
was followed, with some modifications. Briefly, digestion
assays were performed with pepsin and trypsin at different
time points: 1 min, 2 h, and 24 h at 37 °C. For pepsin
digestion, peptides were prepared at a concentration of 1 mg
mL™ in 1 M glycine buffer (pH 3.0) and incubated with the
enzyme at an enzyme-to-substrate ratio of 1:20 (w/w). Trypsin
digestion was carried out under similar conditions, using 1
mg mL ™" peptide in 10% ammonium bicarbonate buffer (pH
8.0), also at an enzyme-to-substrate ratio of 1:20. Enzymatic
reactions were stopped by heating the samples to 100 °C for
5 min.

Antibacterial activity assay

The minimum inhibitory concentration (MIC) and
bactericidal ~ concentration = (MBC)  were
determined using the broth microdilution assay, according
to the standards of the Clinical & Laboratory Standards
Institute (CLSI).***> Briefly, 90 uL of Mueller-Hinton (MH)
broth were added to a 96-well microtiter plate, followed by
90 uL of peptide dissolved in MH (final concentration 200,
100, 50, 25, 12.5, and 6.2 pug mL ™). Then 10 uL of bacterial
inoculum (5 x 10° CFU mL™") was added to the plate and
incubated at 37 °C for 24 h, and the absorbance was
measured at 620 nm. The minimum bactericidal
concentration (MBC) was determined according to CLSL***®
A subculture of each of the wells (peptide concentration
200, 100, 50, 25, 12.5, and 6.2 pg mL™") of the MIC assay
was made in MH agar. MBC was defined as the
concentration where the bacterial growth was reduced by
99.9% (n = 2).*° Negative control: Mueller-Hinton broth
(MHC), distilled water, and 10 uL of inoculum; positive
control: ciprofloxacin at the MIC dictated by CLSI. Technical
control: MHC with peptonized water, and growth control:
MHC with 10 pL of inoculum.

minimum

Cell culture

Roswell Park Memorial Institute (RPMI 1640) medium
supplemented with 10% fetal bovine serum (FBS) was
employed for culturing HeLa (ATCC CRM-CCL-2) and A375
(ATCC-CRL-1619) cells. Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
was employed for culturing L929 cells. Cells were incubated
at 37 °C with 5% CO,.

MTT viability assays

Briefly, the cells were seeded with FBS-supplemented
medium in 96-well plates at a rate of 1 x 10" cells (for
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HeLa and 1929 cells) or 2.5 x 10° cells (for A375 cells).
Cell adhesion to the plates was allowed for 24 h at 37 °C.
Consecutively, the supplemented medium was removed,
and the non-supplemented medium was added and
incubated for 24 h at 37 °C. Then the medium was
removed, each treatment was added (peptide final
concentration 200, 100, 50, 25, 12.5, 6.25 and 3.13 ug mL ™),
and the plates were incubated for 2 h at 37 °C. 10 puL of MTT
solution was added to each well, and the cells were incubated
for 4 h at 37 °C. The medium was removed, and the
precipitated crystals were dissolved with 100 uL of DMSO and
incubated for 30 min at 37 °C. The absorbance was
measured at 590 nm. Negative control: cells untreated, and
positive control: H,O,. The ICs, value was determined from
the peptide concentration versus cell viability percentage
using a nonlinear regression model with a variable slope
and GraphPad Prism 9 statistical analysis software. Two-way
ANOVA and Sidak's multiple comparison tests were
performed to compare the cell viability curves obtained for
each peptide (n = 3)."°

Determination of cell death type by flow cytometry

HelLa cells were seeded in 12-well boxes at the rate of 1 x 10°
cells per well, DMEM supplemented with 10% FBS was
added, and the cells were incubated for 24 h at 37 °C. Then
the medium was discarded and DMEM was added, and the
cells were incubated for 24 h at 37 °C. The medium was
removed, peptide dissolved in DMEM was added, and the
cells were incubated at 37 °C for 2 or 24 h. After this, the
cells were harvested by treatment with trypsin (0.25%): EDTA
(0.53 mM). The cell suspension was centrifuged at 2500 rpm
for 5 min. The supernatant was discarded, and the cell pellet
was resuspended in 200 pL of medium supplemented with
5% FBS. From this suspension, 80 pL was mixed with 50 pL
of Annexin V:7AAD staining reagent (Luminex). The cells
were cultured at RT for 20 min and analyzed on a Guava
Muse Cell Analyzer flow cytometer. Positive control:
trypsinized cells treated with 25% formaldehyde, and
negative control: untreated cells (n = 2).

Haemolytic assay

Haemolysis assays were performed as previously
described.” The blood was donated by healthy volunteers
with blood type O'. 5 mL of peripheral blood in EDTA
was centrifuged at 500 rpm. 100 pL of the erythrocytes
(4% haematocrit) and 100 pL of the peptide dissolved in
saline solution (final concentration 200, 100, 50, 25, 12.5,
6.25 and 3.13 ug mL™") were added to each well. The cells
were incubated at 37 °C for 2 h, the plate was centrifuged
at 2500 rpm for 5 min, and the absorbance of the
supernatant was measured at 450 nm. Positive control:
Triton X-100, and negative control: saline solution 0.9%.
Experiments were approved by the institutional ethics
committee of the National University of Colombia (code
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number 05-2019). Informed consent was obtained from all
participants prior to blood donation.

Results and discussion
NSAID-peptide obtention

Palindromic peptide RWQWRWQWR (here labelled peptide
1) has been proven to exert significantly fast and selective
cytotoxic activity against cancer cell lines of breast cancer
(MCF-7, MDA-MB-231, MDA-MB-468), colon cancer (Caco-2,
HT-29), and cervical cancer (HeLa, Ca Ski), inducing cell
shrinkage and rounding.’®° The anticancer activity of this
peptide is mediated mainly by early and later apoptotic
events, mitochondrial depolarization, and caspase
activation.'®° The cytotoxic activity of peptide 1 has been
associated with its net charge and amphipathicity due to the
alternation of polar (Arg) and hydrophobic (Trp) residues."”*°
Inflammation and angiogenesis have been linked to cancer
development, and NSAID-peptide conjugates to increased
anticancer activity.”***” In the present investigation,
ibuprofen (IBU) and naproxen (NAP) were incorporated into
the N-terminal end of the palindromic sequence as an
optimization strategy in the search for new molecules with
improved anticancer properties. Thus direct conjugation of
NAP or IBU with the palindromic sequence resulted in two
conjugates: NAP-1 (NAP-RWQWRWQWR) and IBU-1 (NAP-
RWQWRWQWR), respectively (Fig. S1, ESIf). These NSAID-
peptides were successfully synthesized via SPPS using
the Fmoc/tBu chemistry, obtaining products with
chromatographic purities exceeding 88%, and the molecular
mass of the two NSAID-peptides corresponded to the
expected ones (Table 1 and Fig. S2-S4, ESIT). However, both
conjugates (1 mg mL™") were insoluble in water, 0.05%
water-TFA and other solvents such as methanol and
acetonitrile. Palindromic peptide 1 was soluble in aqueous
medium, so the insolubility of NAP-1 and IBu-1 conjugates in
aqueous medium is probably due to the incorporation of
NAP or IBU, since these two pharmacophores are
hydrophobic and poorly soluble in water. In addition,
incorporating the NSAID at the N-terminal end of the
sequence reduced one positive charge (alpha-amino group) of
the net charge of the conjugate. Furthermore, the C-terminal
end is amide-functionalized, and the presence of four Trp

View Article Online
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residues in the sequence contributes to the hydrophobicity of
the conjugates. Studies of the structure/activity of PACs show
that net charge, hydrophobicity, amphiphilicity, secondary
structure, and oligomerization capacity are essential in
anticancer activity, with hydrophobicity being relevant due to
the hydrophobic nature of the lipid bilayer of the cell
membrane.*®*” In addition, the low aqueous solubility of the
molecules is considered to be a key obstacle to developing
and using these compounds as anti-cancer agents."”*®

The incorporation of polar amino acids as spacers
between the palindromic sequence and the NSAID was
explored to increase solubility. Ornithine (Orn), a non-
essential polar amino acid, was selected because it is less
hydrophobic than Lys and Arg and because it has only two
CH, groups, which reduces the number of residues to
incorporate to obtain a soluble conjugate and facilitates the
synthesis, and because the Boc protecting group of the side
chain is not very bulky. LogP (distribution constant in the
octanol/water system) is an important physicochemical
parameter in drug development. A logP value lower than 5
means that the analyte has an optimal distribution in
membrane lipids, allowing the use of less invasive routes of
administration and improving the ADMED properties of the
drug.®® The logP values of the conjugated peptides were
calculated using the ALOGPS platform. The NAP-1 and IBU-1
peptides showed values of 1.45, indicating that they are more
soluble in octanol, which agrees with the ¢z observed for the
two NSAID-conjugates. Peptide 1 had a logP of 0.23,
indicating that the peptide is more soluble in water than
NAP-1 and IBU-1 conjugates. LogP values near 1 were
calculated for the NSAID conjugates IBU-OOO-
RWQWRWQWR (IBU-Orn;-1) and NAP-OOO-RWQWRWQWR
(NAP-Orn;-1), while the sequence OOO-RWQWRWQWR
(Orn;-1) shows a log P of —0.40 (Table 1)."® For instance, the
palindromic sequence contains Arg residues, with the
N-terminal Arg being significant for NSAID incorporation.
This is because the Fmoc-Arg(Pbf)-OH amino acid used in
SPPS-Fmoc/tBu contains a bulky Pbf group, which can cause
steric hindrance during the NSAID coupling reaction. In
contrast, the Boc group in the side chain of the ornithine
residue is less bulky, reducing steric interference and
providing better overall synthesis performance. Another
advantage of the spacer is that it reduces the steric hindrance

Table 1 Characterization of the NSAID conjugated peptides and related control peptides

LC-MS
Net charge predicted RP-HPLC (M: monoisotopic mass)
Peptide Sequence pH 7.0 log P*° tr (min) Purity (%) Theoretical Experimental
1 RWQWRWQWR +4 0.23 6.7 93.1 1485.7600 1485.7596
NAP-1 NAP-RWQWRWQWR +3 1.45 9.0 88.4 1697.9000 1697.8812
IBU-1 IBU-RWQWRWQWR +3 1.45 9.7 89.7 1673.9400 1673.8800
Orn;-1 OOO-RWQWRWQWR +7 —-0.40 6.0 99.9 1828.0125 1828.0000
NAP-Orn;-1 NAP-OOO-RWQWRWQWR +6 0.99 7.0 94.3 2040.1200 2040.0900
IBU-Orn;-1 IBU-OOO-RWQWRWQWR +6 1.00 7.5 97.7 2016.1340 2016.1200

NAP: naproxen, IBU: ibuprofen, O: ornithine.
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of NSAIDs in the conjugated peptide, allowing the
palindromic sequence to interact more effectively with the
possible cellular targets.

The synthesis of the peptide conjugates went smoothly,
and the incorporation of the three Orn and the NSAIDs
into the growing peptide chain proceeded efficiently.
Water-soluble peptide conjugates NAP-Orn;-1, IBU-Orn;-1,
and Ornz-1 with chromatographic purity above 90% were
obtained. The solubility of the NAP-Orns-1 and IBU-Orn;-1
in aqueous systems allowed their purification via RP-SPE
and RP-HPLC LC-MS characterisation (ESIf Fig. S5-S7). In
RP-HPLC analysis, both peptides NAP-Orn;-1 and IBU-
Orn;-1 exhibited shorter retention times (7.0 and 7.5 min,
respectively) compared to their direct conjugated
counterparts (NAP-1 and IBU-1), indicating that these
peptides are less hydrophobic (Table 1 and Fig. S1-S7,
ESIt) which was previously predicted according to the
calculated logP values (Table 1). Both conjugates were
further  characterized  using  high-resolution = mass
spectrometry (HRLC, ESI-QTOF), confirming that the
experimental mass corresponded to the expected
monoisotopic mass (Table 1 and Fig. S5 and S6, ESIf).
Peptides Orn;-1, NAP-Orn;-1, and IBU-Ornz-1 were analysed
using FT-ATR spectroscopy, and the spectra showed that
the three conjugated peptides exhibited the same band
pattern characteristics, such as region amide I (1600-1690
em™', C=0 stretching), region amide II (1480-1575 cm ",
C-N stretching, N-H bending), and region amide III
(1229-1301 em™, C-N stretching, N-H bending) (Fig. S8,
ESIT). The pattern of the signals from the FT-ATR spectra
did not show the bands characteristic of a-helix, f-sheet,
or p-turn secondary structures, suggesting that these
peptides have a random coil secondary structure.”’ These
results agree with previous reports that showed that the
palindromic peptide and derivative peptides containing
punctual changes (scan of the alanine) exhibited random
coil behavior in dichroism circular assays.”® In addition,
including the ornithine spacer and NSAIDs is unlikely to
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Fig. 1 Chromatographic profiles of the peptides 1 (top) and Orns-1
(bottom) after digestion with pepsin (A) and trypsin (B) at different time
points: 1 min (red), 2 h (green), and 24 h (blue). Elution gradient: 5/5/
100/100/5/5% B at 0/1/10/11/13/13.1/15 min.
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Fig. 2 Chromatographic profiles of the peptides NAP-Orns-1 (top) and
IBU-Ornsz-1 (bottom) after digestion with pepsin (A) and trypsin (B) at
different time points: 1 min (red), 2 h (green), and 24 h (blue). Gradient:
5/5/100/100/5/5% B at 0/1/10/11/13/13.1/15 min.

modify the random coil structure of the palindromic
sequence.

Proteolytic stability

The stability of the peptides to trypsin and pepsin digestion
was evaluated. The chromatographic profiles of peptides 1,
Orn;-1, NAP-Orn;-1, and IBU-Orn;-1 treated with pepsin for 1
min, 12 h or 24 h at 37 °C showed a main peak (Fig. 1A and
2A). These results indicate that none of the peptides
evaluated were affected by pepsin treatment, despite this
enzyme cleaving at the C-terminal end of the peptide bond of
hydrophobic amino acids such as Phe, Leu, Tyr, and Trp. The
results  suggest that the palindromic  sequence
RWQWRWRWQWR is stable to treatment with this enzyme.

On the other hand, the chromatographic profiles of
trypsin-treated peptide 1 show two peaks, at tgx = 4.5 min and
tg = 4.7 min, the latter being the major one and corresponding
to peptide 1 (Fig. 1B, top), while the peak at tz = 4.5 min
corresponds to fragments produced in the enzymatic
degradation of peptide 1. Interestingly, the degradation
pattern was the same regardless of treatment time, suggesting
that degradation occurs instantaneously and is maintained up
to 24 h. The mass spectrum of the peak corresponding to the
degradation products (fx = 4.5 min) showed some signals
consistent with the RWQWR, RWQ, and WR fragments (Fig.
S9 and Table S1, ESIt). Some fragments agree with the sites of
cleavage of trypsin (carboxyl end of Arg). Furthermore, peptide
1 was not complete