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ARTICLE INFO ABSTRACT
Keywords: Hypothesis: Tissue-specific homing peptides have been shown to improve chemotherapeutic efficacy due to their
Homing peptides trophism for tumor cells. Other sequences that selectively home to the placenta are providing new and safer
CGKRK therapeutics to treat complications in pregnancy. Our hypothesis is that the placental homing peptide RSGVAKS
lé:gcer (RSG) may have binding affinity to cancer cells, and that insight can be gained into the binding mechanisms of
Tumor RSG and the tumor homing peptide CGKRK to model membranes that mimic the primary lipid compositions of
Placenta the respective cells.
Cell cultures Experiments: Following cell culture studies on the binding efficacy of the peptides on a breast cancer cell line, a
Neutron reflectivity systematic translational characterization is delivered using ellipsometry, Brewster angle microscopy and neutron
Reflectometry reflectometry of the extents, structures, and dynamics of the interactions of the peptides with the model mem-

branes on a Langmuir trough.

Findings: We start by revealing that RSG does indeed have binding affinity to breast cancer cells. The peptide is
then shown to exhibit stronger interactions and greater penetration than CGKRK into both model membranes,
combined with greater disruption to the lipid component. RSG also forms aggregates bound to the model
membranes, yet both peptides bind to a greater extent to the placental than cancer model membranes. The results
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demonstrate the potential for varying local reservoirs of peptide within cell membranes that may influence re-
ceptor binding. The innovative nature of our findings motivates the urgent need for more studies involving
multifaceted experimental platforms to explore the use of specific peptide sequences to home to different cellular

targets.

1. Introduction

Breast cancer is a leading cause of mortality and the second most
common cancer across the world [1]. In the United States, statistics
show that in 2022 about 13 % of women will at some point in their lives
be diagnosed with invasive breast cancer, and approximately 3 % will
lose their lives [2]. Conventional chemotherapeutics, combined with
radiotherapy or surgery offer great benefit in reducing the growth of
tumors and improving the survival rates, but these therapies exhibit
several drawbacks, such as poor pharmacokinetics, drug instability and,
due to the systemic route of administration, they can act on both ma-
lignant and healthy cells leading to unwanted side effects [3]. Hence
there is a pressing need to develop more selective delivery of chemo-
therapeutics to target tumor cells.

Targeted drug delivery can be achieved by creating nanoparticles
decorated with moieties which bind to ligands that are expressed only
on the surface of the target cell type. A number of studies have reported
the use of monoclonal antibodies [4], aptamers [5], and homing pep-
tides [6-8] to selectively deliver drugs to tumors.

Homing peptides are short, randomly occurring peptide sequences,
often identified by biopanning techniques, that have the ability to bind
to unique receptors expressed on the surface of cancer cells, angiogenic
or remodeling blood vessels, or any healthy or diseased cell type of in-
terest [9]. Examples of receptors that are exploited for tumor targeting
include integrin avp3, avp5 and a5p1, which are overexpressed in tumor
vasculature [6]. Coupling of these homing peptides to nanoparticles
loaded with chemotherapeutics can create effective tumor treatments
[10]. Internalization of homing peptides, or homing peptide-decorated
nanoparticles is thought to occur through two methods: energy-
dependent penetration mediated through translocation, and endocytic
cellular uptake triggering one or more internalization mechanisms:
macropinocytosis, clathrin-dependent endocytosis and caveolae-
mediated endocytosis [11]. A new internalization pathway has been
recently described for two tumor homing peptides CGKRK and
CRGDKGPDC (iRGD), by which the uptake occurs through the CendR
pathway [12].

CGKRK is a tumor homing peptide that was found to target tumor
neovasculature in mouse models of breast cancer. The pentapeptide
binds to the p32 protein, which is expressed on the surface of many
cancer cell types [13]. Solid tumors and the developing placenta share
common features such as elevated rates of proliferation, invasive
behavior, inducing remodeling of the local vasculature and immune cell
evasion [14]. We have shown that two previously published tumor
homing peptides, CGKRK and iRGD, selectively bind to the uteropla-
cental vasculature and placental tissue in mice, and the outer syncy-
tiotrophoblast layer of the human placenta [15]. By undertaking de novo
screening experiments using phage display, we have also identified
some novel placental homing peptide sequences [16,17], including
RSGVAKS (RSG), which binds to the same target tissues. This is impor-
tant because targeted delivery of drugs to the placenta represents a safer
and more efficacious way of treating placental dysfunction underlying
pre-eclampsia, fetal growth restriction and other pregnancy complica-
tions [18-20]. Nevertheless, RSG has not been demonstrated as a tumor
homing peptide to date.

There is no framework to describe the mechanisms governing in-
teractions of homing peptides with the lipid constituents of biological
membranes [21]. Cell culture studies can help to quantify drug efficacy
and nanoparticle uptake; however, they lack the ability to reveal
mechanistic details of the interactions. The problem can be approached
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through studying interactions in model membrane systems. This is
important, as although most homing peptides bind through receptors in
vivo [15,22], there is clear evidence that the lipid composition of cell
membranes affects the localization and signaling efficiency of anticancer
drugs that function via receptor-mediated interactions [23,24], e.g.,
peptide binding can be affected by different lipids even of the same
charge [25].

Model membranes allow researchers to investigate interactions at a
molecular level, unravelling structural and compositional details on the
amount of peptide bound to and located in the membrane [26]. Lang-
muir monolayers are widely studied as, although there is only one lipid
leaflet, substrate interactions associated with supported lipid bilayers
are circumvented without the need for challenging floating bilayers
[27], and they are suitable for the application of the optical techniques
ellipsometry and Brewster angle microscopy (BAM) as well as neutron
reflectometry (NR) [28]. Such techniques have been used to good effect
in various combinations to reveal mechanistic information about pep-
tide-membrane interactions [29-32].

The aim of the present study is to gain mechanistic insight into the
potential for translational use of homing peptides as therapeutics for
distinct health conditions, achieved through a comparison of reflec-
tometry data on interactions of homing peptides that bind to tumor and
placental cells, with model membranes that mimic their lipid
compositions.

Specifically, we start by revealing experimentally that the known
placental homing peptide RSG can also home to breast cancer cells. Then
we turn to interactions of two homing peptides, CGKRK and RSG, each
with two different model membranes representing the primary lipid
components of cancer (CAN) and placental (PLA) cell membranes.
Peptide concentrations were used of 40 uM for cell binding, consistent
with the range validated by our lab and others for imaging and cell
culture studies [10,13,15,17], and 3 uM for model membranes, consis-
tent with that validated for interactions of antimicrobial peptides with
model membranes on the basis of their minimum inhibitory concen-
trations [28,29,33]. The CAN membrane consists of 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine  (POPC), 1,2-dioleoyl-sn-glycero-3-
phospho-i-serine (DOPS) and cholesterol in a molar ratio of 6:2:2,
respectively, while the PLA membrane consists of POPC, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) and sphingomyelin (SM) in the
same respective molar ratio. The chosen components were informed by
thin layer chromatography and mass spectrometry measurements of
those in cell membranes of the breast cancer cell line MDA-MB-231 [34],
and in isolated full term placental syncytiotrophoblast cells [35] com-
bined with our decision to use 3 different lipids in each model: (1) to
balance membrane complexity vs. instability, and (2) to retain sufficient
differences between the models for resolution by the applied experi-
mental techniques. The molecular ratio of 6:2:2 and starting surface
pressure of 25 mN m 7, close to the natural surface pressure of bilayers
in cellular membranes [36], was informed by experiments designed to
achieve stable model membranes, as described in section 1 of the Sup-
porting Information.

While peptide-membrane interactions have been previously studied
using different model platforms such as vesicles, monolayers on a
Langmuir trough and supported lipid bilayers including various com-
bined applications of reflectometry techniques [37], to the knowledge of
the authors, the present work marks the first study with translational
implications of the interactions of different homing peptides with
tailored model membranes.
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2. Materials and methods
2.1. Materials

Dulbecco’s Modified Eagle Medium (DMEM), penicillin, strepto-
mycin and glutamine solution were purchased from Sigma Aldrich (UK).
Fetal bovine serum (FBS) was purchased from Invitrogen (UK). TrypLE
express reagent was purchased from Gibco (UK). The human metastatic
triple negative breast adenocarcinoma MDA-MB-231 (HTB-26™) was
purchased from the American Type Culture Collection. The Hoechst
33342 nucleic acid stain was purchased from Invitrogen (UK). POPC,
ds31-POPC, DOPE and DOPS were purchased from Avanti Polar Lipids
(Germany) while SM, cholesterol and D3O (99 % D) were purchased
from Sigma Aldrich (UK). All lipids (99 %) were used as supplied. The
peptides TAMRA-CGGGCGKRK (CGKRK) and rhodamine-RSGVAKS
(RSG) were custom-made by Insight Biotechnology Ltd (UK). The net
charges of CGKRK and RSG at pH 7 are +3 and +2, respectively
(calculated using ref. [38]). It may be noted that the fluorescent tag was
left on the peptides for ease of comparison of results from model
membranes and cell cultures. Chloroform and ethanol were obtained
from Fisher Scientific, UK. Ultrapure water was used in all experiments
by passing deionized water through a Suez filtration unit (resistivity =
18.2 MQ-cm).

2.2. Cell cultures

MDA-MB-231 cells were cultured in DMEM containing phenol red,
supplemented with 10 % FBS and penicillin (100 IU/mL), streptomycin
(100 pg/mL) and glutamine (2 mM). All cell culture experiments were
performed in a 37 °C incubator with a 21 % oxygen/5 % CO5 atmo-
sphere. Culture medium was changed every 2-3 days until cells reached
~ 80 % confluence. For subculture, the culture medium was removed,
and cells were washed twice with 10 mL preheated sterile PBS (pH 7.4)
to remove any floating dead cells. TrypLE express reagent (3 mL) was
added into the flask and incubated for 3 min to detach the cells. Cells
were then centrifuged with 5 mL of serum containing medium at 1000
rpm for 5 min, and the pellet resuspended in 5 mL of culture medium.
Cell counts were performed using an automated counter (Biorad, UK);
cell viability was > 95 %. Images are shown in the text after 24 h and in
section 2 of the Supporting Information after 1, 4 and 24 h.

2.3. Model membranes

Stock solutions of CGKRK and RSG were made by dissolving each
powder in ultrapure water in a glass vial and applying a vortex for 5 min
until completely dissolved. Final concentrations of 3 uM were then
prepared by diluting the stock solution with ultrapure water prior to the
start of or during injection for each experiment. Lipids mixture at 0.5 mg
mL! for both the CAN and PLA model membranes were freshly made on
the same day of each experiment. All experiments were performed at 21
+2°C.

2.4. Langmuir trough

Surface pressure-area (1-A) measurements can provide information
on thermodynamic properties such as phase transitions of lipid mono-
layers [28], as well as the extent of any drug interactions [39], where A
is the average area per lipid molecule. The isothermal compressibility is
a measure of the resistance to being compressed, and changes in the
phase and orientation of the lipids result in changes in the reciprocal of
compression modulus, C{l, defined as
dn

_A—

-1
C; A

@

Larger values mean that the membrane is more viscous [40]. Ex-
pected ranges for films are 12.5-50 mN m™! in the LE phase and
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100-250 mN m ! in the LC phase [41].

Measurements were carried out for 1-A isotherms, BAM and ellips-
ometry using a Kibron (Finland) G2 trough equipped with two Delrin
barriers and placed on an anti-vibration table. Before starting all ex-
periments, the trough was carefully cleaned with detergent, water,
ethanol, and chloroform prior to use. The trough was then filled with
160 mL of ultrapure water and lipid solution (40 pL for CAN and 46 pL
for PLA) was spread drop by drop onto the surface using a 100 pL
Hamilton micro-syringe (USA). Following the spreading of the mono-
layer, and prior to the initiation of the compression, the lipid solution
was left for 10 min to allow for solvent evaporation. Surface area
compression was then initiated with a barrier speed of 20 mm min?
using a metal alloy Wilhelmy plate as the pressure sensor, which was
cleaned in a flame immediately prior to use. The plate was calibrated
with reference to the forces experienced in air and pure water.

For the peptide experiments, the monolayer was first compressed to
1 = 27 mN m~!, which over a few minutes relaxed to 1 = 25 mN m™!
prior to peptide injection, the result of which is referred to as a starting ©
= 25 mN m~ .. The surface area was then held constant by fixing the
trough barriers in position. The peptide was then injected by hand into
the subphase underneath the monolayer over a period of 15 s using a
syringe with a bent 10-cm needle. This duration was shown to be as
efficient as possible whilst not inducing mechanical disruption to the
monolayer. The injection was performed by moving the tip of the needle
over the entire area of trough, rather than keeping it at a single injection
point, whilst the solution was expelled to encourage uniform distribu-
tion of the peptide solution and limit concentration gradients in the
subphase. Then n was recorded with time. All the experiments were
repeated twice to ensure the reproducibility of the measurements.

2.5. Fluorescence microscopy

For analysis by fluorescence microscopy, MDA-MB-231 breast cancer
cells were seeded in a 24 well plate containing sterile 18 mm glass cover
slips, at a density of 5 x 10* cells/well and incubated overnight at 37 °C.
40 pM CGKRK- and RSG-labelled peptides were incubated with the cells
for 24 h. Before imaging, the media was aspirated, and the cells were
washed twice with pre-warmed PBS buffer. Cells were then stained with
Hoechst 33342 dye (5 pM/ml, 5 min, 37 °C) and washed with 1x PBS.
Images were acquired using a fluorescent inverted microscope (Leica
DMI6000, Leica Microsystems, UK) coupled with a 5.5 Neo sCMOS
camera (Andor, UK). Fluorescence of the TAMRA/rhodamine-labelled
peptides was detected using an emission band pass filter of 575 + 25
nm. The uManager software (v.1.46, Vale Lab, UCSF, USA) was used for
image capture; images were viewed using ImageJ 1.53v software.

2.6. Ellipsometry

Ellipsometry is a highly sensitive optical technique used in charac-
terizing thin film properties [42]. The change in polarization of light
reflected off a lipid model membrane at the air/water inteface can give
information about its dielectric properties. While measurements at the
solid/liquid interface can be sensitive to the amplitude change, ¥, and
phase shift, A [43], the change in ¥ is often minimal for thin films at the
air/water interface, and only changes in A are used in data in-
terpretations [44]. Here a measure of the phase shift resulting from lipid
and peptide in the monolayer is expressed as, defined as

Asurf = A]a\yer — Avater (2)
where Ajayer is the measured value, and Ayater is that of pure water. The
magnitude of Ag,s may be taken as a measure of the total interfacial
thickness including peptide binding, and temporal fluctuations can
reveal lateral heterogeneity such as binding domains or induced lipid
phase separation [44]. Data were recorded using a Nanofilm EP4 in-
strument (Accurion, Goettingen, Germany) with a blue diode laser (489
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nm), an angle of incidence of 50°, and a data acquisition rate of 0.1 Hz.
Values of Agy,f are presented, where the subtraction of Ayg,ger from pure
water helps to reduce the impact of surface roughness on the data and
corrects for small, systematic errors that may be caused by instrument
drift and deflector positioning during calibration of the experiments.

2.7. BAM

BAM is an optical imaging technique used to examine the lateral
morphology of the peptide interactions with lipid monolayers [45]. Both
the anisotropy associated with LC domains and domains from binding to
lipid monolayer result in higher reflectivity, manifested as brighter
regions.

BAM images were recorded using the same Nanofilm EP4 instrument
(Accurion, Goettingen, Germany), which was mounted on top of the G2
trough. The instrument was equipped with a blue diode laser (489 nm), a
polarizer, an analyzer, a 10x magnification objective lens and a CCD
camera. Without consideration of surface roughness effects, the reflec-
tivity of p-polarized light at the Brewster angle of the air/water interface
(53.1°) is nil. Therefore, any changes in the refractive index profile
across the interface will result in increased reflection. BAM images were
first taken for the lipid membrane before peptide injection into the
subphase, and then they were taken at different time points following
the injection. The background was subtracted from the images using an
automatic feature of the instrument software with image focusing
enabled. Consistent gamma correction was then applied to all the images
equivalently (Irfanview v4.54, Germany).

2.8. NR

NR is an interfacial technique that allows resolution of the compo-
sition and stratified layer structures on the A-scale, thanks to the use of
isotopic substitution [46,47]. The reflectivity, R, is measured as a
function of the momentum transfer normal to the interface, Q,, defined
as [48]

_ 4msing
A

3

where 0 is the incidence angle and A is the neutron wavelength. Exper-
iments were conducted using troughs of dimensions 220 x 50 mm. Each
trough was filled with 30 mL, 3 uM peptide solution, and a pre-
calibrated volume of lipid solution of 32 pL (CAN) or 34 uL (PLA) was
spread dropwise on the surface using a Hamilton syringe to form the
model membranes at an equivalent starting = of 25 mN m~!. These
volumes were pre-calibrated as those required to reach & = 25 mN m™!
for the membranes on a pure water subphase in the absence of peptide,
hence equivalent to a starting * = 25 mN m™! for an injection experi-
ment. Different methodology to peptide injection was motivated by a
reduction in equilibration time due to peptide diffusion, given the
precious nature of beam time, and as a direct result reduced experi-
mental variability.

Specular NR measurements were performed on the time-of-flight
reflectometer INTER at the ISIS Neutron and Muon Source (Didcot,
UK). Two grazing incident angles of 0.8° and 2.3° and a wavelength
range of » = 1.5-16 A were used. The absolute reflectivity, defined as the
ratio of the number of neutrons in the specular reflection divided by
those in the incident beam, was calibrated using pure D50. The fully
accessible Q,-range = 0.01-0.25 A~! was recorded to resolve the
structure of CGKRK or RSG with CAN or PLA membranes in 4 isotopic
contrasts: fully hydrogenous lipid mixtures or those involving d3;-POPC,
each on D50 or on a mixture of 8.1 %v/v D0 in H,O that is invisible to
neutrons called air contrast matched water (ACMW). The background
was subtracted from the data using the area detector.

The data were analyzed using Motofit [49], with co-refinement of the
global fit of a model comprising stratified layers to the data from
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different isotopic contrasts to minimize the global y? value, and stated
uncertainties corresponding to the range of values that result in a 10 %
increase in global y. For each layer, i, four parameters were used for its
characterization: the scattering length density (SLD), the thickness (d;),
the roughness and the solvent volume fraction (¢;). Residual background
values were used consistently, as follows: 1.1 x 107 for measurements
in ACMW and 6.3 x 1078 for measurements in D0. A roughness value of
3.5 A, consistent with the presence of capillary waves [50], was applied
to all interfaces. A general procedure was followed of fitting data using a
structural model that has the minimum number of fitting parameters
required, together with principles such as preserving physical reality by
constraining the surface excesses of lipid chains and headgroups to be
equal, as described in a recent article on modelling neutron reflectivity
data of monolayers at the air/water interface [51].

In the absence of peptide, the thickness of layer 1 was fitted as 12.3
4+ 0.4 A and 13.2 + 0.6 A for CAN and PLA, respectively. The thickness
of layer 2 was fixed to 8 A for CAN membrane and 6 A for PLA mem-
brane, determined iteratively to be the optimum values, to reduce the
number of free fitting parameters.

In the presence of peptide, the global fit of the full Q, data was
performed first by considering a model comprising only two layers of
lipid chains (layer 1) and lipid headgroups and solvent (layer 2) where
the amount of peptide in each layer was fitted iteratively. Where
appropriate, an additional layer of peptide and solvent was added (layer
3). For the same reason of minimizing the number of free fitting pa-
rameters, the thickness of layer 3 was fixed at 20 A with the solvent
volume fitted, although it was allowed to vary with respect to the iso-
topic contrast to account for isotope-specific effects. In three out of the
four investigated systems — CAN-RSG, PLA-CGKRK and PLA-RSG - the
increase in global y? was highly significant when neglecting the presence
of layer 3, which evidenced the need for this extra layer comprising only
solvated peptide. This point is elaborated below.

The surface excess of component i, I'j, in a layer can be obtained
through the following equation:

SLDed e ¢,

Fi = — ¢ 4

Xb; e Ny Q)

where @; is its volume fraction in a layer of thickness d, b; is its scat-
tering length and Nj is Avogadro’s number.

3. Results
3.1. Cell cultures (fluorescence microscopy)

We and others have previously demonstrated that the tumor homing
peptide CGKRK binds to the surface of cancer cells [13] and the placenta
[15]. Here we demonstrate for the first time that the novel placental
homing peptide sequence RSG [16] also has the capacity to bind to
cancer cells. Incubation of the human breast cancer cell line MDA-MB-
231 with 40 uM of the fluorophore-tagged peptides CGKRK and RSG
for 24 h led to spontaneous cell surface binding and internalization of
both sequences, as shown in Fig. 1A. Individual cells are identified by
the nuclear stain Hoechst 33342, shown in blue. Both peptides, shown in
red, have accumulated within the cytoplasm of the cells, as evidenced by
the punctate areas of fluorescence surrounding the nuclei. Images shown
in section 2 of the Supporting Information feature shorter incubation
times of 1 and 4 h, indicating that the interactions begin even over the
shorter exposure times associated with the model membrane experi-
ments described below. To deepen our understanding of how these
peptides interact with their target cell membranes, here we undertake a
novel mechanistic study to unravel the mechanisms underlying the
binding process of these peptides to two distinct types of cell mem-
branes, which were designed to mimic the key lipid components that
have been identified in cancer and placental cells.
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Fig. 1. (A) Binding of the tumor homing peptide TAMRA-CGKRK or and the placental homing peptide rhodamine-RSG to the triple negative breast cancer cell line
MDA-MB-231 at a concentration of 40 uM after 24 h. Nuclei were stained with Hoechst 33342 shown in blue; peptides are shown in red; scale bars = 50 pm. (B) -A

isotherms and C,™! of the monolayer (dark blue/dark red) or following exposure

of 3 uM CGKRK (blue/red) or RSG (light blue/light red), as a function of A for CAN

(left) and PLA (right). (C) Changes in 7 and Ag,,s of CAN (left) and PLA (right) exposed to a final concentration of 3 uM CGKRK (blue/red; top) or RSG (light blue/light
red; bottom); black arrows indicate injections. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
3.2. n-A isotherms (Langmuir trough)

Fig. 1B shows 1-A isotherms (top) and Cs'1 (bottom) of the model
membranes in the absence or presence of 3 um CGKRK or RSG, where the
cancer model membrane (hereafter called ‘CAN’) features in the left
panels. In the absence of peptide, the = lift-off, where the monolayer
transitions from the gas to the liquid expanded (LE) phases, is at ~ 90
A2%/molecule. Upon compression, 7 rises until monolayer collapse at 43
mN m !, which is qualitatively consistent with results from a study on a
monolayer where POPC was substituted for 1,2-dipalmitoyl-sn-glycero-3-
phospho-choline (DPPC), which exhibited similar properties and
collapse at 46.5 mN m~! [40]. A value of Cs’1 =90 mN m ! is observed
at 1 = 25 mN m! (noted for reference below), close to the liquid
condensed (LC) phase, with a maximum of 96 mN m!

As a result of exposure of CGKRK from the subphase to CAN, the 1-A
isotherm shows a marked increase in the = lift-off to >200 Az/molecule,
indicative of strong peptide-membrane interactions. An inflection is
observed at A = ~140-100 ;\z/molecule, as mirrored in C{l ~25-30
mN m~ L. The starting = is 8 mN m ™, and the value rises sharply upon
compression until it reached the collapse m of 47 mN m™! (higher than
that of CAN). Lower values of C; ! are associated with interactions of

CGKRK with CAN with C;* = 35 mN m ! at 7 of 25 mN m?, and a
maximum C;* of 73 mN m™, on the borderline of those corresponding
to LE and LC phases, hinting at a fluidizing effect of the pepti-
de-membrane interaction. This result suggests that the peptide in-
teractions modify the phase of the model membrane. Exposure of RSG to
CAN results in an intermediate 1A isotherm with a r lift-off of ~130 A%/
molecule, a gradual increase in 7, and a similar collapse © of 45 mN m
Generally, the CAN interactions of RSG exhibit even lower C e g., just
62mNm !atz=25mNm ! (> 30 % reduction), suggesting a more
strongly fluidizing nature of RSG in its membrane interaction.

Analogous data on the placental model membrane (hereafter called
‘PLA’) feature in the right panels of Fig. 1B. In the absence of peptide, the
7 lift-off of PLA is higher than that of CAN at ~110 A%/molecule with
higher collapse at t = 50 mN m~!. PLA has a C; ! value of 103 mN m ™!

7 = 25 mN m ™! with a maximum of 123 mN m !, showing that the
monolayer is in the LC phase.

Observations of the interactions of CGKRK and RSG with PLA are
qualitatively like those with CAN, with a commensurate reduction in
Cs !, although the collapse n for CGKRK is even higher at 54 mN m ™
Additionally, the n—A isotherm with CGKRK displays inflections at A =
~150-100 and 75-50 Az/molecule, mirrored at C;' = 25-35 and

1037



A.A. Alobaid et al.

35-43 mN m™}, respectively. Such inflections when peptide is present
can be attributed to changes in the orientation or organization of the
peptide or lipid molecules.

The results indicate that interactions of CGKRK are stronger than
those of RSG with both CAN and PLA. However, such an interpretation is
reliant on an a priori assumption of negligible (or equivalent) lipid loss
from the model membrane, which has been shown experimentally in
other systems not to be valid.[29,52] Also, the inference seems incon-
sistent with the more fluidizing effects of RSG than CGKRK. Such effects
on C; ! are more pronounced for CAN than PLA at & = 25 mN m .
Additional techniques to elucidate the interactions are applied below.

3.3. Interaction extent and heterogeneity (ellipsometry)

Fig. 1C shows time-resolved measurements of © and Agys of the
model membranes (starting = = 25 mN m™!) up to 2 h following injec-
tion into the subphase to a final concentration of 3 uM CGKRK or RSG,
where CAN features in the left panels. Changes in the parameters
initially and at longer times give insight into the rates and extents of
interactions of the peptides with the model membranes. Interactions of
CGKRK with CAN result in a pronounced increase in © of 3 mN m ! in
the first 15 min after injection with the values increasing to a maximum
of 31 mN m ™! after 1 h. The behavior is mirrored by a gradual increase
in the mean value of Ag,f of 13 % over the same period. These rises are
attributed to interactions of the positively charged peptide with the
negatively charged phosphoserine component of CAN. Even so, the in-
teractions of RSG with CAN are distinct. The rise in © after peptide in-
jection is less pronounced with an increase of <2 mN m™! in the first 15
min, yet the values rise to the same maximum, and increase in the mean
value of Agys over the same period is almost double at 22 %. There are
also temporal fluctuations in Agy,f on the minute time scale, indicating
domains from lipid phase separation or peptide binding [53].

Analogous data on PLA feature in the right panels of Fig. 1C. CGKRK
does not induce as significant a change in = on PLA, compared with that
on CAN, with values rising just 1 mN m ! in the first 15 min followed by
a further slow increase to 28 mN m ™! after almost 2 h. A relatively small
increase in the mean value of Agys of 6 %, in keeping with this result,
suggests reduced peptide-membrane interactions, which may be
explained by the absence of negatively charged lipid in this membrane,
and that CGKRK favors electrostatic interactions [54]. Interactions of
RSG with PLA are also more gradual than those with CAN, but in this
case pronounced temporal fluctuations over a time scale of several mi-
nutes suggest more substantial discrete regions of peptide binding or
induced lipid phase separation because of the interaction combined with

CGKRK

RSG
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higher film rigidity. Such a result may initially seem inconsistent with
the more fluidizing nature of RSG than CGKRK on the model membranes
inferred above from Cs !, but the higher rigidity of the membrane
revealed by ellipsometry can be related to domains of bound peptide.
The reduced interactions of both peptides with PLA can be attributed to
the absence of negatively charged lipids in the model membrane.

The data taken together show that, regardless of the peptide, in-
teractions with CAN are initially more pronounced, probably due to
electrostatic interactions with the negatively charged lipid component
of the model membrane, while interactions with PLA are characterized
by more modest and gradual changes. On the other hand, the overall
increase in the average values of Agys with both model membrane sys-
tems is about double for RSG than for CGKRK, and pronounced but slow
fluctuations indicate a pronounced lateral heterogeneity and high film
rigidity of PLA. We go on now to discuss optical images from BAM prior
to structural characterization of the systems using NR.

3.4. Interfacial morphology (BAM)

Fig. 2 shows representative time-resolved images of the model
membranes (starting 1 = 25 mN m’l) at 10 and 30 min after injection
into the subphase to a final concentration of 3 uM CGKRK or RSG, while
images of CAN and PLA at & = 25 mN m ! in the absence of peptide, as
well as enlarged images of those shown and ones recorded at an addi-
tional time after injection can be found in section 3 of the Supporting
Information. At # = 25 mN m~!, CAN exhibits a distribution of faint
spots, indicative of the phase-separating effect of cholesterol [55],
combined with the borderline LE-LC nature of the membrane discussed
above. PLA, on the other hand, displays a smaller number of brighter
spots, consistent with its higher Cs' at 1 = 25 mN m™' taking the
membrane into the LC phase. Binding of CGKRK to either membrane
results in rapid disruption (within 10 min) of the faint anisotropic do-
mains after the interaction, and no further changes are evidenced up to
30 min. RSG, on the other hand, has a minimal effect on CAN and a much
greater effect on PLA. In the latter case, binding of RSG results in the
transient presence of bright domains, coincident with the short-lived rise
in n, before the features become slightly larger and less bright in
appearance (between 10 and 30 min), coincident with the disruptive
and fluidizing effect of these peptide interactions. This mechanism ex-
hibits similarities to that resolved in other peptide-membrane studies
[29,52]. Clearly, RSG interactions with PLA are distinct in their
membrane-binding, so NR was used to provide further insight.

Fig. 2. BAM images of CAN (left) and PLA (right) membranes exposed to 3 uM CGKRK (blue/red borders; top) or RSG (light blue/light red borders; bottom) at the
different interaction times indicated in minutes; scale bars = 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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3.5. Membrane binding structure (NR)

NR measurements were performed initially to resolve reference
structures of CAN and PLA at © = 25 mN m'. The fixed structural pa-
rameters used are shown in section 4 of the Supporting Information,
while the reflectivity data, model fits and volume fraction profiles are
presented in section 5. It may be noted that the surface excess of both
lipid monolayers is 2.32 + 0.12 pmol m ™2, equivalent to A = 71 + 2 A%,

To resolve the composition and structure of CAN and PLA exposed to
CGKRK or RSG, neutron reflectivity profiles were recorded in 4 isotopic
contrasts: the hydrogenous lipid mixtures or those involving ds;-POPC,
each on D20 or ACMW. The data were fitted using a three-layer model:
layer 1 of lipid acyl chains in the absence or presence of peptide, layer 2
of solvated head groups in the presence of peptide, and layer 3 — where
required — of solvated peptide. This model was based on the similar ones
described in the literature that account for the binding of peptides to
lipid monolayers [29,52]. For the systems that required the presence of
layer 3, the increase in global ¥? averaged at 75 % for the corresponding
optimized fits in its absence: the fits and global y? values are reported in
section 6 of the Supporting Information. The use of isotopic contrast
variation involving lipid chains with mean scattering length densities of
1.99 x 10° A2 (CAN involving ds;-POPC) vs. -0.20 x 10° A~2 (CAN),
and 1.78 x 10° A~2 (CAN involving ds;-POPC) vs. —0.28 x 10°° A2

Journal of Colloid And Interface Science 662 (2024) 1033-1043

(CAN), as well as solvent with scattering length densities of 6.36 x 10°°
A2 (D20) vs. 0 A? (ACMW), provides sufficient resolution to determine
the location of the peptide within the model membranes.

Fig. 3 shows the neutron reflectivity data, model fits and volume
fraction profiles. Data are displayed on a scale of RQ,* vs. Q, and
analogous data on a scale of log(R) vs. Q, are shown for comparison in
section 7 of the Supporting Information, while a summary of the fitted
structural parameters can be found in section 8. Where present in a layer
bound below the lipid head groups, the peptide volume fraction varies
according to the isotopic contrast of the solvent, which we attribute to
isotope-specific effects that have been reported previously for peptide
and protein systems [56], and mirror effects resolved in extended layers
of polymer/surfactant mixtures [57]. As ACMW contains < 10 %v/v
D,0 (i.e. much closer than D50 to the isotopic composition of pure
water), as an approximation, remarks on the interfacial structures below
relate to the structures resolved in ACMW.

For exposure of CAN to CGKRK, the thickness of the lipid acyl chains
(layer 1) is 11.5 + 0.5 A while that exposed to RSG is equivalent at 11.6
+ 0.7 A. The amount of CGKRK bound to the membrane is 0.22 + 0.04
pmol m~2, associated entirely among the lipid head groups (layer 2);
addition of layer 3 comprising solvated peptide did not improve the fit
quality. The bound amount of RSG is much higher than CGKRK at 0.75
+ 0.11 umol m~2 with 13 % associated with the lipid acyl chains (layer
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Fig. 3. Neutron reflectivity profiles for CAN (left) and PLA (right) exposed to 3 uM CGKRK (blue/red borders; top) or 3 uM RSG (light blue/light red borders; bottom)
with lipid spread to a starting = = 25 mN m ™, involving CAN or PLA on ACMW (green diamonds) and on D,0 (orange triangles), and CAN or PLA involving d3;-POPC
on ACMW (blue circles) and on D,0 (red squares); optimized fits are shown as solid lines with matching colors for each contrast. Volume fraction profiles are shown
as insets: lipid chains (purple dotted-dashed lines) and head groups (dark blue dashed lines), and peptide in ACMW (pink solid lines) and in DO (pink dotted lines),
where layers 1, 2 and 3 in the model are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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1), 50 % among the lipid head groups (layer 2), and 37 % bound below
them (layer 3). Comparison of the two systems reveals that RSG dis-
places more lipid than CGKRK: there is 16 % loss for RSG compared with
6 % for CGKRK (resulting in 1.96 + 0.10 and 2.17 + 0.10 pmol m 2,
respectively). Clearly, RSG causes much more disruption to the mem-
brane with deeper penetration.

For exposure of PLA to CGKRK, the thickness of the lipid acyl chains
(layer 1) is 10.4 & 0.6 A while that exposed to RSG is slightly lower at
9.1 + 0.7 A. The total amount of CGKRK bound to PLA is less than to
CAN at 0.29 + 0.09 ymol m ™2, with 59 % of it associated among the lipid
head groups (layer 2) and 41 % bound below them (layer 3). The bound
amount of RSG is greater at 0.58 + 0.12 umol m 2 with 14 % associated
with the lipid acyl chains (layer 1), 22 % among the lipid head groups
(layer 2), and 64 % bound below them (layer 3). These results show
reduced penetration of the peptides with PLA than CAN, i.e., into the
acyl chains for CGKRK and the head groups for RSG. As observed with
CAN, RSG displaces more lipid than CGKRK with PLA: there is 38 % loss
for RSG compared with 22 % for CGKRK (resulting in 1.44 + 0.10 and
1.82 + 0.10 umol m™2, respectively). These results show that both
peptides cause more disruption of PLA than CAN, again with RSG being
the more disruptive.

4. Discussion

The present study was designed to resolve the interactions of the
CGKRK and RSG peptides with two different model membranes
mimicking the primary lipid compositions of cancer and placental cells.
While CGKRK was identified as a tumor homing peptide [13], there is
recent evidence that it also binds to the placenta [15]. RSG binds to the
placenta and the uteroplacental vasculature [16], yet our first result was
to provide new evidence that RSG can also act as a tumor homing
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peptide, before we turned to the model membranes for mechanistic
insight. Data from n-A isotherms with compression modulus, BAM,
ellipsometry and NR were acquired on the interactions of CGKRK or RSG
with the CAN or PLA membranes, with the expectation that useful in-
formation could be obtained on different time and length scales. We
hypothesized that the results would validate a platform for future
research on other homing peptides. To aid this discussion, Fig. 4 depicts
the association of CGKRK and RSG with both model membrane systems,
noting that the presentation is purely illustrative. Let us consider the
interactions of each peptide in turn.

CGKRK was previously reported to exhibit fast penetration into the
human placental membrane and accumulates intracellularly in 5-15
min [15]. The results of the present study show that the extent of
interaction of CGKRK is higher with the CAN than the PLA membranes.
The values of 7 rise rapidly by 5 mN m ™ in the first 20 min, as opposed
to by just 1.5 mN m?, for the two respective systems. This difference is
attributed to strong electrostatic interactions between the peptide and
the negatively charged phosphoserine groups present only in the CAN
membrane. CGKRK has an overall positive net charge of +3 as it
composed of the basic residues lysine (K) and arginine (R) [54]. NR data
have revealed that CGKRK is solely associated with the lipid head groups
of the CAN membrane, while it is split equally between association
among the lipid head groups and bound below them for the PLA mem-
brane. No CGKRK was detected in the acyl chains layer in either model
membrane. Ellipsometry data have revealed that CGKRK interactions
result in a change in Agyr of 13 % and 6 % for the CAN and PLA mem-
branes, respectively, indicating reduced formation of condensed do-
mains, while the images recorded with BAM show no visible formation
of condensed domains. Taken together, these results show that CGKRK
associates mainly with the head groups due to the electrostatic in-
teractions between the peptide and the membrane and might be

Heads layer

Peptide only
layer

® Phospholipid

0 Cholesterol

ﬁSphingomyelin é Peptide

Fig. 4. Schematic of interfacial structures formed from interactions of CGKRK or RSG peptides with model cancer (CAN; top) and placental (PLA; bottom)

cell membranes.
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segregated into lateral domains below the membrane. Such segregation
can explain the rise in n1-A isotherm obtained with the compression
modulus, as was also noted in a recent study on drug interactions [58].

RSG also exhibits pronounced binding activity to the CAN mem-
brane, which may also be attributed to the same electrostatic in-
teractions. Surprisingly, however, although the initial rise in = is slower
for its interactions with both membrane types, the overall increases in ©
are higher than for CGKRK after 2 h (6.5 and 5 mN m~! for RSG, versus
5.5 and 2.5 mN m ! for CGKRK, with the CAN and PLA membranes,
respectively). NR data has revealed that 15-20 % of RSG penetrates the
acyl chains in both systems. In the CAN membrane, most of the peptide
is associated among the head groups (50 % in the ACMW contrast that is
close in isotopic composition to pure water) with the remaining amount
(37 %) bound below them. The interactions of the peptide among the
head groups of the PLA membrane were reduced, with 22 % in ACMW
associated among the head groups and the remaining 48 % bound below
them. Ellipsometry data have revealed that RSG results in a higher final
change in Agys of 22 % and 12 % for CAN and PLA, respectively,
approximately double the changes seen with CGKRK. BAM images have
revealed small brighter spots in both membranes, which could be
explained as the penetration of the peptide into the acyl chains of the
membranes, as evidenced with NR. Taken together, these results suggest
the strong potential of RSG to penetrate both types of model membranes
studies, and it supports its newly demonstrated efficacy in interacting
with cancer cell membranes.

Cell penetrating peptides (CPPs) are a type of peptides that can bind
to and translocate into biological membranes in an energy- and receptor-
independent manner [59,60]. A number of CPPs peptides have been
reported in the literature to have the ability to spontaneously penetrate
biological membranes such as TAT (GRKKRRQRRRPQ) and penetratin
(RQIKIWFQNRR-MKWKK) [61]. Indeed, both CGKRK and RSG exhibit
cell penetrating behavior in vitro and in vivo [10,15,16]. As seen with
both membrane types in the present work, CGKRK predominantly as-
sociates among the lipid head groups, which in the lipid bilayer of a cell
membrane would be oriented to the outside and inside of the cell (not
the inner body of the membrane). Since CPPs are known to bind spon-
taneously to and internalize through the cell membrane, our results
support inference that in cancer cells CGKRK may bind to the membrane
surface, and/or penetrate through it, but would be less likely to embed
within it. In contrast, RSG has been shown to bind not only to the lipid
head groups but also penetrate the lipid chains of both membrane types,
implying potentially stronger binding and membrane insertion in bio-
logical systems, providing a sink for receptor interactions.

5. Conclusions

In the present work, we have evidenced the ability of a novel
placental homing peptide, RSG [15], to bind to cancer cells, and have
shown for the first time the nature and extent of its interactions, and
those of the tumor homing peptide CGKRK [13], with two model
membranes representing the primary lipid components of cancer and
placental cell membranes. In biological systems, cell membranes display
different receptors on their surface, which may represent potential
target receptors for homing peptides [62]. However, a number of
membrane-interacting peptides have been reported in the literature that
bind to, and penetrate, lipid bilayers, and are capable of efficient
translocation [37]. Moreover, when considering conditions where the
peptide is in excess, or the spatial arrangement of nanoparticles deco-
rated with multiple copies of a targeting peptide [63], not every peptide
will interact with cell surface receptors, but will interact with the local
lipid environment.

The peptides studied display faster binding to the negatively charged
CAN membrane, as shown by the time-resolved increase in n. While
CGKRK exhibits faster interactions with the CAN membrane in the first
30 min, RSG results in higher Ar after 2 h. A similar interaction rate was
observed for RSG with the PLA membrane, yet the An change is higher
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than that of CGKRK. The morphological changes observed with BAM
reveal brighter dots, indicative of domains of lipids in the LC phase, for
RSG in both membranes, in contrast to CGKRK where no apparent phase
separation is observed, suggesting a greater degree of disruption of the
membrane structure by RSG than by CGKRK. This inference was further
validated by ellipsometry, where the overall changes in Agyf for RSG
with both membranes are almost double those for CGKRK, indicating the
existence of reorganized, thicker domains. NR data has shown the ability
of RSG to penetrate the acyl chains region and bind into the head groups
of both membranes, with most of the peptide attributed to being asso-
ciated with the charged head groups of the CAN membrane, while
CGKRK was found to be solely bound to the head groups of both
membranes.

Both peptides have been resolved to have mechanisms of action that
categorize them as CPPs [59,60]. Indeed, biologically, CGKRK is clas-
sified as a CPP that contains the highly basic KRK sequence that is
common to many CPPs [64,65]. However, it should be cautioned that
either peptide may exhibit different association and internalization
mechanisms in cellular systems. Also, the more superficial interactions
of CGKRK with the model membranes are unlikely to impede binding to
its target cell surface receptor (p32 in cancer cells [13] and calreticulin
in the human placenta [15]) and interfere with receptor-mediated tissue
targeting. As CGKRK penetrates the PLA membrane to a lesser extent
than the CAN membrane, it may be that it exhibits faster receptor-
mediated binding and internalization in placental cells than tumor
cells; however, direct comparisons of these biological systems are yet to
be explored. The tumor homing peptide CGKRK displays a moderate
extent of interaction with model membranes representing both cancer
and placental cell membranes. As a stronger extent of interaction be-
tween RSG with the CAN than PLA membranes has been demonstrated,
the potential application of RSG as an effective CPP in cancer cells is
endorsed, which supports our new finding using breast cancer cells that
RSG acts as a tumor homing peptide.

We have presented in this work a demonstration of how known
homing peptides may interact with the model membranes of their target
cells. Our approach involves the use of experiments on cell cultures and
model membranes, the latter studied on a Langmuir trough using
reflectometry techniques applied over a range of time and length scales.
Our approach sits alongside others such as the use of reflectometry
techniques on solid support lipid bilayers [66] or translocation studies
through droplet interface bilayers [67]. It may be commented that a
strength of our approach is the combination of insight gained into
peptide efficacy with their mechanisms of interactions, while a limita-
tion is the different time scales over which techniques need to be applied
(given their experimental requirements), with cell culture measure-
ments typically requiring several hours or even more than a day and
model membrane measurements often being much shorter [68,69].

In summary, our approach had validated an experimental platform
suited to the investigation of a broad range of other homing peptides and
CPPs [70]. Indeed, the need for rational design of precision nano-
particles, particularly for use in pregnancy, is now being recognized
[71]. Commonly used model systems to study CPP interactions with
lipid membranes include different sizes of unilamellar and multilamellar
vesicles, although such investigations are all hampered by light scat-
tering [72]. Our innovative approach offers an alternative way to study
homing peptide-membrane interactions, which can be exploited to
predict peptide behavior, inform the design of customized nanoparticle
formulations, and used as a screening method to select the most effica-
cious CPPs for the cell or tissue of interest. Indeed, potential has been
demonstrated for such a multifaceted approach to help develop the most
effective targeted therapies through cell culture and in vivo experiments.

6. Associated content

Supporting Information available with the following sections: (1)
surface pressure stability study, (2) fluorescence microscopy images at
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different incubation times (3) additional and enlarged BAM images, (4)
NR fixed structural parameters, (5) NR data, fits and parameters of CAN/
PLA membranes, (6) NR data alternative fits and global X2 values, (7) NR
data alternative representation, and (8) NR parameters of CGKRK/RSG
interactions with CAN/PLA membranes.
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