University of
< Reading

Self-assembly, cytocompatibility, and
Interactions of desmopressin with sodium
polystyrene sulfonate

Article

Accepted Version

Caliari, A. B., Bicev, R. N., da Silva, C. C., de Souza, S. E. G.,
da Silva, M. G., Souza, L. E. A., de Mello, R. ORCID:
https://orcid.org/0000-0001-7630-5087, Hamley, |. W. ORCID:
https://orcid.org/0000-0002-4549-0926, Motta, G., Degrouard,
J., Tresset, G., Quaresma, A. J. C., Nakaie, C. R. ORCID:
https://orcid.org/0000-0001-7057-1990 and da Silva, E. R.
ORCID: https://orcid.org/0000-0001-5876-2276 (2024) Self-
assembly, cytocompatibility, and interactions of desmopressin
with sodium polystyrene sulfonate. Soft Matter, 20 (48). pp.
9597-9613. ISSN 1744-6848 doi: 10.1039/d4sm01125b
Available at https://centaur.reading.ac.uk/119746/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1039/d4sm01125b

Publisher: Royal Society of Chemistry (RSC)

All outputs in CentAUR are protected by Intellectual Property Rights law,


http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf

w sos] University of
< Reading
including copyright law. Copyright and IPR is retained by the creators or other

copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.

www.reading.ac.uk/centaur

CentAUR

Central Archive at the University of Reading

Reading’s research outputs online


http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence

Self-assembly, Cytocompatibility, and Interactions of Desmopressin with

Sodium Polystyrene Sulfonate

Ana B. Caliaril, Renata N. Bicev'?, Caroline C. da Silval, Sinval E. G. de Souza®, Marta G. da Silva’,
Louise E. A. Souza?, Lucas R. de Mello'3, lan W. Hamley3, Guacyara Motta*, Jéril Degrouard?,
Guillaume Tresset?, Alexandre J. C. Quaresma?, Clovis R. Nakaie?, and Emerson R. da Silva®”

! Departamento de Biofisica, Universidade Federal de Séo Paulo, Sdo Paulo 04062-000, Brazil
2 Université Paris-Saclay, CNRS, Laboratoire de Physique des Solides, 91405 Orsay, France
3Department of Chemistry, University of Reading, Reading RG6 6AD, United Kingdom

“Departamento de Bioquimica, Universidade Federal de Sdo Paulo, Sdo Paulo 04044-020, Brazil

ABSTRACT

Peptide-polymer systems hold strong potential for applications in nanotherapeutics. Desmopressin, a
synthetic analogue of the antidiuretic hormone arginine vasopressin, may serve as a valuable case of
study in this context since it is a first-line treatment for disorders affecting water homeostasis, including
diabetes insipidus. It also has an established use as a hemostatic agent in von Willebrand disease, and
recently, its repurposing has been suggested as a neoadjuvant in the treatment of certain types of cancer.
Despite its well-documented medical uses, studies on the supramolecular organization of desmopressin
and its association with polymers remain scarce, limiting the therapeutic benefits of these nanostructured
arrays. Here, we investigate the self-assembly of desmopressin and its association with sodium
polystyrene sulphonate (NaPSS), a potassium-binding polymer used to treat hyperkalemia. Using
structural techniques such as small-angle X-ray scattering (SAXS), cryogenic transmission electron
microscopy (cryo-TEM), and atomic force microscopy combined with infrared nanospectroscopy
(AFM-IR), we identified that desmopressin associates with NaPSS to form hybrid fibrillar
nanoassemblies characterized by B-turn enriched domains and the appearance of B-sheet content. In vitro
cytotoxicity assays conducted on breast cancer cell lines MCF-7 and MDA-MB-231 showed that
NaPSS/desmopressin complexes are well-tolerated by the non-metastatic MCF-7 cells while displaying
inhibitory effects against the metastatic MDA-MB-231 cells. The findings presented here, which
demonstrate the successful association of two drugs already validated for medical use and the ability of
the hybrid matrix to modulate cell interactions, potentially contribute to the design of peptide-polymer

therapeutic systems.
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INTRODUCTION:

Peptide-polymer systems potentially combine the advantageous characteristics of synthetic
products (e.g., processability and scalability) with the inherent bioactivity and functionalities of
physiological proteins.> However, achieving this potential requires a detailed understanding of the
complex interactions that drive supramolecular associations in these hybrid architectures. The
antidiuretic hormone (ADH), arginine vasopressin, plays a central role in human physiology by
regulating water balance and controlling the amount of urine produced by the kidneys.** Dysfunction in
the ADH system affects water homeostasis, leading to urinary disorders, with major examples being
diabetes insipidus and enuresis.>” The first-line medication for diabetes insipidus is desmopressin
acetate, a synthetic ADH analog.2** Desmopressin is also largely used for bleeding diseases,'?*® and
more recently, its off-label use has been proposed as a neoadjuvant in certain types, with some studies

advancing to phase I/Il clinical trials.***8

Desmopressin is formed by a sequence of nine amino acids arranged in a partly cyclized strand,®
as displayed in Scheme 1a. A disulfide bridge between the thiol group of a 3-mercaptopropionic acid
(MPA) at position #1 and a cysteine sidechain at position #6 results in a highly constrained three-
dimensional arrangement, showing reduced conformational flexibility (1b) and leading to stronger

stability and higher potency compared to native ADH.%

Scheme 1. Structure of desmopressin peptide showing (a) the primary amino acid sequence and its structural
formula with the disulfide bridge highlighted in green and the synthetic modifications relative to the antidiuretic
hormone marked in blue (MPa = 3-mercaptopropionic acid, arg = D-arginine enantiomer). (b) Three-dimensional
arrangement assumed by the sequence, highlighting its cyclization and low flexibility. (c) Structure of polystyrene



sulfonate, with the sulfonate groups (negatively charged at neutral pH) highlighted in red (hydrogens and sodium
ions omitted).

Although medical applications of desmopressin have been well-documented during the last
decades,®3°1120 only a handful of studies are found in the literature reporting the association of this
peptide hormone with macromolecular species.?>2* However, detailed investigations on the self-
assembling properties of this peptide in macromolecular systems and the nanoscopic organization of the
resulting materials are still lacking, thus hindering potential benefits in the development of

nanotherapeutics related to disorders of the vasopressin system.

To fill this gap, we present here an extensive physicochemical investigation on the self-
assembly of desmopressin acetate and its association with sodium polystyrene sulfonate (NaPSS).
NaPSS is an FDA-approved polymer drug widely used to treat hyperkalemia (i.e., elevated potassium
levels in the blood),?® and since it is a sodium-releasing agent, the combination with desmopressin
potentially contributes to mitigate hyponatremia, the most significant side-effect of this peptide.?
Therefore, the choice of NaPSS as a polymer matrix to form a hybrid system with desmopressin is
justified, as this platform consists solely of components that have already been validated for medical
use, substantially enhancing the potential of these platforms. Here, we report the discovery that
desmopressin forms oligomeric aggregates on its own at sub-millimolar concentrations and associates
with NaPSS to form hybrid fibrillar assemblies. We demonstrate a robust association with NaPSS
through various structural methods, including synchrotron X-ray scattering (SAXS), cryogenic electron
microscopy (cryo-TEM), and atomic force microscopy combined with infrared nanospectroscoy (AFM-
IR). The combination of these techniques provides a unigque platform for obtaining valuable information
at the nanoscale. SAXS is a powerful method to probe the morphology of nanoparticles in liquid media,
while cryo-TEM enables direct-space visualization of these aggregates under vitrified conditions,
avoiding drying artifacts present in other preparation methods. The major advantage of AFM-IR is its
ability to display vibrational data from individual nanoparticles. Remarkably, we show that the
association with NaPSS induces the formation of hybrid arrays characterized by B-turn enriched domains

and the appearance of B-sheet content. In vitro assays conducted on breast tumor models showed that



cytotoxicity of these hybrid assemblies remained minimal to the non-invasive MCF-7 lineage, while

exhibiting moderate but significant killing effects against metastatic MDA-MB-231 cells.
MATERIALS AND METHODS

Synthesis of desmopressin acetate: desmopressin, 3-MPA-Tyr-Phe-GIn-Asn-Cys-Pro-(D-Arg)-Gly-
NH,, was manually synthesized using standard Boc approaches.?”-? The abbreviations of the reagents
used in the synthesis read as follows: 3-MPA (3-mercaptoproionic acid), MBHAR
(methylbenzhydrylamine-resin), TFA (trifluoroacetic acid), DCM (dichloromethane), DIEA (N,N-
diisopropylethylamine), DMF (dimethylformamide), DIC (diisopropylcarbodiimide), HOBt (1-
hydroxybenzotriazole), HOAt (1-Hydroxy-7-azabenzotriazole), TBTU (tetramethyluronium
tetrafluoroborate), DMSO (dimethyl sulfoxide), NMP (N-methyl-2-pyrrolidone), AcOH (acetic acid),
MeOH (methanol), and MeCN (acetonitrile). In the desmopressin sequence, D-Arg represents the D-
isomer of arginine, and NH; denotes amidation at the C-terminus. Amino acids and resins used in the
peptide synthesis were purchased from Sigma Aldrich (Saint Louis, USA). Starting with the C-terminal
amino acid coupled to MBHAR, the synthesis was performed through successive a-amino group
deprotection and neutralization steps in 30% TFA/DCM (30 min) and 10% DIEA/DCM (10 min),
respectively. Amino acid couplings were carried out using DIC/HOBt in DCM/DMF (1:1) and, when
necessary, TBTU in the presence of HOBt or HOAt and DIEA in 20% DMSO/NMP. After a coupling
period of about 2 hours, qualitative ninhydrin tests were performed to assess the completion of the
reaction. The acidic cleavage to remove peptide chains from MBHAR resin was carried out according
to previous work introduced in our laboratory.®® The formation of the disulfide bond between 3-MPA
and the cysteine sidechain was conducted in a 10 mM potassium ferrocyanide solution with pH = 6.8,
following previously documented methods.?” The ferrocyanide anion was extracted on an ion exchanger
resin AG3-X-4A column. The eluted peptide solution was then evaporated under vacuum and further
lyophilized to obtain a white powder product. All solvents used in the synthesis were purchased from
Merck (Darmstadt, Germany), had analytical purity grade, and were used as received. Semi preparative
RP-HPLC: The crude desmopressin powder was purified in a semi-preparative HPLC system

consisting of a Waters 2487 detector coupled to a Wat052105 pump. Separation was carried out on a



Prep-PAK 500 column and flow was driven by a Waters Prep LC controller. Solvent A was 1% AcOH
in H,0 and solvent B was 90% MeCN in H,O + 1% AcOH. A linear gradient was applied, which was
dependent on the retention time determined in the HPLC analysis performed with the same solvents.
The flow rate was kept at 10 mL/min, and detection was carried out at 220 nm. The peptide was obtained
in the acetate salt form. Analytical RP-HPLC: The purity of the resulting product was determined using
a chromatography system consisted of two model 510 HPLC pumps (Waters, Milford, MA, USA), an
automated gradient controller, a Rheodyne manual injector, a 486 detector, and a 746 data module.
Analyses were performed on a 4.6 x 150 mm C18 column, pore size 300 A, and particle size 5 um
(Vydac, Hesperia, CA, USA). Solvents A and B were the same as above. A linear gradient of 10-90%
solvent B was applied at a flow rate of 1.5 mL/min during 30 min. The purities of the batches used in
the current work were at least 97% (see Sl file, Fig. S1 for representative chromatograms). Mass
Spectrometry: The analytical characterization of the purified desmopressin was performed on a
LC/ESI-MS equipment consisting of a 2690 Alliance separation module and a 996-photodiode array
detector (Waters, Eschborn, Germany). The samples were automatically injected on a C18 Nova-Pak
column with 2.1 x 150 mm, 60 A pore size, and 3.5 pm particle size. Solvents A and B were the same
as above. Elution was carried out with a flow rate of 0.4 mL/min using a linear gradient ranging from
5% to 95% B over 30 min. The molecular mass of the resulting product was found to be Mw = 1069.6

g/mol (Sl file, Fig. S1c, expected mass 1069.22).

Preparation of desmopressin/NaPSS samples: Poly(sodium 4-styrene sulfonate) (NaPSS) was
acquired from Sigma-Aldrich (#243051, M,~70,000) and used as received. NaPSS stock solutions were
prepared by dissolving the polymer in ultrapure water at a concentration of 1 mg.mL? (~15 uM),
whereas desmopressin stocks were prepared at 1 mg-mL? (~940 uM). Desmopressin stocks were
prepared in 10 mM PBS (pH 7.2). Complexes were prepared by mixing appropriate amounts from the
stock solutions to achieve the desired concentrations. The mixtures were vigorously vortexed, and the
complete dissolution of both the peptide and polymer was confirmed by the clear appearance of the
resulting solution. The samples were allowed to equilibrate at room temperature for approximately 2

hours prior to further analysis.



Determination of critical aggregation concentrations (CAC): CAC values were assessed through
steady-state fluorimetry experiments performed on a Shimadzu F-2500 fluorimeter. Samples were
analyzed at desmopressin concentrations ranging from 10 pg-mL™? to 10 mg'mL™* (9.3 nM to 9.3 mM).
Two sets of experiments were carried out to investigate the emission behavior of different chromophores
in the presence of desmopressin. The first series of samples contained only desmopressin dissolved in
buffer, and the assays explored the self-fluorescence of the tyrosine residue in the peptide sequence.
Excitation was set at Aexc = 276 nm, and emission spectra were collected in the range 290 nm < Aem <
400 nm. A second series of samples was prepared in desmopressin solutions containing 75 pM ANS (1-
anilino-8-naphthalene sulfonate). Excitation was set at Aexc = 356 nm, and emission spectra were
recorded in the interval 420 nm < Aem < 650 nm. All experiments were carried out at room temperature,
using quartz cuvettes with 1 cm pathlength. Both excitation and emission windows were set at 5 nm,

and data collection was performed at a speed of 300 nm/min.

Circular dichroism (CD): circular dichroism assays were carried out on a JASCO 810
spectropolarimeter operating at room temperature. Desmopressin solutions were loaded into quartz
cuvettes with 1 mm path length and spectra were collected in the far ultraviolet range, 190 nm <A <250
nm, with steps of 1 nm and speed of 100 nm/min. The absorbance channel was also monitored during
the measurements, and only data with Abs < 1.5 were considered for further analyses. The spectra were
obtained from the average of 5 scans, and background curves (i.e., spectra from buffer solutions
collected using the same cuvette) were subtracted. The averaged and background-subtracted spectra
were then subjected to FFT filters with a 7-point window to eliminate random noise. To convert the data
into ellipticity units, the following formula was used:*® [0] = (mdeg x MRW)/(I x C), where [0] represents
the molar ellipticity in [deg-cm?-cm™] units, mdeg is the CD signal in millidegrees, MRW is the mean
residue weight (here 133 g/mol), | is the cuvette path length in mm, and C is the sample concentration

in mg-mL™.

Quenching assays: The accessibility of the tyrosine chromophore was assessed through fluorescence
experiments using acrylamide as a quencher. To this end, desmopressin solutions at a fixed

concentration of 0.5 mg-mL™ (0.47 mM, below the CAC) were prepared in buffer, and fluorescence



spectra were recorded during titrations with acrylamide in the range of 0-1.5 mg-mL™ (20 mM). The
fluorescence intensities at Aem = 305 nm were used to construct Stern-Volmer plots, which were fitted
with the equation F/Fo = 1 + Ksv x [Acr], where Ksy is the Stern-VVolmer constant, [Acr] is the quencher
concentration, and F/Fy is the ratio between fluorescence intensities at a given acrylamide concentration
and that of the solution without acrylamide. These same conditions were used in experiments exploring

tyrosine quenching in desmopressin/polymer mixtures.

Small-angle X-ray scattering (SAXS): SAXS measurements were carried out on the SWING beamline
of the SOLEIL synchrotron facilities (Saint Aubin, France). Peptide solutions were prepared at 4 mg-mL’
! because this concentration was found to be suitable to get sufficient intensity levels. NaPSS samples
were prepared at 1 mg-mLt. The beamline X-ray energy was 12 keV energy (A = 1.03 A) with a beam
cross-section of 20 x 200 um2. Data collection was performed using a Dectris Eiger X4M CCD detector,
with a pixel size of 75 x 75 um? and a working area of 162.5 x 155.2 mm2. A sample-to-detector distance
Dsp = 2 m was used to provide access to a g-range in the interval 0.04 nm™" < g < 5.50 nm™. The
experiments were conducted with the BioSAXS setup using an automated system that injected samples
from a 96-well plate. Approximately 50 puL of sample were flowed through a 1.5 mm quartz capillary
during X-ray illumination. About ten SAXS frames, each of 1 s, were collected during the flow and
averaged if no radiation damage was detected, averaging and background subtraction was applied. All
measurements were performed at 25 °C, and data analysis was conducted using fitting models from the
SASFit program library.3! Equations and details on fitting models used to extract structural information

from SAXS data are described in the Sl file (egs. S1-S5) and the references therein.

Cryo-TEM imaging: Samples for cryogenic transmission electron microscopy were prepared by
depositing 5 uL of solutions containing desmopressin, polymers, or a mix of both, onto glow-discharged
Quantifoil grids. Lipid vesicles composed of a mix of phosphatidylcholine and fatty acids were also
analyzed using the same protocol (see details in the Sl file, supplementary methods). Excess solution
was removed using filter paper before plunging the grids into liquid ethane using a FEI Vitrobot device.
The frozen samples were transferred into a Gatan 626 holder and placed in a JEOL JEM-2010

microscope, at a temperature set at -180 °C. A 200 kV field emission gun was used as the electron



source. Images were recorded at a nominal defocus of 1600 or 2000 nm under low-electron-dose
conditions with a Gatan Summit K2 camera. Images were denoised by wavelet filtration in ImageJ

software (‘A trous filter’ plugin, with k1 =20, kn>1 = 0).

Atomic force microscopy combined with infrared spectroscopy (AFM-IR): Samples for AFM
analyses were prepared by depositing approximately 10 uL of 1 mg-mLsolutions containing
desmopressin (plus PSS) on gold-coated silicon substrates and letting them to dry overnight before
analysis. AFM-IR measurements were performed using an Anasys NanolR2-s microscope with Budget
Sensors ContGB-G tips, with the following specifications: 17 pm height, 450 pm length, 17 pum
thickness, 25 nm radius, and a force constant of 0.2 N/m. The instrument operated in contact mode,
collecting both topography and infrared absorption data from areas of 5 x 5 um? or 10 x 10 um? at a
scan rate of 0.5 Hz. Two types of experiments were carried out. In the first type, the AFM tip was
positioned on top of single nanoparticles, and infrared pulses covering the 950-1920 ¢cm™ range
illuminated the region, obtaining infrared spectra from the area under the tip (~50 nm diameter). The
pulse rates were around 180 kHz and the spectra were obtained from 32 averages at a wavenumber
resolution of 2 cm™. In the second type of experiment, the infrared emission was fixed at a wavenumber
of interest, and a larger area of the substrate was scanned by the AFM tip to obtain spatially resolved

absorption maps.

Cell assays: The cellular assays were conducted to assess potential effects of desmopressin and its
supramolecular associations with polymers on cell viability. These assays were performed using breast
cancer cell lines, the non-metastatic MCF-7 cells (BCRJ code #0162, batch #001094; ATCC® HTB-
22™), and the highly metastatic variant MDA-MB-231 (BCRJ code #0164, batch #001288; ATCC®
HTB-28™). The lineages were purchased from BCRJ (Banco de células do Rio de Janeiro, Duque de
Caxias, Brazil). Both cell lines were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 5.6 mM glucose (low glucose type), 44.05 mM sodium bicarbonate, 10.49 HEPES, 1.0 mM
pyruvate, 10% fetal bovine serum (FBS), 100 gmL™ penicilin, 100 U-mL? streptomycin
(DMEM/10%FBS), and maintained at 37 °C in 5% COz-humidified atmosphere. Mycoplasma testing

was performed for the cell lines in the first passage after thawing each vial. All subcultures involved



detaching cells with 0.25% trypsin-EDTA. The experiments consisted in cultivating the cells in the
presence of desmopressin, NaPSS, or desmopressin/NaPSS preparations and assessing metabolic
viability through resazurin assays. The following concentrations have been used for assessing cell
viability: 1000 pg-mL?, 500 pg'mL? and 250 pg-mL™. For polymer/peptide mixtures, solutions were
prepared at 1:1 ratio (e.g., 1000 pug-mL?* NaPSS and 1000 pg-mL? desmopressin). Fluorescence
measurements of resorufin, resulting from the reduction of resazurin in the mitochondria of viable cells,
were carried out on a plate reader with an excitation wavelength of 570 nm and emission detected in the
range of 580-590 nm. The assays were carried out in independent triplicates, on two different days, and
the results were calculated as the mean + standard deviation. Statistical analysis was performed using

Welch’s tests®? with the data analysis package available in the Microsoft Excel software.

RESULTS AND DISCUSSIONS
Self-aggregation and secondary structure:

We began our investigations on the supramolecular behavior of desmopressin by analyzing its
propensity for self-aggregation. To achieve this, we performed different series of fluorometry
experiments, exploring either the intrinsic fluorescence of desmopressin or using the extrinsic
fluorophore ANS as previously conducted in peptide systems.® In Figure 1a, we show fluorescence
spectra from desmopressin solutions at various concentrations. Samples were illuminated at Aexc = 275
nm, corresponding to the excitation wavelength of the tyrosine chromophore. The spectra are
characterized by an emission peak at ~307 nm, and the emission yield increases with the concentration
of desmopressin. To further evaluate the emission yield, we plotted the fluorescence intensity at 307 nm
as a function of peptide concentration. This plot, shown in Figure 1b, reveals that tyrosine emission is
characterized by two distinct regimes, with a minor intensity increase at lower desmopressin
concentrations followed by an onset of strong fluorescence growth near to ~0.3 mg-mL™. The outline
of the curve exhibits sigmoidal shape, with an inflexion point identified at ~1 mg mL*, which may be

interpreted as a critical aggregation concentration (CAC) separating the two fluorescence regimes. The



presence of a CAC is also suggested by yield studies conducted during peptide synthesis, which have

shown that cleavage is more efficient in < 1 mg.mL™ solutions (SI File, Table S1 and Figure S3).
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Figure 1. Steady state fluorometry assays. (a) Tyrosine fluorescence spectra of solutions at various desmopressin
concentrations (Aexc = 275 nm). (b) Peak intensity of data shown in (a) as a function of the logarithm of
desmopressin concentration. The red line represents a fit to the Boltzmann equation. (c) Spectra from desmopressin
solutions containing 75 uM ANS (excitation at kexc = 356 nm). (d) Plots of the peak intensity (black circles) and
the peak wavelength (blue circles) as a function of the logarithm of desmopressin concentration. The insets depict
the ANS solutions under UV light in mixtures containing the desmopressin below (greenish) and above (vivid
turquoise) the CAC.

To independently ascertain the presence of a critical aggregation concentration in desmopressin
solutions, we also investigated the fluorescence of ANS in the presence of the peptide. ANS is a
fluorophore highly sensitive to the polarity of the surrounding medium.®** Upon the formation of peptide
aggregates, the migration of ANS from the aqueous medium into the hydrophobic clusters leads to an
enhancement of fluorescence yield and a blue shift of the emission maximum (see inset in Figure 1d).
Therefore, by monitoring either the peak intensity or the wavelength at which it appears, one may
examine the formation of supramolecular structures in solution.®® Figure 1c displays fluorescence

spectra from mixtures containing 75 uM ANS and various desmopressin concentrations. It is observed
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that the emission vyield significantly increases with increasing desmopressin concentrations, thus
demonstrating the formation of hydrophobic cores. It should be noted that ANS excitation is carried out
at Aexc = 356 NmM, a wavelength at which the peptide does not show fluorescence emission, and thus the
emission observed in Figure 1c is exclusively attributed to ANS. Additionally, the emission maximum
shifts towards lower wavelengths, also supporting the presence of aggregates that host ANS molecules

within more hydrophobic surroundings.

The examination of both fluorescence intensity and peak wavelength as a function of
desmopressin concentration, shown in Figure 1d, confirms different emission regimes. The fluorescence
intensities, displayed by black points in Figure 1d, are significantly enhanced at higher desmopressin
concentrations, with an onset near 0.3 mg.mL™, similar to the behavior observed for tyrosine emission.
In contrast, the wavelength of the peaks, blue points in Figure 1d, is found to decrease upon
desmopressin concentration, crossing over the intensity curve at a concentration of ~0.95 mg.mL™*, quite
close to the CAC value derived from tyrosine fluorescence assays. The observation of the solutions
under UV light, insets in Figure 1d, reveals that when the desmopressin content in the mixture is low,
the emission exhibits a greenish glow. However, as peptide concentration surpasses the critical
aggregation concentration (CAC), the emission shifts to a vivid turquoise color. Our data demonstrates
that the onset of self-assembly occurs at approximately 0.3 mg.mL™, with a distinct transition between
fluorescence regimes near 1 mg.mL™. As will be elucidated below, these aggregates are very small,
corresponding to arrangements containing only a few desmopressin chains. It should be noted that, given
that aggregation phenomena are highly complex and involve multiple sensitive parameters that can vary
slightly and impact the critical threshold, the CAC values above must be regarded as approximate

estimates for the onset of desmopressin aggregation.

The next step to investigate the structural characteristics of desmopressin was to analyze the
secondary structure through circular dichroism (CD). In Figure 2a, CD spectra from peptide solutions
at different concentrations feature a strong positive peak centered at 225 nm, which can be attributed to
n—m* transitions in the aromatic residues Y and F.* The consistent intensity of this band, regardless of

concentration, suggests that these groups remain unaffected upon interactions between adjacent
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desmopressin strands. In contrast, bands appearing at lower wavelengths are highly concentration-

dependent, denoting significant changes in the secondary structure upon aggregation.

The CD signature of a 0.1 mg-mL™* peptide solution, a concentration below the self-assembly
onset, is characterized by a strong negative rotation at 191 nm (black curve in Figure 2a). This peak can
be ascribed to m—>m* transitions in the peptide bond.*® Given the partially cyclized structure of
desmopressin, this band may tentatively indicate turns or random coil conformations. This interpretation
is consistent with previous NMR studies which found that the macrocycle of desmopressin is arranged
into turns while the acyclic tripeptide tail remains flexible in solution.®”® In preparations containing
peptides at 0.3 mg-mL, near the aggregation onset, the spectrum red shifts by about 10 nm, indicating
transformations in the secondary structure (red curve). The presence of a positive shoulder near 187 nm,
alongside a negative band at 200 nm, makes this spectrum similar to the CD signature of peptides
conformed into type II B-turns.®® Finally, considering data from solutions containing higher
desmopressin concentrations, 10 mg-mL™, the CD spectra are characterized by a negative rotation at
210 nm, which might suggest the emergence of B-sheet structures in solution.*® The formation of B-sheet
structures is also suggested by thioflavin T (ThT) fluorescence assays, which are sensitive to these
secondary-structure conformations and widely used to identify amyloid aggregates.®**! ThT intercalates
into the grooves formed by adjacent peptide strands, leading to the stabilization of its rotational degrees
of freedom, and a significant enhancement of fluorescence yield.*? Figure 2b shows ThT fluorescence
spectra from solutions containing desmopressin at concentrations below and above the CAC. It can be
observed that in samples prepared at 3 mg-mL?, a concentration above the aggregation onset, ThT
emission is around 5 times higher than in solutions without peptides, hinting at B-sheet aggregates,
consistent with CD data shown in 2a that also suggested the emergence of B-sheets at higher

concentrations.
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Figure 2. (a) CD spectra from desmopressin solutions at concentrations below and above the CAC. (b)
Fluorescence profiles of 30 uM thiflavin T (ThT) in mixtures containing desmopressin at the indicated
concentrations. The enhancement in ThT emission indicates the formation of amyloid-like B-sheet cores.

Interaction with Sodium Polystyrene Sulfonate in Solution:

We next evaluated the interactions between desmopressin and sodium polystyrene sulfonate
(NaPSS) in solution. NaPSS has cation-binding capabilities, provided by the sulfonate groups along the
polymer, which offer interaction sites for desmopressin through electrostatic association with the
arginine side chain (see groups highlighted in blue and red in the structures of desmopressin and NaPSS
shown in Scheme 1). This characteristic, along with similarities in ionic strengh in nucleic acid strands,
has made polystyrene sulfonate polymers and their derivatives successful models for investigating the

interplay between capsid proteins and anionic biopolymers.*3-4°

In Figure 3a, Stern-Volmer plots are shown where the fluorescence of tyrosine was monitored
upon the addition of acrylamide. Acrylamide is a very effective quencher, and here its addition to
solutions containing desmopressin allows us to evaluate the accessibility of the tyrosine residue under
different physicochemical conditions. From these plots, we can observe that in the presence of NaPSS
at concentrations with a 10:1 excess of sulfonate negative charges (triangles in Figure 3a), the
suppression of tyrosine emission is much more effective compared to preparations where desmopressin
is alone in solution (squares in Figure 3a). Fits according to the Stern-Volmer equation indicate Ksy
constants of 0.38 and 0.25 mg-mLin the presence and absence of NaPSS, respectively. Therefore, these

observations indicate that desmopressin not only interacts with NaPSS but, importantly, such
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interactions lead to a spatial arrangement where the tyrosine residues are accessible at external
interfaces. This behavior is opposite to what we observe in preparations where desmopressin was placed
in the presence of lipid vesicles composed of a mix of phosphatydilcholine and fatty acids (see Sl file
supplementary methods and Figure S2). In this case, fluorescence suppression is less effective, with a
Ksv = 0.15 mg-mL™*, indicating that desmopressin is partially buried in the hydrophobic interior of the

membranes (black circles in Figure 3a).

In order to probe the induction of spatial order through desmopressin-NaPSS interactions, we
further investigated the fluorescence behavior of ThT in peptide/polymer mixtures. In Figure 3b, it is
observed that NaPSS is capable of intercalating ThT molecules, leading to ~20-fold increase in the
emission yield of this fluorophore (red line in Figure 3b). In contrast, in mixtures where desmopressin
and NaPSS appear together, the increase in emission yield is ~100 times greater compared to ThT
fluorescence alone in solution (blue line). For comparison, similiar assays conducted in the presence of
lipid membranes show a decrease in ThT, suggesting that in the absence of the linear order provided by
polymer chains, desmopressin is unable to orient the fluorophore (Sl file, Figure S4). CD data also show
that the association between the peptide and polymer leads to significant transformations at the
secondary structure level. In Figure 3¢, CD spectra obtained from a desmopressin solution titrated with
NaPSS reveal a transition from random coil conformations to ordered assemblies enriched in B-turns.
This is demonstrated by the disappearance of the negative rotation at 193 nm and the emergence of a
strong positive band at 187 nm. Additionally, the appearance of negative bands near 206 nm suggests
the formation of some B-sheet content. This CD signature is consistent with the 100-fold increase in ThT
emission found in desmopressin/NaPSS mixtures and correlates with the formation of organized
arrangements displaying p-sheet conformations. It is also consistent with the cryo-EM observations
shown below. In addition, the structuring behavior of NaPSS in mixtures with desmopressin contrasts
with samples prepared with protamine, a highly cationic peptide with strong solubility that does not
form self-assemblies and maintains a random coil conformation even in the presence of the polymer

(see Sl file, Figure S5).
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Figure 3. (a) Stern-Volmer plots showing the quenching of tyrosine emission upon titration with acrylamide.
Samples contained 0.5 mg-mL™ desmopressin, either alone or in the presence of 1 mg-mL! NaPSS. The Ksy values
were obtained from the slope of the linear fits (red lines). (b) ThT fluorescence (30 uM) in mixtures containing 1
mg-mL" NaPSS (red line) or 1 mg-mL?* NaPSS and 0.5 mg-mL* desmopressin (blue line). The spectrum of a 0.5
mg-mL" desmopressin sample is shown as a control. (¢) CD spectra of a 0.1 mg-mL™ desmopressin solution
titrated with increasing NaPSS concentrations. The dashed grey line is the spectrum of a polymer solution with
the same concentration used in the last titration.

The nanoscopic structure of desmopressin/NaPSS aggregates was evaluated through cryo-EM
imaging and in-solution SAXS. In Figure 4, a panel with micrographs obtained from vitrified specimens
indicates morphological changes in the structures due to the interaction of the peptide with the polymer.
Figure 4a shows that in samples containing 4 mg-mL™ desmopressin, a few large aggregates appear with
variable dimensions in the range of a few tens of nanometers (white dashed circles in Figure 4a). These
aggregates result from the self-assembly revealed by fluorimetry assays above, and they correspond to
hydrophobic cores within which ANS fluorescence is enhanced. In contrast, images of
desmopressin/NaPSS solutions display irregular assemblies, with elongated dimensions reaching
several hundred nanometers in length. These structures, outlined by dashed boxes in Figure 4b, have an

appearance consistent with fragments of polymeric films.
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Figure 4. Top row: cryo-EM images obtained from vitrified solutions. (a) Micrograph of a concentrated
desmopressin sample (4 mg-mL™) featuring large globular aggregates with sizes on the order of 40 nm (white
dashed circles). (b) Desmopressin/NaPSS mixture (both at 0.5 mg-mL™) exhibiting large irregular assemblies
resembling polymer films (dashed box). In (c) and (d), magnifications of the previous micrographs are shown
(black dashed box). In (c), tiny globules, with sizes on the order of a few nanometers corresponding to
desmopressin oligomers, can be distinguished, indicated by yellow arrows. In (d), fibrillar structures with
diameters on the order of 2.5 nm positioned side by side are observed. Bottom row: SAXS measurements from:
(e) concentrated desmopressin solutions (4 mg-mL?), (f) NaPSS at 1 mg-mL?, and (g) desmopressin/NaPSS
mixtures (both at 1 mg-mL™).

At closer inspection, Figures 4c¢ and d, nanoparticles can be observed in greater detail. In the

case of desmopressin solutions, one can discriminate the aggregates with globular shape indicated by
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yellow arrows in Figure 4c. In desmopressin/NaPSS mixtures, Figure 4d, the emergence of elongated
arrangements positioned side by side can be distinguished. The diameters of these structures are on the
order of 2.5 nm, and their lengths reach several tens of nanometers. The appearance of extended
structures, along with the fluorescence increase observed in ThT emission assays and the emergence of
B-sheet signatures in CD experiments shown in Figures 3b and c, provides further evidence for ordered

structures comprised of polymer chains intercalated with layers of desmopressin molecules.

SAXS data also provided valuable information about the nanoscopic arrangements in solution.
In Figures 4e-g, scattering curves indicate a strong dependence on sample composition undoubtedly
attesting the presence of different polymorphs in solution. In concentrated desmopressin solutions, the
SAXS profile features by a power law in the low-angle region scaling with . This profile is consistent
with Porod interfaces,*®*" indicating large objects whose dimensions are outside the resolution window
used in the SAXS experiments and agreeing with the presence of aggregates revealed by cryo-EM data.
At intermediate g-range, the data are featured by a plateau followed by a steep descent at the high-q
range. This profile is characteristic of Gaussian chains,***® and it is likely a result of the contribution of
free desmopressin monomers. To fit the data, we used a combination of the generalized Gaussian chain
model“® that accounts for the high-q range plus a power law to describe the low-angle region. The fitting
parameters, summarized in Table 1, indicate a gyration radius of R; = 1.0 nm and a Flory exponent of v
= 0.63, consistent with swollen coils (Figure 4c). The power law exponent was found to be a = 4.0,

compatible with Porod interfaces.*’

Table 1. SAXS model fitting summary: Ry: gyration radius, v: Flory exponent, R: Porod cylinder radius, a:
scaling exponent.

Sample Fitting model Parameters
Desmop (4 mg-mL™) Gaussian coil + Rg=2.31+0.04 nm, v = 0.55
power law o=37
NaPSS (1 mg'mLY) Porod cylinder R=0.83+0.32nm
NaPSS (0.5 mg'-mL?) + Porod cylinder + R=1.35+£0.10 nm
desmop (0.5 mg'-mL?) power law a=217

In the case of scattering data from solutions containing NaPSS, the profiles are quite distinct. In
samples containing only 1 mg-mL* NaPSS, Figure 4F, it is observed that in the intermediate g-range the

intensity decays with a characteristic exponent of -1, suggestive of elongated structures at size scales of
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a few nanometers.*®4% Doubling the polymer concentration compared to cryo-TEM aimed to improve
the signal-to-noise ratio in SAXS assays, while minimizing changes to the chain states between
experiments. Data from these samples were satisfactorily fitted with a Porod cylinder form factor,*
revealing cylinders with a radius R = 0.83 £ 0.32 nm, which can be interpreted as compatible with the
cross-section of polymer chains. The low-angle profile of these samples is characterized by a Porod
region with a slope of -3, indicative of collapsed chains in interconnected networks forming compact
fractal arrangements, consistent with flexibility of NaPSS chains.*® Finally, in Figure 4G, it is observed
that the mixture of desmopressin in a medium containing NaPSS substantially alters the scattering
profile, indicating the appearance of new polymorphs in the medium. In particular, it is verified that the
decay according to a power law extends over a much larger range of g-values, providing support for the
reorganization of the polymer network. The fitting of desmopressin/NaPSS mixture data was performed
using a combination of the Porod cylinder form factor and a scaling law, which led to the identification
of radii R = 1.37 £ 0.10 nm and scaling exponents of -2.7. The increase in the diameter of the chains
compared to the solution containing only NaPSS suggests the formation of a peptide shell resulting from
the condensation of desmopressin along the polymer chains. Additionally, the intensity scalingexponent
-2.7 suggests branching of chain clusters,*®4® further confirming that the behavior of NaPSS is

significantly affected by interaction with desmopressin.

AFM-IR Examination of Desmopressin/NaPSS Nanoassemblies:

We examined the desmopressin/NaPSS nanoassemblies through atomic force microscopy
combined with infrared spectroscopy (AFM-IR).%%5t AFM-IR is an emerging technique in biophysics,
finding applications in a variety of systems, from peptide and nucleic acid analysis to whole cells,3348:52-
% It has been also increasingly used in materials science for the chemical characterization of polymer
materials.®® The main advantage of this technique is the ability to simultaneously obtain topography and
vibrational data with spatial resolution situated at the nanoscale. These features allow the collection of
infrared spectra from individual nanoparticles or the generation of absorbance maps at specific

wavelengths. In Figure 5, we present AFM-IR data obtained from a desmopressin sample deposited on
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a gold substrate. The topographic image (Figure 5a) shows the formation of a peptide film with average
thicknesses around 70 nm (Sl Figure S6b). In some areas of the film, small lumps with dimensions of a
few tens of nanometers can be distinguished. Figure 5b displays infrared spectra collected at different
points of the peptide film. The spectra are characterized by three main resonances located at 1669, 1274,
and 1028 cm™. The peak in the middle of the amide I band, at 1669 cm™, is characteristic of B-turn
conformations, while the intense resonance at 1274 cm™ can tentatively be attributed to the C-O
stretching of the tyrosine side chains.>®® The resonance at 1028 cm™ is consistent with the stretching
of C=0 groups in the peptide backbone.>® Other relatively intense vibrations observed at 1282, 1091,
and 1063 cm are difficult to attribute unequivocally; however, they are compatible with vibrations

reported in the literature for the C-N group: bending (1282 cm™) and stretching (1091 and 1063 cm™).%

In Figures 5¢ and 5d, AFM-IR data from a NaPSS sample are presented. The topography data
reveals an intricate pattern of crystallized polymer across the surface, forming branched regions. The
heights found across the surface are situated in the 30-40 nm range (Sl file, Figure S6d), indicating the
presence of thin polymer films. At higher levels of detail, it is possible to clearly distinguish polymer
grains (Sl file, Figure S7). Infrared spectra collected at different points of the substrate, Figure 6b, reveal
a set of strong vibrations in the 1000-1200 cm* range, arising from resonances in the sulfonated benzene
groups across the polystyrene chain. Major peaks are found at 1120, 1042, and 1010 cm™. The bands at
1042 and 1010 cm can be assigned to the symmetric stretching of SOs™ groups and in-plane bending
vibrations of benzene rings, respectively.®” The peak at 1120 cm™ is found in polystyrene sulfonates

arranged in syndiotactic configurations.5”%
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Figure 5. Top row: AFM-IR data of desmopressin samples deposited on gold substrates: (a) Topography image
from a desmopressin film dried from a 1 mg-mL* solution. (b) infrared spectra from the regions indicated in the
topography image featuring three major resonances at 1669, 1274, and 1028 cm™*. Bottom row: AFM-IR data of a
NaPSS sample dried from a 1 mg-mL solution: (c) Topography image showing polymer crystallization at the

solid surface. (d) Infrared data highlighting characteristic vibrations, mostly related to sulfonation of the benzene
ring, in the 1000-1200 cm™ range.

AFM-IR data from desmopressin/NaPSS mixtures are presented in Figure 6. The topography
image clearly indicates morphological changes upon association between the peptide and polymer.
Elongated structures resembling bundles of fibers coexist with lumps (Figure 6a). The heights of the
lumps reach approximately 60-70 nm, while the average height of the fibers is approximately 30 nm (Sl
file, Figure 5f). In contrast to the desmopressin and NaPSS samples presented above, the infrared spectra
from desmopressin/NaPSS mixtures exhibit numerous peaks (Figure 6b), thus indicating higher
complexity in the chemical bonding landscape. Two main sets of peaks can be identified in the spectra:
one in the 1600-1700 cm™ range, corresponding to the amide | band, and another one in the 900-1300

cm? region. The amide | range features an intense resonance at 1675 cm?, likely representing a blue
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shift of the p-turn band found at 1669 cm* in the desmopressin spectra (see Figure 6b). The shift of this
resonance toward shorter wavelengths may indicate stronger chemical bonds resulting from the
reorganization of desmopressin chains during self-assembly. Additionally, 1675 cm™ corresponds to the
lower extreme of the range where B-turn resonances typically appear in the infrared signature of proteins.

% The emergence of B-sheet content is also suggested by shoulders observed at approximately 1620 cm-
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Figure 6. AFM-IR data showing both topography and infrared absorbance data of films dried from
desmopressin/NaPSS mixtures. In (a), the topography image reveals that upon mixing with desmopressin, NaPSS
forms elongated bundles co-existing with lumps. In (b), infrared spectra exhibit complex vibration profiles,
including vibrations associated with polymer groups (1000-1200 cm™ range) and peptide characteristic amide |
bands (1600-1700 cm™2), as well as new bands in the range 1200-1300 cm*associated with desmopressin-NaPSS
interactions. (c) topography and absorbance map at 1669 cm™ of NaPSS/desmopressin bundles.

On the other side of the spectra, bands related to the sulfonated benzene group are easily
recognized. In addition to peaks already identified in samples containing only NaPSS (see Figure 6b), a
sharp band now appears at 1175 cm™. This peak can be associated with stretching in the sulfonate group
and it is widely used to identify sulfonation during NaPSS synthesis.>® Its appearance in

desmopressin/NaPSS samples reinforces the notion that sulfonate groups are privileged binding sites for
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desmopressin. Another peak associated with the configuration of polymer side chains appears at 1127
cm?, blue-shifted regarding spectra from samples containing only NaPSS, where it appears at 1120 cm-
! (see Figure 6b). Peaks at 1270 cm™ and 1219 cm™ can be tentatively assigned to the tyrosine side chain
and N-H bending, respectively.>® A prominent role of N-H groups is further suggested by the emergence
of vibrations at 1530 cm™ in the amide II band, also corresponding to their bending mode.* Putting the
findings above together, the infrared data corroborate that the association between desmopressin and
polystyrene sulfonate leads to an increase in order and gives raise to new levels of organization in the
hybrid arrangements. A comparison of averaged infrared spectra is presented in Figure S8, highlighting
the emergence of peaks related to N-H bending and SOs stretching, emphasizing the significance of

these groups as key sites mediating the association between NaPSS and desmopressin.

We also constructed chemical maps of the samples by plotting the surface absorbance at the
wavenumber 1669 cm, associated with B-turn conformations in desmopressin.> Therefore, through
inspection of absorbance maps obtained at this wavelength, we should be able to discriminate the spatial
distribution of the peptide within the sample. In Figure 6c, topography data is presented alongside the
corresponding absorbance map, highlighting the fibrillar morphology of desmopressin/NaPSS
aggregates and revealing heterogeneity across the sample. It can be observed that the absorbance
associated with the peptide is dispersed within the fibers, suggesting that desmopressin domains are
incorporated into the polymer matrix. Additionally, the chemical map indicates that most of the lumps
observed in the topography image also display strong absorbance at 1669 cm™, thus suggesting

enrichment in desmopressin.

Considering the amino acid composition of desmopressin and structural information derived
from spectroscopy, microscopy, and scattering assays above, we may now propose some mechanistic
insights into both desmopressin self-aggregation and its association with NaPSS. The key steps of self-
assembly are illustrated in Figure 7. In the case of desmopressin aggregates (Fig. 7a), the process starts
with free peptide chains in solution, surrounded by water layers and neutralized by acetate anions. The
presence of nonpolar residues in the desmopressin sequence (phenylalanine, proline) imparts

amphiphilic behavior to the peptide, making the hydrophobic effect a major factor contributing to self-
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assembly (step 2). Another parameter known to play a relevant role in peptide self-assembly is

desolvation,> where the release of water molecules from solvation layers provides an entropy gain that

stabilizes the aggregates thermodynamically.®® Finally, as peptide strands hold together, short-range

interactions such as H-bonding and z-t stacking may increase structural order within the aggregates

(step 3).5162
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Figure 7. Schematic illustration (not to scale) showing key steps involved in the mechanisms of (a)

desmopressin self-aggregation and (b) desmopressin/NaPSS association. The molecular models were

arranged manually using Pymol® software.
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In the case of desmopressin/NaPSS association (Figure 7b), the process is triggered by
electrostatic attraction between oppositely charged sites on the arginine sidechain of desmopressin and
sulfonate groups on NaPSS chains (see detail in step 2). Initially, these species are solvated by water
shells and their respective counterions. Upon dissociation of counterions from their macromolecular
species, desmopressin strands are attracted to the polymer surface. Here, disruption of solvation layers
and release of counterions, especially Na* ions from polystyrene sulfonate chains, leads to an entropy
gain that further stabilizes the assembly. Finally, the pairing of desmopressin molecules along polymer
strands enhances order and may promote B-sheet formation, as supported by CD and fluorimetry

assays.5?
Cytotoxicity assays:

We examined the interaction of desmopressin/NaPSS complexes with cell lines in vitro. Inspired
by reports that identified inhibiting capabilities of desmopressin against tumor cells,}#16188 e
performed resazurin metabolic assays with two breast cancer lineages: the non-metastatic MCF-7 tumor
cells and the metastatic MDA-MB-231 lineage. Although the anticancer activity of desmopressin is
rather associated with its agonistic activity for clotting factors, resulting in inhibition of tumor
vascularization and colonization, in vitro assays conducted in culture medium have provided insights
into the action of this peptide in carcinogenesis.’>?4¢ The cell lines investigated here are epithelial cells
from human origin and are widely used as cell models in the investigation of breast cancer.®*
Therefore, the simultaneous evaluation of metabolic effects in these lineages provides a unique
opportunity for comparing the interaction of desmopressin/NaPSS formulations in tumor cells with

distinct levels of aggressiveness.
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Figure 8. Resazurin cell viability assays of (a) MCF-7 and (b) MDA-MB-231 cells incubated with
different concentrations of desmopressin, NaPSS, or desmopressin/NaPSS. In samples incubated with
complexes, peptide concentrations are indicated. Significance levels: * p < 0.05, ** p < 0.01, *** p <
0.001 compared with the corresponding negative control (Welch’s t-tests). Data are presented as mean
* S.D. of 6 measurements (18 for controls). Experiments were performed independently in triplicates
on two different days (raw data shown in Table S2).

In Figure 8, the resazurin assays showed no significant metabolic inhibition by desmopressin
alone (desmop) compared to the corresponding controls in both cell lines. In contrast, when cells were
incubated with NaPSS, distinct behaviors were observed depending on the lineage investigated, with the
polymer being tolerated by MCF-7 cells and exhibiting a moderate but significant inhibition against
MDA-MB-231 cells. At the highest NaPSS concentration, the viability of metastatic cells decreased to
about 70% compared to controls, an effect not observed in MCF-7 cells. In mixtures containing
desmopressin/NaPSS nanoassemblies, distinct behaviors were observed comparing both cell lines. The
highest concentrations of desmopressin/NaPSS exhibited some toxicity effects against MCF-7 cells,
decreasing viability to about 90% of the control. In contrast, the effect on MDA-MB-231 cells was
significantly stronger, following the same trend observed in cells incubated with NaPSS. Overall, the
results suggest that the combination of desmopressin with NaPSS forms complexes that are well

tolerated by non-invasive cells while exhibiting a killing capacity against metastatic cells.

A hypothesis to explain the higher sensitivity of MDA-MB-231 cells to desmopressin/NaPSS
complexes may be related to the typically more accelerated metabolism that metastatic cells exhibit
compared to non-metastatic cells.®” In this case, under metabolic stress induced by the presence of

desmopressin/NaPSS complexes, they would also exhibit higher rates of cell death, irrespective of the
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detailed mechanisms cooperating to cell death. In addition, the plasma membranes in metastatic cells
are more fluid and softer, also displaying more membrane protrusions than their non-metastatic
counterparts.®® Therefore, it would be easier for hybrid matrices embedded in polymer arrays to adhere
to their surfaces, potentially increasing death rates. However, these hypothetical mechanisms remain

elusive and warrant further investigation.

CONCLUSIONS:

We presented a comprehensive investigation into the self-organization of desmopressin and its
association with sodium polystyrene sulfonate (NaPSS). Our findings, obtained from an extensive
combination of sophisticated structural methods, indicate that desmopressin forms oligomeric
aggregates at sub-millimolar concentrations and successfully associates with NaPSS. The information
on self-aggregation had a direct impact, for example, leading to the optimization of synthesis conditions,
where we have found a decrease in yield when concentrations above the critical aggregation point are
used. Our findings show that this association leads to the formation of fibrillar arrangements, as
indicated by SAXS and cryo-TEM data, where peptide chains appear organized as shown by fluorimetry
and circular dichroism data. Additionally, the combination of atomic force microscopy with nano-
infrared spectroscopy allowed us to show that desmopressin is embedded in the polymeric matrix,
forming peptide-enriched domains. We also observed that the hybrid desmopressin/NaPSS materials are
well tolerated by non-metastatic MCF-7 cells, while in metastatic MDA-MB-231 cells the ability to
reduce metabolic activity is observed. These findings provide an initial indication that the addition of

NaPSS to desmopressin likely does not induce the formation of toxic compounds.

The production of hybrid polymer-peptide matrices may offer several advantages for potential
biomedical applications of these platforms. In the specific case of desmopressin, its association with
NaPSS, a sodium-releasing agent, could be beneficial, as hyponatremia is its most serious side effect.?
Furthermore, in vivo studies reported in the literature have shown that polymer association can

potentially reduce the required dosage and improve the release time of drugs administered via nasal
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sprays,?697° the most common method for desmopressin delivery. In the context of this study, both
desmopressin and NaPSS are already used as commercially available medicines, having been validated
in clinical trials. Therefore, starting with components that are already validated for medical use enhances
the potential applications of the hybrid systems presented here and contributes to future developments

that could translate into therapeutic use of these materials.

In summary, we anticipate that the results presented here will support further development of
desmopressin-polymer platforms by detailing the roles of key chemical groups involved in the
association, specifically the guanidinium groups of arginine in the peptide and the sulfonate moieties in
NaPSS, demonstrating that the peptide is embedded within the polymer matrix. Our study also provides
insights into the cellular interactions of these matrices, especially by showing that they are tolerated by
MCEF-7 cells but kill metastatic MDA-MB-231 cells. Considering the comprehensive nature of the work,
presenting both physicochemical characterization through advanced methods and cell assay data, the

findings represent a contribution to the literature on these promising platforms.
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Desmopressin and NaPSS self-assemble into B-sheet-enriched nanofibrils, selectively inhibit metastatic
breast cancer cells, and highlight peptide-polymer therapeutic potential by integrating two clinically

validated drugs into a novel hybrid matrix.
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