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ABSTRACT

Surfaces were prepared with polyelectrolyte derivatives of poly(styrene-alt-maleic anhydride)
(PSMA) functionalized with amino acids of different hydropathy indices, with the aim of
evaluating the effect of the chemical functionality of polyelectrolytes on SH-SYS5Y
neuroblastoma cell adhesion. Functionalizing PSMA derivatives with L-glutamine, L-methionine
and L-tyrosine yielded PSMA-GIn, PSMA-Met and PSMA-Tyr polyelectrolytes, respectively.
We first studied the adsorption behavior of PSMA functionalized with amino acids on silicon
wafer surfaces modified with 3-aminopropyltriethoxysilane (APTES) at pH 4.0 and 7.0 and at
low and high ionic strength. The highest rate of polyelectrolyte adsorption was at pH 4.0 and
high ionic strength, and was higher with the glutamine and tyrosine films. The advance contact
angles (04) of the polyelectrolyte surfaces showed a moderate effect of ionic strength and pH on
polyelectrolyte film wettability, with PSMA-Tyr being slightly more hydrophobic. AFM images
of the polyelectrolyte surfaces showed two types of morphology: the well-defined globular
nanostructure of PSMA-Met and PSMA-Tyr, and the densely packed nanofibrous-like structure
of PSMA-GIn. The highest level of ionic strength caused a slight decrease in size of the
nanostructure that formed the surface domains, which was reflected in the degree of surface
roughness. Cell adhesion assays with polyelectrolyte film showed that SH-SY5Y neuroblastoma
cells cultured on PSMA-Met present a well-extended morphology characterized by a stellate
shape, with five or more actin-rich thin processes, while SH-SY5Y cells that where seeded on
PSMA-GIn and PSMA-Tyr have a round morphology, with fewer and shorter processes. These
results indicate that it is possible to modulate the surface characteristics of polyelectrolyte films
based on their chemical functionality and environmental parameters such as pH and ionic

strength, in order to evaluate their effect on cell adhesion. Thus, surfaces prepared from



polyelectrolytes functionalized with amino acids are an attractive and simple platform for cell

adhesion, which can be used in developing biomaterials with modulated surface properties.

1. INTRODUCTION

Important advances have been made in designing biomaterials for medical implants, supports
for cell regeneration and biosensors for disease diagnosis, but there are still challenges to be
overcome. Of particular interest are the processes and interactions that occur in the biomaterial-
biological system interface, in order to achieve a favorable response of the latter (eukaryotic cell,
bacterium, bone or blood). In the search for biological selectivity, it is key to understand
biomaterial surface properties and how to modulate them and the responses they elicit from
different cell types. Among the most important surface variables are wettability, topography,
energy and surface charge. ' It has been observed that positive surface charge and hydrophilicity
enhance 3T3 fibroblast adhesion. > Other surface variables like roughness also play an important
role, and in general some characteristics has been observed that favors the adhesion of each cell
type. In the case of neuronal cell grown on silicon, surface roughness at a nanoscale of 50 to 70
nm favors adhesion. >

Given the need to modulate the chemical properties of biomaterial surfaces, polyelectrolytes
offer important advantages due to the variety of their chemical functionality and ionizable
groups, which allows for controlling their specificity, mainly by electrostatic, dipole-dipole,
hydrophobic and hydrogen bonding interactions. * The biological selectivity of surfaces is an
important characteristic in biological applications, which can be enhanced by modifying
polyelectrolytes with biomolecules like carbohydrates, amino sugars, peptides, and others. >

Arginine-rich peptides have been shown to promote cellular internalization, which has led to

multiple modifications of chitosan with arginine to imitate the cellular function of arginine



peptides. *’ It has been reported that modification of chitosan grafting with hydrophobic amino
acids improves blood compatibility and increases cell viability. These effects are proportional to
the increase in the hydrophobicity of chitosan modified with amino acids of different hydropathy
indices.

Studies have evaluated the osteogenic capacity of films of chitosan modified with anionic
carbohydrates, and have found that the presence of 4-chondroitin sulfate (chondroitin 4-sulfate)
promotes BMSC cell proliferation. ' The modification of chitosan with integrin-binding
consensus peptides common to cell matrix proteins like RGD (Arg-Gly-Asp) and GRGD (Gly-
Arg-Gly-Asp) increases the adhesion of multiple cell types (e.g. osteosarcoma, osteoblasts and
fibroblasts). ' However, functionalization methods for cell adhesion peptides are expensive
and often require multiple stages of conjugation. While several studies have demonstrated the
advantages of modifying chitosan to promote cell interaction selectivity, chitosan has the
disadvantages of low water solubility, in vivo de-polymerization and hemo-incompatibility. '*
The ideal polyelectrolyte would be stable over a wide pH range, and would require simple and
inexpensive modification methods.

Polyelectrolytes like maleic anhydride derivatives have the advantage of a high degree of
water solubility over a wide pH range, in addition to being biologically active. '* The high degree
of reactivity of the co-monomer maleic anhydride allows the synthesis of alternating copolymers
that can be used as platforms for functional modulation, providing a high degree of chemical
versatility that can be enhanced by modification with biomolecules that favor the required
biological response. '° Given the reactivity of the maleic anhydride co-monomer and the easiness
of synthesizing alternating copolymers, in addition to their water solubility and excellent

biocompatibility, the use of these copolymers as platforms for the covalent attachment of amino



acids, allows to obtain functionalized polyelectrolytes with enhanced properties such as, their
biocompatibility and therefore would allow for the development of active surfaces that promote
cell adhesion.

Polymeric films were developed in this work based on poly(maleic anhydride-alt-styrene)
[PSMA] modified with amino acids of different hydropathic indices (H): L-glutamine (H = -3.5),
L-tyrosine (H = -1.3) and L-methionine (H = 1.9), '” with the aim of evaluating the effect of
modifying film surface properties (wettability, surface energy, hysteresis, roughness and charge
density) on the adhesion of human SH-SY5Y neuroblastoma cells. The human neuroblastoma
SH-SYS5Y has served as a robust in vitro model of multiple neuronal events such as migration,
differentiation and neuritogenesis. '*'* They are sensible to different stimuli which has made it
particularly well suited for study the neuron-to-substrates interactions. *° Thus, taking advantage
of the sensibility of SH-SYSY cells we evaluated their response the physicochemical

characteristics of modified PSMA-substrates.

EXPERIMENTAL SECTION

2.1 Materials

The monomers maleic anhydride (MA) and styrene (S); the amino acids L-glutamine (reagent
grade >99% TLC), L-methionine (>98% TLC) and L-tyrosine (reagent grade >98%, TLC); and
3-aminopropyltriethoxysilane (APTES,> 98%) were obtained commercially from Sigma-
Aldrich. The NaCl and NaHCO; salts and all the solvents used, including benzene,
dimethylsulfoxide (DMSO), ethanol, 25% ammonium hydroxide, hydrogen peroxide and
deuterated dimethylsulfoxide (DMSO-Dg) were obtained commercially from Merck. Silicon

wafers were obtained commercially from Silicon Quest, USA.



Deionized water of 0.055 pS/cm conductivity, 18.2 MQcm resistivity and TOC (total organic
carbon) content below 10 ppb obtained from a LabStar 4-DI deionizer was used to prepare the
aqueous solutions.

2.2 Poly(maleic anhydride-alt-styrene) Synthesis

Poly(maleic anhydride-alt-styrene) copolymer, PSMA, with a molecular weight of
M,=6.3x10" g/mol, was synthesized by radical polymerization by mixing equimolar amounts of
previously purified styrene and maleic anhydride monomers, obtaining an alternate copolymer
given by the value of the reactivity ratio of the co-monomers which is approximately equal to
zero. *' Anhydrous benzene was used as a solvent, and 8% of o,a-azobisisobutyronitrile (AIBN)
was used as the initiator. The synthesis was carried out at 60 °C in an N, atmosphere for 2 h.

2.3 Determining Molecular Weight

The average viscosimetric molecular weight (Mv) of the PSMA polymer of 63.000 g/mol was
determined by measuring the viscosity of PSMA solutions with THF as a solvent at 30 °C. The
weight was calculated with the Mark-Houwink-Sakurada equation, using the constants a=0.81
and k=5.07x10". *** A polydispersity value of 1.7 was obtained. Polydispersity was obtained
using size exclusion chromatography (SEC) using a Waters Styragel HMW-6E column, solutions
of 1 mg/mL in tetrahydrofuran as solvent and polystyrene standards (18200, 42300, 83000 and
189000 Da) with a flow of 0.3 mL/min.

2.4 Functionalizing PSMA with Amino Acids

The PSMA copolymer was functionalized by mixing equimolar amounts of PSMA with the
amino acids L-glutamine (Gln), L-methionine (Met) and L-tyrosine (Tyr), using DMSO as the
solvent and 0.3 % triethylamine (TEA) as a base at a constant temperature of 80 °C, under an N,

atmosphere (Scheme 1). The progress of the modification reactions was monitored by FT-IR



spectroscopy. The final stage of the reaction was established when the bands at 1854 cm™ and
1779 cm™, which belong to the two carbonyl groups of maleic anhydride, disappeared and bands
that belong to the carbonyls of the amide and carboxylic acid groups were observed at ~1660 cm’
"and ~ 1710 cm™, respectively. **

The disodium salts of the modified polymers were obtained by treating them with aqueous
solutions of NaHCO; (in a 1:2 polymer:NaHCOs ratio) for 10 days. The solutions were then
ultrafiltered and lyophilized. The salts of the polyelectrolytes obtained with the amino acids, L-
glutamine, L-methionine and L-tyrosine, were respectively labeled PSMA-Gln, PSMA-Met and

PSMA-Tyr. Their structures are represented in Scheme 2.

Scheme 1. Reactions to obtain salts from polyelectrolytes derived from PSMA modified with

amino acids. R represents the side groups of the amino acids: a) glutamine, b) methionine and c)

tyrosine.
o, OH
e
c n
X Benzene o DMSO
— AIBN c// TEA
—_— H,;N—CH— —_—
< SN =C c o N ¢
0Z No” o 60°C 07 N X |Iq OH 8o°c o? \TH 0
2h N2
HC—C//
|\
R OH
NaHCO;
R=
a) | b) | c)
<I:H2 THz CH,
CH, CH, [¢] c/ONa
| | :
Cc S
0// \NHz |
CH;3
/C
OH 0% nH o
Gin Met Tyr HT_ c(/



2.5 FT-IR Spectroscopy

KBr discs were prepared with 2 mg of polymer and 100 mg of KBr to characterize pure PSMA
and copolymers functionalized with amino acids. The FT-IR spectra were obtained with a Bruker
Vector Model 22 at 25°C. The spectra were collected at 4 cm™ data intervals (scanner velocity:
10 kHz; background: 32 scans; sample: 32 scans). The calibration model for PSMA and
functionalized PSMA was built with Bruker OPUS version 6.5 software (Bruker, Ettlingen,
Germany) based on PLS (Partial Least Squares) regression.

2.6 Magnetic Resonance of Proton and Carbon-13 (‘H-NMR and “"C-NMR)

To study 'H-NMR and "C-NMR, ~80 mg of PSMA and of each copolymer functionalized
with amino acids were dissolved in DMSO-D6 (0.5 mL). The 'H-NMR and “C-NMR spectra
were examined using an Advance-400 spectrometer at 25°C.

2.7 Quantitative Elemental Analysis

Quantitative elemental compositions were determined in an elemental analyzer (CE
Instruments, Eager 200 model). The samples were prepared in quantities of 2 mg in tin crucibles,

under a constant flow of helium and injection of oxygen gas.



Scheme 2. Polyelectrolyte structures: a) PSMA-GlIn, b) PSMA-Met, and c) PSMA-Tyr
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2.8 Polyelectrolyte Adsorption on Solid Surfaces

Polymeric solutions were prepared by dissolving the polyelectrolytes PSMA-GIn, PSMA-Met
and PSMA-Tyr in 0.001 M and 0.1 M solutions of NaCl. The pH was adjusted to pH 4.0 and pH
7.0 by adding HCI or NaOH as appropriate. The concentration of the polyelectrolyte solutions
varied between 1.0x10” g/L and 1.0 g/L.

The silicon wafers wused as substrates were chemically modified with 3-
aminopropyltrimethoxysilane (APTES) by oxidative washing *> in order to obtain a
homogeneous amino acid-terminated monolayer covalently bound to the silicon wafer. *°
Subsequently, the modified silicon wafers were immersed in 2 mL of the polyelectrolyte

solutions for 3 h, and then washed with deionized water and dried with an N, flow. The quantity

of polyelectrolytes adsorbed on the surface was determined by ellipsometry.



2.9 Adsorption Isotherms

The adsorption isotherms were obtained by ex-situ ellipsometry in a variable angle
ellipsometer L116S300 STOKES (Gaertner Scientific Corporation, USA) equipped with a He-
Ne laser with a wavelength of A = 632.8 nm and an angle of incidence, ® of 70° at a temperature
of 25+1 °C. The quantity of polyelectrolyte adsorbed I' was determined according to the
relationship between the thickness of the adsorbed layers (dpoly), the concentration (cpoly) and the
variation of the refractive index of the polyelectrolyte solutions (dy/dc). >” The thickness of the
adsorbed polyelectrolyte layer was calculated from the ellipsometric angles A and ¥ using a
multilayer model composed of substrate-medium or substrate-unknown layer (APS or
polyelectrolyte film-medium), using the Elli computer program, based on the ellipsometry
equation and iterative calculations with Jones matrices. ** Thus, it is possible to determine only

the thickness of the adsorbed polyelectrolyte, d.,,. The small differences in refraction indices n

poly*

of the substrate, polyelectrolyte, and solution made an independent determination of n,, and d

poly poly

impossible. Therefore, n_,, was kept constant as 1.50 and d_,, was calculated. ** It is important to

poly poly

remember here that, if the index of refraction assumed for the adsorbing polymer layer lies in a

22,27

reasonable range (between 1.40 and 1.60), the product n,, d,, should be a constant value.

poly “poly

This product is the parameter necessary to calculate the adsorbed amount I" from equation 1:

d (n —-Ng)
_ Spoly \tpoly="o) _
= dp/de - dpolycpoly (1)

where n, is the refraction index of the solution measured with an Abbe refractometer AR4,
d,/d. is the increment of refractive index determined with an interferometric refractometer, and

c,,, 18 the average polyelectrolyte concentration within the layer. ***” For the present systems, n,

poly

was measured for each concentration, and d,/d, amounted to 0.16 mL/g at the temperature of 23



+ 1 °C. The dn/dc measurements were performed using an OPTILAB DSP interferometric
refractometer from Wyatt Technology instruments of sensitivity 0.002 Refractive Index Units.

The refractive indices n = 3.88 - 10.018 for pure silicon, n = 1.00 for air and n = 1.462 for thin
layers of SiO, were used to determine the thickness of the SiO, layer. The average thickness
obtained after several measurements was 1.2+0.2 nm. To determine the APS monolayer, it is
necessary to know the refractive indices n = 1.424 for APS and n = 1.00 for air. > The thickness
obtained for this layer after several measurements in air was 0.9 - 1.2 nm.

2.10 Polymeric Surface Wettability

The wettability of the polymer surfaces was determined by contact angle measurements on the
PSMA, PSMA-GIn, PSMA-Met and PSMA-Tyr films using a Drop Shape Analyzer DSA25S
(KRUSS, Germany) using the Sessile Drop method at a temperature of 25 °C. Sessile water
drops of 8 pLL were used for determine the advancing contact angle (6apv), and then the volume
was reduced to 4 pL to measure the receding contact angle (Orec). The hysteresis in the contact
angle measurements (AO = Oapy -Orec) was calculated from the difference between (0apv) and
(Orec). The measurements were performed automatically and controlled by Advance® software
(KRUSS, Germany) obtaining images of drop for 1 min, where no changes were observed
associated to drop evaporation. At least three spots were done in each sample to make sure we
get the same result. Additionally, measurements of contact angle were made using drops of 5 puL

in order to rule out effects of volume on the spherical shape and contact angle of the drop.



2.11 Polymeric Surface Energy

Droplets of 5 uL of water, dilodomethane or ethylene glycol were deposited on PSMA-Gln,
PSMA-Met and PSMA-Tyr films to determine surface energy. At least three measurements were
made for each type of polymer surface with each type of solvent. The surface energy was
calculated automatically by Advance® software (KRUSS, Germany) from the water,
diiodomethane and ethylene glycol contact angles (0) obtained once thermodynamic equilibrium
was reached (as described by the Young-Laplace equation and the harmonic mean equation
proposed by Wu). The latter equation was developed from the surface tension (y°) of a
material, considered as the sum of its dispersive (y°) and polar components (y") that best
describe the interactions between a liquid and a polymeric surface with respect to other methods.
30-32

2.12 Polyelectrolytes Film Topography and Surface Potential

The surfaces of the polyelectrolyte films were analyzed by atomic force microscopy (AFM)
and Kelvin force microscopy (KFM) with an AFM/SPM Controller 9500 Series System,
(Keysight Technologies, CA, USA) with a 7500 scanner. The surfaces were scanned in the
magnetic-AC mode (MAC-Mode® Keysight) with a scan rate of 0.3 Hz, using commercial
AC200TS three-sided silicon probes (Olympus). The height and amplitude of AFM images were
determined at room temperature (23-25 °C). Commercial KS-HQ:XSC11/Pt umasch probes were
used for the KFM. All Image analysis and root mean square (RMS) roughness was determined
with Keysight PicoView software.

2.13 Cells Culture and Cell Viability

Human SH-SYS5Y neuroblastoma cells (CRL-2266, American Type Culture Collection,

Rockville, MD) were cultured (humid, 5% CO, atmosphere and 37°C) in MEM-F12 medium



supplemented with 10% FBS, non-essential amino acids, antibiotic—antimycotic mixture, and 20
mM HEPES buffer, at pH 7.2. The cell culture medium was replaced every two days. The effect
of the polyelectrolytes on cell viability was quantified by MTT assay following the
manufacturer’s instructions. Briefly, 5,000 cells were plated in each well of a 96-well microplate
and cultured for 24 hours in the presence of different concentrations of polyelectrolyte solutions
(in triplicate). The cell culture medium was replaced with 110 pL of fresh medium supplemented
with 1,1 mM MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and
incubated for 4 hours. Mitochondrial dependent formation of a colored product was terminated
by adding 100 pL of SDS-HCI solution, followed by 12 hours of solubilization at 37 °C.
Absorbance as a measure of product formation was read at 570 nm. **

2.14 4-HNE Immunofluorescence

Oxidative stress induced peroxidation of cell membrane lipids was assayed through
immunohistochemistry against 4-HNE. ** AbCam, UK Poly-clonal antibody ab46545, was
diluted 1:200 as indicated by manufacturer's instructions. > Briefly, Human SH-SY5Y
neuroblastoma cells were seeded on top of clean and sterile acid-washed cover slips *° or silicon
wafers (1x1 cm) coated with fixed substrates (PSMA-GIn, PSMA-MET or PSMA-Tyr) that were
UV-sterilized for 15 min. After 24 hours culture, all substrates were washed with phosphate
buffered saline (PBS) and fixed for 20 minutes in a 4% paraformaldehyde PBS solution. Cells
were permeabilized by a 10 minutes incubation in 0.2% Triton-X-100 PBS solution. Unspecific
binding sites were blocked by incubating for 90 minutes in PBS containing 5% (w/v) of bovine
serum albumin (BSA, Sigma, USA). Cells were incubated overnight at 4°C with a 1:200 dilution
of anti-4 Hydroxynonenal antibody (ab46545; AbCam, UK) in PBS+5%BSA. Substrates were

washed three times with PBS (15 minutes), incubated for 90 minutes at room temperature with



Alexa-488-conjugated goat anti-rabbit IgG (1:1000 in PBS-5%BSA), washed three times with
PBS (15 minutes) and mounted on glass slides. Glass coverslips were inverted on top of a 25 ul
drop of mounting medium (FluorSaveTM (Merk)) while silicon wafers were glued to the glass
slide, overlaid with mounting medium and covered with a glass-coverslip. Labeled cells were
observed and photographed in a Zeiss LSM 710 confocal laser scanning microscope. Statistical
significance was determined using a one-way ANOVA and Tukey post-test.

2.15 Scanning Electron Microscopy

Cells grown on substrates (PSMA-Gln, PSMA-Met or PSMA-Tyr) were fixed with 4%
paraformaldehyde, 4% sucrose in saline, permeabilized with 0.2% Triton-X-100 in PBS,
incubated overnight at 4°C. Then the samples were then rinsed twice with PBS buffer at pH 7.0
for 15 min and fixed with 1% glutaraldehyde in PBS buffer for 2 h at room temperature. The
samples were then rinsed twice in PBS buffer. Finally, the samples were dehydrated in ascending

grades of ethanol (30, 50, 70, 80, 90, and 100%) and coated with a thin film of Pt/Pd.

3.  RESULTS AND DISCUSSION

3.1. Characterization of Polyelectrolytes

The FT-IR and "C-NMR polyelectrolyte spectra were contrasted to the PSMA spectrum to
provide a complementary confirmation of the successful modification of PSMA with the
different amino acids by opening the maleic anhydride ring and forming an amide bond. The IR
spectra (Figures S1-S3 Supplementary Material) show that the characteristic bands of the C=0
maleic anhydride PSMA group at 1854 cm™ and 1779 cm™ disappear, while two new bands
appear at 1664 cm™ and 1705 cm™ for PSMA-Gln, 1660 cm™ and 1703 cm™ for PSMA-Met, and

1637 cm” and 1718 cm™ for PSMA-Tyr. These represent the stretching of the associated



carbonyl group to an amide, and the stretching of the C=0 carboxylic acid group. The *C-NMR
PSMA spectra (Figures S4-S6 Supplementary Material) show the characteristic signals of the C
atoms of the C=0O group of the PSMA anhydride at 172.9 and 173.58 ppm. After modification,
these signals disappear and signals appear at 174.0 and 178.5 ppm representing the C atoms of
the C=0O groups of the carboxylic acids and the C=0O of the newly formed amide group. The
percentages of modification for PSMA-GIn, PSMA-Met and PSMA-Tyr obtained by elemental

analysis were respectively 81%, 98% and 80%.

3.2. Adsorption of Polyelectrolytes on Amino Acid-terminated Surfaces

Polyelectrolyte adsorption is strongly influenced by pH level and salt concentration.
Adsorption isotherms were obtained at pH 4.0 and 7.0, and at two salt concentrations, 0.1 and
0.001M, to determine the type of interaction that governs adsorption behavior. The
polyelectrolyte absorption rates at pH 4.0 were higher for PSMA-GIn and PSMA-Tyr when the
salt concentration was 0.1 M. This behavior is adjusted to what is termed "increased adsorption
by shielding", which implies that the forces that modulate the interaction between the surface and
polyelectrolyte are mainly of the hydrophobic type and can be explained by the screening of the
charged segments of the polyelectrolyte with sodium counter ions. In this case, PSMA-GIn and
PSMA-Tyr behave like a neutral polymer, while with PSMA-Met the electrolyte absorption rate
decreases with the salt concentration at 0.1 M. This behavior is determined by the "decreased
adsorption by shielding" described by Van der Steeg *’ and implies a modulating force. The
interactions between the positively charged amino acid-terminated surface and the -COOH group

of the polyelectrolyte are mainly electrostatic.



The polyelectrolyte adsorption rates at pH 7.0 are lower than at pH 4.0, but similar at the two
salt concentrations (Table 1, Figure 1) except for PSMA-Tyr. The pK1 of the PSMA-Tyr
carboxylate group is 4.3 lower than the pK1 of PSMA-GIn and PSMA-Met (see Table 1). The
lower pK1 value of PSMA-Tyr is associated with a larger number of carboxylic groups than with
carboxylate groups. Considering that the propyl-amino group on the surface has a pKa close to
3.7, * it is expected that at pH 7.0 the absence of the amino acid-terminated surface charge
promotes H-bonding, and hydrophobic interactions between the phenol of the PSMA-Tyr side
chain and the amino acid-terminated surface, increasing the quantity of PSMA-Tyr.

On the other hand, it is well known that the adsorption process is determined by a balance
between enthalpy and entropy of the system. In fact, an important theoretical study has shown
that the balance between entropic and enthalpic contributions are the forces that drive the

adsorption of polyelectrolytes onto surfaces of opposite charge. >’

In this context, the
contribution to the enthalpy in the adsorption process implicates in part the water desolvation of
the “icelike” around the non-polar moieties of side chain of the polyelectrolyte. ** This process is
endothermic involving small values of enthalpy. However, the adsorption of polyelectrolytes, at
the same time is an exothermic process where hydrophobic interactions of the non-polar groups
of amino acid residues and of the main chain of polyelectrolytes are promoted with low enthalpy
values. Therefore, the total contribution to the enthalpy is low or close to zero and the adsorption
process should be determined by the entropy. Rubio et al. analyzed the effect of the molecular
architecture of the polyelectrolytes on the adsorption process, finding that the adsorption of the
polyelectrolyte is not driven exclusively by the electrostatic interactions, entropic contributions

being of fundamental importance, and arise mainly from the release of counterions during the

adsorption process. *' On the other hand, the water desolvation of the non-polar polyelectrolyte



residues in the aqueous solution, results in entropy increase. In this way, the adsorption of a more
disordered polyelectrolyte to the surface, as compared with their ordered conformation in
solution, also contributes in a gain of entropy for the adsorption process.

Regarding this point, the stability of the films also was studied. The desorption experiments in
deionized water at 72 hours showed a reversible adsorption. At pH 4.0, the amount of
polyelectrolyte desorbed varied between 15-20% for both ionic strengths, while at pH 7.0 the
percent desorption was on average close to 50%. We also determined the adsorption constants
(Kads) which are summarized in Table S1 (Supplementary Materials), these values are in a range
between 3.15 x 10° L/mol and 5.04 x 10" L/mol which reflect a high affinity of PSMA-Gln,
PSMA-Met and PSMA-Tyr with the amino-terminal surface. At pH 4.0, when increasing the
ionic strength, an increase of one order of magnitude of K,4 is observed for PSMA-Met and
PSMA-Tyr while PSMA-GIn remains constant. At pH 7.0, when increasing the ionic strength, an
opposite behavior is observed, where the K,4s values remain practically constant for PSMA-Met
and PSMA-Tyr and increase in one order of magnitude for PSMA-GIn. This behavior could be
related to the entropic contribution due to the release of sodium counterions during the
adsorption process rather than the electrostatic interactions, and also due to the cooperative effect

between the first polyelectrolyte chains adsorbed on the following polyelectrolyte chains”.

Table 1. Experimental pKapp values for polyelectrolytes and reported pKa values for amino

acids
Polyelectrolyte pKapp Amino acids pKa
Amino acid PKappi PKapp2 pKa,; pKa, Hydropathy index
-COQ group -COOgroup -COO'group  -NH; group
Gln 4.90 8.20 2.17 9.13 -3.5
Met 4.90 7.90 2.28 9.21 1.9

Tyr 4.30 8.20 2.20 9.11 -1.3
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Figure 1. (a) Mean quantities of adsorbed polyelectrolytes in the plateau region (I'piacau) at

different levels of pH and ionic strengths. (b) Adsorption isotherms obtained for PSMA-Gln,

PSMA-Met and PSMA-Tyr on amino acid-terminated surface at pH 4.0 and 7.0 under ionic

strength of 0.1 M (black circle) and 0.001 M NacCl (red rhombus).



3.3. Polyelectrolyte Films Wettability
Table 2. Advancing (0apv) and receding (Orgc) contact angles and hysteresis (A0) in the contact
angle for PSMA-GIn, PSMA-Met and PSMA-Tyr of 6.3x10* g/mol at the 0.5 g/L adsorbed on

hydrophilic surfaces at 0.1 and 0.001 mol/L NaCl and at pH 4.0 and pH 7.0

pH Cracl Polyelectrolyte

(mol/L) Film Oa0v () Orec () AOC)

PSMA 29:1 5941 101

0.001 PSMA-Gln 6741 4551 2241

: PSMA-Met 603 382 2243

0 PSMA-Tyr 661 4722 1942
: PSMA S1L] 4412 72
o PSMA-Gln 661 5412 1242

: PSMA-Met 672 591 81

PSMA-Tyr 691 455l 2441

PSMA 5302 3815 1544

0.001 PSMA-Gln 682 A2 2742

: PSMA-Met 61+2 4022 212

2o PSMA-Tyr 581 3502 2342
: PSMA 502 3153 1953
o PSMA-Gln 7241 5321 1941

: PSMA-Met 7423 4351 2642

PSMA-Tyr 7341 5043 2342

The advance contact angles (0apy) of the polyelectrolyte surfaces using deionized water as a
solvent (Table 2) showed moderate effects of ionic strength and pH on the wettability of the
polyelectrolytes films. At pH 4.0 and lower ionic strength, there were a larger number of charge
groups because screening was reduced. Under this condition, the polyelectrolyte was more
extended because charges are repulsed. In this case, PSMA-GIn and PSMA-Tyr adopted loop-
like shapes that expose the phenyl group of the main polymer chain to the air, resulting in
hydrophobic domains in the polyelectrolyte film. while PSMA-Met exposed the -COO" group of
main chain, resulting in a surface with a less hydrophobic character. As was expected, the
deprotonated carboxyl groups of the side chain of PSMA-Met interacted with the amino groups

of the amino acid-terminated surface through electrostatic interactions. PSMA-GIn H-bonding



between the amino groups of the side chain and the amino acid-terminated surfaces favored
exposing hydrophobic residues to the air at pH 4.0 and high ionic strength, so that there was
more screening of —COO™ groups of lateral and main chain of polyelectrolytes and therefore the
polyelectrolytes behaved as neutral polymers when the chains are coiled due to the intra or inter
molecular interactions. Under these conditions, the PSMA-Tyr film is hydrophobic, likely
because aromatic styrene rings and the side chain are exposed to the air, thus decreasing the
wettability of the film and giving it a more hydrophobic character. In the case of PSMA-Met, the
low value of the hysteresis angle obtained shows a greater chemical homogeneity in this surface
with respect to PSMA-GIn and PSMA-Tyr. This result suggests that the property of wettability
of PSMA-Met is given mainly by the exposure of a certain functional group rather than a
hydrophilic/hydrophobic balance of the main and lateral chain groups.

A slight effect of the hydropathic amino acid index on polyelectrolyte wettability is observed
at pH 7.0 and the higher ionic strength, while at the lower ionic strength, the PSMA-GlIn film is
more hydrophobic, even when the Gln hydropathic index is negative (hydrophilic). This pH
value corroborates that the amino groups of the PSMA-GIn side chain interact by H-bonding
with the amino groups of the modified surface, leaving a greater number of phenyls of main
chain groups exposed to the surface.

In most cases, the polyelectrolytes adsorbed onto the amino acid-terminated surface, exposing
a mixture of hydrophilic and hydrophobic groups in their structures, which is reflected in the
high hysteresis values, and therefore the surfaces are rather heterogeneous chemically, given the

presence of polar groups and hydrophobic residues in the polyelectrolyte structures.



Considering that the highest amount of adsorbed polyelectrolyte occurred at pH 4.0, studies of
surface energy, topography, surface potential and cell adhesion were performed on films

prepared at pH 4.0 at low and high ionic strength.

3.4. Surface Energy of Polymeric Films
Table 3. Advance Contact angles of the water (Bw), dilodomethane (6p) and ethylene glycol (0g)
and surface energy with polar (y") and dispersive components (y") of the polymer films obtained

at different ionic strengths at pH 4.0

D

P

Chac . Ow Op Ok Y Y Y
Polyelectrolyte Film 5 5 5
(mol/L) ©) ©) ©) (mJ/m”) (mJ/m”) (mJ/m”)
PSMA 49+1 411 301 412+291 14,7+6,52 559+943
PSMA-GIn 67+1 44+1 47+1 37,6+5,76 6,3+2,55 44,0+831
0.001 PSMA-Met 60+3 33+1 37+1 425+545 82+293 50,7+8,38
PSMA-Tyr 66+1 39+1 33+2 395+725 172+3,25 56,7+10,5
PSMA 511 42+1 24+2 40,0+3,69 105+1,69 50,4+5,33
PSMA-GIn 66+1 38+2 40+2 409+048 7,1+0,89 48,0+1,37
01 PSMA-Met 67+2 41+£2 38+2 36,6+104 11,4+5,08 47,9+15,5
PSMA-Tyr 69+1 42+£3 36+1 39,1+381 80+£1,27 47,0+5,08

Table 3 shows the contact angles obtained using polar-non-polar solvent of water (0y),
ethylene glycol (0g) and diiodomethane (Op), and the surface energy determined for the
polyelectrolyte films. The surface energy values of all the polyelectrolyte films are relatively
similar (in a range of 44 to 56 mJ/m®) regardless of the amount of salt added, while the surface
energy values of the unmodified polyelectrolyte were slightly higher. The surface energy of
organic polymeric materials can be classified as low, medium and high. Low surface energy
levels were in the range of 10 to 30 mJ/m”. Medium surface energy is between 30-40 mJ/m* and

2 42

solid surface high energy surfaces are above 40 mJ/m”. ™~ Therefore, the polymer films obtained



in this work can be considered as having high surface energy. The relative contributions of the
components to surface energy (y) are determined by the chemical composition of the surface.
The polar component (y") is composed of several polar interactions that include hydrogen
bridges, dipole-dipole interaction and induction energy, while the dispersive component (y°) is
mainly due to London dispersion forces.

Figure 2 shows that the dispersive component of the surface energy of all the polymeric films
is much greater than the polar component, which suggests that the governing interactions are
London dispersion forces and to a lesser extent dipole-dipole interactions or hydrogen bridges.
This confirms the theory that polyelectrolytes are mainly adsorbed on the surface in a
hydrophobic/hydrophilic balance exposing of their side chains and the hydrophobic groups of the

main chain to the air, as suggested by the wettability of the films, such as shown Scheme 3.
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Figure 2. Surface energy (y) with the polar (y") and dispersive components (y°) calculated for

PSMA, PSMA-GIn, PSMA-Met and PSMA-Tyr films obtained at different ionic strengths



Scheme 3. Graphic representation of polyelectrolytes adsorbed onto amino-terminal surfaces
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3.5. Polymeric Film Topography, Roughness and Surface Potential

Following the incubation, the grafted APTES silicon surfaces were removed from the
polyelectrolyte solution prepared at one of two levels of ionic strength; 0.001 and 0.1 M NaCl,
rinsed, and dried with N, stream, and then immediately analyzed by the atomic force microscopy
(AFM). The AFM images in Figure 3 show the surface morphology of the polyelectrolyte films
on the APTES grafted silicon surfaces after incubation. Very homogeneous and regular polymer
deposits are observed in all cases and at both ionic strengths. Two kinds of morphology were
adopted, a well-defined globular nanostructure for PSMA-Met and PSMA-Tyr, and a densely
packed nanofibrous-like structure for PSMA-GIn. Ionic strength affected the nanostructures
forming polyelectrolyte surfaces. Although the surface morphology domains were preserved in
both cases, the higher ionic strength value caused a slight decrease in size of the nanostructures

forming the surface domains, which was reflected in surface roughness values. Table 4 shows



that for all the electrolytes, surface roughness was greater with the lower ionic strength. At 1mM
NaCl, the shielding effect of the Na" counter ion on the charged polyelectrolyte is low and
consequently there is a large number of charged groups in polymer network where electrostatic
repulsion takes place. These results in the polymer being more extended on the APTES grafted
silicon surface, with consequent increased surface roughness. These surface morphology and
roughness parameters are consistent with what is described above regarding polyelectrolyte film
wettability and surface energy.

Surface potential results using Kelvin force microscopy (frequency modulation) (KFM) for
PSMA, PSMA-GIn, PSMA-Met and PSMA-Tyr were respectively 81, 39, 23 and 14mV. These
results show higher surface potential values for PSMA and PSMA-GIn. The pKal and pKa2
values were respectively 2.9 and 6.4 for PSMA, and 4.3 and 8.2 PSMA-GIn. These values
indicate that at pH 4.0 there are groups, -COOH and —COQ’, with the latter contributing to
electrostatic repulsion in the main and lateral chains of the polyelectrolyte. This behavior concurs
with the type of 2D nanostructure observed in the PSMA and PSMA-GIn films, which concurs
with the low RMS value obtained. It has been reported that an increase in the charge density of a
polyelectrolyte induces the adsorption of chains parallel to the surface because a more extended
shape is adopted that results in flatter films and a higher surface charge. * PSMA-Met and
PSMA-Tyr behaved differently where the carboxylic groups (protonated and deprotonated),
phenyl groups, -S- and —CH,- groups in side chain, generated less repulsion between the charged
segments. In this case, hydrophobic interactions and the hydrogen bridge are more important,
giving rise to globular nanostructures (3D) that contributed to increased surface roughness.

Studies indicate that the correlation between the potential difference and the roughness of



polyelectrolyte films derived from poly(maleic anhydride-alt-styrene) depends mainly on the
hydrophobic character of the polyelectrolyte side chain. *°

Table 4. RMS of the polymeric films obtained at different ionic strengths at pH 4.0

Cnaci Polyelectrolyte ~ Root Mean Square

(mol/L) Height (nm)
PSMA 2.24
PSMA-GIn 0.59
0.001 PSMA-Met 2.62
PSMA-Tyr 2.99
PSMA 1.37
01 PSMA-GIn 0.39
' PSMA-Met 242

PSMA-Tyr 2.39




0.001 mol/L NaCl 0.1 mol/L NaCl

PSMA

PSMA-GIn

PSMA-Met

PSMA-Tyr

Figure 3. AFM images (1.5 um x 1.5 pm) of the polyelectrolytes adsorbed onto a solid surface at
ionic strength of 0.001 and 0.1 mol/L NacCl, at pH 4.0. The inset (0.5 um x 0.5 um) on PSMA-

Gln images show a zoomed view of polyelectrolytes structure.



3.6. Cell Response to PSMA Modified Substrates

25,000 SH-SYS5Y neuroblastoma cells were plated on UV-light sterilized PSMA coated silicon
surfaces (1 cm?), with aforementioned amino acid functionalization. They were compared to
cells growing on glass coverslips (in the presence or absence of polylysine). Random fields were
photographed under phase contrast microscopy and cells per field was counted in a double-blind
fashion at 24, 48 and 72 hours. As can be seen in Figure 4, the cell number per field was
consistently and proportionally higher at hour 27 hour/doubling time reported for these cells, **
suggesting that SH-SYSY cell proliferation was not significantly affected by the different PSMA

modified substrates.

600
24 h

500 -

bompe
N

400

300 - 72 h

A o =

200 T :72.'" ;
100 - T u

!

Cells Number

|
0 T T T T T T T T T T T
P P e o N S g g PSP
o O QS §$ F & &F &F ¥ R\al\ o\ o
T L L ECLLLLEL

Figure 4. SH-SYS5Y neuroblastoma cell proliferation is not impaired by different PSMA
modified substrates. 25,000 SH-SY5Y neuroblastoma cells were plated and cultured for 24, 48
and 72 hours on different substrates (glass, polylysine-coated glass, PSMA-GIn, PSMA-Met,

PSMA-Tyr). Random fields were photographed under phase contrast microscopy and the cell



number was determined in a double-blind fashion. Cell proliferation was not altered in response
to the different substrates.

The functionalized PSMA substrates elicited different responses from SH-SYSY
neuroblastoma cells, likely reflecting the differences in hydrophilicity/hydrophobicity of the
exposed surface. As can be observed in Figure 5, SH-SYS5Y cells spread easily over acid-washed
glass coverslips in the absence or presence of a polylysine coating. In contrast, amino-acid
functionalized PSMA-polyelectrolytes significantly diminished the spread of cells compared to
standard substrates. Only PSMA-Met appeared to induce an increase in lipid peroxidation, which
could be interpreted as a stress signal or a change in cell metabolism (Figures 5B and C
respectively). Some works have demonstrated the mechanistic aspects of the oxidation by free
radicals of sulfur in methionine, which causes lipid peroxidation and formation of reactive
oxygen species in neuronal systems. * This could suggest that the amino acid residue of
methionine in PSMA-Met could have the same effect on neuroblastoma cells. Nevertheless, the
treatments did not affect cell viability, as measured by the MTT assay (Figure 5D), which

suggests that PSMA-Met modifies SH-SY5Y neuroblastoma response to the substrate.
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Figure 5. The area covered by SH-SYSY cells on polyelectrolyte-modified substrates were
reduced (B), but without altering cell viability. SH-SYS5Y cells were plated on different
substrates (A) and cultured for 24 hours (37°C, 5% CO,). Cells were fixed and stained for
immunofluorescence to determine the presence of 4-HNE, a membrane lipid peroxidation marker
that indicates damage to cell membranes in response to experimental toxicity (C). Cells
identified and counted by DAPI-nuclear staining (405 nm, CYAN) were imaged for 4-HNE and
found to be significantly fewer in number than the controls. Only cells plated on PSMA-Met
showed a significant increase in lipid peroxidation, which indicates increased oxidative damage.

Nevertheless, cell viability, as determined by MTT reduction, was not altered, even when cells

were plated on plastic and treated with higher concentrations of polyelectrolytes in solution (D).
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Figure 6. SH-SYSY cultured on (a) glass, (b) polylysine, (¢) PSMA-GlIn, (d) PSMA-Met and (e)
PSMA-Tyr. SH-SYS5Y cells responded to PMSA-Met substrates with significant process
extension and cell shape remodeling. Control cells a and b, glass and polylysine, respectively
had fusiform (two processes) and pyramid (three process) shapes characteristic of
undifferentiated neuroblastoma cells. Cells grown on PSMA-Met (d) had a stellate shape, with 5
or more processes, many of which extended over 5 um from the cell body. Cells grown on
PSMA-Gln (c) present fewer and shorter processes.

As can be seen in Figure 6, differences in the shape of SH-SYSY cells reflects their sensitivity
distinct PMSA-substrate characteristics. Control cells (glass and polylysine, respectively)
consistently present fusiform (two processes) or pyramidal shapes (three processes) characteristic
of undifferentiated SH-SYS5Y. These cells also present well defined actin-rich areas that are
consistent with focal adhesion. When cultured on PSMA-Met, SH-SYSY cells present a stellate

shape, with 5 or more actin-rich thin processes that extend 5 pm or more from the cell body. In



contrast, when seeded on PSMA-GIn, SH-SYS5Y cells have a round morphology, with fewer and
shorter processes. The shape suggests that these cells are in a higher state of proliferation, an
effect that did not appear to be significant when cell proliferation was assessed (Figure 4). While
suggestive, these results do not shed light on whether PSMA-GIn substrates inhibit

neuroblastoma cell proliferation or PSMA-Met substrates induce cell differentiation.

20 ym

Figure 7. SEM images of SH-SYS5Y cell cultures after 24 h on (al, a2, a3) PMSA, (b1, b2, b3)

PSMA-Gln, (cl1, c2, c3) PMSA-Met and (d1, d2, d3) PMSA-Tyr



Figure 7 shows the morphology of the SH-SY5Y cells cultured on the surface of PMSA,
PMSA-GIn, PMSA-Met and PMSA-Tyr. The cells cultured on PSMA-Met have a well-extended
morphology, characterized by a much larger cell area than that of cells cultured on PSMA-GIn
and PSMA-Tyr, as can be seen in Figure 6. Cells on the surface of unmodified PSMA and
PSMA-Tyr have a spindle-like morphology characterized by a small cell area and a high aspect
ratio. The well-extended morphology that predominates on the surface of PSMA-Met is
associated with its moderate hydrophilicity and topography. Although the hydropathic index of
PSMA-Met is the most positive (hydrophobic), the orientation and conformation of PSMA-Met
allows for obtaining a surface of moderate hydrophilicity associated with the heterogeneity of the
hydrophilic domains due to its polar (-COOH and -NH;) groups in its main and lateral chains,
However, the low hysteresis value obtained for PSMA-Met suggests a greater chemical
homogeneity of its surface. According to the results of immunofluorescence 4-HNE, a greater
response in lipid peroxidation associated with sulfur group present in methionine, would indicate
that the chemical nature of the surface of PSMA-Met would be given mainly by the exposure of
the groups -S- towards the air, which would participate in the process of oxidation by free
radicals. At the same time, PSMA-Met substrates affected cell spreading, increasing the
formation of cell extensions in a manner reminiscent of cell differentiation. likely reflecting a
cellular response to the low value of hysteresis angle of the exposed surface. Homogeneous
overall structure probably provides cells with more attachment sites, thus improving their
adhesion to the substrate. While suggestive, these results do not shed light on whether PSMA-
Gln substrates inhibit neuroblastoma cell proliferation or PSMA-Met substrates induce cell
differentiation. Some works have related the optimal adhesion of neuronal cells with a greater

formation of neurites on surfaces of moderate hydrophilicity. * The wettability of the surfaces



4748 \what would

has been related to the ability of the surface to adsorb proteins from the serum,
facilitate the cell adhesion. Another factor to consider could be related to the roughness of the
surface, it has been reported that rougher surfaces achieve a positive response in the cellular
adhesion of SH-SY5Y, while other authors have shown that roughness can play minor functions

. . 49,50
in the response mobile. ™

In our case, the roughness of the surface is determined by the effects
of repulsion or formation of aggregates given by the presence of charged groups (-COO™ group)
as well as the chemical functionality of polyelectrolytes. The contribution of these effects is
reflected in the surface potential values, where the highest values are associated with repulsive
effects (PSMA and PSMA-GIn) while the lowest values are related to hydrophobic or hydrogen
bridge interactions. For this last case, the associative interactions and roughness would promote
the adhesion of SH-SYS5Y. In the case of surface energy, the similarity of values between
PSMA-GIn, PSMA-Met and PSMA-Tyr would indicate that surface energy is not a determinant
physicochemical parameter in the behavior of cell adhesion.

Finally, polyelectrolyte films modified with amino acids of different hydropathic indices are
presented as a simple and low-cost platform, where their properties of wettability, roughness,
surface energy and surface potential can be modulated through their chemical functionalization,
as well as, the control of the pH and the ionic strength of the medium. The ability to modulate
these properties has a direct effect on cell adhesion behavior by observing significant changes in
cell processes. The advantage of modulating on simple way the surface properties has not been

observed in other polyelectrolyte systems.



CONCLUSIONS

The adsorption behavior of polyelectrolytes functionalized with amino acids on an amino acid-
terminated surface depends on the chemical nature of the polyelectrolyte side chain, its ionic
strength and the pH level of the solution. The largest quantity of polyelectrolytes adsorbed was at
pH 4.0 and high ionic strength, with more polyelectrolytes adsorbed by the glutamine and
tyrosine films than by the methionine film. The contact angle measurements of the
polyelectrolyte films showed that wettability at pH 4.0 is governed by the
hydrophilic/hydrophobic balance given by hydrophobic domains of the main polyelectrolyte
chain, and by the nature of amino acid moiety, while that at pH 7.0 there was an evident
contribution of the effect of the hydropathic amino acid index on polyelectrolyte wettability. The
AFM images of polyelectrolyte surfaces showed two kinds of morphology, a well-defined
globular nanostructure for PSMA-Met and PSMA-Tyr, and a densely packed nanofibrous-like
structure for PSMA-GIn. Cell adhesion assays showed that SH-SYS5Y cells cultured on PSMA-
Met had a well-extended morphology, characterized by much larger stellate shaped cells, with
five or more actin-rich thin processes, while SH-SYS5Y cells that were seeded on PSMA-Gln and
PSMA-Tyr have a round morphology, with fewer and shorter processes.

These results indicate that it is possible to modulate the surface characteristics of
polyelectrolyte films based on their chemical functionality and environmental parameters such as
pH and ionic strength, in order to evaluate their effect on cell adhesion.

In conclusion, films obtained from polyelectrolytes functionalized with amino acids can be a
simple and low-cost platform for cell adhesion control aimed at developing biomaterials with

modified surface properties.
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