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Abstract. This study reports the synthesis of ultrathin polymeric films through layer-by-layer deposition and
covalent cross-linking of poly(2-vinyl-4,4'-dimethylazlactone) and branched poly (ethylene imine) (PEI) which
were functionalized with aromatic amines that encompass anilines. To assess the effect of these aromatics
molecules on the adhesion and proliferation of Langerhans B-cells, we prepared 35 bilayers of unfunctionalized
and functionalized films with aromatic amines, which were characterized in terms of their physical, chemical,
and biological properties by a battery of experimental techniques including 'H and '3C, NMR, mass
spectrometry, attenuated total reflectance Fourier transform infrared spectroscopy, field emission scanning
electron microscopy and cell adhesion and staining. The films were nanometric, transparent, resistant to
manipulation, chemically reactive, and highly cytocompatible. We demonstrated that films functionalized with
aromatic molecules support the attachment and growth of in vitro Langerhans B-cells. This study provides the
basis for a general approach to designing and functionalizing ultrathin films that promote cell growth on
surfaces of interest for investigation in cell biology studies and a broad range of other biomedical applications.
Keywords: Ultrathin films; azlactone; B-cells; aromatic amine.

Resumen. En este estudio se describe la sintesis de peliculas poliméricas ultrafinas mediante la técnica de capa
por capa y la reticulacion covalente de poli(2-vinil-4,4'-dimetilazlactona) y poli etilenimina (PEI) ramificado y,
se funcionalizaron con aminas aromaticas que engloba las anilinas. Para evaluar el efecto de estas moléculas
aromaticas en la adhesion y proliferacion de las células B de Langerhans, se prepararon peliculas de 35 bicapas
y se funcionalizaron con aminas aromaticas; se caracterizaron en términos de sus propiedades fisicas, quimicas
y bioldgicas mediante una serie de técnicas experimentales que incluyeron 'H y '3C, RMN, espectrometria de
masas, espectroscopia de infrarrojo por transformada de Fourier, microscopia electrénica de barrido por emision
de campo y tincioén celular. En general, las peliculas fueron nanométricas, transparentes, resistentes a la
manipulacidon, quimicamente reactivas y altamente citocompatibles. Se demostr6, ademas, que las peliculas
funcionalizadas con moléculas aromaticas favorecen la adhesion y el crecimiento de células B in vitro. Este
estudio establece las bases de un enfoque general para diseflar y funcionalizar peliculas ultrafinas, que
promuevan el crecimiento celular en superficies de interés, para la investigacion en estudios de biologia celular
y una gama amplia de aplicaciones biomédicas potenciales.

Palabras clave: Peliculas ultrafinas; azlactona; células ; aminas aromaticas.
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Introduction

With much of our lives spent sedentarily and with food being so readily available, metabolic diseases
are becoming a real problem.[1] Metabolic syndrome (MetS) is a collection of issues such as obesity, high
blood pressure, high cholesterol, and difficulty in metabolizing carbohydrates, increasing the risk of type 2
diabetes.[2] Insulin resistance and hyperinsulinemia in the body are linked to MetS, but it's still unclear which
of these comes first.[3-5] Both of these issues affect the pancreas, which produces, stores, and releases insulin
to keep blood sugar levels in check. This connection between MetS and how the pancreas works shows the
importance of understanding the problem with the pancreas in MetS. [6]

A serious global health issue, diabetes mellitus is a non-communicable, multifactorial, complex
metabolic condition.[7] It is characterized by abnormalities in the metabolism of carbohydrates, proteins,
and lipids brought on by defects in insulin secretion, insulin synthesis, or both.[8,9] Obesity is a significant
risk factor for the onset of type 2 diabetes (T2D), as is well known. Since 1975 to the present, the incidence
of obesity has increased thrice globally, which has contributed to the sharp increase in T2D prevalence in
recent years.[10,11] Due to increased adipose tissue bulk and decreased FFA clearance, obesity is linked to
raised amounts of circulating free fatty acids (FFAs).[12] Higher amounts of free fatty acids being released
from the esterification of fat in the body have been linked to this.[13] Rising evidence suggests that higher
FFA levels may play a role in the etiology of T2D and hence serve as a mechanistic link between obesity and
diabetes. According to a large body of evidence, the two main abnormalities that underlie the
pathophysiology of T2D are insulin resistance and pancreatic B-cell dysfunction.[14,15] Lipotoxicity is a
frequent term for these harmful effects of FFAs on glucose homeostasis.[16] The ability of islet cells to make,
store, and insulin release in response to nutrients like glucose, lipids[17], and a subset of amino acids
distinguishes them from other types of cells. The B-cells are incredibly sensitive to the nutrient’s environment
and can change significantly the amount of insulin produced within minutes due to a complex process called
stimulus-secretion coupling in response to changes in blood glucose levels (between 4.5 and 8 mM).[18-21]

Surface-microfabrication techniques have been widely used to control cells in cultures. Different
surface properties like charge, hydrophilicity, and topology have been used to influence how cells attach.
Also, recently, different types of molecules have been attached to regulate growth, differentiation, and
apoptosis.[22]

This research builds on other studies that have discussed creating materials that can either help or
prevent mammalian cells and bacterial cells from sticking on a surface.[23-25] In this study, we report a step
toward these broad goals through the creation of covalently crosslinked and chemically reactive ultrathin
films that are easily modifiable to encourage cell adhesion. Our method is based on techniques for the reactive
layer-by-layer fabrication of thin polymer films to create surface coatings that can be functionalized and
patterned post-fabrication to present a wide range of chemical or biological functionality.[26] These films
will allow us to seed B-cells to analyze their adhesion and growth behaviour with aromatic amines; their
study is vital because of the important role B-cells play in glucose homeostasis.[27]

The method described here is based on techniques for fabricating thin polymer films on surfaces one
layer at a time.[28] Given that layer-by-layer assembly allows for precise control over the thicknesses and
compositions of multicomponent polymer films and can be used to deposit conformal coatings on the surfaces
of topographically or topologically complex substrates, it is a particularly useful technique for fabricating
surface coatings.[29] Our prior research has shown that the chemically reactive polymer poly(2-vinyl-4,4'-
dimethylazlactone) (PVDMA) can be used to produce crosslinked thin films via reactive layer-by-layer
assembly. The PVDMA azlactone activity quickly forms a 'click'-type reaction with primary amines, laying
the groundwork for reactive layer-by-layer assembly with polymers containing primary amine groups.[30,31]
The structure of this strategy is shown schematically in Fig. 1.
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Fig.1. (A) Schematic drawing of the prepared LBL assembly, (B) LBL film with PVDMA at the uppermost
layer (35 bilayers).

The synthesis of PVDMA was carried out by condensing acryloyl chloride (1) with 2-methylalanine
(2) to produce the amide (3), which was reacted with ethyl chloroformate to obtain the vinyl-azlactone (VDMA)
(4). This monomer was polymerized with the activation of AIBN to obtain PVDMA (5) (see Fig.2(A)). In
particular, PVDMA reacts rapidly at room temperatures with primary amines, and aromatics amines in this
study, making these materials attractive for the synthesis of a functionalized reactive thin film that can be easily
modified post-fabrication with any chemical and/or biological motif that permits the interactions with cells.
Due to its swiftness and precision, this ring-opening reaction has become a handy resource for many organic
synthesis projects (Fig. 2(B)).
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Fig. 2. (A) Steps to obtain the PVDMA, (B) The ring-opening reaction of PVDMA with aromatics amines.

In this report, we describe the fabrication of a PVDMA/PEI ultrathin thin film functionalized with
aromatic amines (aniline (6a), 4-nitroaniline (6b), benzylamine (6¢), and 2-methoxyphenethylamine (6d)), to
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demonstrate that these films functionalized with HAAs can promote adhesion and growth of -cells.[32] During
food cooking, heterocyclic aromatic amines (HAAs) are produced. HAAs have been tested in mice, proving to
be carcinogenic, inducing liver, gastrointestinal tract, pancreas, mammary gland, and prostate cancers. These
results with HAAs in solution. In this report, the aromatic amines covalently bound to the films were studied,
and the capacity of this modified surface on B-cell adhesion and proliferation was evaluated. Therefore, it is
important to study the biocompatibility of films functionalized with aromatic amines. Inspection of the optical
images reveals that B-cells have adhered and grown normally on these surfaces.

Experimental

Materials and methods

Acryloyl chloride (97 % containing 400 ppm phenothiazine stabilizer), 2-methylalanine (98 %), ethyl
chloroformate (97 %), triethylamine (99 %), NaOH (reagent grade), HCI (reagent grade, 37 %), 1, 4-dioxane
(99.8 %), 2,2'-azobis (2-methylpropionitrile) (98 %), Branched poly (ethylene imine) (PEI, MW = 25000)
reagent grade, DMSO, hexane, acetone, glass microscope slides, aniline, 4-nitroaniline, benzylamine and 2-
methoxyphenethylamine were purchased from a commercial source (Aldrich) and use without further
purification. Anhydrous solvents for organics synthesis were prepared by passing through a solvent purification
tower. Compressed air used to dry films and coated substrates was purchased from Aldrich.

General procedures

Glass substrates (76 x 25 mm) used as a surface for the films, were cleaned with acetone, ethanol,
methanol, and deionized water and dried with compressed air. The optical thicknesses of films deposited on
glass substrates were determined using Field Emission Scanning Electron Microscopy (FESEM), thicknesses
were determined at least five different standardized locations on each substrate. Laser scanning confocal
microscopy images were acquired on a Leica TCS SP8 laser scanning confocal microscope (Mannheim,
Germany). Thin-layer chromatography (TLC) was performed on silica gel Fs4 plates (Merck). All compounds
were detected using UV light. Melting points were obtained on an Electrothermal 88629 apparatus and are not
corrected. Infrared spectra (IR) were recorded on a Perkin Elmer FT-IR 1600 spectrometer. 'H and '3C NMR
spectra at 400 MHz and 100 MHz, respectively, were recorded on a Bruker Avance III spectrometer in CDCls,
DMSO-ds with TMS as the internal standard. Mass spectra were obtained on an Agilent Technologies 5975C
MS Spectrometer at 70 eV by direct insertion and an Agilent HPLC (Mod 1100) coupled to MSD version SL.
UV/Vis absorption spectra were obtained using Cary 50 spectrophotometer. Fluorescence spectra were recorded
on a Photon Technology International Fluorescence System (USA) with a 1 cm standard quartz cell. Single
crystal X-Ray diffraction Smart Apex. Gel permeation chromatography (GPC) was performed on a Variant
9002 chromatograph equipped with a series of three columns (Phenogel: OH-646-K0, OH-645-K0, and OH-
643-K0) and two detectors: a refractive index detector (Varian RI-4 and a triangle light scattering detector (LS
detector MINI-DAWN, Wyatt). The measurements were performed in THF at 35 °C. Polystyrene standards
were used for the calibration of the LS detector. THF was used for the mobile phase at a 0.7 mL/min flow rate.
Sample solutions were prepared using 20 mg/mL concentration and filtered through a 0.45 um PTFE membrane
filter before analysis.

Synthesis of 4,4-dimethyl-2-vinyloxazol-5(4H)-one (4). VDMA (4) monomer was synthesized using
procedures reported by Rivero et al. [26]

2-acrylamide-2-methylpropanoic acid (3). 2-Methylalanine (2) (2.0 g, 0.0194 mol) in NaOH (1.8 g,
0.0442 mol), 2,3-di-tert-butyl-4-methoxyphenol (2.0 mg, 0.009 mmol) was weighed into a 100-mL round-
bottomed flask equipped with a magnetic stir bar and dissolved in distilled water (4.8 mL). The solution was
stirred in an ice bath until the temperature was ~ 4 °C. Acryloyl chloride (1) (2.0 g, 0.0221 mol) was added
slowly using an addition funnel for approximately 5 min. The reaction was stirred for 3 hours. After that,
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concentrated HCI (~ 2.5 mL) was added slowly to the reaction solution until the solution reached pH 2, and a
white precipitate formed. The solution was stirred for an additional 30 min on ice. The product was filtered in
a Buchner funnel and rinsed with cold acetone. White solid. Yield: 2.25 g, 74%. Rf = 0.66 (ethyl acetate 100 %).
mp 187-189 °C. FT-IR (ATR) v / em™ 3340(N-H), 3073(C-H), 2991(C-H, CHs), 1705(C=0), 1649(C=0),
1599(C=C). 'H NMR (400 MHz, DMSO d¢) J 8.35 (s, 1H, NH), 6.26 (dd, Htrans, J=17.0 Hz, JHtrans-
Hcis=10.0 Hz, 1H, Vin), 6.02 (dd, Htrans, J=17.2 Hz, JHtrans-Hgem=2.4 Hz, 1H, Vin), 5.55 (dd, Hcis, J/=10.0
Hz, JHcis-Hgem=2.4 Hz, 1H, Vin), 1.34 (s, 6H, C(CH3),). *C NMR (100 MHz, CDCl3)  176.0, 132.0, 126.0,
125.9, 55.67, 25.60. MS m/z: 157.2* (4 %), 112.2*(100 %) amu.

4,4-dimethyl-2-vinyloxazol-5(4H)-one (4). N-Acryloyl-2-methylalanine (3) (1.9 g, 0.0122 mol),
triethylamine (2.5 mL, 0.0183 mol), and acetone (44.0 mL) were combined in a two-neck flask round-bottomed
flask. The reaction mixture was purged with argon while cooling in an ice bath until the temperature was about
5 °C. Ethyl chloroformate (1.7 mL, 0.0183 mol) was added very slowly using a pressure-equalizing addition
funnel. Once the addition was complete the reaction was stirred on ice under an inert atmosphere for 3 hours.
The solution was filtered using a Buchner funnel, and the precipitate was washed with cold acetone. The filtrate
was concentrated via rotary evaporation and purified by vacuum distillation (bp ~ 70 °C, 60 mbar). Clear liquid.
Yield: 0.86 g, 45%. Rf=0.83 (ethyl acetate 100%). FT-IR (ATR) v/cm! 2984(C-H), 2938(C-H, CH3), 2868(C-
H, CHs), 1818(C=0, ester), 1666(C=N imine), 1596(C=C). 'H NMR (400MHz DMSO ds) J 6.30 (dd, Htrans,
J=17.6 Hz; JHtrans-Hcis= 9.60 Hz, 1H, Vin), 6.23 (dd, Htrans, J=17.6 Hz; JHtrans-Hgem=2.0 Hz, 1H, Vin),
5.92 (dd, Hcis, J=9.60 Hz, JHcis-Hgem=2.0 Hz, 1H, Vin), 1.47(s, CHs, 6H). 3C NMR (100 MHz, CDCl;) ¢
180.6, 159.1, 129.0, 124.1, 65.5, 24.4. MS m/z: 139.2*(5%), 111.2* (45%), 95.2* (43%) amu.

Synthesis of Poly(2-vinyl-4,4’-dimethylazlactone) (PVDMA) (5). AIBN, 2,2’-azobisisobutyronitrile
(2.6 mg, 0.02 mmol) was added into a 10-mL Schlenk flask equipped with a stir bar, anhydrous 1,4-dioxane
(0.7 mL) was added. The mixture was stirred until the AIBN was dissolved completely. Later, VDMA (4) (0.2
g, 1.6 mmol) was added to the flask, and the flask was capped with a septum and purged with argon for 25 min.
The reaction mixture was stirred at 70 °C for 16 hours. At the end of the reaction, the flask was cooled in an ice
bath, acetone (~1 mL) was added, and hexane was added to precipitate the product. The polymer was
precipitated twice in hexanes. White solid. Yield 0.2 g, 95%. GPC: Mn=67,300 g/mol; PDI=1.03. FT-IR (ATR)
v/ cm' 2981, 2933 (C-H), 1818 (C=0), 1666 (C=N). 'H NMR (400 MHz, CD;COCD3) § 2.84(m, 2H, CH, -
CH2CH-), 2.01(m, 1H, -CH>CH-), 1.37(s, 6 H, -CHs).

Layer-by-Layer fabrication of films

Solutions of PEI and PVDMA were prepared in acetone (20 mM regarding the molecular weight of
the polymer repeat segment). All the ultrathin films were fabricated layer-by-layer on glass substrates
automatically based on the following: (1) the glass was introduced into the solution of PEI for 20 s, (2) the glass
was removed and submerged in an acetone bath for 20 s followed by a second acetone bath for another 20 s,
(3) glass was introduced in a solution of PVDMA for 20 s, and (4) glass was rinsed in the form described above.
This sequence was repeated in 35 cycles. Films were dry under a stream of compressed air and stored in a
vacuum desiccator. All films were fabricated at room temperature.

Post-fabrication functionalization of thin films

PEI / PVDMA films 35 bilayers were functionalized post-fabrication by immersing film-coated
substrates in solutions of either aniline, 4-nitroaniline, benzylamine, and 2-methoxyphenethylamine 20 mM in
DMSO at room temperature for ~24 hours. Films were soaked in DMSO for ~1 hour after functionalization and
the DMSO was changed at least once during the soak, washed with ETOH, and dried with compressed air before
being analyzed or being used to grow p-cell cultures.

Characterization of adhesion and growth of §§ cells on PEI/PVDMA films
B-cell line RIN-mSF cells (American Type Culture Collection, ATCC, USA) were grown in RPMI-
1640 medium supplemented with 10 % fetal bovine serum, 10 U/mL penicillin, 10 pg/mL streptomycin, and
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25 pg/mL amphotericin B. The culture medium was changed every 3 to 4 days and also passaged once per
week, according to previous work.[33] Cultures were maintained at 37 °C in a humidified atmosphere of 95 %
air and 5 % CO,. Cells were seeded onto 100 mm plates at 230,000 cells/mL density and allowed to grow at
90 % of confluence. Next, cell cultures were recovered and grown on coverslips composed of PEI/PVDMA
films 35 bilayers at a density of 2.3 X106 cells in a 10 mL RMPI culture medium. Furthermore, at 72 of
incubation, cells were rinsed twice with cold PBS 1X, fixed with paraformaldehyde (2 %), and crystal violet
stained. In previous work, this cell line was a cellular model to characterize physiopathological conditions such
as metabolic overload.[34]

Results and discussion

The LBL technique enables the assembly of reactive polymer thin films in a wide variety of substrates.
This film was created in acetone and is driven by an interfacial reaction between poly (2-alkenyl azlactone) and
branched poly (ethylene imine). We created ultrathin films that are crosslinked and chemically reactive, making
them easy to modify with aromatic amines. The films can promote -cell attachment by presenting a broad
range of chemical or biological functionality. The approach uses azlactone-functionalized polymers, which are
highly versatile and reactive, to create surface coatings. This innovative technique could lead to significant
advancements in the field of cell adhesion and communication, then represent an adequate model to characterize
the physiology of Langerhans p-cells.

Surface reactivity is essential for creating materials that can be chemically modified with molecules
like aromatic amines to be used for seeding cells.[35]

As mentioned, the ultrathin film was made in an automated way, which has 4 stations as shown in Fig.
3; this cycle is repeated until the desired number of layers is obtained, for this study, it was 70 layers or 35
bilayers.

p-VOMA

U/ S

Fig. 3. Schematic illustration of the fabrication of the layer-by-layer ultra-thin films.

All films used in these initial studies were deposited on a glass slide substrate to allow the
characterization of film thicknesses and growth profiles using FESEM. Fig. 4 shows the appearance, thickness,
and topography of the ultrathin films.
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Fig. 4. Representatlve FESEM 1mages of the film: (A) image of a 35b11ayer th1n ﬁlm (B) and its measure. |

The thickness of the film was determined by FESEM by measuring in at least five different points,
giving an average value of 524 nm. It should be mentioned that the transparent films were obtained in an
automated system so that each layer of the film was built up uniformly. The fabrication of ultrathin films on
glass substrates allowed the characterization of the chemical structure of these materials using reflective infrared
(IR) spectroscopy. Inspection of these data reveals an absorbance peak at 1820 cm™ corresponding to the
carbonyl in the azlactone group of PVDMA. Closer inspection reveals the presence of a second absorbance
peak at 1647 cm™!, which corresponds to C-N functionality on the azlactone ring. Functionalized PVDMA—PEI
ultrathin films have been used in other studies to enhance cell performance and manage cell growth, and they
are reliable and sturdy even in biological settings. [36,37]

To move our research ahead, we looked into how well B-cells adhere and grow on PVDMA—PEI films
with aromatic amines (2a-d).

Fig. 5 shows optical images of the ultrathin films functionalized with aromatic amines. In this sense,
we performed the growth of the B-cell cultures on the PVDMA—-PEI films, representative images are shown,
which correspond to 2a (Fig. 5(A)), 2b (Fig. 5(B)), 2d (Fig. 5(C)), and 2¢ (Fig. 5(D)). The results suggest an
adhesion process and, therefore, a differential growth between the different samples, particularly a higher
capacity for 2b (Fig. 5(B)). The images show normal growth in 2D and less growth in 2A and 2C. It is the nitro
group (electron withdrawing group) that influences the greater growth of beta cells. The mechanisms are
complex, but they could be associated with the adsorption and sequestration of signaling molecules such as
growth factors and membrane receptors.

=
Fig. 5. Schematic representation of the ultrathin films functionalized w1th (A) aniline, (B) 4-nitroaniline. (C)

benzylamine and (D). 2-methoxyphenetylamine.
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Conclusions

The layer-by-layer technique has recently been validated as a practical and versatile approach to
constructing functional films. The process of Lbl assembly is straightforward, and its interest has grown due to its
flexibility and ability to control the thickness of the film growth.[26,38] Based on that, ultrathin polymeric films
of 35 bilayers of PVDMA/PEI were constructed. The ultrathin films were robust, transparent, and resistant again
mechanical manipulation and pressure, with smooth and uniform surfaces. The films were functionalized with
aromatics amines like aniline, 4-nitroaniline, benzylamine, and 2-methoxyphenethylamine and B cells were
seeded. The results of this work suggest that the PVDMA/PEI ultrathin films can be used to modify surfaces with
chemical or biological functionality, like proteins, peptides, or small molecules like aromatics amines, to design
ultrathin films to investigate B-cells or other broad areas of medicine or biotechnology. It is worth mentioning that
the nitro group interacts with the membrane proteins of the B-cells, resulting in cytocompatibility for the cells.
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