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ARTICLE INFO ABSTRACT

Keywords: Chitosan nanocoatings (thickness range of 120-540 nm) were produced on glass, zinc and silicon

Chito?an nanocoating substrates with dip-coating and spin coating techniques to study their pH-dependent wetting and

‘S/\‘/"’ihﬁ_t swelling behaviour. The coatings were N-acetylated with the methanolic solution of acetic an-
ettability

hydride to increase the degree of acetylation from 36 % to 100 % (according to ATR-FTIR
studies). The measured contact angles of Britton-Robinson (BR) buffer solutions (pH 6.0, 7.4
and 9.0) were lower on the acetylated surfaces (ca. 50°), than that of their native counterparts (ca.
70°) and does not depend on the pH. Contrary, contact angles on the native coating deteriorated
10°-15° with increasing the pH. In addition, for native coatings, the decrease of the contact angles
over time also showed a pH dependence: at pH 9.0 the contact angle decreased by 7° in 10 min,
while at pH 6.0 it decreased by 13° and at a much faster rate. The constraint swelling of the
coatings in BR puffer solutions was studied in situ by scanning angle reflectometry. The swelling
degree of the native coatings increased significantly with decreasing pH (from 250 % to 500 %)
due to the increased number of protonated amino groups, while the swelling degree of acetylated
coatings was ca. 160 % regardless of the pH. The barrier properties of the coatings were studied
by electrochemical tests on zinc substrates. The analysis of polarization curves showed the more
permeable character of the acetylated coatings despite the non-polar character of the bulk coating
matrix. It can be concluded that in the case of native coatings, 49 % of the absorbed water is in
bound form, which does not assist ion transport, while in the case of acetylated coatings, this
value is only 33 %.
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1. Introduction

Chitosan is a widely used [1-3] biopolymer, which is made from chitin by partial alkaline deacetylation [4]. It is a copolymer
consisting of glucosamine and N-acetyl-glucosamine units, the ratio of which is expressed by the degree of acetylation (DA).

Coatings from chitosan can be applied in drug release systems [5], in corrosion protection [6,7], or in membrane technology [8,9],
in which the penetration of various species into the coating typically takes place in an aqueous environment. In this case, the fact that
the coatings are in a swollen state cannot be ignored, the extent of which (due to the cationic properties of chitosan [10]) is also
influenced by the pH of the medium [11].

The swelling of chitosan-based hydrogel layers is mostly monitored by thin layer optical techniques like spectroscopic ellipsometry
[12,13] or quartz crystal microbalance [14,15] for nanocoatings. These studies deal with the pH dependence of the swelling, but the
effect of DA has been poorly investigated.

In our previous paper [16] the permeability and barrier properties of chitosan nanolayers were investigated as a function of their
DA. The N-acetylation of the layers was performed using acetic anhydride dissolved in methanol. It was found that DA significantly
affects the surface properties of the coatings and their permeability to cationic species. Despite the widespread use of acetylation to
create water repellency [17], N-acetylation increased the wettability of the coating and reduced its barrier properties. This motivated
us to give insights into the interaction of the bulk material of the N-acetylated layer with water. Hence, in this study, the swelling
characteristics of a native and a highly N-acetylated chitosan nanocoating were investigated as a function of pH by in situ scanning
angle reflectometry (SAR [18-20]) in aqueous media and the effect of pH and DA are tested.

The thin layer optics, however can only provide reliable information about the swelling if only the thickness of the layer increases
during the process (constraint swelling [21,22]) due to the constraint imposed by the attachment to the substrate. The phenomenon of
constrained swelling was verified by two independent methods in this work: by measuring the lateral movement of nanoparticles
mixed into the coating that is well known in the literature [23] and by the effective medium approximation which has not been used
earlier. For comparison, the wetting kinetics of the not modified and the highly N-acetylated nanolayers were also studied with
aqueous solutions of different pH. In addition, we also performed electrochemical tests, based on the results of which we obtained
information about the volume of water channels important for ion transport in the swollen layers. The results can be utilized in
controlled drug delivery and in membrane technology processes.

2. Experimental section
2.1. Reagents

All chemicals were used as received without any further purification. Methanol (99.9 % a.r.), isopropyl alcohol (99.7 %, f.a.) and
acetic anhydride (f.a.), were provided by Reanal (Hungary), acetic acid (99.8 % f. a.) by Lachner (Czech Republic), and hydrochloric
acid (37 % f.a.) and sulfuric acid (96 %, f.a.) by Carlo Erba (Italy). Chitosan (Medium molecular weight: 200,000-300,000 Da, Degree
of deacetylation: 75-85 %), phosphoric acid (85 %, f.a.) and boric acid (99.5 % f.a.) were purchased from Merck (Germany), NaOH
from Fischer Chemical (USA) and NaySO4 (97 %, f.a.) from Lachema (Czech Republic). Water was purified by a Milli-Q system
(Millipore Simplicity 185) and had a specific electrical resistance of 18.2 MQcm (ultrapure water).

2.2. Sample preparation

2.2.1. Coatings preparation

For the sake of different tests, we produced the coatings on different substrates. The UV-Vis spectroscopy and microscopy required
a transparent substrate, so glass were used and most of the further tests were performed on these samples (IR-spectroscopy, AFM and
contact angle measurements). Zinc was used for the electrochemical measurements, because in this case a conductive substrate was
necessary so that the sample could be used as an electrode. SAR measurements required a highly reflective substrate without backside
reflection, so silicon was used, but it was not possible to create the coating for this surface with dip-coating (due to the low polarity of
the surface), so spin-coating technique was used. SEM and AFM measurements were also performed on the coatings applied to silicon
to validate their thickness and get information about the surface morphology. Before coating preparation, the glass substrates (soda-
lime glass microscope slides, Menzel-Glaser, Germany) were washed with 5 % (w/w) aqueous detergent solution, 10 % sulfuric acid
solution, isopropyl alcohol and ultrapure water. The Zn plates (Bronzker Bt., Hungary) were prepared by wet grounding on SiC papers
(P80 to P2500 particle size) and then polishing by a diamond suspension (3 pm). After the polishing, the substrates were cleaned in
ethanol, isopropyl alcohol, and ultrapure water. Before the coating deposition they were immersed in aqueous solution of hydrochloric
acid (0.1 M) to clean any remaining zinc-oxide from the surface [16,24]. The silicon substrates (Double Side Polished, 100, Siegert
Wafer GmbH, Germany) were cleaned with isopropyl alcohol and ultrapure water, and then plasma treated for 5 min with a Smart-
Plasma 10 laboratory plasma system (Plasma Technology GmbH, generator: 40-100 kHz, 300W) for improving the wettability of the
surface by the polymer solution. The power was set to 50 % (150 W) and the pressure was 15 Pa.

The 1 % chitosan solution was made by preparing 49.5 mL 1 % (v/v) acetic acid solution from 500 pL 98 % acetic acid and 49.0 g
ultrapure water and dissolving 0.5 g chitosan powder in it. The 1.5 % solution was prepared the same way from 0.75 g chitosan, 500 pL
acetic acid and 48.75 g ultrapure water. The solutions were stirred for 24 h, then centrifuged with a HERMLE Z36 HK device at 4000
rpm for 30 min to remove the not soluble particles. The coating deposition onto the glass and zinc substrates was performed at room
temperature from the 1 % chitosan solution with a dip coater made by Ploész Mérnokiroda Kft., Hungary. The withdrawal speed was of
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5 cm/min. Onto the silicon substrates the nanolayer was formed by spin-coating (SCS 6808 Spin Coater, using spinning speed of 9000
rpm) from the 1.5 % chitosan solution (in that case the thickness of the resulted coatings will be similar to that of the dip coated ones).
After one dip, the samples were dried overnight.

2.2.2. Chemical modification of the coatings

Some of the prepared coatings were N-acetylated using acetic anhydride dissolved in methanol with the method reported by Choi
et al. [25]. In the case of the coatings on glass and zinc substrates, three coatings were immersed into 25 mL methanolic solution and
agitated for 24 h on a Heidolph Rotamax 120 laboratory shaker. The concentration of acetic anhydride was 13.33 mM. In the case of
the coatings on silicon substrates, three samples were immersed in 5 mL reagent solution with a concentration of 3 mM. In all cases the
amount of acetic anhydride was 7.5 molar equivalent for the amount of polymer in one sample (calculated from layer thickness,
surface area and number of samples). The chemically modified coatings were cleaned with methanol and dried at 22 °C for 20 min. We
introduce an abbreviation from the native chitosan samples (CS) and the N-acetylated chitosan samples (A-CS).

2.3. Examination of surface properties

2.3.1. AFM measurements: surface morphology

The AFM images on the samples deposited onto silicon substrate were recorded with an AIST-NT SmartSPM 1000 AFM device in
tapping mode. For the measurements a PPP-NCHR-20 needle (nominal radius <20 nm, made by NanoSensors) was used. The height
and phase image of the samples were recorded in a range of 2 x 2 and 20 x 20 pm. The data evaluation was carried out using the
Gwyddion software [26].

2.3.2. Wettability measurements

Water and buffer solution contact angles were measured on the CS and A-CS coatings deposited on glass substrates, to study the
chemical structure of the surfaces and the effect of pH on that [27]. Measurements were carried out with a Drop Shape Analysis System
(DSA30, Kriiss GmbH). Advancing contact angles were measured at 25 °C and at least 80 % humidity by the sessile drop method. The
data was recorded within the first 20 s after the 10 pL droplet formation. Receding contact angles were measured after removing 5 pL
liquid from the droplet. The difference of the advancing and receding angles were called contact angle hysteresis. The advancing
contact angles were also recorded for 20 min after dropping the liquid (data were measured in every 20 s). The measurements were
made with Britton-Robinson (BR) buffer solutions (pH 6.0, 7.4 and 9.0), the same fluids as those used in the swelling experiments.
Under these conditions, an important pH value in biological systems (7.4) and two extreme values can be examined (at pH 6.0 chitosan
is fully protonated, while at pH 9.0 it is completely deprotonated). The average values were calculated from the contact angles of at
least four droplets (n = 8).

2.4. Examination of bulk properties

2.4.1. UV-visible spectroscopy studies

The thickness and refractive index of the layers (on glass) were calculated by fitting a thin-layer optical model the transmittance
spectra (Hild method [28]). The spectra were recorded with 10 nm/s measuring speed, and 1 nm resolution from 350 to 1100 nm by an
Analytik Jena Specord 200 UV-Vis spectrophotometer. The thickness and refractive index were calculated from the fitted values of
twelve replicate samples (n = 12).

2.4.2. FTIR spectroscopic studies

The FT-IR spectra of the coatings on glass substrates were recorded in ATR mode using a Bruker Tensor 37 FT-IR spectrometer,
equipped with deuterated triglycine sulfate (DTGS) detector. The wavenumber range was 4000-650 cm ! and the resolution was 4
cm L. The baseline-correction of the spectra was carried out with the software of the spectrometer (OPUS 5.5). The degree of acet-
ylation (DA) of the coatings was calculated with the method reported by Domszy and Roberts, using the following equation [29]:

_ Aless
DA[%)] = <m> 100 €})

Where Ajgss and Asyso were the absorbances at 1655 cm ™! (peak of the amide group) and 3450 em™! (peak of the OH group)
respectively, and 1.33 represents the ratio of these two absorbances for fully N-acetylated chitosan. The DA values were calculated
from the FTIR spectra of six replicate samples (n = 6).

2.4.3. Scanning-angle reflectometry studies of dry and swollen coatings

The reflectance curves of the silicon supported coatings were recorded by a scanning angle-reflectometer made by Plész
Mérnokiroda Kft., Hungary equipped with a Thorlabs HNLO5L 15 mW He-Ne laser (4 = 623.8 nm), and a Thorlabs S120C silicon
photodiode detector. The reflectance was measured in the incidence range of 60°-80° for the bare silicon substrate, and in the inci-
dence range of 45°-65° in the case of the dry CS and A-CS coatings with 0.01° resolution. The thickness and effective refractive index of
the coatings were determined by fitting a theoretical reflectance function [30] to the measured data of twelve replicate samples (n =
12).
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For the swelling experiments, the measurements were carried out in a transparent cylindrical liquid chamber manufactured by
Plész Mérnokiroda Kft., Hungary. For the measurement the CS or A-CS sample was placed in the chamber, and it was filled with the
buffer solution or ultrapure water. Several reflectance curves were recorded 1, 10, 20, 30, 60, 120 and 180 min after the filling, in the
incidence range of 60°-80° with the same speed and resolution as before. An additional curve were recorded for the bare silicon
substrate in the filled liquid chamber with the same parameters for calibration. The refractive indices used in the optical model for the
ultrapure water and the buffer solutions were 1.332 and 1.334 respectively, measured with a Kyoto-kem RA-120 refractometer. The
values were calculated from the reflectance curves of three replicate samples (n = 3).

The buffer solution for the experiments was a Britton—Robinson buffer, which was made from an acidic solution containing 0.04 M
acetic acid, 0.04 M phosphoric acid, and 0.04 M boric acid. The required pH was achieved by adding the basic component (0.2 M
NaOH) to the mixture until the desired pH was reached (Checked with a Mettler Toledo InLab Micro glass combined electrode con-
nected to a Sartorius PB-11 pH meter).

2.4.4. Optical microscopic measurements

To study the phenomenon of constrained swelling, the lateral displacement of nanoparticles mixed in the (glass supported) coating
were measured in a dry and swollen state [22]. The change in the distance of selected pairs of particles was determined from dark field
images taken with an Olympus BX51 microscope. For detailed explanation, see Appendix A.

2.4.5. Electron microscopic measurements

To validate the thickness results obtained from the scanning angle reflectometric measurements, cross-section electron microscopic
images were made of a CS and an A-CS sample (on silicon substrate) with a Zeiss Leo 1540XB FE-SEM device. The samples were flash-
frozen in liquid nitrogen and broken. The images were taken at 5 kV at different magnifications. The layer thicknesses were determined
from the recordings with ten parallel measurements using the ImageJ software [31].
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Fig. 1. Recorded height (a, c) and phase (b, d) images for silicon-supported CS coatings (top) and A-CS coatings (bottom). The scale bar is 500 nm in
all cases. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.4.6. Electrochemical measurements

Coatings were deposited on Zn substrates to study their permeability in electrochemical tests [7]. DC and AC measurements can be
used to evaluate the layers proneness to electrolyte species transport. The result of potentiodymic polarization in low and high po-
tential range are the polarization curves from which the polarization resistance (Rp) and corrosion current density (icorr) can be ob-
tained [32]. The linear and semi-logarithmic polarization measurements were carried out in the range of OCP+20 mV and OCP+200
mV vs Ag/AgC,KClg,¢. They were recorded with a scanning speed of 0.166 mV/s. This reflects the oxidation rate of the metal due to the
interaction with aggressive species reached its surface, and characterizes the permeability of the barrier layer by an indirect way.
Electrochemical impedance spectroscopy (EIS) is an AC method utilized to obtain information about the behaviour of the coated
system. To perform EIS tests, 10 mV amplitude sinusoidal potential signal at open circuit potential (OCP) was applied in 10
mHz-100kHz frequency range. Electrochemical measurements were performed in an undivided three-electrode cell with a PARSTAT
2273 potentiostat. The bare Zn and the coated samples, with 2 cm? area [24] represented the working electrode. As reference electrode
Ag/AgCl/KClsys was used and as counter electrode a Pt wire. The electrolyte was 0.2 g/L NapSO4 which was kept at a constant pH (7.4)
with Britton—-Robinson buffer solution. Each measurement started with the open circuit potential (OCP) determination (1h) which was
followed the EIS and polarization measurements.

2.5. Statistical analysis

Mean with standard deviation and ANOVA test (with a significance level of p < 0.05) were used for the statistical analysis using
OriginPro 8.6 software (OriginLab Corporation, Northampton, MA, USA). Significant differences in the tables and figures are marked
with lowercase letters, where the different letters mean significantly different data points.

3. Results and discussion
3.1. Surface properties of the prepared coatings

When a solvent molecule penetrates into the coating, the interfacial region (or the surface) is the first barrier. Hence, the chemical
composition and morphology of this region can greatly affect the wetting and swelling properties. The morphology of the surfaces was
studied by atomic force microscopy, while contact angle measurements with buffer solutions provided information about the polarity
of surface functional groups.

3.1.1. AFM-studies

The recorded AFM images are shown in Fig. 1, where the height (Fig. 1a and c¢) and phase (Fig. 1b and d) images of the CS and A-CS
coatings on silicone substrate are summarized. The height image shows the height of the measured surface (the distance perpendicular
to the substrate plane), while the phase image is related to the interactions of the surface (areas with stronger interaction are brighter).
Based on the images, it can be concluded that the surfaces of the two coatings are quite similar. Both are rather smooth and flat, as the
difference in the height of the z-scale is only 3 and 6 nm in the case of the CS and A-CS coatings respectively. This smoothness can also
be seen from the surface roughness factors, which are 1.000 and 1.002 for the CS and A-CS coatings (determined on 20 x 20 pm?
areas). Although there is an observable morphological difference between the two kinds of coatings, this is largely due to the fact that
the z-scale magnifies surface irregularities, so it can be concluded that the chemical reaction does not have a significant effect on the
surface morphology. The results are very similar to those measured on the coatings we previously applied to glass substrate [16], and it
can be concluded that the reaction took place evenly and drying did not cause the wrinkling of the coatings.

3.1.2. Contact angles

The advancing and receding contact angles were measured on CS and A-CS coatings with Britton-Robinson (BR) buffer solutions of
pH 6.0, 7.4 and 9.0 (Table 1). The resultant contact angle hysteresis values are also shown here. As can be seen, the contact angles are
significantly lower for the A-CS coatings, which assumes that in some cases the short-chain and relatively polar acyl group cannot
render hydrophobic the coating, and in addition, the more polar OH groups remain intact in the reaction (see section 3.2.2). This

Table 1

Results of the contact angle measurements for all the studied coatings and measuring liquids. (©4: advancing contact angle - measured immediately
after dropping, O: receding contact angle, Hg: contact angle hysteresis, ©9 @, and t; are the parameters of Eq. (2) and A@ is the difference of © and
Oy). (Mean =+ standard deviation, n = 6, significant differences in each individual column are denoted by superscripts a-d, p < 0.05).

Sample Measuring liquid Measured values Fitted values (Eq. (2))
04 [°] Or [’] He [°] B [°] 0O, [°] A0 [°] t [s]
Glass/CS BR pH 6.0 70+3? 36+2° 34+1° 68+2° 55+1¢ 13432 43 +£13°
BR, pH 7.4 72432 40+2° 32+1° 70+0° 60£0° 10£0? 103+6°
BR, pH 9.0 73432 39+3° 34+1° 73427 67+3° 7+2° 102+8%°
Glass/A-CS BR, pH 6.0 51+2° 2542¢ 26:+2° 50+1¢ 45414 540 81+9"
BR, pH 7.4 48+3° 24+3¢ 24+3° 47414 43+1¢ 3+1% 117+8°
BR, pH 9.0 48+4° 22:+3¢ 26-+2° 48+1¢ 43+14 540 113477
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finding is in good agreement with our previously measured data, and can be explained by the reorganization of the functional groups at
the surface, which occurs during the N-acetylation reaction in methanolic medium and is then fixed by the rapid evaporation of the
solvent [16,33]. It should be noted that the measured contact angle values at the acetylated surfaces do not show pH dependence at all
(Fig. 2 and Table 2.) which confirms the presence of the N-acetylated groups at the surface.

The advancing contact angles (Fig. 2.) show a significant deterioration in the investigated time (t) range (20 min). An exponential
decay function [13] were fitted to the contact angles in the first 500 s for a deeper analysis of data. This is the range, where the
evaporation of the droplet can be safely neglected on contact angles. The equation of the fitted function is the following:

O (1) =04 + (0 — Oy )e ™" 2

where 04 is the advancing (measurable) contact angle in time, @ is the contact angle extrapolated to time zero in the process, @, is the
stationary value of the contact angle, and t is a constant characterizing the rate of decrease. The R? value was above 0.96 in all cases,
which shows that the empirical model is suitable for the fitting. The values of the fitted parameters are also shown in Table 1 for all
coatings and buffer solutions.

One can see from the table, that the &9 values do not differ significantly from the ©4 values measured on the same sample (n = 6, p
< 0.05) within 10 s after the drop formation. This shows that the contact angle values that can be determined this early in time,
adequately characterize the initial polarity of the air-dry coatings.

From the results in Table 1 it can be concluded that the surface groups of the CS layer are more mobile in the measuring liquid-solid
interfacial layer than those of the A-CS ones, especially at lower pH values (due to the swelling of the layer underneath the droplet, see
the swelling results later). This is reflected in a significant decrease of the water contact angles over time and, also, in the lower values
of the t; constant.

In the case of the CS coatings, the stationary contact angles become smaller (Table 1.) at lower pH of the measuring liquid due to the
increased number of protonated amino groups at the interface. The larger amount of protonated amino groups at lower pH creates a
more polar (hydrophilic) surface that facilitates the penetration of water molecules into the coating and the reorientation of functional
groups with their polar part toward the water phase. These processes result in a larger and faster decrease of contact angles (see the
lowest t; value for the CS sample at pH 6.0). The stationary contact angles (or the values measured during the decrease) for the A-CS
samples do not show significant pH dependence due to the lack of free amino groups at the surface. Additionally, the more crystalline
structure of the A-CS coatings [34] does not favor the reorganization of the polymer chains even at the surface.

3.2. Bulk properties: results

Once the species have passed through the interfacial layer, the properties of the bulk phase (such as polarity, chemical composition
and intermolecular interactions) become the determining factors. The bulk properties of the coatings were analyzed using IR and
UV-Vis spectroscopy, while the swelling characteristics of the coatings were studied in in situ experiments using SAR.

3.2.1. Thickness and refractive index of coatings: UV-Vis spectroscopy and SAR investigations

It was visible that all coatings on all substrates were contiguous and homogenous. The thickness and refractive index of coatings
were measured with thin layer optical analysis. For the dip-coated layers on glass substrate, UV-Vis spectroscopic measurements were
used. The transmittance spectra for the chitosan layers and the bare glass substrate are shown in Fig. 3a. The average thickness and
refractive index of the Glass/CS coatings were 389 + 9 nm and 1.540 + 0.001 (n = 12), respectively, while these data for the Glass/A-
CS samples were 539 + 10 nm and 1.517 + 0.001 (n = 12). That means an average increase in layer thickness of 38 + 2 %.

| —A—CS (BR, pH 6.0) —2A—A-CS (BR, pH 6.0)
354 —8—CS (BR, pH 7.4)—O—A-CS (BR, pH 7.4)
| —¥—CS (BR, pH 9.0)—<7~—A-CS (BR, pH 9.0)
30 + CsS I(UP wlater) |_D_ /'.\'CS (|UP Wgter) '

0

g T T T
0 200 400 600 800 1000 1200
Time [s]

Advancing contact angle [°]

Fig. 2. Advancing contact angles in time for coatings deposited on glass substrate with droplets of different liquids (BR means Britton-Robinson
buffer solution with a given pH). (Mean =+ standard deviation, n = 4).
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Table 2

Potentiodynamic parameters of bare and CS, A-CS coated Zn, in 0.2 g/L Na,SO4 aqueous solution with pH = 7.4 (OCP: open circuit potential after 60
min, E,: corrosion potetntial, R,: polarization resistance, P: pseudo-porosity, ic.: corrosion current density, b, and bg: cathodic and anodic Tafel-
slopes, IE: inhibition efficiency) Data related to the barrier properties (“permeability”) of the coatings are marked in bold.

Sample OCP [V] Linear polarization Tafel extrapolation of semi-logarithmic polarization

Ecorr [V] Ry [Q] P [%] icorr [A/cm?] Ecorr [V] b [V/dec] b, [V/dec] IE [%]
Zn —0.985 —1.006 1452 - 29.54 —1.025 0.348 0.140 -
Zn/CS —0.969 -0.974 3420 25.1 7.49 —0.982 0.211 0.257 74.6
Zn/A-CS —1.053 —1.058 1994 30.9 21.36 —1.104 0.136 0.252 38.3

a 92,0 4 b 0,40+

91,5- LS
— = 0,30
X >
= 1,0 =
8 1.0 2 0,25
c 8
g 90,51 £ 0,204
€ g

A - 0,15.

2 90,0 3
© =
= —— Glass & 0.104[——si

89,54 —e— Glass/CS 0,05{| —— SIICS

—A— Glass/A-CS —a— Si/A-CS
89,0 +— T T T T T T ] 0,00 T T T T T T 1
400 500 600 700 800 900 1000 1100 45 50 55 60 65 70 75 80
Wavelenght [nm] Angle of incidence [°]

substrate

substrate

Fig. 3. Transmittance spectra of the glass substrate with and without CS and A-CS nanocoatings recorded by UV-Vis spectrophotometry (a),
reflectance curves of the bare substrate and the same coatings on silicone, measured by scanning-angle reflectometry (b), and the cross-section
electron microscopic images of a CS (c) and an A-CS (d) coating on silicon substrate (scale bars are 300 and 200 nm long in images ¢ and d,
respectively, the area framed in green represents the enlarged details in image d). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

The thicknesses and refractive indices of the spin-coated layers on silicon substrate were investigated by scanning angle reflec-
tometry. Fig. 3b shows the recorded reflectance curves for the bare Si substrate and for the coated samples. The fitting resulted in an
average thickness of 118 + 10 nm and refractive index of 1.534 + 0.004 (n = 12) for the Si/CS samples and 140 + 13 nm and 1.511 +
0.015 (n = 12) for the Si/A-CS samples which means an average layer thickness increase of 19 + 3 %.

The determined refractive index values from the two measurement techniques are in a good agreement for every coating, although
the layer thicknesses are different for the dip- and for the spin-coated samples. During the acetylation reaction, side groups that require
more space are incorporated into the material, which are also inhibit the formation of hydrogen bonds. This can lead to an increase in
layer thickness [24]. Fig. 3c and d shows the cross-section electron microscopic images of a characterizing CS and A-CS coating. The
layer thicknesses determined from the images (129 + 4 nm for the CS and 150 + 5 nm for the A-CS sample) are in a good agreement
with (p < 0.05) that of calculated from the reflectance curves of the same samples (128 nm and 151 nm, respectively).

3.2.2. ATR-FTIR spectroscopy

The recorded infrared spectra of the CS and A-CS coatings on glass substrate are shown in Fig. 4, where the effect of the reaction on
the chemical structure of the substance can be clearly observed. In the case of the A-CS coating, the peaks associated with the presence
of the amide group (between 1250 and 1750 em™!) are much more intense and sharper. These are the Amide-I band (from the C=0
streching vibration, around 1650 cm ™!, marked with long arrow) and the Amide-II band (from the N-H bendig vibration and C-N



P. Marton et al. Heliyon 10 (2024) e23201

N
(o]
a
a
‘_\
[$]
[$)]
[&]

A-CS (DA=100%),

Absorbance [-]

CS (DA=36%)

3750 3500 3250 3000 2750 1750 1500 1250
Wavenumber [cm™]

Fig. 4. ATR-FT-IR spectra of a CS and A-CS coating. The black arrows indicate peaks identifying chemical changes occurring during the acylation
reaction (see text for detailed explanation).

streching vibration, around 1550 cm ™!, marked vith short arrow). Between 1300 and 1400 cm ™! a complex multiple peak appears (the
sharpest one is marked with another short arrow), which is called Amide-III band, and it is also from the previously mentioned
streching and bendig [35]. The higher intensity of the peaks of the A-CS coating can be the result of the increase in layer thickness.

The spectra in Fig. 4 also prove that only N-acetylation occurs during the chemical modification. Since in the case of O-acetylation,
the peak associated with the C=0 streching vibration in the ester group is around ca. 1750 cm ™! [36], but there is no sign of a peak in
this region in the spectrum of the A-CS coating (the absence is indicated by a dashed arrow). This significant decrease in the number of
protonatable amino groups can lead to a less polar bulk phase, which also affects the swelling properties.

There is a wide peak between 3000 and 3500 cm ™, which is associated with the O-H sterching vibration of the OH-groups of
chitosan and the absorbed water molecules. Since only N-acylation happens during the reaction, the intensity of this peak is theo-
retically independent of the DA, while the intensity of the amide bands clearly depends on it. Eq. (1) uses this phenomenon to calculate
the DA of the coating from the ratio of the intensities measured at the wavenumbers marked with long arrows. The results were 36 + 3
% for the CS and 100 + 3 % for the A-CS as shown in the figure. The increase in DA is significant (n = 12, p < 0.05).

3.2.3. Swelling studies

Fig. 5 summarises the results of the swelling studies, which were carried out using the scanning angle reflectometric method in a
liquid chamber on CS and A-CS coatings deposited onto silicon substrate. Fig. 5a shows a typical measurement data set for the swelling
of CS coating in BR buffer of pH 7.4. The reflectivity curve of the bare silicon substrate is also shown. In addition, the time evolution of
the swelling degrees (the percentage increase in the volume of the layers) can be seen for all the investigated systems in Fig. 5b.
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ik, —A— Si/CS (30 min) = 500
2 074 —¥— Si/CS (60 min) X ] ab
|2 ] —e— Si/CS (180 min
5 08 8 4001 1
= 0,5- % ) b
o T 300+
o 04+ >
8 [ g g— v v v bc
Q2 0,34 = 200+
s [0]
Z 021 2 - % 2
> n 100 —A—CS (BR, pH 6.0) A~ A-CS (BR, pH 6.0)
0.1 —@—CS (BR, pH 7.4)—=O—A-CS (BR, pH 7.4)
o —¥—CS (BR, pH 9.0) </~ A-CS (BR, pH 9.0)
00 0 —il— CS (UP water) —3— A-CS (UP water)
) T T T T T 1 f T T T T T T T T T
62 64 66 68 70 72 74 76 78 0 20 40 60 80 100 120 140 160 180
Angle of incidence [°] Swelling time [min]

Fig. 5. Results of the swelling experiments. Reflectance curves of a bare silicone substrate and a Si/CS system in BR buffer solution of pH 7.4 (a),
and the degrees of swelling in time for all the studied systems (b). The letters a-c at the end of the data lines indicate significant differences in the
case of the CS samples, where the different letters mean significantly different data values (Mean + standard deviation, n = 3, p < 0.05) (BR means
Britton-Robinson buffer solution with a given pH, and UP water means ultrapure water).
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3.2.3.1. Constrained swelling. The constrained swelling of the layer should be verified by proving that the coating does not move
laterally during the swelling, and hence the change in the layer thickness properly characterizes the swelling process. To do this, the
change in the distance of polystyrene nanoparticles mixed into the chitosan coating were investigated using dark field optical mi-
croscopy (similarly as Yoon et al. [22]). Fig. 6b and c shows the microscopic image of a coating before and after swelling it in pH 7.4 BR
buffer solution. It can be seen from the images that the recordings were taken from the same area, so the distance of the same pair of
particles could be determined. In the majority of cases (CS and A-CS coatings at different pHs), the increase in the distance between the
particles was not significantly different from 0 (p < 0.05) and in all cases was below 0.5 %, which also confirms the constrained
swelling. The detailed results can be found in Appendix A.

The above method gave a direct information about the constrained swelling. However, it is also possible to draw the same
conclusion from the refractive index and thickness change of the swelling coatings. Considering the swollen polymer coating as a
homogeneous medium, we can calculate the amount of theoretical water absorption based on the effective refractive index. If there is a
case of constrained swelling, only the thickness of the coating increases during swelling, so it will be proportional to the water ab-
sorption. Therefore, a comparison of the theoretical thickness calculated from the effective refractive index and the measured thickness
can confirm the phenomenon.

For this purpose, the Drude model (an effective medium approximation) was used, which is common to characterize swelling
polymer gels as well as composit coatings [37,38]. It assumes, that the atomic constituents of the material are polarized by the
externaly applied electric field only [39]. The relation for the model is given by:

nfﬁ =(1—g)n + qan; 3

where n.fis the effective refractive index of the coating (in this case, the measured refractive index) and n,, is the refractive index of the
water or buffer solution which was 1.332 and 1.334 respectively. n, is the refractive index of the polymer (for this, the previously
measured values for each dry coating was used), and ¢ is the volume fraction of the polymer in the gel. Assuming the case of con-
strained swelling ¢ can be calculated using the measured thicknesses before and after the swelling process, by the following equation.

do
“d() “@

where dj is the thickness of the dry coating, and d(t) is the thickness of the coating after a certain time of swelling. By substituting
equation (4) into equation (3), the theoretical layer thickness of the swollen coatings can be calculated based on the measured
refractive index. The calculated layer thickness can be compared with the measured value, as can be seen for a typical set of mea-
surements (A-CS coating in BR buffer of pH 9.0) in Fig. 6c¢. It can be observed, that the measured and calculated values are sufficiently
close to each other (the difference was under 10 % in all cases), which confirms that constrained swelling occurs due to strong in-
teractions with the rigid substrate [40].

Due to the this phenomenon, the degree of swelling (S) of the coatings can also be calculated from the layer thicknesses measured in
the dry (dp) and swollen (d) state using the formula below (5).

d—dy

0

S [%)] = * 100 5)

3.2.3.2. The time evolution of swelling. The limitation (equilibrium) value of swelling degree can be reached in the first 30 min of
swelling, with two exceptions. One is the case of CS coating in pH 6.0 buffer solution. Since chitosan dissolves below ca. pH 6.5 (its pKa
value) due to the sufficiently high degree of protonation of the amino groups [41], in this case the high S and the large deviation in the
results can be explained by the dissolution of the coating (Fig. 5b, filled red upright triangles). This is also confirmed by the fact that
there was no visible coating on the substrate after the swelling measurement. The other exception is the case of the CS coating in
ultrapure water, where S rapidly increases, then slowly decreases reaching its limitation value (ca. 450 %). This kind of “overswelling
effect” has already been observed for similar chitosan-based systems [42,43]. In those cases, the phenomenon was explained by the
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Fig. 6. Measured and calculated layer thickness values for a swollen A-CS coating in BR buffer of pH 9.0 (a) and dark field microscopic images of the
same area of a CS coating before (b) and after (c) swelling the sample in pH 7.4 BR buffer solution (scale bars are 20 pm long in both images).
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buffer salts or residual acetic acid (osmotic effects) [44]. In the precursor solution containing acetic acid, the polymer is fully pro-
tonated, and when the coatings dried, a lot of acetate ions were trapped among the polymer chains. This high counterion concentration
initiates significant osmotic flow when the coating is placed in ultrapure water, but later the degree of protonation reaches the value
corresponding to the pH of the water and the excess counterions diffuse out of the coating, reaching an equilibrium value.

3.2.3.3. pH-dependent swelling. Fig. 5b shows, that the swelling degree of A-CS samples is significantly lower than that of the CS
coatings in every case. These values are below 200 %, while in the case of CS coatings they can reach 500-600 % depending on the pH
of the aqueous solution. Although the osmotic flow does not cause “overswelling effect” in the case of the buffer solutions, it may also
be responsible for the pH dependence of the swelling degrees of CS coatings: the limitation value of S is significantly increasing (n = 3,
p < 0.05) with decreasing the pH (the pH of the ultrapure water is slightly acidic due to the possibly dissolved CO3). As the pH of the
swelling medium decreases, the degree of protonation of chitosan increases, which results in higher charge density, higher counterion
concentration and therefore higher osmotic flow [45-47]. In addition, electrostatic repulsion occurs between the protonated amino
groups, which further extends the coating [48]. A slight increase in the ionic strength of the buffer with increasing pH also amplifies the
above mentioned effect [49,50]. In the case of the A-CS coatings there is no significant pH-dependence (n = 3, p < 0.05) due to the
lacking of protonatable amino grops. This results in a small osmotic flow, minimal electrostatic repulsion and a much lower limitation
value of S, which is compounded by the presumably higher crystallinity of the samples [34]. Katan an coworkers investigated the
swelling of slightly thinner (ca. 30 nm) chitosan coatings using the quartz crystal microbalance technique. They also found that the
degree of swelling of chitosan nanocoatings is strongly pH-dependent (especially in the acidic range), but almost no pH dependence
was observed for acetylated coatings [51].

3.2.3.4. Comparison with contact angles. A comparison of wetting and swelling data reveals an interesting phenomenon. While the
surface of the coatings became more polar as a result of the N-acetylation reaction (resulting in lower contact angles), the bulk phase
became more apolar, as the equilibrium water absorption (degree of swelling) is lower. This means that the chemical reaction changed
the polarity of the surface and bulk phase of the coatings in the opposite direction. This highlights the complexity of the system and
shows that the previously mentioned reorganization of the functional groups can influence the surface properties almost independently
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of the bulk phase.

However the swelling results are also consistent with the data in Table 1 summarizing the time evolution of the contact angles. The
rapid decrease of the contact angle measured with a buffer of pH 6 in the case of the CS coating can be associated by the dissolution of
the coating in the same case in the swelling measurements. In the case of the A-CS coating, neither the rapid decrease in the contact
angle nor the dissolution was observed in the case of the same buffer solution, which means that although the pH-responsivity of the
coating ceases as a result of acylation, its resistance to acidic media improves.

3.2.4. Electrochemical measurements

Electrochemical tests of a coated metal can provide information on the permeability of the thin layer. The corrosive species can
reach the metal surface (in this case Zn) through the pores of the coating and consequently cause the oxidation (corrosion) of the metal.
The first step of the measurements was the OCP determination, representing the resting potential and the basis for all other elec-
trochemical tests. The shift to more positive values of the CS samples’ OCP (Table 2.) suggest a less amount of electrolyte solution that
reaches the metal surface through the coating. On the contrary, the negative shift of the A-CS samples’ OCP can indicate, that the
corroding electrolyte solution penetrates the layer and reaches the metal surface [52]. This observation regarding the coated samples
has been confirmed by the results of the EIS measurements too. In Fig. 7a the variation of impedance modulus (|Z|) vs frequency is
depicted, whose value at 0.01 Hz can be correlated with the coating’s barrier properties. The absolute impedance value of the
CS-coated sample (5,81 kQcm?) is larger than it is in the case of A-CS coating (2.75 chmz), therefore it can be concluded that the
former provides better protection than the latter. The same trend can be observed in the complex plane representation of the
impedance (Nyquist plots, Fig. 7b), where the largest loop belongs to the CS sample.

The linear (Fig. 7c) and semi-logarithmic (Fig. 7d) curves, were obtained as a result of the potentiodynamic polarization of the CS
and A-CS—coated samples and the bare Zn. The Tafel interpretation of the polarization curves (Fig. 7d) provides information about the
kinetic parameters like corrosion current densities and potential (icorr, Ecorr)- They can be obtained from the intersection of the fitting
lines to the two branches of the polarization curves and their incline is the anodic and cathodic Tafel slopes (b, and b.) (these values are
introduced in Table 2.).

The corrosion current density (icor) reflect the oxidation rate of the metal due to the interaction with aggressive species reached its
surface. The inhibition efficiency (IE) for the different samples was calculated with equation (6) and their values are also introduced in
Table 2. In the equation i%,, represents the corrosion current density of the bare substrate and i is the same quantity for the coated
Zn. From the obtained results for IE, we can conclude that the barrier property of the A-CS is lower than that of the native chitosan
indicating a more penetrable coating.

IE [%] = em=1eo 100 (6)

The pseudo-porosity (P) of the CS and A-CS coatings can be calculated (see Table 2.) with formula (6), where the R, and represents

the polarization resistance of the coated metal and Ry is the same quantity for the bare Zn. According to this model the electrolyte

reaches the metal only through the pores of the coatings [53], therefore, it can be used for an approximate evaluation of the

permeability (Eq. (7)) of the coatings [54-56]. The AE.,, is the difference of the Zn and coated substrate corrosion potentials

determined from linear polarization measurements. The b, (anodic Tafel slope of the Zn) was determined from semi-logarithmic
polarization curves (Fig. 7d) [12].

P (%)= % 010714/l 9100 %)

Finally, it can be concluded that both DC and AC electrochemical measurements results confirm the more permeable character of
the A-CS nanolayers. This finding seems to contradict the fact that the N-acetylated coatings had a lower degree of swelling, since in
general, hydrogels with a higher degree of swelling are more permeable [57,58]. However, it is well known that some of the water in
swollen hydrogels is present in "bound" form (for example, it hydrates the protonated amino groups or the other polar groups in the
sugar rings in the chitosan [59,60]). This bound water is non-freezable and its amount increases with the number of ionic groups in the
hydrogel [61]. The linear polarization measurement calculates the pseudo-porosity of the layer based on ion transport, which can
probably only be realized in channels consisting of “unbound” water so the pseudo-porosity does not actually correlate with the total
amount of water in the swollen coating, but with the amount of free (unbound) water. From the degree of swelling and the pseu-
do-porosity values, it can be calculated that roughly 67.4 % of the total water content of native coatings is in bounded form, while this
value is 50.8 % for N-acetylated coatings (for detailed calculations see Appendix B). This can probably be attributed to the more polar
bulk phase of the coatings (also following from the swelling data).

4. Conclusions

The wetting and swelling behaviour of the initial (native) and fully N-acetylated chitosan nanocoatings were studied with Brit-
ton-Robinson buffer solutions of pH 6.0, 7.4 and 9.0. It was found that the surface of the coatings became more hydrophilic due to the
chemical reaction. Contrarily, the swelling degree of the native coatings was significantly higher than that of their acetylated coun-
terparts indicating the more hydrophilic character of the native coating matrix. The surprising contradiction between the bulk and the
surface hydrophilicity in the case of the native coatings, was explained by the surface reorganization of the functional groups against
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the non-polar air phase during the drying after the film deposition. Interestingly the matrix polarity manifested itself not only in the
pH- dependence of the swelling but in the time evolution of water contact angles: pH-dependent deterioration of contact angles was
only observed for the native coatings. Neither the swelling nor the wetting properties were significantly dependent on the pH in the
case of the acetylated ones. Cationic permeation was found to be lower for the highly swelled (native) chitosan layers in electro-
chemical polarization measurements. This observation was explained in terms of the smaller amount of unbound water in the swelled
native layers.
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Appendix A
Particle distance measurements before and after swelling.
1. Experimental

The phenomenon of constrained swelling was studied using a method similar to that used by Yoon et al. [1] 50 pL of a suspension
containing of 5 % (w/w) polystyrene nanoparticles with a diameter of 315 nm was mixed with 30 ml of the 1 % chitosan solution with a
Falc MIX20 test tube stirrer. A coating was formed from the solution onto glass substrates by dip-coating as described in section 2.2.1,
and then some of the samples were N-acetylated as discussed in section 2.2.2. The dried layers were scratched, and based on the
scratch, microscopic images were taken of a certain area with an Olympus BX51 instrument at different magnifications and in bright
and dark field modes. After 10 min of swelling in BR buffer solutions of pH 6.0, 7.4 and 9.0, the excess liquid was quickly blown off the
samples with Ny gas, and then, based on the scratches, microscopic images were taken of the same areas as before swelling. To study
the lateral movement of the particles, the distance between selected pairs of particles in the dark field images before and after swelling
were measured. Five distances were measured in the vertical and five in the horizontal direction on the images. To investigate the
lateral movement due to the acetylation reaction, the average density of the particles in the images before swelling were determined
for three replicate CS and ACS samples. The measurements were carried out with ImageJ software [2].

2. Results

The microscopic images and the measured distances of a CS coating are presented in Fig. Al. Fig. Ala and Ald shows the same area
of the coating before and after swelling it in pH 7.4 BR buffer. The slight blurring of the particles and the liquid drops visible at the top
of the image prove that the coating was wet and in a swollen state. The lines on the images are the measured distances between the

selected pairs of particles.
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Fig. Al. Dark field images of a CS coating in dry (a) and swollen (b) state (pH = 7.4, same images as on Fig. 6b and c). The lines are the measured
distances between 10 pairs of particles (scale bars are 20 pm long in both images).

The distance of ten chosen pair of particles were measured in the dark field images before and after swelling (five measurement in
the horizontal and five in the vertical direction) in the case of CS and A-CS samples and all buffer solutions. The relative change in the
distance of the particles were calculated with equation (6).

)

0

Alrﬂl [%]

¢ 100 (A1)

where 1 and | are the distances of a chosen pair before and after swelling. The Al values are summarized in Table A1l in the different
directions and in total. Since the thickness of the layer increased as a result of the acetylation reaction (see section 3.2.1), the density of
the particles (number of particles on a pm?) was also measured on the CS and ACS coatings before swelling, to find out whether this
increase in thickness also a constrained volume increase.

One can see from Table Al, that the relative increase in the particle distance is not significantly different from zero except for two
cases (n = 5, p < 0.05), and in all cases it is negligibly small compared to the previously measured increases in layer thickness (see
section 3.2.3). This observation confirms that for the investigated coatings, constrained swelling takes place. The particle density
values do not differ significantly in the case of the CS and A-CS samples (n = 3, p < 0.05), which allows us to conclude that not only the
swelling, but also the volume increase during the acetylation reaction takes place in one dimension.

Table Al
Results of the distance and particle density measurements on the dark field microscopic images of the samples before and after swelling (Mean +
standard deviation). The Al values marked with an asterisk are significantly different from zero (n = 5 or 10, p < 0.05).

Sample pH [-] Al [%] Particle density [l/pmz]
Horizontal Vertical Overall

Glass/CS 6.0 0.1+0.3 0.1 +£0.1 0.1 +£0.2 0.1 +£0.01
7.4 —-0.1+04 —0.4 £0.1* —0.2 £ 0.3
9.0 0.1 +0.1 0.0 + 0.2 0.0 + 0.2

Glass/A-CS 6.0 0.1 +0.2 0.5 + 0.4* 0.3 + 0.4* 0.1 + 0.00
7.4 —-0.1+04 0.4+04 0.2+ 0.5
9.0 —-0.2 + 0.2 0.0 +£ 0.3 —-0.1+0.3

Appendix B

Calculation the ratio of bounded water in the hydrogel based on linear polarization measurements.
The degree of swelling were defined in equation (5) as follows:

d—do.

0

S (%) =

100 (B1)

where dy and d are the thicknesses of the dry and swollen coating respectively. The water content (W) of the hydrogel can be defined
with the same notations as:

W [%)]

:d:ldo. 100 (B2)

From equation (B1) and B2, W can be expressed as a function of S:

S
1004+ S

(B3)
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It can be assumed, that the pseudo-porosity (P) of the swollen sample is equal to the unbound water content of the hydrogel. From P

and W, the unbounded ratio of the water content can be expressed as follows:

W [%) :V—I; 100 (B4)

Finally, the ratio of the water in bounded form is 100-Wpp.
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