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Chitosan-coated surfaces are of great interest for biomedical applications (antibacterial coatings,
implants, would healing, single-cell microfluidics...). However, one major limitation of chitosan-based
systems is the high solubility of the polymer under acidic aqueous conditions. Herein, we describe a
simple procedure to prepare extremely smooth and stable chitosan coatings. In detail, chitosan films
with a low degree of N-acetylation and of thicknesses varying from 40 nm to 10 um were grafted onto
epoxy-functionalized silicon wafers via an optimized water—temperature treatment (WTT). The formation
of a grafted chitosan network insoluble in acidic aqueous media (pH 3.5) was evidenced and the films
were stable for at least 2 days at pH 3.5. The film morphology and the swelling behavior were character-
ized by atomic force microscopy (AFM) and neutron reflectivity, which showed that the film roughness
was extremely low. The physical cross-linking of the films was demonstrated using infrared
spectroscopy, dynamic mechanical analysis (DMA) and wide-angle X-ray scattering (WAXS). Finally, we
show that the swelling behavior of such films was largely influenced by the environmental conditions,
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1. Introduction

Functionalized surfaces are of great interest due to their wide
range of applications in medicine fields, materials, and biology.
Indeed, an appropriate polymer coating and especially a
stimuli-responsive polymer can provide specific surface proper-
ties such as wetting, biocompatibility, adhesion, chemical
resistance, or even antibacterial activity. Systems composed of
self-assembled layers such as layer-by-layer (LbL) or polymer
brushes are widely studied in the literature. The use of
cross-linked or hydrogel films is another promising solution
to obtain a wide range of thicknesses, from nanometers to
micrometers.*® Hydrogel films are also able to respond to
stimuli such as temperature, pH or ionic strength. In this
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such as the pH or ionic strength of the solution.

study, we chose chitosan, a natural polysaccharide produced by
biomass.'® Chitosan is a copolymer made of p-glucosamine
(GleN) and N-acetyl-p-glucosamine (GlcNAc) units linked by
(1—>4) glycosidic bonds and the molar ratio of acetylated
moieties is designated as the degree of N-acetylation (DA).
Chitosan can be processed in various physical forms, such as
gels,"" nanoparticles,'® or films,'” or composite materials."?
Well-known for its bioactivity, its biocompatibility and its
biodegradability, chitosan has been studied in numerous appli-
cations including food, cosmetics, agriculture or biomedical
fields."*"® In recent years for instance, chitosan films have
proven particularly useful in bacterial imaging applications,"**°
opening the way for faster diagnosis methods.>" However, chit-
osan coated on surfaces easily dissolves in mild acidic aqueous
solutions, due to the protonation of the amine group (pK, ~ 6.3).
The solubility of chitosan in acidic media precludes its use for
numerous applications such as, for instance, in the biomedical
field (antibacterial coatings, implants, would healing, single-cell
microfluidics. . .). Accordingly, numerous attempts to improve
the stability of chitosan films have been made. For instance,
Park et al. showed that the stability of layer-by-layer deposited
chitosan carboxymethylcellulose films significantly improved
upon chemical cross-linking.>* However, those multilayer films
presented numerous defects after washing with phosphate saline
buffer. Other strategies to improve chitosan stability include the
use of ionic cross-linkers, such as citric acid or trisphosphate.** >

This journal is © The Royal Society of Chemistry 2023
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While numerous studies have dealt with crosslinking chitosan
chains, to our knowledge, only a few studies about directly
grafting chitosan on substrates are reported. Shi et al. carried
out an in vitro study where titanium alloys were functionalized
with covalently grafted chitosan or carboxymethyl-chitosan,”®*”
and Wang et al. modified medical silicone sheets with carboxy-
methyl-chitosan.”® Lee et al succeeded in grafting 6 nm of
quaternized chitosan brushes onto silicon surfaces,> and Brats-
kaya et al. reported the antibacterial activity of covalently grafted
chitosan and chitosan - k-carrageenan multilayers.>® Tan et al.
prepared recyclable materials with sulfated chitosan grafted on
silicon wafers.*"

However, none of these studies controlled the thickness of
chitosan or studied its impact on the physicochemical proper-
ties of the grafted thin films obtained. Accordingly, in this
work, we aimed at preparing chitosan films with variable
thickness and high stability even in acidic media. The films
were prepared on silicon wafer substrates because they are
atomically smooth and transparent to infrared wavelengths and
neutrons. Thus, these wafers are totally adapted for multiple
characterization techniques such as ellipsometry, contact
angle, infrared spectroscopy, neutron reflectivity, etc. To fully
exploit these characterization techniques, in the perspective of
the application of chitosan-thin films in the domain of colori-
metric sensors®”> and optical microscopy imaging,* the chit-
osan films should be as smooth as possible. Micrometric-thick
films can be useful in the field of microfluidic actuation.®

With the view of preparing chitosan thin films for such
applications, coatings were prepared by spin-coating or solvent
casting followed by hydrothermal treatment. Film thickness
was measured by spectroscopic ellipsometry, and surfaces were
characterized by atomic force microscopy (AFM) and contact
angle. Structural analyses were carried out using attenuated
total reflectance infrared spectroscopy (ATR-FTIR) and the
crystallinity was determined by Wide-Angle X-ray Scattering
(WAXS). Dynamic mechanical analysis (DMA) was also per-
formed on self-supported films to mimic the treatment suffered
by chitosan films during the grafting on silicon wafers and thus
determine the mechanical properties of such films. Finally, the
layer profiles and the swelling behavior of chemically grafted
and crosslinked chitosan films were characterized by neutron
reflectivity.

2. Materials and methods

2.1. Materials

Chitosan obtained from shrimp shells was provided by Mahtani
Chitosan from batch type 244 with a degree of N-acetylation (DA)
of 0.5% determined by 'H NMR, a mass-average molar mass (M)
of 196 kg mol ! and a dispersity (P) of 2.3 determined by size-
exclusion chromatography. Acetic acid (AcOH, >99.9% w/w),
hydrogen peroxide (H,O,, 40% w/w), sulfuric acid (H,SO,, 96%
w/w), hydrochloric acid (HCl, 37% w/w), ammonium hydroxide
(NH4OH, 28% w/w), toluene, anhydrous toluene, deuterium oxide
(99.9% D) and (3-glycidyloxypropyl)trimethoxysilane (GPS, > 98%)
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were purchased from Sigma Aldrich (Merck KGaA, Darmstadt,
Germany). Milli-Q water was obtained with an ultrapure water
system of type 1 (Simplicity™, resistivity of 18.2 MQ cm). Silicon
wafers (doped-P bore, orientation (100)) were purchased from
Siltronix™ (Archamps, France) and circular silicon blocks (doped-
P bore, orientation (100), D = 5.08 cm, 1 cm thick) were purchased
from ACM (Villiers-Saint-Frédéric, France).

2.2. Chitosan preparation

Chitosan was previously filtrated in order to remove insoluble
impurities before any use. Chitosan was first solubilized at
0.5% w/v in an AcOH aqueous solution, followed by successive
filtrations through cellulose membranes (Millipore®) with
decreasing pore sizes from 3 pm to 0.22 pm. Chitosan was
then precipitated with NH,OH and washed several times by
centrifugation with Milli-Q water until a neutral pH was
obtained. The purified chitosan was finally freeze-dried and
stored at room temperature.

2.3. Film preparation

2.3.1. Silanization of silicon substrates. The received
wafers were cut into squares measuring approximately 2 x 2
cm”. In order to clean them from organic pollution and gen-
erate the silanol groups at the surface, the silicon substrates
were immersed in a piranha bath (H,SO,/H,0,, 7/3 v/v) heated
at 150 °C for 15 min, and then rinsed with Milli-Q water. They
were then subjected to ultra-sonication in Milli-Q water for
5 min and dried under a flux of clean air. The modification of
freshly cleaned substrates was carried out in a 2% v/v solution
of GPS in dry toluene for 5 h as previously described by Sudre
et al.** Silanized wafers were then rinsed with toluene and
immersed in an ultra-sonication bath before being dried.

2.3.2. Grafting of chitosan onto silanized substrates.
Chitosan was solubilized overnight in an AcOH aqueous
solution. The amount of acid added was calculated in stoichio-
metry compared to amine groups available on chitosan.
Chitosan solutions with concentrations ranging from 0.1%
to 2% w/v were prepared in this study to deposit various
thicknesses on silicon wafers. Chitosan solutions were filtered
(0.45 pum) and the films were finally formed onto epoxy-
functionalized substrates by spin-coating at 3000 rpm until
the solvent evaporates completely (5 min) or by solvent casting.
In the case of the solvent casting method, the chitosan solution
was poured on the silicon wafer and water was slowly evapo-
rated at room temperature during 24 h to allow the film
formation. The epoxy-amine reaction between the epoxy-
functionalized wafer and the amine group of the chitosan
polymer chain was allowed thanks to a water-temperature
treatment (WTT). Practically, coated surfaces were placed in a
closed chamber containing a water bath (100% relative humid-
ity) and the container was then placed in an oven at a given
temperature and time, the optimization of which will be dis-
cussed later. The wafers were then immersed in an acidic
solution to remove ungrafted chitosan. The same process was
also realized with unfunctionalized wafers to check the effi-
ciency of the grafting and of the acidic washing.
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2.4 Physicochemical characterizations of surfaces

2.4.1. Film thickness. Spectroscopic ellipsometry measure-
ments of silanized surfaces were carried out using an ellips-
ometer (SOPRA GES-5E) at an incident angle of 70°, close to
the silicon Brewster angle. Data were then processed using
WINELLI (Sopra-SA) software. A Cauchy model was used to
fit experimental data (cos 4, tan V), in the spectral range of
2.0-4.5 eV, depending on fits and regression qualities, to
evaluate the thickness. The UV parameters n and & of the native
SiO, layer were set respectively to 1.46 and 0.01 while those of
the GPS layer were set to 1.429 and 0.01. The thickness of
chitosan layers in the dry state was measured using a thin-film
analyzer (Filmetrics®, F20-UV model) connected to FILMeasure
software. The n and k parameters of chitosan were set respec-
tively to 1.53 and 0.002. For each method, three measurements
were done on each film at different positions in order to verify
the homogeneity of the film thickness.

2.4.2. Surface topography. The surface morphologies were
characterized by atomic force microscopy (AFM) (CSI Nano-
observer) operating in tapping mode. AFM tips with a spring
rate close to 3 N m~ ' were purchased from AppNano. The AFM
images were processed using Gwyddion software.

2.4.3. Static contact angles. Contact angles were measured
using a tensiometer (Easydrop, Kruss) kit out with a camera
connected to a computer equipped with drop shape analysis
software. To place the 1 pL liquid drop on the surface, a
Hamilton syringe of 1 mL and a needle with a 0.5 mm diameter
were used. The contact angle changes over time: it first
decreases while the droplet spreads onto the film, and then
keeps decreasing while water is evaporated (the triple line does
not move anymore). We have chosen to report the contact angle
after the drop stops spreading, which corresponds to approxi-
mately 10 s after drop deposition.

2.4.4. Fourier transform infrared spectroscopy. FTIR ana-
lyses were recorded on a Nicolet iS10 infrared spectrometer
operating in attenuated total reflectance Fourier Transform
Infrared Spectroscopy mode (ATR-FTIR). A cooled HeCdTe-
based detector was used. For chitosan powder analysis, the
device was used in the ATR mode with a diamond crystal. The
spectra acquisition was performed using 128 scans in a wave
number interval ranging from 4000 to 650 cm ™" with a resolu-
tion of 4 ecm '. For chitosan thin films analysis, a multi-
reflection device (Gateway™) purchased from Eurolabo was
used with a trapezoidal silicon crystal (specific edge profile cut
at 45° angle, with dimensions 70 x 10 x 1 mm). A homemade
accessory was added to make the crystal tailored to the device.
A wave number interval ranging from 4000 to 1500 cm ™" for a
resolution of 4 cm™ " and a number of 512 scans were selected
to perform the experiments.

2.5. Structural characterization of chitosan films

2.5.1. Wide angle X-ray scattering (WAXS) on self-supported
films. The wide-angle X-ray scattering patterns of chitosan films
were measured at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) on the BM2-D2AM beamline. To prepare
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the samples, a chitosan solution was poured into Petri dishes and
the resulting film of 15 pm thickness was die-cut in a circular
shape (D = 12 mm). Chitosan films were then overlaid and stuck
with Kapton to obtain a chitosan film thickness of about 150 pm.
The scattered patterns of the 150 um chitosan films were recorded
with an incident photon energy of 16 keV, using a two-
dimensional photon counting pixel detector placed at 97.4 mm
from the sample. The two-dimensional data were corrected by
considering the dark images, the detector geometry, and the flat
field response of the detector. The signal of the empty cell with
Kapton was subtracted from the scattering images of the studied
sample. The experiment was performed on films prior and after
having been submitted to the WTT.

2.5.2. Dynamic mechanical analysis (DMA) on self-
supported films. A chitosan solution was poured into Petri
dishes and the resulting film of 14 pm thickness was die-cut in
a rectangular shape (15 x 4.5 mm?). The thermo-mechanical
properties of the chitosan thin film were determined in tensile
mode using an 850 dynamic mechanical analyzer (TA Instru-
ments) and the humidity was created by a computer-controlled
humidifier which produced humid air by mixing dry and fully
saturated air streams. The experiments were performed at 70 °C
with a relative humidity of 90% and a preload force of 0.2 N,
using a deformation amplitude of 5 um and a frequency of
1 Hz. Data were also recorded during temperature and
humidity conditioning. The mechanical properties of the native
and annealed films (10 x 4.5 mm?®) of approximatively 20 pm
thickness were also evaluated by the tensile test with a constant
force rate of 0.1 N min~' and with a preload force of 0.1 N.

2.5.3. Neutron reflectivity. Neutron reflectivity (NR) mea-
surements were carried out on the reflectometer FIGARO at the
Institut Laue-Langevin (Grenoble, France).*> The instrument
collimation was set for reflection down mode, with the neutron
beam reaching the sample through the silicon substrate at an
incident angle of 1°, a wavelength range of 2A < 1 < 20 Aand a
full width at half-maximum resolution of about 1%. The
settings allow the cover of a momentum transfer vector g range
of 0.01 < g/A™* < 0.043. The sample surface illuminated by the
neutron beam was 35 x 15 mm®.

Neutron reflectivity experiments were performed at the
silicon-water interface using chitosan films and deuterated
water. The sample holder is a customized cell which maintains
the silicon crystal tightly clamped against a Teflon trough filled
with the liquid solution (Fig. S1, ESIt). The liquid solutions
used to swell the chitosan films were prepared at different ionic
strengths (10 mM and 1000 mM NaCl) and equilibrated at
various pH (3.1, 4.6, 5.6 and 8.1) with a minimum amount of
NaOH and HCL. As the solutions are prepared with D,O, these
read pH correspond to real pH values of 3.5, 5, 6 and 8.5 according
to the equation (pD = pHyeaq + 0.4) of Glasoe and Long.*

To analyze the data, the volume fraction profiles normal to
the silicon substrate of every component in the system, ¢cn)(2),
was modelled. While slabs of given thicknesses and roughness
were used to describe the silicon substrate, the silicon oxide
layer, and the initiator layer, a continuum description for the
chitosan films was opted for. Specifically, the volume fraction

This journal is © The Royal Society of Chemistry 2023
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of the chitosan ¢y, was modelled with an error function, as:

iy (2) = 501 = oerte(S2) 0
with ¢y, being the degree of hydration of the chitosan film, d its
swollen thickness, and o, the film roughness. z is the distance
normal to the interface, whereby the choice of fixing z = 0 at the
initiator/brush layer was taken for convenience. The thickness
of the swollen film is linked to the dry polymer amount d,,
given in volume of polymer per surface area, and its degree of
hydration ¢y, as:

dp

d =
1 — oy

(2)

The scattering length density (SLD) profile, required to com-
pute the neutron reflectivity curve, was obtained as the volume
fraction weighted average of the SLDs of the individual compo-
nents:

SLD(z) = Y ;SLD; (3)

Finally, the Abeles matrix formalism was used to calculate
the corresponding neutron reflectivity curves.®” To extract
physically meaningful parameters, a global least-squares mini-
mization was performed. In particular, all NR data from the
same coating were simultaneously fitted, with the dry polymer
amount being the shared parameter. The SLD of the dry
polymer was fixed and calculated by assuming that the labile
hydrogen atoms of alcohol and amine groups were replaced by
deuterium atoms since the films were immersed in deuterium
oxide solutions. SLDcs of chitosan was calculated using a
specific density of 1.342 g cm™® and was equal to 3.57 x
10~® A~2. The SLD used for silicon, silicon dioxide, GPS and
deuterium oxide were respectively equal to SLDg; = 2.07 X
107° A%, SLDgio, = 3.47 x 10" ® A%, SLDgps = 0.5 x 10" A~
and SLDp, o = 6.23 x 10~ ® A% In practice, for a set of swelling
curves, one global parameter - the chitosan amount - and two
individual parameters — the degree of hydration and the film
roughness — were optimized.

3. Results and discussion

3.1. Grafting of chitosan thin films on silicon surfaces

3.1.1. Preparation of grafted chitosan coatings with con-
trolled thickness. The first step consisted in forming a silane
monolayer by exposing silicon wafers to a 2% v/v GPS solution
in toluene. Indeed, silane coupling agents are commonly used
to functionalize surfaces for subsequent polymer grafting.*®
The piranha washed wafer presented a contact angle inferior to
the experimental resolution of the tensiometer while the sila-
nized one was about 50°-53° which suggests that the surface
was indeed modified. A thickness of 1.1 + 0.1 nm determined
by ellipsometry was obtained which is consistent with the
literature for monolayers.>® Chitosan coatings with different
thicknesses were obtained either by spin-coating the polymer
solution with different concentrations (see Table 1) or by
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Table 1 Dry thickness of chitosan films deposited on epoxy-functionalized

wafers measured by ellipsometry according to the deposition method and
the chitosan concentration

Concentration of chitosan

Deposit method solution used (w/v) Thickness
Spin-coating 1% 40-60 nm
Spin-coating 2% 150-250 nm
Solvent casting 0.1% 1-2 pm
Solvent casting 1% 10-12 pm

solvent casting. The spin-coating procedure was performed at
2000 rpm during 300 s and led to the formation of thin films up
to 300 nm while the solvent casting method allowed much
higher thicknesses (~10 pum). The thickness of chitosan films
prepared from chitosan solutions at various concentrations
was measured by ellipsometry and the results are reported in
Table 1.

3.1.2. Influence of the reaction time and the temperature.
In order to optimize the grafting, water-temperature treat-
ments were carried out at various temperatures and times on
chitosan films prepared from a 1% w/v solution spin-coated on
silicon wafers. A saturated humidity was introduced to make
the chitosan swell and improve the chitosan chain mobility.
The heating allowed the reaction between the amino group of
chitosan chain and the epoxy group of the silanized silicon
wafers (Scheme 1).

Once the water-temperature treatment was carried out by
exposing the coated surfaces to high temperatures for different
times, the surfaces were immersed in an acidic aqueous
solution (AcOH) at pH 3.5 for 2 days to solubilize and therefore
remove ungrafted chitosan. Chitosan film thicknesses were
measured by ellipsometry at different steps of the process, for
which temperature and time were varied (see Fig. 1). The initial
thicknesses of the films (in dark red and dark blue) may slightly
vary due to silicon modification, and small variations in
chitosan solution concentration and relative humidity during
spin-coating.

The experiments were also realized with unfunctionalized
wafers to check the efficiency of the grafting and of the acidic
washing. As we can see in Fig. 1 (red bars), chitosan spin-coated
on native wafers was removed irrespective of the WTT condi-
tions. This result means that the acidic washing is effective to
remove ungrafted chitosan. The residual chitosan layer on
these substrates, a few nanometers thick only, can originate
from the strong adsorption of a small amount of chitosan.
Fig. 1 also shows that a heating treatment performed at 50 °C
for 48 h or at 70 °C for 15 h was not sufficient to obtain a stable
coating (blue bars). The acidic aqueous washing removed most
of the chitosan coating and led to the formation of hetero-
geneous coatings. When the reaction was performed at 70 °C
and for a longer reaction time (24 h or 72 h), the overall
chitosan thickness was not reduced despite the acidic aqueous
washing in AcOH at pH 3.5 as a result of the chemical
grafting of chitosan onto the surfaces. Additionally, these
surfaces remained stable in a neutral aqueous environment
for 7 days and in strong acidic aqueous medium (HCI, pH 2.5)

Soft Matter, 2023,19, 1606-1616 | 1609
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Scheme 1 Schematic representation of the chemical reaction occurring at the interface between some glucosamine moieties and the epoxy-

functionalized wafer.
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Water-Temperature Treatment conditions

Fig. 1 Thickness variation upon water—temperature treatments (WTT)
and unbound chitosan (CS) removal by acidic aqueous washing: thickness
of chitosan films on unfunctionalized wafers (dark red) before WTT (i.e.
after spin-coating) and (light red) after WTT and 2 day acidic aqueous
washing (AcOH, pH 3.5). Thickness of chitosan films on epoxy-
functionalized wafers (dark blue) before WTT (i.e. after spin-coating) and
(light blue) after WTT and 2 day acidic aqueous washing (AcOH, pH 3.5).

for 2 days. However, unlike chitosan films annealed during
24 h, the ones processed for 72 h were slightly yellow: given the
long exposition at 70 °C, side reactions - such as Maillard
reaction®® or caramelization - may occur, responsible for the
weak color change of the film.*® Hence, for further character-
izations, we selected only films grafted at 70 °C for 24 h.
In summary, the water-temperature treatment of spin-coated
films on epoxy-functionalized wafers allows us to prepare stable
chitosan films with a simple, scalable, and low-cost procedure.

3.1.3. Influence of the thickness of the film. The efficacy of
the WTT, optimized above (70 °C, 24 h, 100% RH), was assayed
as a function of the thickness of chitosan films (from about
40 nm to 11 pum). Surfaces were washed in an acidic aqueous
solution (AcOH, pH 3.5) for 2 days and the remaining
thicknesses were measured by ellipsometry. The results are
presented in Fig. 2. Chitosan films up to 11 pm were homo-
geneously grafted on the substrates, though a very slight
decrease in thickness (evaluated between 5 and 15%) was
observed after the WTT and the acidic aqueous washing. This
might be attributed to film shrinking caused by the annealing,
as previously described in the literature. Indeed, Murray and
Dutcher showed that a thermal treatment could reduce signifi-
cantly the film thickness and they assigned this observation to

1610 | Soft Matter, 2023, 19, 1606-1616
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Fig. 2 Thickness of chitosan (CS) films on epoxy-functionalized wafers
(dark red) before water—temperature treatment (WTT) (i.e. after spin-
coating or solvent casting of chitosan solutions at various concentrations
% m/v) and (light red) after WTT and 2 day acidic aqueous washing (AcOH,
pH 3.5).

the desorption of the water trapped in the polymer matrix.*"
The small loss of material upon acidic aqueous washing also
indicates that chemical physical cross-linking occurs between
the chitosan chains within the film, and not only between the
polysaccharide and the substrate. Further deep physicochem-
ical characterizations were carried out to shed light on the side
phenomena which may lead to the apparent cross-linking of
the film.

3.2. Surface characterization of chitosan grafted films

3.2.1. Surface topography. The morphology of the chemi-
cally grafted films was characterized by carrying out AFM
imaging on films of various thicknesses (Fig. 3). AFM images
were recorded over an area of 10 um x 10 pm and the rough-
nesses were measured by the root-mean-square deviation of the
surface (RMS).

All the prepared films were very smooth, with an RMS
roughness lower than 2 nm for the thin spin-coated films and
less than 5 nm for the thicker film prepared by solvent casting.
A similar roughness was observed with the adsorbed thin films
prepared in the same way by Diallo, meaning there is no impact
of the heating treatment on the surface morphology.*?
However, some differences can be noticed when varying the
thickness.

3.2.2. Water wetting properties. To investigate the wett-
ability of the modified surfaces, water contact angles were

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 AFM images of chitosan grafted films (DA 0%) with various thicknesses and the corresponding RMS roughness. Please note the different height-

scale for the different images.

Table 2 Water contact angle measurements of chitosan grafted films for
various film thicknesses

Thickness Water contact angle (°)
60 nm 78.8 £ 1.0
235 nm 79.5 £ 0.7
1 um 76.2 + 1.7
11 pm 79.4 £ 2.5

measured 72 h after the grafting. The analysis was delicate as
chitosan chains present on the surfaces quickly interact with
water molecules. An equilibration time of 10 seconds was
chosen after the drop deposition to allow for chitosan swelling
without dealing with drop evaporation. Contact angles of
chitosan grafted films for various thicknesses are shown in
Table 2.

All the surfaces presented a high contact angle ranging from
76.2° to 79.5° which can be easily explained by the low affinity
of deacetylated chitosan with water when the chitosan film
obtained is in the neutral state. These results are consistent
with previous studies which have shown the NH;" groups of
chitosan coating are neutralized when prepared from AcOH
solutions.***?

3.3. Structural analysis of chitosan grafted films

3.3.1. Chemical structure of chitosan grafted films. Struc-
tural analysis of chitosan grafted films was carried out using

This journal is © The Royal Society of Chemistry 2023

ATR-FTIR spectroscopy on silicon crystals. The influence of
each step of the preparation process on the chitosan structure
was investigated. Thus, IR spectra were obtained after the spin-
coating of chitosan solution, after the water temperature treat-
ment (70 °C, 24 h, 100% RH) and after the 2 day acidic aqueous
washing in AcOH at pH 3.5. In order to understand the chitosan
structure when the polymer is thin film shaped and processed,
analyses were also carried out for the native chitosan powder by
ATR-FTIR spectroscopy. The spectra are presented in Fig. 4.
Each spectrum shows the expected absorption band for chit-
osan at 1585 cm ™' corresponding to the bending vibration of
the primary amino group -NH,. The - NH, absorption band of
the spin-coated chitosan slightly shifts to 1560 cm™" due to the
cationic state of the chitosan film (Fig. 4b) shortly after spin-
coating, when chitosan remains under the chitosan acetate
form and the amino group is protonated (-NH;"). The small
bump observed around 1655 ecm ™' can be attributed to the
stretching vibration of C—O of the acetylated units. Most
notably, the water-temperature treatment affects the broad
vibration band centered at 3300 cm ', that corresponds to
the contribution of inter- and intramolecular hydrogen bonds
of -NH and -OH groups. In particular, three sharp peaks are
visible after WTT in the region 3400-3500 cm . These distinct
peaks suggest that the type of hydrogen bonds in the films is
modified with annealing, ie., the characteristic distances
between the same atoms of the same molecules are modified.
The sharpness of the peaks further indicates an increase in

Soft Matter, 2023, 19, 1606-1616 | 1611
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Fig. 4 ATR-FTIR spectra of chitosan grafted films at various steps of
the process. (a) Chitosan starting powder, (b) chitosan film after spin-
coating on silicon crystal, (c) chitosan film after the water—temperature
treatment (WTT, 70 °C, 24 h, 100% RH), and (d) chitosan film after washing
in acidic agueous media (AcOH, pH 3.5). Spectra are normalized relative to
the C—H stretching bond at 2900 cm™. Curves were vertically shifted
for clarity.

crystallinity and loss of water, associated to a reduced solubility
of such films in aqueous media.**™*”

3.3.2. Mechanical properties of self-supported chitosan
films. DMA measurements were carried out to evaluate the
effect of the WTT on the mechanical properties of the chitosan
films and to understand why the film cannot be dissolved after
heating. More precisely, the aim of the experiment was to
mimic the annealing of chitosan films performed in a humidity
environment to graft them on silicon wafers. To do that, the
self-supported films were placed in the DMA chamber. The
temperature and relative humidity (RH) were set respectively to
70 °C and 90% and the storage modulus was recorded during
the two conditioning steps as illustrated respectively in
Fig. 5(A)a and b. Then, Fig. 5(A)c shows the evolution of the
storage modulus of a chitosan film annealed for 24 h at 70 °C

(A)

61a) Conditionning @ 70°C, 0% RH
"
\

b) Conditionning |

1 @ 70°C, 90% RH“

d) 70°C, from
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6] \

4 |

1 |
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0.1 e —
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10 100
Time (min)
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with 90% RH. Finally, the humidity and the temperature were
respectively set to 0% and 30 °C (Fig. 5(A)d and e).

A storage modulus of 4.0 GPa was determined for the
chitosan film initially placed at 70 °C. Then, the film showed
a meaningful decrease of the storage modulus while the relative
humidity was increased. It can be explained by the uptake of
water, which acts as a plasticizer and allows chitosan to swell.
These observations are consistent with the behavior described
by Fernandes et al.*® and Micciulla et al.*® Then, when heated
at 70 °C for 24 h with a RH of 90%, the storage modulus of the
film increased from 0.17 GPa to 0.33 GPa. Additionally, the
tensile test experiments with a ramp force revealed that the
native chitosan film showed a strain at break around 31% while
the annealed film presented a strain at break around 12%
(Fig. 5(B)). Some studies explained this behavior by the crystal-
linity of the chitosan films.>** Indeed, crystalline regions will
increase the fragility of the films and lead to a lower strain at
break. Foster et al. also showed that an uptake of water in
chitosan films resulted in a lower tensile strength but a higher
strain at break.> This reinforces the hypothesis that desorption
of water occurred with the annealing: the results from DMA
suggest that 90% RH is enough to obtain a WTT that modifies
the structure of the film. This decrease in water content could
result in physical crosslinking and could explain the increase in
storage modulus obtained when a chitosan film was heated at
70 °C for 24 h. These observations are consistent with the
previous ATR-FTIR experiments which showed a change in the
hydrogen bonding and, thus, which might suggest a change in
crystallinity.

3.3.3. Crystalline structure of self-supported -chitosan
films. Wide Angle X-ray Scattering was performed on self-
supported films to evaluate the effect of the WIT on their
crystalline structure. Fig. 6 shows the diffraction diagram of a
self-supported chitosan film dried at room temperature for a
few days and the same film after performing a WTT at 70 °C for
24 h at 100% RH. Before annealing, a similar diffractogram was
obtained by Becerra et al. for a non-neutralized chitosan film

120 1 1 L 1 1 1
Native

—WIT

100

80

60

Stress (MPa)

40

20

[ T T T T T T T
0 5 10 15 20 25 30 35

Strain (%)

Fig. 5 DMA curves of self-supported chitosan thin films: (A) evolution of the storage modulus at various step of the process (a) temperature conditioning
(70 °C), (b) humidity conditioning (90% RH), (c) time sweep (24 h, 70 °C, 90% RH), (d) humidity decreasing (0% RH) and (e) temperature decreasing (30 °C).
The RH variation is plotted as a function of time on the right axis. (B) Stress-strain curves of native (dry at RT during few days) and after the water—
temperature treatment (WTT, 70 °C, 24 h, 100% RH) chitosan films. The (B) experiment was performed at ambient humidity.
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Fig. 6 Diffraction diagrams of (a) a self-supported chitosan film dried at
room temperature for a few days and (b) the same film after water—
temperature treatment at 70 °C for 24 h at 100% RH. For the sake of clarity,
curve b was vertically shifted (/ + 0.05).

dried at room temperature over a week.>® It is characteristic
of the chitosan acetate salt. Indeed, chitosan films present
different crystalline structures depending on the preparation
method and more specifically on the neutralization state of the
film.*>*> The anhydrous allomorph is then observed after the
WTT with reflections around ¢ = 1.09 A™", g = 1.46 A™" and
g = 1.70 A~" as shown in Fig. 6b. These peaks are respectively
characteristics of the (110),, (020), and (120), reflections of the
anhydrous allomorph.>*

Thus, the crystallinity of the low DA chitosan shifts from
the crystalline acetate salt to the anhydrous allomorph. As a
consequence, water is no longer involved in the crystalline
structure and the acetic acid has desorbed from the chitosan
film. Ogawa has already observed in several studies the removal
of water molecules in the unit cell when low DA chitosan was
heated, either when a chitosan powder was suspended in
water®® or when a chitosan film was immersed in water after
neutralization in NaOH solution.>” Becerra et al. also obtained
an anhydrous allomorph of chitosan after a neutralization step
in ammonia vapors®* and Okuyama et al. by keeping a chitosan/
acetic acid complex in 100% RH at room temperature for
several days or with annealing in water.’® Thus, the crystalline
structure of the chitosan films depends both on the annealing
and protonation state of chitosan. In our study, acetic acid
evaporated during the WTT (see Fig. 4b and c) allowing the film
neutralization. Moreover, the peak intensities of the native film
(Fig. 6a) are weaker than those of the heated one (Fig. 6b)
suggesting an increase of the index of crystallinity after anneal-
ing. These observations corroborate the study of Balau et al.
which indicates that the index of crystallinity is improved with
a heating treatment.”® Our results are also consistent with the
modification of hydrogen bonds and with the increase of the
storage modulus previously observed which suggested an
increase in the chain organization and thus in the crystallinity.
Moreover, when the crystallization state of chitosan is high and
in an anhydrous allomorph, chitosan cannot be dissolved in
the usual acidic aqueous media, as observed with our films

This journal is © The Royal Society of Chemistry 2023
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even with a thickness up to 11 um. Indeed, this decrease of
aqueous solubility has been reported many times after heating
treatment.*>*® The higher the annealing temperature or time,
the lower the solubility.*®%°

3.3.4. Swelling behavior and layer profiles of chitosan
grafted films. Neutron reflectivity (NR) was used to determine
the density profiles and the swelling behavior of the chitosan
grafted films when immersed in an aqueous solution. The NR is
sensitive to the scattering length density SLD(z) profile in
the direction normal to the interface and consequently to the
profile of the volume fraction of chitosan.

Each swelling series was fitted globally, using one common
value for the chitosan amount in the coating, and for each pH
or salinity condition the water content of the film was fitted. To
improve the quality of the fit, an incoherent sum over areas
with slightly different thickness was included in the fitting
routine (see fits without including an incoherent sum in Fig. S2
of the ESI{). In practice, the calculated NR curve was obtained
as the integral of polymer dry thickness normally distributed
around the average d,,, as:

1 1/x—dy)\*
RR(a o) = |2 H' )
inc n

RR(q,x,0.)dx

(4)

In summary, each swelling series is characterized by an average
chitosan amount, and for each pH and ionic strength condi-
tion, a degree of hydration ¢y, a local roughness o, and a long-
range inhomogeneity of the film thickness o;,. are obtained.
The choice of two roughnesses is rather uncommon and is
motivated by the fact that the films are extremely smooth. In
practice, the local roughness has an effect on the depth of the
oscillation and on the overall reflected intensity, with RR(q)
decaying faster with g for rougher films. Adding a long-range
roughness, ie., different regions on the substrate having on
average a different thickness, allows the depth of the minima to
be reduced without affecting the reflected intensity.

Fig. 7(a) shows the NR curves and the volume fraction profile
of chitosan normal to the silicon substrate corresponding to
the best fit of the data for the same chitosan film (45 nm, DA
0%) immersed in a D,O solution (with 10 mM NacCl) at
decreasing pH (8.5, 6.0, 5.0 and 3.5). The corresponding
profiles of scattering length density are shown in Fig. S3 (ESIT).
The degree of hydration ¢, of the films and their local rough-
ness are reported in Table 3. The coatings were extremely
smooth, with roughness values mostly below 0.1% (see
Table 3 for values). In combination with the excellent instru-
mental resolution, up to 7 oscillations were found in the NR
data. This is a very uncommon finding in soft matter systems.
Indeed, for instance, Li et al. obtained much fewer oscillations
for chemical networks.® This surprisingly high number of
Kiessig fringes indicates that the density profiles of our chit-
osan layers are extremely sharp.

The water content of the hydrated film increases when
the pH decreases which is an indication of the increase of the
swelling the film. Indeed, the higher the fraction of water,
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Fig. 7 Neutron reflectivity curves and volume fraction profiles of chitosan normal to the silicon substrate for chitosan films of similar thickness (45 nm)
immersed (a) in a D,O solution (with 10 mM NaCl) at different pH: 8.5, 6.0, 5.0 and 3.5 or (b) in a D,O solution (pH 8.5, 6.0 and 3.5) at various ionic

strengths: 10 and 1000 mM NaCl.

Table 3 Fitted values of the degree of hydration ¢, the roughness and
the swollen thickness for chitosan films of similar dry thickness (45 nm)
immersed in a D,O solution (with 10 mM or 1000 mM NaCl) at different
pH: 8.5, 6.0, 5.0 and 35

Ionic strength Degree of Swollen Local

pH (mM NacCl) hydration ¢}, thickness (nm) roughness (nm)
8.5 10 0.60 113.1 0.2
6.0 10 0.63 121.4 0.2
5.0 10 0.67 135.7 0.1
3.5 10 0.88 390.7 3.0
8.5 1000 0.61 115.8 3.0
6.0 1000 0.62 119.1 1.0
3.5 1000 0.80 220.5 0.1

the higher the swelling, the closer the SLD from that of the
immersing solution (mainly D,O in our case: 6.23 x 107° A%
and the lower the volume fraction of chitosan inside the film.
Thus, the thickness of the hydrated films deduced from the
fitting increases with decreasing pH. Those results can be
explained by the osmotic pressure and the charge density of
DA 0% chitosan film. The osmotic pressure, which drives the
swelling, increases when the pH decreases because of the
increasing charge density within the film. When the chitosan
film was immersed in a solution at a pH lower than 6.3, the
amino groups of the glucosamine units are mostly protonated.
Usually, the immersion in acidic medium results in the dis-
solution of the films®" and thus the impossibility of performing
the NR analysis below pH 5.5.*> However, the heating treatment
performed on our chitosan films increased the crystallinity and

1614 | Soft Matter, 2023,19, 1606-1616

shifted it to an anhydrous form that affected the solubility
of the films in aqueous solutions and thus their swelling
properties. At very low pH, the osmotic pressure becomes
higher due to the significant charge density within the film
below the pK,. As a result, the swelling capacity of the chitosan
film increased, though without solubilization.

The impact of the ionic strength was also investigated. Fig. 7(b)
represents the NR curves and the volume fraction profiles of
chitosan normal to the silicon substrate for the same chitosan
film (45 nm, DA 0%) immersed in a D,O solution with increasing
ionic strength. At pH 3.5, the water content (Table 3) and thus the
swollen thickness clearly decreased when the ionic strength
increased from 10 to 1000 mM NaCl. This thickness decrease
was due to an increase in the charge screening effect when the
ionic strength of the medium increased. Moreover, the higher
the charge density on chitosan (at low pH) the more marked the
decrease in thickness. Indeed, at higher pH (6.0 and 8.5), the
impact of the ionic strength was less pronounced due to the lower
charge density of the film. As a consequence, approximately
similar water content and volume fraction of chitosan were found,
and thus the swellings observed were similar at high pH when
varying the ionic strength.

4. Conclusion

Ultra-smooth and stable chitosan films, with thickness ranging
from a few tens of nanometers to several micrometers were
successfully grafted onto epoxy-functionalized silicon wafers.

This journal is © The Royal Society of Chemistry 2023
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This procedure is simple and easily scalable. In particular,
chitosan films with an overall thickness up to a few hundreds
of nanometers can be prepared by spin-coating, while coatings
with an overall thickness of 1-10 micrometers were prepared by
solvent casting. The deposition was followed by a water-tem-
perature treatment, under optimal conditions to achieve homo-
geneously grafted chitosan films at 70 °C and 100%RH for 24 h.
The hydrothermal treatment not only promoted the covalent
grafting of the chitosan chain to the epoxy-functionalized
substrate, but also triggered crystallization within the film,
which acts as a physical crosslink. These modifications make
it possible to prepare films which are stable in acidic aqueous
media (AcOH, pH 3.5) for at least 2 days (for a few seconds
without covalent grafting) and in neutral environments for
7 days. Moreover, the film homogeneously swells in water,
and the degree of swelling is controlled by the pH and ionic
strength of the solution.

We anticipate that the procedure presented in this work is of
high interest for practical applications. On the one hand, the
procedure allows preparing long-term stable chitosan coatings,
also in an acidic environment, thus overcoming one of the
main limitations of chitosan. This easy and fast grafting
process could be extended to other substrates such as metals
or silicones. Moreover, chitosan films prepared with a con-
trolled thickness and impressively low roughness - less than
0.05% for the 11 micrometer thick film with a roughness of less
than 5 nm - open up the way for systematic studies on the
interaction of chitosan films with pathogens, proteins, or lipid
bilayers with ultra-sensitive techniques, such as neutron, light
or X-ray reflectometry,®*®* quartz-crystal microbalance,®*> or
evanescent wave spectroscopy.®®®’
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GPS (3-Glycidyloxypropyl)trimethoxysilane
NR Neutron reflectivity

RH Relative humidity

RMS Root mean square

WAXS Wide angle X-ray scattering
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