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Cathodic electrodeposition is a bottom up process that is emerging as a simple yet efficient strategy to
engineer thin polymeric films with well-defined physicochemical properties. In particular, this technique
offers the distinctive advantage of an easy control over composition, thickness, and morphology of the
films by simply adjusting treatment parameters. In this work, cathodic electrodeposition was exploited to
engender blends composed by chitosan (CH) and poly-ethylene-oxide (PEO) with different weight ratios.
The physicochemical and nanomechanical properties of the resulting films were successively
characterized by integrating Raman and Fourier-transform infrared (FT-IR) spectroscopy with Atomic
Force Microscopy (AFM). Our findings demonstrate that electro-deposition is an effective technique for
the co-deposition of CH:PEO blends. Moreover, spectroscopic and AFM analyses correlated the
physicochemical (ie. structural organization, bond formation and cross-linking) and nanomechanical
properties of the blends to the PEO content, ultimately unveiling the molecular interactions and
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Introduction

The ability to precisely assess the physicochemical features and
nanomechanical properties of polymers has increasingly
become a key aspect in the development and optimization of
advanced polymeric materials for a variety of applications, in
particular for tissue engineering and drug delivery." In these
fields, chitosan (hereafter indicated as CH) is undoubtedly one
of the most promising and widely used biopolymers, able to
conjugate interesting biologically relevant properties such as
biocompatibility, non-toxicity and biofunctionality. From a
chemical point of view, CH is a linear and high-molecular-
weight polysaccharide composed of p-glucosamine (de-acety-
lated) and N-acetyl-p-glucosamine (acetylated) units linked
together by B-(1,4) - glycosidic bonds. At moderately acidic pH
(<5), the amine groups acquire a proton, thereby making chi-
tosan soluble in slightly acidic solutions.»* Conversely, when
the pH increases towards more basic values, the ammonium
groups de-protonate, initiating the coagulation of an insoluble
structure of chitosan.* The exploitation of chitosan in tissue
engineering applications spans from porous scaffolds capable
of promoting tissue regrowth to films/coatings for cartilage,
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mechanisms involved in the cathodic deposition of CH:PEO films.

bone, vascular and skin repairs, as well as wound healing and
burn treatments.> Chitosan films have also been successfully
exploited as drug delivery systems that provide a controlled and
targeted elution of antibiotics and bioactive agents.>® In
particular, because of its low toxicity, high mucosal tolerance
and adhesiveness (due to the electrostatic interaction between
the CH amino groups and the sialic acid residues of mucins’),
chitosan has rapidly become one of the most promising mate-
rials for ocular’™ and oral delivery systems, enabling, for
instance, an excellent permeation of insulin in the buccal
mucosa.'* The breath of application of chitosan and chitosan-
based hydrogels in drug delivery also extends to stimulus-
responsive smart coatings capable of releasing their bioactive
content only when instructed by environmental cues, such as
pH, temperature and enzymatic activity.*”

In order to enhance its properties (e.g. greater flexibility,
elongation and tensile strength) and ultimately further extend
the breath of its applications, CH has been blended with other
polymeric materials."* Among these, poly-ethylene oxide (PEO),
a synthetic polymer with a molecular formula of (-CH,CH,0-),,
has emerged as a promising candidate because of its low-
toxicity, bioadhesive and mucoadhesive properties as well as a
high hydrophilicity.***® In particular, pure PEO has been used
extensively in drug release and tissue engineering applica-
tions.*® Despite these advantages, pure PEO films demonstrated
relatively weak mechanical properties, and the high water
solubility limits their range of application."* However, when
blended with CH, its overall properties, such as water stability,
moisture sorption, elongation at break and tensile strength are
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enhanced.""® CH:PEO blends are thus expected to overcome
the limitations of the individual components by synergistically
conjugating their properties (e.g. controlled drug elution and
physicochemical stability), ultimately resulting in a polymeric
material with new capacities and improved performance.

To date, the most widely used methods to manufacture
CH:PEO components for various medical applications (e.g.
wound healing and tissue engineering) are electrospinning and
solvent casting.'***?%*' The former permits to draw ultra-fine
fibers and weave them into micro- and nano-fibrous structures
with an interconnected porosity in the sub-micron and micron
scales. Because of these distinctive advantages, electrospinning
has been mostly applied to engender biotextile structures and
unwoven webs, such as 3-dimensional scaffolds and meshes to
support cell growth, among others.”*** On the other hand, while
solvent casting has been successfully employed to generate
films with variable thickness for biomedical applications, its
use may pose challenges in regard to a potential retention of
toxic solvent within the film.

While these techniques will keep evolving and improving to
address some of the limitations and further enhance their
impact, the search is still on for valuable alternatives for the co-
deposition of CH:PEO blends. Among these, cathodic electro-
deposition promises to combine a relatively fast deposition
process with the prospect of controlling the films characteristics
(e.g. thickness, pore size).*** In addition, this approach relies on
a simple experimental setup, can be carried out at room
temperature and without the use of toxic reagents/solvents.
These characteristics are poised to preserve the natural bioac-
tivity of therapeutic agents to be incorporated in the polymeric
network, thereby making electrodeposition a valid new alter-
native for the production of chitosan-based blends with tunable
properties for drug delivery applications. This technique
exploits the electrophoretic motion of charged molecules under
the influence of an electrical field and their successive coagu-
lation onto a metallic electrode in form of polymeric thin films.
While cathodic electrodeposition has been successfully used to
engender chitosan thin films and coatings,>** its capacity to
deposit bi-component mixtures has never been investigated. In
particular, in the case of CH:PEO blends, the electrically neutral
PEO molecules and, as a matter of fact, any electrically neutral
molecule, are not expected to respond to the applied field, a
circumstance that would ultimately preclude their participation
in the coagulation process. Therefore, the question whether
polymeric blends composed by a combination of charged and
electrically neutral molecules could be created by cathodic
electrodeposition was still unanswered to date.

In this work, we validate the potential of cathodic electro-
deposition to co-deposit CH:PEO blends and the prospect of
controlling the properties of the resulting films by varying the
weight ratio of the two components. Physicochemical and
nanomechanical characterization was successively carried out
by exploiting Raman and Fourier-transform infrared (FT-IR)
spectroscopy, as well as Atomic Force Microscopy (AFM), to
understand the influence of the PEO content on the properties
of the films. In addition, we closed in on the molecular inter-
actions occurring during the co-deposition process, ultimately
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shedding new light on how these influence the resulting phys-
icochemical and structural properties of CH:PEO films. Our
findings highlight the versatility of electrodeposition as a
technique to engender CH:PEO blends, paving the way for its
broader application in tissue engineering and drug-delivery
applications which require the deposition of multi-component
polymeric blends.

Experimental
Cathodic electrodeposition

Four mixtures of medium molecular weight chitosan and 10°
kDa PEO (both purchased from Sigma Aldrich) with different
CH : PEO weight ratios (i.e. 100 : 0, 80 : 20, 50 : 50 and 20 : 80)
were diluted in a 1:50 (w/v) citric acid solution with a
concentration of 5 g 17" to create solutions with four different
nominal compositions. The resulting CH:PEO solutions were
individually used as the electrolyte in a cell composed by a
double-faced 1.5 x 1.5 ecm” stainless steel cathode and two
graphite rod anodes. A 100 W potentiometer (Keithley Instru-
ments, United States) was used to impose a potential of 20 V
between the electrodes for 15 minutes, in order to transport by
electrophoresis the positively charged and soluble chitosan
molecules to the metallic cathode. Here, they coagulated as
a result of the more basic pH at the electrode-electrolyte
interface.® Continuous injection of N, reduced the O, partial
pressure and in turn improved the films homogeneity. In
addition, since it was previously shown that a relatively lower
acidic pH (i.e. 3-4) of the chitosan solution promotes the
formation interconnected pores,* the films were deposited at
pH = 2 to minimize this phenomenon. At the end of the
deposition, the coated cathode was immersed in a 1 M NaOH
solution overnight to facilitate the detachment of the films,
which were successively dried at 37 °C for 8 h and weighted
with a 1 pg resolution scientific scale (FISONS Sartorius, United
Kingdom). The average weight of the electrodeposited CH : PEO
films varied as a function of the PEO content, decreasing from
6.5 £+ 0.2 g for pure chitosan to 5.3 £ 0.3 g,4.7 £ 0.1 gand 2.6 +
0.1 g for the 80 :20, 50 : 50 and 20 : 80 samples, respectively
(Table 1).

Scanning electron microscopy

A JSM-7500F Field Emission Scanning Electron Microscope (FE-
SEM, JEOL, Japan) was used in secondary electron mode to
image the electrodeposited films. Prior to observation, samples
were sputter-coated with a thin gold-platinum layer (Gatan
Precision Etching Coating System, United States) to reduce
surface charging.

Raman spectroscopy

An Alpha 300 confocal Raman microscope (WITec, Germany)
was used to carry out Raman spectroscopic analysis on five
samples for each weight ratio. Ten single spectra were collected
in randomly selected regions of the films, for a total of 50
spectra per condition (n = 50). The presence of a high intensity
broad band in the 100-3000 rel cm™ ' range (data not shown)

This journal is © The Royal Society of Chemistry 2015
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was attributed to the autofluorescence of the material.***” This
was minimized by exposing the samples to photobleaching with
a 633 nm laser (Helium-Neon Research Electro-Optics laser,
Boulder, United States) for 5 minutes prior to each measure-
ment. Optical microscopy inspection with a 20x air objective
ensured the absence of any significant damage caused by the
laser. The same laser was used for spectra collection. Each
spectrum was acquired with a 120-second integration time
(single acquisition) to enhance the signal-to-noise ratio. Raman
data were processed by the OriginPro software (OriginLab
corporation, United States). The Savitzky-Golay filter was used
after linear baseline subtraction. Raman spectra were succes-
sively normalized to their global maximum peak (ie. C-H
deformation, t¢_g/wc g, in the 1342-1371 rel cm™ " region) as
internal standard and fitted by Guassian functions.”®?° The
assignment of the peaks was performed according to previous
literature.>**° The same software was also used to carry out one-
way ANOVA test. A p value <0.05 was used to identify statistically
significant differences.

Fourier transform infrared (FT-IR) spectroscopy

The physicochemical properties of the films were successively
analyzed by exploiting an air-purged Thermo Nicolet Nexus 870
FT-IR spectrometer equipped with a grazing-angle SAGA acces-
sory (Thermo Scientific, United States). Four samples (n = 4) per
composition were investigated by using polarized light at an
angle of 80° with respect to the surface normal and an 8 mm
diameter opening. Spectroscopic information was collected in
the 800-1900 cm ™" range with a 4 cm™" resolution (256 scans
per spectrum), using a gold substrate for reference. The choice
of the spectral range was based on the data interpretation and
peak assignment found in previous literature.*”** Similar to the
Raman analysis, infrared data were processed by using the
OriginPro software. In particular, spectra were smoothed with a
Savitzky-Golay filter after linear baseline subtraction, normal-
ized with respect to a common band (i.e. C-O stretching, 977-
1003 ecm™ '), and fitted with Gaussian functions to resolve
secondary vibrational components. In this context, variations in
the film thicknesses and the resulting differences in the optical
paths affected the FT-IR band absolute intensities. In addition,
the significant overlapping between chitosan and PEO infrared
signatures, as well as the absence of PEO-exclusive bands, pre-
vented us from directly quantifying the effective chitosan-to-
PEO ratio in the thin films.** These limitations were however
overcome by normalizing the intensities to the common C-O
stretching band. This allowed us to compare the normalized
intensities of different bands, ultimately inferring the presence
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of PEO in the blends (see Discussion). Noteworthy, the absolute
peak shifts are not expected to depend on the thickness of the
sample.

Atomic force microscopy

The WITec Alpha 300 microscope also features an Atomic Force
Microscope which was used in Digital Pulsed Force Mode
(DPFM). This technique permitted to simultaneously visualize
the nanoscale surface morphology of the thin films and probe
their nanomechanical properties. For each composition, three
(5 x 5) um> DPFM images were obtained on three different
samples (n = 9) with a cantilever characterized by a tetrahedral
tip (tip radius less than 10 nm), a resonance frequency of 75 kHz
and a nominal spring constant of 2.8 N m~"' (Arrow™ FM
Nanoworld, Switzerland). DPFM maps were collected on
micrometric regions of sample surfaces without pores. Set-
point, amplitude and frequency were set at 3 V (equivalent to a
measured maximum indentation force of 35 nN), 1.5 Vand 1000
Hz, respectively. Each DPFM image contained 2.5 x 10° force-
distance curves, which were converted from deflection [V]-phase
[°] (AFM output) into force [N]-indentation depth [nm] accord-
ing to a previously published procedure.>>** From these curves,
we directly calculated the maximum indentation depth, stiff-
ness and compliance.* In order to extract the Young's modulus,
data were fitted with the Hertz model and the Sneddon

approximation.®’

Results and discussion

While cathodic electrodeposition has already proven to be an
effective strategy to engender thin films of pure CH, its potential
and effectiveness for the co-deposition of CH:PEO blends was
yet to be validated. Once demonstrated, results from this study
will support the future applications of this technique in the
production of chitosan-based blends, ultimately becoming a
valid alternative to existing approaches such as electrospinning
and solvent casting.

In this work, we carried out physicochemical and nano-
mechanical characterization to monitor how the properties of
the electrodeposited films vary as a function of the nominal
composition. This allowed us to assess the efficiency of the
process (i.e. capacity to generate CH:PEO films with controlled
composition by electrodeposition) and the characteristics of the
films.

A preliminary indication of a successful co-deposition
process could be given by the film's weight reduction as a
function of the nominal PEO content (Table 1). It was in fact
demonstrated that the deposition rate decreases linearly with

Table 1 Weight and RMS roughness of the electrodeposited films at different CH : PEO ratio

Parameter considered 100: 0 80:20 50:50 20 : 80

Weight (g) 6.5 + 0.2 5.3+ 0.3 4.7 £0.1 2.6 £ 0.1
RMS-roughness (nm) (5 pm X 5 pm) 315495 14.3 £ 3.4 22 + 4.8 20.5 + 5.6
RMS-roughness (nm) (500 nm x 500 nm) 8.9+ 1.8 109 +£ 2 11.4 £ 2.3 7.3+ 1.3

This journal is © The Royal Society of Chemistry 2015
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the CH concentration: the mass of the electrodeposited films
should thus linearly follow the reduction of CH content in the
electrolyte assuming, by a proof of contradiction, that no PEO is
deposited.* However, our data show that the weight of the
blends is always greater than the expected weight of the films if
only CH was deposited. It could be conceived that during
cathodic co-deposition, chitosan acts as a carrier of PEO mole-
cules. Electrically neutral PEO are in fact expected to form
hydrogen bonds with charged chitosan molecules,?**"**%° which
migrate towards the electrode’'s surface under the influence of
the applied voltage. Therefore, according to this hypothesis,
variations in the weight of the deposited film suggest that
during the process a second component is also deposited. In
addition, such postulate can also explain the reduction of the
total weight measured at lower CH : PEO ratios. As the CH
content in solution decreases, the amount of carrier molecules
in the electrolyte decreases as well, thereby decreasing the
efficiency of the process in terms of number of CH and PEO
molecules coagulated onto the electrode. Noteworthy, one may
also argue that the less heavy films deposited in a given time (15
minutes) result from a lower diffusion rate of the heavier
CH:PEO complex in comparison to unbounded CH molecules
in solution. Taken together, these considerations indicate that
the weight of the films alone cannot provide a direct evidence of
a successful co-deposition process, and complementary tech-
niques have been exploited to achieve unambiguous proof of
the efficiency of this technique.

Scanning electron imaging revealed that, regardless of the
composition, all electrodeposited films generally exhibited a
topography characterized by micrometric pores (about 30 um in
diameter) randomly distributed across the entire surface
(Fig. 1A and B). These most likely originated from the evolution
of hydrogen gas (i.e. reduction of hydrogen ions) during the
deposition process, even after the use of N, and a low pH.* In
this context, more uniform films could be obtained by intro-
ducing H,0, or p-benzoquinone to the deposition solution to
allow cathodic reactions at lower potentials, ultimately further
reducing bubble formation.®

Fig. 1 (A-B) SEM and (C-D) AFM-DPFM images of pure chitosan and
20 : 80 CH : PEO films.
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SEM imaging was complemented by AFM investigation,
which allowed us to qualitatively and quantitatively close in on
the nanotopographical features of the films. Fig. 1C and D
display representative AFM micrographs of pure chitosan and
20 : 80 samples, selected for visual comparison. At low magni-
fication (5 x 5 pm®), while the surface nanotopography of the
former appeared relatively rough, that of 20 : 80 films resulted
smoother. These observations were confirmed by the quantifi-
cation of the root-mean-square (RMS) roughness, which ranged
from 14.3 £ 3.4 nm for the 80 : 20 to 20.5 & 5.6 nm for 20 : 80
samples. At a higher magnification (500 x 500 nm?), RMS
values were more uniform, spanning from 10.9 + 2.0 to 7.3 +
1.3 nm for the 80:20 and 20:80 films, respectively. The
complete sets of the measured RMS values are reported in Table
1. While the RMS roughness measured in 5 x 5 um?® regions
significantly varied as a function of the PEO content, smaller
areas 500 x 500 nm” showed more uniform values (Table 1).
Only the 20 : 80 samples showed a significantly lower roughness
at this scale. This can be explained by considering the
morphological irregularity of surfaces to be more marked in
larger areas. At a higher magnification, in fact, alterations of
surface topography are less pronounced, as shown by the
similar RMS values measured at this scale for the four condi-
tions tested. Although not unequivocal, these findings suggest a
correlation between chemical composition and surface
morphology, at least in 5 x 5 pm® regions of blends mainly
composed by PEO.

In order to probe the physicochemical characteristics of the
thin films, we exploited Raman (Fig. 2) and FT-IR (Fig. 3)
spectroscopy, two powerful techniques previously used to
investigate in detail the structural properties of chitosan and
PEO.37_49

Fig. 2 shows representative normalized Raman spectra of the
various films tested. Consistently with previous studies,*®*° the
main bands displayed by pure chitosan and PEO are located in
the 800-1400 rel cm ™" interval. Among these, the N-H wagging
(wn-m) as well as the amide I, IT and III bands uniquely belong to

C-H Vibrations

Amide l1®) [\ Oc.t+Amidell ()

Vc-o
WN-H ()

AU

/I\mide 1)

800 1000 1200 1400 1600 1800
Wavenumber (rel 1/cm)

Fig. 2 Representative Raman spectra of pure chitosan and CH:PEO
films (PEO content increases from bottom to top). Dotted peaks refer
to the characteristic peaks of the sole CH.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Left: Representative FT-IR spectra of pure chitosan and
CH:PEO films (PEO content increases from bottom to top). Dotted
peaks refer to the characteristic peaks of the sole CH. Right: Shift of
band maxima as a function of the PEO content.

chitosan (black dots in Fig. 2). Conversely, both chitosan and
PEO exhibit the C-H bending (6¢_g), the C-O stretching (v¢_o)
and the C-H deformation, which consists of the wagging (w¢_g)
and twisting (t¢_y) vibration peaks.

Peak deconvolution and fitting allowed us to precisely
compare the normalized bands intensity and monitor their
variations as a function of the composition. In particular, it
resulted that (i) the normalized intensity of the amide III peak,
centered in the 1236-1273 rel cm ™ interval,® as well as (ii) that
of the band in the 921-899 cm™' range, attributed to the N-H
wagging vibration (wyn_p),* significantly decreased as the PEO
content increased. The two overlapping vibrational modes,
namely (iii) dc_g******** and (iv) the bending vibration of the
amide II (6n_p),***>** composing the band in the 1575-1590 rel
cm™ ' region, were measured but it was not possible to separate
the two contributes. Also, despite photobleaching and the use of
the 633 nm laser (selected to reduce autofluorescence of the
material), we were not able to accurately resolve (v) the amide I
(C=0 vibration) in the 1683-1673 rel cm " range®3%% in
samples with a PEO content higher than 20% because of a
relatively high fluorescence background. Finally, (vi) the
normalized intensity of the peak centered in the 1050-1061 rel
em ! interval increased with the PEO content. This peak was
previously attributed to the vc o vibration of the ether
bonds*+***® or to the stretching/bending vibration of C-C
bonds.*

Because of the experimental and analytical limitations in
resolving all the above Raman bands, only the amide IIT and wy_
u were considered for comparison. These two bands were first
normalized with respect to the C-H deformation peak for all the
conditions tested. Results obtained for the three blends were
successively expressed in terms of percentage increase/decrease
with respect to pure chitosan. The ANOVA test was carried out to
identify statistically significant variations. The Raman bands
considered in this analysis and their relative normalized
intensity variations are shown in Table 2, which shows that the
normalized intensity of the wy_i and amide III peaks decreased
as the PEO content increased (Table 2).

This journal is © The Royal Society of Chemistry 2015
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Table 2 Percentage variations (with respect to pure chitosan) of the
normalized Raman and FT-IR bands as a function of the PEO content.
Values represent the average relative increase/decrease of normalized
intensities. The symbol e identifies data for which p > 0.05 (i.e. statis-
tically insignificant difference with respect to pure chitosan)

Type of peak  Peak 80:20[%] 50:50[%]  20:80[%]
Raman WN-H . —38 —45
Raman Amide III . —-21 -29
FT-IR Amide III . —40 —47
FT-IR l6/Te +21 +43 +49
FT-IR Von +9 +35 +41

Since these two bands are characteristics of CH only, a
reduction of its content in the blend is expected to cause a
gradual reduction of these peaks' presence in the Raman
spectrum (Fig. 2). In other words, the decrease of the CH
content in the electrodeposited film was demonstrated experi-
mentally by monitoring relative variations of the intensity of two
bands solely associated to CH.

Similar to Raman analysis, the assignment of the FT-IR
absorption bands was based on previous literature.*”** Repre-
sentative normalized spectra are shown in Fig. 3. Among the
bands observed, only the amide I, IT and III bands were char-
acteristic of the sole chitosan (black dots in Fig. 3) while the
remaining were in common with PEO.

Spectra processing and peak deconvolution revealed that (i)
the band between 1686 cm ™' and 1605 cm ™!, attributed to the
amide I stretching vibration (vc—o)*”*****¢ underwent a red
shift, varying its center from 1687 + 4 cm™ " for pure chitosan to
1672 + 7 em ™%, 1645 £ 2 cm™ ', 1605 4 10 cm ™! in 80 : 20,
50: 50 and 20 : 80 samples, respectively. In addition, (ii) the
band centered at 1525 cm™ ' and attributed to the amide IT (N-H
bending vibration, dy_)*"***** reduced in normalized inten-
sity and blue shifted as the content of PEO increased. The
overlap with the amide I prevented the precise identification of
amide II band in the samples with a chitosan : PEO ratio of
50 : 50 and 20 : 80. (iii) The third characteristic band of pure
chitosan was centered in the 1181-1141 cm ' region and
assigned to the amide III.****® In this case, the normalized
intensity decreased as the PEO content increased. In addition, a
shift of the band's center from 977 & 4 cm™* for pure chitosan
to 1004 + 13 cm™ " for 20 : 80 samples was measured (Fig. 3).
Also, (iv) the band located in the 1344-1407 cm ' region
increased in normalized intensity with the percentage of PEO in
the blend. This band was attributed to the wagging vibration of
C-H bonds (wc_y)-** Noteworthy, several authors also
assigned it to the bending (dc-u)*”** and twisting (tc-p)*
vibrations of C-H bonds (C-H deformation in Fig. 3). Moreover,
(v) the broad band in the 2784-3057 cm ™" region was attributed
to symmetrical and asymmetrical stretching vibrations of C-H
bonds (vc_p).*”?**** Similar to the w/t/dc_y, the normalized
intensity of this band increased with the content of PEO.
Finally, (vi) the band centered between 3402 cm ' and 3514
cm ' was assigned to the O-H stretching vibrations (vo_g).*%*>*
However, it was not further considered because of its high

J. Mater. Chem. B, 2015, 3, 2641-2650 | 2645
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variability across samples of the same composition. For all the
above reasons, only the amide III, w/t/dc_y and vey were
considered for comparison. As for the Raman analysis, results
obtained from fitting were expressed in terms of percentage
increase/decrease with respect to pure chitosan. The ANOVA
test was carried out to identify statistically significant varia-
tions. The FT-IR bands considered in this analysis and their
relative normalized intensity variations are shown in Table 2.
This permitted us to infer an increasing presence of PEO in the
deposited films by tracking the FT-IR bands in common
between the two components, ie. v¢ y and w/t/6¢_y, (Table 2)
both associated to alkyl groups.***”*® In fact, the contribution of
PEO molecules to the amount of C-H groups per unit mass is
greater than that of chitosan. This in turn translates into the
relatively more intense stretching vibration band measured on
samples with a higher PEO content. These findings were further
supported by the measured reduction of the C-N peak's inten-
sity (amide III band) with the PEO content. In fact, since this
band is only associated to CH, a decrease of its content in the
blend resulted in a significant decrease of the C-N absorbance
intensity.*®

The analysis of the FT-IR bands maxima's shifts of the ether
(977 em™ "), amide I1 (1525 cm™ ') and amide I peaks (1686 cm ™)
allowed us to deduce the structural configuration of CH and
PEO molecules in the blends. In the first case, the peak center
blue-shifted as a consequence of an increase in the PEO content
(Fig. 3). This was related to the establishment of intermolecular
hydrogen bonds between the hydroxyl groups of chitosan and
the protonated hydroxyl ends and the oxygen in the C-O-C
groups in PEO chains.”?***** The same behavior was observed
for the amide II band, which shifted from 1525 + 9 cm™" (pure
CH) t0 1589 + 19 em™ " (80 : 20 composition) (Fig. 3). Like in the

Citric Acid

Fig. 4 Two-dimensional ball-and-stick representation of the inter-
actions occurring among chitosan, PEO and citric acid molecules
during cathodic electrodeposition.
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case of the ether band, such a shift is an evidence of hydrogen
bonds formation between polyether oxygen and amino
hydrogen in PEO and CH, respectively (Fig. 4).2%*®

It should be noted that the amide I shift is produced by two
different phenomena, namely a low degree of de-acetylation or
the formation of ionic interaction with citric acid molecules of
the initial electrolytic solution.*®****> The amide I band results
from the vibration of C=0 bonds in the N-acetyl-p-glucosamine
unit of a CH molecule, and it is usually used as an index of the
degree of de-acetylation: the greater the amount of C=0 bonds
is, the lower the degree of de-acetylation will be.**** As shown in
Fig. 3, the amide I band has a relative higher intensity in pure
CH films, which thus suggests a low degree of de-acetylation.
However, this is in contrast with the high de-acetylation grade
chitosan used in this work (see Materials and methods). In
addition, the high degree of de-acetylation was also confirmed
by Raman spectroscopy: characteristic Raman vibrational
bands of the methyl group of acetamide, typical of the acety-
lated unit of CH (N-acetyl-o-glucosamine), were not in fact
detected in the 1379-1397 rel cm ™' range (Fig. 2).?***%® We can
thus infer that the high presence of C=0 groups, responsible
for the amide I vibration, does not depend on a low degree of de-
acetylation but rather on the presence of citric acid molecules
which ionically crosslink chitosan by creating a carboxylate
connection between the COO™ groups of the acid and the NH;"
groups of CH (Fig. 4).*¢°*°>*> To further support this observa-
tion, the significant large red-shift measured (Fig. 3), an
evidence of the reduction of the ionic bonds between the COO™
and the NH;" groups,® suggests that the number of ionic
interactions decreases as the PEO content increases because of
the progressive reduction of free NH;" groups available for ionic
interactions. However, it was previously demonstrated that the
amide I band can also shift in response to the establishment of
hydrogen bonds. In particular, when the band center is located
around 1619 cm™ " it can be assigned to the vibration of C=0
groups hydrogen bonded to hydroxyl groups; conversely, when
it is around to 1652 cm ™, the amide I band can be assigned to
the vibration of a C=0 group hydrogen bonded to the amine.?”
Taken together, the recorded red shift of the amide I band as a
result of an increase in the PEO content most likely results from
a combination of the above factors, namely a reduction of ionic
interactions with citric acid molecules and the formation of
hydrogen bonds between C=O0, the protonated hydroxyl end
groups of PEO and the amine groups of CH.

Spectroscopic results were complemented by the quantifi-
cation of the nanomechanical properties of the films obtained
by Digital Pulsed Force Mode (DPFM) (Table 3). With this
technique, stiffness maps are created by assigning a color code
to the cantilever's deflection (measured in the linear portion of
deflection-phase curves) when indenting the sample's surface.
Qualitative comparison of DPFM images revealed a relatively
homogeneous stiffness distribution across all samples, without
any evident difference associated to their composition (Fig. 5).

Noteworthy, DPFM maps not only qualitatively showed the
spatial distribution of stiffness, but they also permitted to
quantify it along with additional properties, such as Young's
modulus and compliance. Every point of the map can be in fact

This journal is © The Royal Society of Chemistry 2015
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Table 3 Nanomechanical properties of the electrodeposited films as a function of the PEO content

Mechanical properties 100: 0 80:20 50: 50 20 : 80
Stiffness [N mfl] 1.91 + 0.32 1.92 + 0.25 1.77 £ 0.19 1.35 + 0.12
Young’s Modulus [MPa] 11.4 +2.7 11+2.6 10.5 + 1.8 8.2+ 2.2
Compliance [m N~'] 0.57 % 0.09 0.56 + 0.08 0.59 + 0.06 0.76 + 0.08

converted into a force-distance curve that provides deeper
information on nanomechanical properties.*

To this end, we collected three DPFM maps for each sample,
for a total of 3 samples per condition (n = 9). From each color-
coded stiffness map, we selected five points at each of the two
ends of the scale (i.e. five highest and lowest stiffness values),
which were successively used to calculate the average stiffness
(Fig. 6A, black squares) and elastic modulus (Fig. 6B, black
squares) for each film composition. It follows that the error bars
in Fig. 6 are representative of the intrinsic spatial inhomoge-
neity of the nanomechanical features of surfaces.

In addition, we monitored how the stiffness’ (Fig. 6A) and the
elastic modulus’ (Fig. 6B) maxima (red dots) and minima (green
triangles), expressed in terms of average values with a 95%
confidence interval (red and green shading), varied as a func-
tion of the composition. The average stiffness gradually
decreased from 1.91 + 0.32 N m ™' for pure chitosan to 1.35 +
0.12 N m " for 20 : 80 CH : PEO samples. The one-way ANOVA
test established that stiffness was only statistically different for
the 20 : 80 samples. Similarly, the average Young's modulus
varied from a maximum of 11.4 £+ 2.7 MPa for pure CH to a
minimum of 8.2 &+ 2.2 for the 20 : 80 composition (Table 3). Also
in this case the only significant difference was shown by the
20 : 80 samples.

The same trend was observed for the average stiffness/
Young's modulus maxima and minima. In particular, the
average stiffness maxima decreased from 2.4 + 0.5Nm ™ 'to 1.5
+ 0.1 N m ™", while the average minima varied from 1.4 £+ 0.1 N
m~ " to 1.1 = 0.1 N m~ " as the PEO content increased (Table 3).
However, only the nanomechanical parameters of the 20 : 80
film showed statistical differences. It also followed that the
compliance (a more accurate parameter to describe surface

i1.64i0.02 N/m

1.26+0.11 N/m

Stiffness maps obtained by AFM-DPFM on pure chitosan (A) and
(B) 20 : 80 CH : PEO films.

1.48+0.25 N/m

Fig.5

This journal is © The Royal Society of Chemistry 2015

nanohardness™) was significantly greater for the 20:80
samples in respect to the other compositions (Table 3).

The comparison of our results with the existing literature
was not unequivocal because of the large variability in the
published results.®*”* In particular, the mechanical properties
of chitosan not only depend on the sample preparation but also
on the characterization method and on the scale at which the
analysis is carried out. In this context, a correlation between
measurements obtained with the same indenter at various
scales (i.e. micro and nanoscale) was deemed unreliable, since
they depend on various effects associated to the characteristics
of the indentation print especially on viscoelastic materials.*
For this reason, the micro- and nano-indentations are generally
used for different purposes: the former is considered a measure
of the hardness of bulk materials, while the latter is utilized for
assessing the nanomechanical surface properties. However, the
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Fig. 6 Average =+ standard deviation (black squares and bars), average
maxima (red dots) and average minima (green triangles) values of
stiffness (A) and Young's modulus (B) as a function of the PEO content.
The 95% confidence interval is depicted as a red (maxima) and green
(minima) shading.
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bulk mechanical properties can nonetheless provide guidance
to better understand the nanomechanical behavior at the
surface. Translated to our work, the reduction of stiffness/
Young's modulus in films with a higher PEO content (Fig. 6) is
in good agreement with previous indentation® and uniaxial
tensile test®® measurements even if on a different scale. In
addition, an elastic modulus of 9.46 MPa was measured for
CH : PEO fibers in ratio 1 : 1 with a spherical nanoindenter.*®
Despite the difference in the sample preparation, this value is
consistent with the 10.53 MPa measured for CH : PEO 50 : 50.
Moreover, a stiffness value of 1.71 nN nm ™', a value in the same
order of magnitude that calculated for CH : PEO 20 : 80, was
measured for a PEO-PPO-PEO triblock copolymer, a material
that, despite a different composition, shows a similar large
proportion of PEO.”” On the other hand, inconsistencies
between our work and previous literature may originate from
different assumptions used in the contact mechanics
models®**® as well as from the strong dependence of stiffness/
elastic modulus on the experimental parameters such as
indentation depth and frequency.**”*

Sample preparation, and in particular the use of citric acid, is
also another variable that influenced the nanomechanical
properties by increasing ionic crosslinking between chitosan
chains.®” In CH:PEO blends, the crosslinking effect of citric
acid, revealed by Raman and FT-IR spectroscopy, was created by
ionic interactions between NH,;" of CH chains and COO~ of
citric acid molecules. Such interactions were not only respon-
sible for the higher Young's modulus compared to literature,***
but also for the dependence of the nanomechanical properties
on the PEO content. In fact, the increase of PEO content and the
consequently reduction of chitosan molecules, produced a
reduction of the free NH;" groups available for ionic interac-
tions with citric acid molecules, thereby resulting in a lower
stiffness of the material.

Results obtained by AFM-DPFM imaging (Fig. 5) and
measurements (Table 3) also revealed that a phase separation
did not occur. In fact, considering the randomized selection of
the areas probed by the AFM, if a distinct PEO phase formed,
one would expect to see either of the following behavior, as the
PEO content increased: (i) the stiffness maxima significantly
increase and the minima remain constant (assuming the crea-
tion of a PEO second phase stiffer than pure CH) or (ii) the
stiffness minima significantly decrease and the maxima remain
constant (assuming the creation of a PEO second phase more
compliant than pure CH). Since it was previously reported that
bulk PEO exhibits a lower stiffness than CH,”>”® the latter
outcome was more likely to occur in case of a phase separation.
However, since both maxima and minima decreased, we infer-
red a homogenous distribution of the two molecules, which in
turn equally affected the highest and lowest stiffness values
towards more compliant films composed by CH and PEO chains
bonded via hydrogen bonds and ionic interactions (Fig. 4). The
establishment of hydrogen bonds between CH and PEO mole-
cules also plays a fundamental role in determining the blend's
crystallinity. While CH shows an amorphous state due to the
intramolecular interactions that limit the movement of the
chains and thus hamper its crystallization, PEO is characterized
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by a semicrystalline structure composed by spherulitic crystals
embedded in an amorphous matrix." It was shown that CH-
PEO blends with a CH content higher than 80-90% produced
with standard techniques (e.g. solvent casting) do not preserve
the crystalline organization of PEO."'®%7* Such effect was
ascribed to the interruption of PEO-PEO interactions by the
competitive formation of hydrogen bonds between CH and PEO
molecules.™ An alternative hypothesis asserts that CH does not
affect the ordered structure of PEO but instead limits the
nucleation process.’” In this context, the spectroscopic tech-
niques used in this work did not allow to accurately probe the
degree of crystallinity of the electrodeposited blends. In
particular, although Raman spectroscopy has been successfully
exploited to assess the crystallinity of various polymers,” the
background noise generated by the material's autofluorescence
may alter the width of the Raman bands, thereby preventing the
correct interpretation of the results. Similarly, it could be
conceived that crystalline spherulites possess different nano-
mechanical properties as compared to the surrounding amor-
phous matrix, and thus could be detected by DPMF-AFM
mapping. Although our AFM analysis did not reveal any local-
ized domains with distinctively dissimilar nanomechanical
properties (thereby suggesting the absence of such spherulites),
we cannot however exclude the existence of crystalline regions
with a similar stiffness than that of the matrix. Based on these
assumptions and our experimental data, we can only conclude
that the amorphous/crystalline character of the electro-
deposited blends likely depends on the PEO content,***7* but
further experimental refinements are required. It will be in fact
necessary to resort to additional techniques (e.g. X-ray crystal-
lography, differential scanning calorimetry and polarized
optical microscopy) to precisely characterize the crystallinity of
the electrodeposited films. It emerges that the processing
technique strongly affects the microstructure of the CH-PEO
blends, but the comprehension of the underlying mechanisms
goes beyond the scope of this work.

Conclusion

In this work, we have exploited cathodic electrodeposition to
create biopolymer blends, which we have precisely character-
ized by spectroscopic and nano-mechanical techniques. Our
findings demonstrate the effectiveness of the electrochemical
process in generating CH:PEO blends with variable composi-
tion and nanomechanical properties, which thus promises to
become a valuable tool to engender tailor-made polymeric
substrates for in vitro and in vivo applications. In addition, we
unveiled the mechanisms at the molecular level that develop
during co-deposition, ultimately achieving a better under-
standing of the interactions between CH and PEO molecules in
electrodeposited blends. Our results also suggest that cathodic
electrodeposition may lend itself to the creation of multi-
component blends, as long as at least one component can be
electrically charged and able to establish chemical interactions
(e.g. hydrogen bonding) with the other(s).

This journal is © The Royal Society of Chemistry 2015
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