Showcasing research from Professor Hashizume’s
laboratory, Tokyo University of Science, Japan.

The pH responsiveness of fluorescein loaded in
polysaccharide composite films

The interaction between a molecule and polysaccharides
can modulate stimuli responsiveness of the molecule in the
polysaccharide composite films.

¥® ROYAL SOCIETY
PN OF CHEMISTRY

As featured in:

Soft Matter

See Mineo Hashizume et al.,
Soft Matter, 2023, 19, 8945.

{ /

rsc.li/soft-matter-journal

Registered charity number: 207890



¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

The pH responsiveness of fluorescein loaded in

’ '.) Check for updates ‘
polysaccharide composite films+

Cite this: Soft Matter, 2023,

19, 8945 *ab

Konatsu Takagi,® Takuya Sagawa (2 ®° and Mineo Hashizume
Stimuli-responsive materials have been used in biomedical applications. Composite films fabricated
using polyion complexes comprising anionic and cationic polysaccharides exhibited loading and release
abilities for water-soluble molecules, the release ability of which depended on the solution pH.
However, the interactions between polysaccharides and loaded molecules in the film have not been
evaluated. In this study, polysaccharide composite films loaded with fluorescein (FL) as a probe molecule
were fabricated and the film properties, FL ionization, and release behaviour of FL were investigated. FL
loading did not significantly affect the mechanical and morphological properties of the films. The release
behaviour of FL was determined by the pH of the solution as well as the electrostatic interaction
between polysaccharides and FL ionic structures in FL-loaded films. Furthermore, the ionic structure
change of FL that remained in the film was suppressed due to interactions with polysaccharides, such as
through hydrogen bonding. Additionally, the pH responsiveness of FL in the film in the dried state was
evaluated. The result shows that polysaccharide composite films were swollen because of air moisture
and that the diffusion of molecules inside the film accelerated. These findings are useful to understand
the properties of the loaded molecules such as ionic state and diffusiveness in the films made of polyion
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1. Introduction

The development of stimuli-responsive materials, which exhibit
changes in their properties and structures due to external
stimuli such as temperature, light, magnetizing, and chemical
environments (solution pH), has resulted in more advanced
materials that perform the required functions on demand.'™ In
recent years, stimuli-responsive materials have been used for
biomedical applications.*” In particular, temperature- and
solution-pH-responsive materials are beneficial owing to their
ease of control.*”

The use of natural polymers for medical materials can not
only reduce adverse effects to the environment, but also provide
advantages such as biocompatibility and biodegradability. In
particular, natural polysaccharides abound on Earth, and they
have been utilized as feedstock for lumber, paper, clothes, etc.
Recently, the fabrication of biomaterials composed of poly-
saccharides for applications such as drug carriers and tissue
engineering has received attention.®** Among polysaccharides,
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water-soluble polysaccharides are easier to manage and mold
compared with water-insoluble polysaccharides. Chitosan (CHI),
hyaluronic acid (HYA), chondroitin sulfate (CS) C sodium salts,
and sodium alginate (ALG) are representative water-soluble poly-
saccharides used for such purposes.””* These polysaccharides
possess cationic or anionic groups in the sugar unit under an
appropriate pH environment, and these groups can form electro-
static interactions with inorganic salts, proteins, and oppositely
charged polysaccharides.””™ The electrostatic interactions
depend on the pH of the solution; therefore, these polysaccharides
can be used as pH-responsive materials.” However, materials
composed of water-soluble polysaccharides cannot provide suffi-
cient mechanical strength and durability under conditions used in
biomedical applications.”>*® One method to insolubilize water-
soluble polysaccharides is via the formation of polyion complexes
(PICs). CHI, which contains positive charges in acidic solutions,
can form water-insoluble PICs with anionic polysaccharides such
as HYA, CS, and ALG. One advantage of PIC formation is that no
cross-linking agent or chemical modification is required to pro-
duce water-insoluble gels.>** Furthermore, PICs can be molded
into various shapes without losing the natural properties and
functions of the polysaccharide.® In addition, the desired swelling
ratio and elastic properties of PICs can be achieved by adjusting
the component type, component mixing ratio, and solution pH.
Accordingly, PIC formation using water-soluble polysaccharides
can provide structural materials with the desired properties.
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Biocompatible polymer films are two-dimensional structural
materials used in biomaterials such as cell scaffolds, wound
dressings, and drug carriers.®>'%?* Solution casting and layer-
by-layer (LbL) assembly have been used to fabricate these
films.>®' The use of water-soluble polysaccharides as raw
materials has been reported.’*® However, controlling the film
thickness and density using the conventional casting method is
difficult. Additionally, LbL films are only several tens of nan-
ometers thick; therefore, they are not free-standing films.
Furthermore, increasing the loading amount into LbL films is
difficult because of their small thickness. Thus, the application
of biocompatible polymer films to medical materials presents
several challenges.

Hence, we developed polysaccharide composite films using
PICs comprising CS and CHI by hot press techniques.’”** The
resulting films (CS/CHI films) are insoluble in aqueous solu-
tions but are swollen. The swelling properties are determined
by the polysaccharide species and solution pH. Furthermore,
the CS/CHI films exhibit loading and release abilities for water-
soluble molecules such as methylene blue (MB).*® Because the
films are formed by non-covalent assembly of ionic polysac-
charides, the loaded molecules are surrounded by polysacchar-
ide chains depending on the molecular species, indicating that
various species of molecules can be loaded into the films. The
loaded molecules should interact with CS and CHI not only
through van der Waals interactions and hydrogen bonding, but
also by electrostatic interactions. Furthermore, since CS and
CHI contain carboxylic acid and amino groups, respectively,
and the ionization ratio of these groups changes under a
certain pH environment, the CS/CHI films can be utilized as
pH-responsive drug carriers. Actually, the loading and release
properties are correlated with the swelling behaviour of the
film, which depends on the solution pH. Here, although the
loading and release behaviours were evaluated in detail, the
interactions between loaded molecules and polysaccharides
have not been well investigated. Understanding this point will
provide useful insights into the potential of polysaccharide PIC
films as a carrier for various molecules, including drugs.

In this study, to evaluate the interaction between loaded
molecules and the polysaccharides of CS/CHI films, fluorescein
(FL)-loaded polysaccharide composite films (CS/CHI-FL films)
were fabricated, and the ionization and release behaviour of the
FL in the CS/CHI-FL films were investigated. The ionization of
FL, in other words, the type and number of cationic and anionic
groups in FL, depends on the pH of the solution. Therefore, the
absorption spectrum, fluorescence spectrum, and solubility of
FL change depending on the pH of the solution. Thus, electro-
static interactions with polysaccharides can be confirmed using
FL as a probe molecule and by observing the colour and
fluorescence of the film. Specifically, the FL release behaviour
in solutions with different pH values was evaluated, and
spectroscopic properties of FL molecules remained in the film
after release experiments were examined. Furthermore, gas
and droplets of HCl and NH; were reacted with the FL in the
films to elucidate the difference in reactivity of FL in the
solution state.
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2. Experimental

2.1. Materials

Chitosan (CHI, from crab shell, molecular weight (M) > 100 000),
chondroitin sulfate C (CS, sodium salt, from shark cartilage, My
ca. 20 000) (Fig. 1a), acetic acid, HCI (35-37 wt% aqueous solution),
NH; (28 wt% aqueous solution), NaOH, NaH,PO,, Na,HPO,, and
fluorescein (FL) were purchased from Nacalai Tesque Inc. All the
reagents were used without further purification. Distilled water
and ultrapure water (18.2 MQ cm) prepared by Advantec
RFD210TA and Advantec RFD414BA, respectively, were used in
the experiments.

2.2. Preparation of FL-loaded polysaccharide composite films

The CS/CHI-FL film was prepared by hot press techniques used in
our previous study, with slight modifications (Fig. 1b).> First, a
mixture comprising aqueous solutions CS (2.0 wt% as sodium
salts) and FL (1.0 mM) were added dropwise to an aqueous acetic
acid (1.0 wt%) solution of CHI (2.0 wt%) until the formation of
FL-loaded gel-like polyion complexes (PICs) was completed. The
PIC gels obtained were washed with distilled water and separated
by centrifugation (6000 rpm, 10 min).

The obtained PIC gel was sandwiched between polytetra-
fluoroethylene sheets and polyethylene terephthalate sheets
(thickness: 100 um) and placed on hot-press apparatus (H300-
15, AS ONE Corp.) preheated at 35 °C. The gel was hot pressed at
20 MPa for 5 min. The pressed PIC gel was folded into pieces
measuring 1 x 1 cm after each pressing process. The film
thicknesses were controlled to 100 um using a polyethylene
terephthalate sheet spacer with square holes (5 cm x 5 cm).
The resulting films were cooled to room temperature and cut
into the desired sizes using a cutter knife. The obtained FL-
loaded films were denoted as CS/CHI-FL films. In some cases,
CS/CHI films without FL were prepared and used as controls.

2.3. Characterization of FL-loaded films

Fourier transform infrared (FT-IR) measurements were performed
using a Nicolet 380 (Thermo Fisher Scientific Inc.). FT-IR spectra
were recorded using a single-reflection attenuation total-reflection
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Fig. 1 (a) Chemical structures and abbreviations of the polysaccharides;
(b) schematic illustration of fabrication of CS/CHI-FL films.
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(ATR) method with a Quest ATR accessory (GS-10800, Specac Ltd).
The absorbance and fluorescence spectra of the FL solutions and
FL-loaded films were recorded using a spectrophotometer (V-660,
JASCO Corp.) and a fluorescence spectrophotometer (FP-8500,
JASCO Corp.), respectively. An ultraviolet (UV) lamp with a wave-
length of 365 nm (UV handy lamp, AS ONE) was used for the
macroscopic observation of fluorescence from FL-loaded films.
The morphology of the films was evaluated using scanning
electron microscopy (SEM, JSM-7001F; JEOL Ltd) with an accelera-
tion voltage of 10 kV. In some cases, the specimens were coated
with Pt-Pd using an ion-sputtering device (MC1000; Hitachi Ltd) to
prevent charge-ups.

2.4. Film swelling behaviour

The swelling behaviour of the films in buffers was investigated
using previously reported procedures.*®** The films (1 cm x 1
cm) were immersed in phosphate buffer (PB) solutions (pH 2.0,
3.0, 5.8, 7.4, and 8.0) at 25 °C. At specified time intervals, the
film was removed from the solutions, and the net weight of the
swollen film sample was recorded after excess surface water
was blotted. The degree of swelling (%) and weight loss (%)
were calculated using eqn (1) and (2), respectively.

Degree of swelling (%) = (Ws — Wg)/W; x 100 (1)
Weight loss (%) = (W; — Wg)/W; x 100, (2)

where W is the initial weight of the film (1 cm x 1 cm) before
immersion, Ws is the weight of the swollen film after immer-
sion (180 min), and Wk is the final weight of the film after the
immersion experiments followed by air drying.

2.5. Tensile strength measurements

The mechanical properties of the films were evaluated quantita-
tively as the tensile strength using a universal tester (Autograph
AGS-500N]; Shimadzu Corp.). First, the film thickness was mea-
sured using a micrometre (MDE-25M], Mitutoyo Corp.). Subse-
quently, the films were cut into strips (1 cm x 3 cm) and placed
in the apparatus while maintaining an initial gauge length of
2 cm. The stretching speed was set at 1 mm min ™. The obtained
stress-strain curves were analysed using the Trapezium X soft-
ware (Shimadzu Corp.). The maximum tensile strength was
expressed as the mean + standard deviation.

2.6. Evaluation of FL loading and release abilities of the films

The FL loading of the CS/CHI-FL films was evaluated using an
ultra violet-visible (UV-vis) spectrophotometer. The FL solutions
before treatment and the supernatants of the mixtures after PIC
formation were examined. Aliquots of the sample solutions were
diluted 10 or 100 times, and then the spectra were recorded. The
absorbance at the maximum absorption of FL (491 nm) was used
to calculate the FL amounts. The differences in the absorbance of
the solutions were used in the calculations. The details of the
calculation method is provided in the ESL}

The release behaviour of FL from the films was examined by
UV-vis spectroscopy. CS/CHI-FL films (2 cm X 2 cm) were
immersed in 20 mL buffer solutions: 0.1 M phosphate buffer
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(PB) (pH 5.8, 7.4, and 8.0) and buffer prepared using 0.2 M
Na,HPO,, 5 M HC], and 1 M NaOH (pH 2.0, 3.0). Subsequently,
the samples were incubated at 36.5 °C using a water bath under
gentle stirring. At predetermined time intervals, 1 mL of the
release medium was withdrawn and replaced with an equivalent
volume of fresh buffer to maintain a constant volume. The UV
absorption of the released molecules was measured in sampled
solutions of pH 2.0, 3.0, 5.8, 7.4, and 8.0 using UV-vis spectro-
scopy with absorption maxima at 438, 479, and 491 nm, respec-
tively. The amount of molecules in the solution was determined
using a calibration curve of FL in the buffer solution. The
accumulative release of FL was obtained using eqn (3).

n—1

. V
Accumulative release (%) = nfE Z Ci + VoG, 3)
AT

where Vi and V, (mL) are the sampling volume and initial
volume of the release media, respectively; C; and C,, are the FL
concentrations (mol L™'); 7 and n are the sampling times; and 7,
ascertains the amount of FL incorporated in the film samples (mol).

In addition, the UV-vis and fluorescence spectra of the films
after these examinations were recorded to evaluate the ionic
state of FL remaining in the films.

2.8. Evaluation of pH responsiveness of FL-loaded films in the
dried state

The CS/CHI-FL films (2 cm x 2 cm) were placed in a desiccator
with 20 mL of 36 wt% HCI or 28 wt% NH; aqueous solution to
fill the desiccator with each gas. The films were exposed to each
environment for 60 min. The UV-vis spectra and fluorescence
intensity of the films were recorded at various time intervals.
Photographs were obtained under natural and UV light.

3. Results and discussion

3.1. Preparation and physical characterization of FL-loaded
CS/CHI films

To investigate the pH responsiveness of fluorescein (FL) in an
aqueous solution, measurements of UV-vis and fluorescence
spectra of FL in phosphate buffer (PB) of pH 2.0, 3.0, 5.8, 7.4,
and 8.0 were performed. When the pH was 2.0 or 3.0, an
absorption peak appeared at 430 nm, and the absorption
decreased as the pH increased (Fig. Sla, ESIt). At pH values
of 5.8, 7.4, and 8.0, absorption peaks at 450 and 485 nm were
observed. Furthermore, an isosbestic point did not appear in
these spectra, indicating that FL underwent at least two struc-
tural changes between pH 2.0 and 8.0. The pK, values of FL are
known to be 2.24, 4.20, and 6.39, and FL can form cationic,
neutral, monoanionic, and dianionic structures (Fig. 2a).** The
molar ratio of FL can be calculated using the Henderson-
Hasselbalch equation (Fig. S2a, ESIT). The calculated ratio of
each structure in aqueous solution suggests that the structures
of FL in aqueous solution are at least two species between pH 0
and 8.0. The fluorescence spectra of FL excited at 487 nm
showed that the intensity increased with the solution pH (Fig.
S2b and S4, ESIt). This indicates that the fluorescence intensity
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Fig. 2 (a) Structural changes of FL and their pK, values. (b) Macroscopic
images of the CS/CHI-FL film (left) and CS/CHI film (right) under natural
and UV light; (c) UV-vis spectra of CS/CHI-FL and CS/CHI films; (d)
fluorescence spectra of CS/CHI-FL and CS/CHI films.

of FL can be used to detect the ionization of FL in polysacchar-
ide composite films.

Subsequently, the FL-loaded chondroitin sulfate C (CS)/
chitosan (CHI) composite films (CS/CHI-FL films) were pre-
pared using hot press techniques. The techniques give uniform
and dense polysaccharide composite films.*”*® To obtain the
CS/CHI-FL films, FL-containing PIC gels were prepared. The
solubility of FL in water was higher in the basic solution than in
the acidic solution. Therefore, FL was dissolved in a small
amount of NaOH, and the solution was mixed with the CS
aqueous solution before it was mixed with the acetic acid
solution of CHI. Subsequently, it was mixed with CHI solution
to obtain a yellow gel. Next, the films were prepared at a hot
press temperature of 35 °C, which is different from the stan-
dard temperature of 120 °C, to prevent thermal deactivation in
FL. The control CS/CHI films were colourless and transparent
compared with those prepared at 120 °C (Fig. S4, ESIt). The
thicknesses of the CS/CHI-FL film and CS/CHI film prepared at
35 °C were 0.062 £ 0.001 mm and 0.059 £+ 0.001 mm, respec-
tively. Meanwhile, the film thicknesses of CS/CHI films pro-
vided at 120 °C was 0.106 £ 0.002, which was smaller than
those films prepared at 35 °C and approximately equal to the
thickness of a polyethylene terephthalate sheet spacer. The
reason why the thickness of the film was reduced by hot
pressing at 35 °C could be swelling during film production.
When the film was prepared at 120 °C, almost all the water in
the gel evaporated, resulting in a dried film. Therefore, the
obtained films had almost the same thickness as the spacer. In
the case of the film prepared at 35 °C, a certain amount of water
remains in the gel, and the swollen films having the thickness
of the spacer were obtained. When the films were dried, the
films lost moisture and shrank, resulting in a smaller film
thickness. Notably, these films were obtained with a uniform
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and dense structure. The CS/CHI-FL films appeared pale yellow
under natural light and emitted green fluorescence upon UV
irradiation (Fig. 2b, left), whereas no green fluorescence was
observed on the CS/CHI films (Fig. 2b, right). In the fluores-
cence and UV-vis spectra of the FL-loaded films (Fig. 2c and d),
the presence of FL-derived absorption peaks (455 and 483 nm)
and a luminescence peak (515 nm) was confirmed, indicating
that FL was loaded into the film. The peaks at 455 and 483 nm
were attributed to neutral and monoanionic FL, respectively.
Furthermore, the pH value of the supernatant during the PIC
gel formation was 4.2, indicating that 50% of FL formed neutral
charges and the other 50% formed monoanions based on the
ionization degree of FL (Fig. S2a, ESIT). Therefore, the loaded
FL was composed of neutral charges and monoanions. The
loading amount of FL was determined by subtracting the amount
of FL in the supernatant during gel formation from that in the
initial FL solution. The loading ratio was calculated by dividing the
moles of FL in the film by the moles of initially added FL. The
loading amount of FL, was 9.8 x 10’ mol (18%), which was lower
than the 49% loading ratio of MB.> Since the structure of the
loaded FL was mainly neutral and monoanionic, which resulted in
fewer electrostatic interaction points compared with MB, it was
less likely to be incorporated into the PIC gel.

FT-IR measurements and tensile tests were conducted to
clarify the effects of FL loading on the composite films. Fig. S5
(ESIT) shows the FT-IR spectra of the FL powder, CS/CHI film,
and CS/CHI-FL film. The peak around 1530 cm ™" supports the
formation of PICs from NH;'. A peak assignable to SO;~
(~1220 em™") was observed for CS. Meanwhile, a shift in these
peaks was not observed in the CS/CHI-FL film, indicating that
FL did not affect the interaction between CS and CHI. Results of
tensile tests showed that the maximum stress of the CS/CHI
and CS/CHI-FL films were 79.4 + 8.3 and 74.9 + 15.3 MPa,
respectively (Fig. S6, ESIt). This indicates that the mechanical
properties of the films were not altered significantly by the
incorporation of FL. Accordingly, the properties of the FL-
loaded films did not differ significantly from those of the CS/
CHI films, and the films maintained sufficient mechanical
strength with the incorporation of FL.

3.2. FL release behaviours of FL-loaded CS/CHI films under
different pH conditions

Although we focused on FL in the CS/CHI-FL films, the parts of
FL molecules were actually released from the film when incu-
bating in aqueous solutions. Therefore, we first evaluated the
FL release behaviours, and then evaluated the properties of FL
that remained in the films. Fig. 3a and b show the time course
of FL release and the swelling ratio of buffer solutions with
different pH values. The order of the release ratio at 3 h was as
follows: pH 7.4 > pH 8.0 > pH 2.0 > pH 5.8 > pH 3.0 (Fig. 3c).
These tendencies were attributed to the swelling ratio of the
film and the solubility of the FL molecules. Similarly, the
swelling ratios of the CS/CHI films at 3 h were higher at pH
2.0, 7.4, and 8.0, than at pH 3.0 and 5.8 (Fig. 3b). The pK, of the
carboxy groups of CS was 3.8,** and the pK, of the ammonium
groups of CHI was 6.5,*> which suggests that approximately

This journal is © The Royal Society of Chemistry 2023
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Fig. 3
ratio of FL and swelling ratio of CS/CH films in different pH buffers.

97% of the carboxy groups in CS were deionized at pH 2.0, and
89% of the amino groups in CHI were deionized at pH 7.4 (Fig.
S2b, ESIT). Furthermore, almost all amino groups in CHI were
deionized at pH 8.0. Therefore, electrostatic interactions
between CS and CHI decreased at pH 2.0, 7.4, and 8.0, com-
pared with those at pH 5.8. Consequently, the repulsion of the
same charges relaxed the electrostatic interactions, which
resulted in a faster release of the FL molecules. In particular,
the most prominent swelling behaviour was indicated at pH 2.0
under these conditions. However, the FL release ratio at pH 2.0
was lower than that at pH 7.4 and 8.0. This can be explained by
the solubility of FL molecules. A comparison of the solubility of
FL at pH 2.0, 7.4, and 8.0 showed that PBS at pH 7.4 and 8.0
indicated much higher solubility than PBS at pH 2.0 (Fig. S7,
ESIT). At pH 7.4 and 8.0, almost all FL molecules exhibited a
dianionic structure. By contrast, the FL structure at pH 2.0
contained 50% cations and 50% neutral charges. The solubility
of FL was the minimum at pH 3.4, i.e., 1.50 x 10~* M, but was
higher at pH below and above 3.4.?° This is consistent with the
pH at the maximum abundance ratio of FL in the neutral state
shown in Fig. S3a (ESIT). Therefore, deionized FL (neutral) is
less soluble in aqueous solutions compared with ionized FL
(cationic, monoanionic, and dianionic structures). At pH 2.0,
the FL release ratio was low and increased gradually. The
swelling ratios were comparable between pH 3.0 and pH 5.8.
However, the release ratio at pH 3.0 was lower than that at pH
5.8. These results can be similarly explained by the solubility of
FL. When the pH of the aqueous solution was 5.8, almost all the
FL formed a monoanionic structure. When the pH was 3.0, 80%
of FL was neutral, which implies low solubility. Accordingly,
when the pH of the solution was 2.0, 7.4, and 8.0, where the
degree of swelling was high, the release ratio of FL was higher
than at pH 3.0 and 5.8, where the degree of swelling was low.
Furthermore, at pH 2.0, the solubility of FL was low, and
therefore the release ratio of FL decreased, while the solubility
of FL was high and thus the release ratio of FL increased at
pH 5.8.

Furthermore, the effect of ionic concentrations of PB on the
pH responsiveness of CS/CHI films was also considered. In
general, the pH responsiveness of film-like materials composed
of polyions depended on the ionic strength of the buffer
solution.**”"*° The CS/CHI films in the high ionic strength
buffer such as phosphate buffer saline (PBS, pH 7.4, I = 0.16)

This journal is © The Royal Society of Chemistry 2023
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(a) Release behaviours of FL in different pH buffers; (b) swelling behaviours of CS/CHI films in different pH buffers; (c) correlation between release
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Fig. 4 SEM images of cross-sections of FL-released films.

reduced electrostatic interactions between polysaccharides.*!
To clarify the effect of the ionic strength of PB, the calculation
of the ionic strength of PB was performed and the order was as
follows; pH 8.0 (I = 0.027) > 7.4 (I =0.022) > 5.8 (I=0.011) >
3.0 (/=0.010) > 2.0 (I=0.007). The tendency was different from
release and swelling behaviour, suggesting that the values of
ionic strength were too small to affect the pH responsiveness of
the films. Thus, it was confirmed that the release and swelling
behaviours were not correlated with the ionic strength of PB.
Accordingly, the release ratio of FL depended not only on the
interaction among polysaccharides and the swelling behaviour,
but also on solubility changes due to FL ionization.

The morphologies of the FL-released films were observed by
SEM. Fig. 4 shows the cross-section of the film before and after
FL was released under each pH condition. The initial state of the
film was dense and smooth. At pH 5.8, the film structure was
mostly dense, with few pores. The smooth structure of the cross-
section at pH 5.8 also indicated that the electrostatic interactions
between polysaccharides were mostly maintained. At pH 2.0 and
pH 8.0, many cracks and pores were observed, suggesting that
electrostatic interactions between CS and CHI decreased. These
results correspond to the swelling behaviour under different pH
conditions.

3.3. pH responsiveness of FL remaining in CS/CHI films after
release experiments

After releasing FL for 180 min in buffers of different pH, the
FL-released films emitted different colours, as shown in Fig. 5.
The proportions of FL molecules remaining in the films at pH
2.0, 3.0, 5.8, 7.4, and 8.0 were approximately 64 + 4%, 83+ 5%,
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69 + 4%, 58 £ 3%, and 60 + 4%, respectively. Considering the
pH dependency of the UV-vis and fluorescence spectra of FL
solutions, the fluorescence of the FL-released films was
expected to be blue at pH 2.0, weakly green at pH 3.0, 5.8,
and strongly green at pH 7.4 and 8.0. However, the actual films
emitted blue fluorescence at pH 2.0, 3.0, 5.8, and 7.4, and green
fluorescence at pH 8.0. Thus, the interactions of FL with
polysaccharides, such as those via hydrogen bonding and
electrostatic interactions, might have caused the pK, of FL to
fluctuate.

The fluorescence spectra of the FL-released films were
recorded to evaluate the structure of the remaining FL. At pH
2.0, a much weaker peak at 512 nm appeared in the fluores-
cence spectrum at an excitation wavelength of 487 nm (Fig. S8a,
ESIT). The fluorescence spectrum of FL at an excitation wave-
length of 445 nm showed a peak at 497 nm (Fig. S8b, ESIt). The
absorption and peaks in each spectrum of the cationic struc-
ture with a water/ethanol solution were reported to be 436 and
480 nm, respectively.*® Thus, the main structure of the remaining
FL after the FL release experiments at pH 2.0 was the cationic
structure. When the pH was 3.0, a weak peak at 503 nm appeared
in the fluorescence spectrum at an excitation wavelength of
445 nm (Fig. S8, ESIt). The zwitter ion-type neutral structure
indicated peaks at 480 nm with a water/ethanol solution,*®
indicating that the FL-released FL films at pH 3.0 contained
neutral FL as zwitter ions (Fig. S8c, ESIt). Therefore, the release at
pH 3.0 resulted in the formation of a zwitter ion-type neutral
structure of FL in the films. At pH 5.8 and 7.4, a peak at 512 nm
originating from monoanions appeared in the spectra (Fig. S8,
ESIt). Therefore, monoanionic FL remained in the films after the
FL-release experiments at pH 5.8 and pH 7.4. At pH 8.0, a peak
was observed at 512 nm (Fig. S8, ESIt), and the intensity at pH 8.0
was higher than that at pH 5.8 and pH 7.4. The peak intensity of
the dianionic structure has been reported to be higher than that
of monoanionic FL.*® Thus, the FL-released films at pH 8.0
contained dianionic FL. Based on the discussion above, presum-
able FL structures in the CS/CHI-FL films before and after the
release experiments are shown in Fig. 6(a)-(e). The ionized FL
interacted with the polysaccharides in the films via electrostatic
interactions and hydrogen bonding. A comparison of these
results with the ratio of FL ions in an aqueous solution obtained
from the Henderson-Hasselbalch equation (Fig. S2a, ESIt)
indicates that the ionization of FL at pH 2.0, 3.0, 5.8, and 8.0

Initial pH 2.0 pH 3.0
state
FL released
Py . — '
I : TRl Dried
| i 3 days
o | i mEe 7
fa g : da
hsd (%% s irradiation

Fig. 5 Macroscopic images of FL-released films after release experiments
and then dried for 3 days.
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Fig. 6 Schematic illustration of (a) CS/CHI-FL film and FL-released films
in PB at pH (b) 2.0, (c) 3.0, (d) 5.8 and 7.4, and (e) pH 8.0.

present the same trend. Meanwhile, the Henderson-Hasselbalch
equation shows that the ratio of the monoanionic structure to the
dianionic structure is 1:4 in a pH 7.4 aqueous solution. This is
different from the result where most of the FL structures in the
film are monoanionic. Deprotonation of the hydroxy group in FL
is necessary to form a dianionic structure from a monoanionic
structure. The hydrogen bonding between the hydroxyl groups
of polysaccharides and FL might inhibit the deprotonation of FL
(Fig. 6d). Accordingly, the loaded molecules in the polysacchar-
ide composite films are ionized in the same manner as in a
solution, and ionization by changing the solution pH may be
difficult when the molecule interacts with polysaccharides, such
as through hydrogen bonding.

3.4. Responsiveness of FL in CS/CHI-FL films to HCI and NH;
gases and droplets

The aforementioned results can be regarded as representative
of the pH responsiveness of wet-state FL in the film. For compar-
ison, the pH responsiveness of dry-state FL in the film should be
evaluated. The dried films show a dense structure, and therefore
the diffusion of molecules within the film is restricted. It means
that the FL of the film inner is unlikely to undergo structural
changes by acids or bases. In this study, the FL-loaded films were
exposed to HCI and NH; gases for 1 hour. Fig. S9 (ESIT) shows the
changes in the UV-is spectrum and colour of the film under
natural light. When the film was exposed to HCI gas, the absorp-
tion signal at 487 nm in the UV-vis spectrum disappeared, whereas
a new signal appeared at approximately 445 nm. The colour of the
film transformed from yellow to pale green due to fluorescence.
When the film was exposed to NH; gas, the absorption signal at
445 nm in the UV-vis spectrum disappeared, whereas a new signal
appeared at approximately 500 nm. The colour of the film changed
from pale green to dark yellow. Accordingly, the FL in the films can
react with the gas phase of the acid and base.

Subsequently, changes in the fluorescence intensity of the
dried films upon exposure to HCl and NH; were observed.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Fluorescence spectra and colour change of the CS/CHI-FL films
under UV light at low (left) and high (right) relative humidities (RHs). (a)
Exposed to HCl gas; (b) exposed to NH3 gas.

Fig. 7a shows the fluorescence intensity and the colour change
of the film under UV light at approximately 20% relative
humidity (RH). When the film was exposed to HCI gas, the
fluorescence intensity at 512 nm in the fluorescence spectrum
decreased after 10 min. The fluorescence of the film under UV
irradiation changed from green to blue. When the film was
exposed to NH; gas, the fluorescence intensity at 523 nm in the
fluorescence spectrum increased gradually, reached a maxi-
mum value in 10 min, and then gradually decreased. The
fluorescence of the film changed from blue to green. These
colour changes were due to the structural change of FL in the
films (Fig. S1b, ESIT). When the film was exposed to HCI gas, the
FL exhibited a cationic structure. Meanwhile, the FL exhibited a
dianionic structure when the film was exposed to NH; gas. The
gradual colour changes suggest that the entanglement of poly-
saccharides decelerated the diffusion of gases into the film.
Furthermore, the change in fluorescence intensity in a high
humidity environment (RH 70%), which corresponded to the
swelling of the films, was confirmed (Fig. 7b). The FL in the films
ionized completely in approximately 1 min, and the ionization
was faster than that at RH 20%. This indicates that the poly-
saccharide in the film loosened in the high-humidity environ-
ment, and the gases were dispersed more rapidly. Accordingly,
the CS/CHI-FL films swelled with moisture in the air, and the
diffusion of gas molecules within the films changed.

A comparison of the ionization of FL in the CS/CHI-FL films
after exposure to gases and immersion in PB was conducted. The
wavelength originating from FL in the CS/CHI-FL films after gas
exposure was the same as that of FL in the FL-released films
(Fig. 7 and Fig. S9, ESIT). Wang et al. reported the ionization of FL
in agarose-based films via HCl and NH; gases and reported no
peak shift between the films and in solutions.”® Thus, the
interaction between FL and polysaccharides was the same in
the solutions and gas phases. By contrast, the polysaccharide

This journal is © The Royal Society of Chemistry 2023
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network in the CS/CHI-FL films was loosened in PB. Conse-
quently, the internal molecules diffused easily, thus facilitating
the ionization of FL in the film. Owing to gas exposure at low
humidity, molecular diffusion was low and FL ionization was
slower than that in PB. Furthermore, high humidity caused the
CS/CHLI films to swell sufficiently for molecular diffusion; there-
fore, the ionization of FL was much faster than that in low-
humidity conditions. This suggests that the weakened electro-
static interaction between CS and CHI by HCI and NH; was due
to the diffusion of molecules in the films. Accordingly, the
intermolecular interactions between FL and the polysaccharides
in the composite films did not change, regardless of whether
swelling occurred in the film. By contrast, film swelling pro-
ceeded via the diffusion of molecules and facile FL ionization.
The fast ionization might be due to the weakened electrostatic
interaction between CS and CHI by HCl and NHj;, which is
advantageous to the development of pH-responsive materials.
Finally, the FL-loaded films were characterized after they
were exposed to HCl and NH; gases. The FT-IR spectra of the
films exposed to each gas are shown in Fig. S10 (ESIt). When
the film was exposed to HCI gas, the peak corresponding to
COO™ (ca. 1580 cm™ ') disappeared, whereas the peak corres-
ponding to COOH (ca. 1710 cm ™ ') appeared, indicating that the
carboxy groups of CS in the films were protonated. In the case
of exposure to NHj; gas, the peak corresponding to NH;" (ca.
1530 cm ') descended slightly, which suggests the deprotona-
tion of amino groups of CHI in the film. The tensile strength of
the films exposed to HCI and NH; gas decreased from 74.9 +
15.3 MPa to 58.48 £+ 17.4 and 62.56 = 6.63 MPa, respectively
(Fig. S11, ESIY). Thus, exposure to each gas suggests relaxation
in the electrostatic interactions between the polysaccharides.

4. Conclusions

CS/CHI-FL films were successfully prepared using FL-containing
PIC gels composed of oppositely charged polysaccharides. The
loading of FL did not significantly affect the mechanical and
morphological properties of the films. The release ratio of FL
was lower than 50% for all the pH values investigated, and FL
remained in the films. The release behaviour of FL was determined
by the solution pH, interaction among polysaccharides, swelling
behaviour, and solubility changes due to FL ionization. The loaded
FL molecules in the polysaccharide composite films were ionized
similarly as in solution, and the ionization of the remaining FL was
difficult when the molecules interacted with polysaccharides, such
as through hydrogen bonding. As for the pH-responsiveness of FL
in the film in the dried state, the CS/CHI-FL films were swollen
with moisture in the air, which facilitated the diffusion of mole-
cules and FL ionization. As mentioned above, the electrostatic
interaction between polysaccharides in the CS/CHI films changed
depending on the solution pH, swelling behaviour, which affected
the release ratio of the loaded molecule. Furthermore, the CS/CHI
films were swollen by air moisture, and the diffusion of molecules
inside the film accelerated. These properties indicate that
polysaccharide-derived PIC films, such as CS/CHI films, can be
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used as pH-responsive materials not only in the biomedical field
but also in other applications. The results of this study provide a
design criterion for loading ionizable molecules with the
desired ionized structures in PIC-based films under specific
pH conditions.
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