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Abstract: Cibacron brilliant red 3B-A (CBR) has been introduced to determine chitosan (CS) concentrations
in solution, and several studies applied it to measure chitosan content in pharmaceutical formulations. So
far, studies have relied on the absorbance band shift to 570 nm to determine the extent of the CBR - CS inter-
action. In this study, we show that CBR forms micro- to nanometer sized aggregates with CS, depending on
their charge ratio and that other photophysical changes in CBR are induced by this interaction. We found
that, besides the bathochromic band shift, aggregation induces emission at 600 nm and emission quenching
at 360 nm. We compared changes CS induced in absorbance and fluorescence emission of CBR with the CS
monomer glucosamine and poly(allylamine) hydrochloride, which both contain amino groups, and found
that similar but less intense photophysical changes also occur. Furthermore, CS-induced circular dichroism
in CBR suggests a twisted, chiral structure of these aggregates that should match with the previously pub-
lished in silico simulations of the structure of CS in solution. The low linear charge density of CS and its chiral
conformation are considered responsible for the enhanced photophysical response of CBR interacting with
the polycation.

Keywords: aggregation; chitosan; dye interaction; EUCHIS-12; ICCC-13; polyelectrolyte—dye interactions;
polyelectrolytes.

Introduction

Chitosan (CS) is chemically produced at large scale by thermoalkaline deacetylation of chitin, a widely
abundant natural polymer found on earth that is produced by numerous organisms like fungi, arthropods,
crustaceans, insects and mollusks. The deacetylation reaction frees the amino groups in the polymer which
can be protonated in acidic conditions, making CS the only positively charged naturally sourced polymer
[1]. This polycationic character is important in many of the numerous applications it finds in multiple fields.
Examples include the interaction with negatively charged nucleic acids to form polyplexes for gene delivery
or in facilitating the interaction with negatively charged mucosa and cell membranes for drug delivery vehi-
cles and the interaction with crosslinking agents to form hydrogels, to name a few [2-4].

Metachromasy (also referred to as metachromasia) is a phenomenon discovered in the middle of the
19" century where a chromotrope induces a change in the absorbance spectrum of a chromophore. Both

Article note: A collection of invited papers based on presentations at the 12" Conference of the European Chitin Society (12"
EUCHIS)/13t International Conference on Chitin and Chitosan (13* ICCC), Miinster, Germany, 30 August — 2 September 2015.

*Corresponding authors: Ignacio Moreno-Villoslada, Instituto de Ciencias Quimicas, Facultad de Ciencias, Universidad Austral
de Chile, Casilla 567, Valdivia, Chile, e-mail: imorenovilloslada@uach.cl; and Francisco M. Goycoolea, IBBP, Westfalische
Wilhelms-Universitdt Miinster, Schlof3garten 3, 48149 Miinster, Germany, e-mail: goycoole@uni-muenster.de

Stefan Hoffmann and Juan Pablo Fuenzalida Werner: IBBP, Westfdlische Wilhelms-Universitdt Miinster, Schlo3garten 3, 48149
Miinster, Germany

© 2016 IUPAC & De Gruyter. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License. For more information, please visit: http://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:imorenovilloslada@uach.cl
mailto:goycoole@uni-muenster.de
http://creativecommons.org/licenses/by-nc-nd/4.0/

892 —— S.Hoffmann etal.: New insights into the nature of chitosan-dye interactions DE GRUYTER

hypsochromic and bathochromic shifts of absorbance bands have been observed. Initially, it was mainly
used in microscopy for specifically staining tissues; later it was found that many dyes interact with poly-
electrolytes (PELs) of opposite charge in solution and the same effect was observed [5]. Although it was first
thought that the chromotropes are always anionic and the dyes cationic, shortly after, examples of the reverse
case were found [5, 6]. PEL — dye interactions are mostly governed by the electrostatic interaction of either
cationic or anionic dyes with oppositely charged PELs. The second type of interaction are hydrophobic in
nature and can be found either between hydrophobic sites in the PELs with a dye molecule or between the dye
molecules. In some cases, aromatic-aromatic (r—n) interactions can also be an important factor as studied
in methylene blue - sulfonated PELs and rhodamine 6G — polyanions [7-9]. Spectral changes of the dyes are
often thought to be due to the n—r interactions of the dye with other dye molecules or the PEL. Solvatochro-
mic effects in water due to preferential solvation are also considered, both with organic solvents residues
and with amphiphilic polymers [10]. Some dyes not showing metachromatic effects during interaction with
oppositely charged PELs could be interacting through long-range electrostatic interactions, without releasing
water from their hydration sphere, therefore not showing spectral changes [11].

The relative orientation of aggregated dye molecules has been used to explain their photophysical
behavior. According to the exciton theory upon dye dimerization, the excited state of the monomer is split
into two excited energy states (S, and S,) of which only one is allowed depending on the type of aggregate.
The slip angle (0) is the relative orientation of the dyes in a dimer. In a parallel, sandwich-like dimer with
a large slip angle, a higher excited state than in the monomer has to be reached. Since the energy required
is higher, shorter wavelength light is required to reach the excited state, and the absorbance spectra will
show a hypsochromic shift. These types of dimers have been named H-aggregates (H for hypsochromic)
and the corresponding absorbance bands H-bands. A head-to-tail or staggered dimer has a lower slip angle
and the excited state that can be reached has a lower energy than the excited monomeric state. This means
that the absorbance spectra will show a bathochromic shift to a higher wavelength. These dye-dimers have
been named J-aggregates (J for Jelley, one of the first describers) and the corresponding absorbance bands
J-band [12-17]. Taking into account the angle between the transition moments of both monomers in a dimer
(o), both H- and J-bands will be observed in the absorption spectra for a twisted sandwich-like or oblique
head-to-tail dimer [18].

Cibacron brilliant red 3B-A (Reactive Red 4, C.I. 18105, from here on CBR) is a high molecular weight
monoclorotriazin dye that was selected for a colorimetric method to determine CS concentration in solu-
tion. It possesses four sulfonate groups that make the otherwise mainly hydrophobic molecule soluble in
aqueous media and give it four negative charges per molecule. CBR was used for inactivation of yeast kinase
phosphotransferase activity. It was concluded that the dye inhibits the enzyme by active site inactivation and
that hydrophobic interactions are the driving factor [19]. CBR was later selected from a number of dyes as
suitable for a colorimetric method to determine CS concentrations in solution. In contrast to Cibacron Blue
F3GA, CBR did not show deviation from the Beer’s law at the concentrations explored [20, 21]. It was shown
that the interaction between CBR and CS induced a linear absorbance increase at 570 nm with increasing CS
concentration, a fact that has been proposed as a method to determine CS concentration in solution, to which
we will refer to as the colorimetric method. This method was also used for the first quantitative analysis of
pharmaceutical CS formulations and was found to be simple, cost-effective and fast [22]. However, separate
calibration curves for different CSs have to be created, probably because of the diversity in degree of acetyla-
tion (DA) and accessibility of the polymer depending on the molecular weight (MW) [21]. An improvement
of the original colorimetric method has been proposed by changing the procedure so as not to measure the
intensity of the new absorbance band. After centrifuging the colloids created by the interaction between CS
and CBR, the concentration of CBR was determined by measuring the original absorbance band of the dye
that was not interacting with CS, a method to which we will refer to as the centrifugation method. The sensi-
tivity was increased up to 2 ppm [23].

While previous studies have addressed the application of the CBR — CS interaction, in the present one, we
pursuit to glean a deeper understanding of the mechanism of the interaction. Therefore, we used dynamic light
scattering to study colloidal aggregation of CBR — CS complexes regarding size and zeta potential. Aggregate
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size and zeta potential are important factors in determining the colloidal stability that will influence how
complexes sediment during centrifugation, which was used in the revised method to study unbound dye [23].
Additionally, circular dichroism and fluorescence spectroscopy will be used to explore further how the aggre-
gation affects the photophysical behavior of the dye. Glucosamine, the monomer that makes up chitosan and
poly(allylamine) hydrochloride (PAH), a synthetic cationic polymer containing primary amines, will be used
to check the specificity of the photophysical effects induced by the interaction of CBR with CS.

Materials and methods

Materials

Chitosan HMC 70/5 with a degree of acetylation of 32% and viscosimetric molecular weight of 17.6 kDa was
obtained from Heppe Medical Chitosan GmbH (Halle, Germany). Poly(allylamine) hydrochloride (PAH) with
a molecular weight of 900 kDa as specified by the supplier and D(+) glucosamine hydrochloride with a speci-
fied purity of > 99 % were obtained from Sigma Aldrich (SA, St. Louis, USA). Cibacron brilliant red 3B-A was
purchased from Santa Cruz Biotechnology without specified purity (SCB, Dallas, USA). An older dye stock of
CBR, purchased from Sigma Aldrich (SA, St. Louis, USA), which is not available for purchase anymore speci-
fied a dye content of 50 %. We compared both dye stocks in absorbance measurements at the same concentra-
tion and found almost no difference. Experiments in this work were performed with SCB CBR since it is still
available for purchase and we assume a dye content of 50 % for concentration and molar charge calculations.
All other reagents were of highest purity if not stated otherwise. The structure of the molecules used in this
study is shown in Fig. 1.
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Fig.1: Molecular structures of the PELs used and CBR.
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Methods

All measurements were performed with glycine-HCI buffer 0.1 M as described by Muzzarelli [21]. CBR concen-
tration was fixed at a concentration of 0.075 g/L while CS concentrations were varied.

Dynamic light scattering analysis. Particle size and polydispersion index were determined by dynamic
light scattering with non-invasive back scattering (DLS-NIBS) at a measurement angle of 173 °. The zeta
potential was measured by mixed laser Doppler velocimetry and phase analysis light scattering (M3-PALS). A
Malvern Zetasizer NanoZS (Malvern Instruments, Malvern, UK) fitted with a red laser (A =632.8 nm) was used
for both types of measurement.

Absorbance spectroscopy. Absorbance spectra were recorded using a JASCO V-630 Spectrophotometer
(Grof3-Umstadt, Germany) with 1 mL Hellma quartz cells (Miihlheim, Germany) with a light path length of
10 mm. Spectra of CBR in interaction with CS were recorded using glycine-HCl buffer as baseline and with a
CBR concentration of 0.075 g/L. Comparisons of CBR in interaction with CS, glucosamine and PAH were per-
formed using a Tecan Safire Microplate reader (Crailsheim, Germany) using Greiner Bio-One UV-star black
microplates (Kremsmiinster, Austria). Absorbance spectra deconvolution was performed using Fityk with
wavelength converted to energy [24].

Fluorescence spectroscopy. Fluorescence 3D scans were performed in a Jasco FP-6500 (Grof3-Umstadt,
Germany). Comparisons of CBR in interaction with CS, glucosamine and PAH were performed using a Tecan
Safire Microplate reader (Crailsheim, Germany) using Greiner Bio-One UV-star black microplates (Krems-
miinster, Austria) in top reading mode. All fluorescence intensities were divided by the sample absorbance
at the excitation wavelength to obtain responses proportional to the quantum yield. Fitting of fluorescence
data was performed using one-phase linear decay fit and binding saturation one site fit which are built into
GraphPad Prism (San Diego, USA).

Circular dichroism spectroscopy. Conformational changes of CBR were analyzed using an AVIV 400
Circular Dichroism Spectrophotometer (Lakewood, USA). The samples were placed in 1-mm quartz cuvettes,
and the spectra were recorded at 25 °C and a scanning speed of 200 nm/min from 650 nm to 200 nm, with a
response time of 1 s and a bandwidth and data pitch of 1 nm. All spectra were subtracted by a spectrum of
the glycine-HCI buffer which served as baseline. Second order smoothing of spectra was performed using
GraphPad Prism (San Diego, USA) with 10 neighbors.

Results and discussion

CBR and CS form micro- to nanocomplexes upon interaction

Previous studies of the CBR — CS interaction focused on the spectroscopic analysis, mostly to determine CS
concentration in solution using the colorimetric method [21-23, 25]. In this work, we aim to glean a deeper
understanding of the interaction by previously unused techniques. Mendelovits et al. observed negative,
neutral and positively charged colloidal particles depending on dye — polymer ratios [23]. Based on these
findings we performed dynamic light scattering analysis of CBR — CS complexes to investigate their colloidal
properties. The particle size, count rate and zeta potential analysed at different dye — polymer ratios are
shown in Fig. 2.

The measured values of zeta potential analysis were consistent with previously reported particle charges.
We found that at NH,*/SO," ratios lower than one, aggregates showed a negative zeta potential of -12 mV
shifting to neutral at a ratio of about one. At higher ratios, the zeta potential was found to be +20 mV with no
further change regardless of NH,*/SO," ratio.

The particle size analysis has shown micrometer-sized aggregates at low NH,*/SO," ratios with the largest
sizes measured around neutral zeta potential. At higher ratios, the aggregates decreased in size to about
100 nm. Similar to the result in size, the count rate had its peak in the neutrality point and was found lower
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Fig. 2: (A) Exemplary DLS-NIBS correlograms of three size measurements indicated by arrows in B, (B) Size of CBR - CS com-
plexes with standard deviation showing polydispersity in nanometers (PDI width), (C) Derived count rate, (D) Zeta potential
versus CS NH,"to CBR SO~ ratio. The measurement at the NH,*/SO_~ ratio approaching a zeta potential of 0 mV is indicated by
the square symbol in graphs B-D. All measurements performed with 0.075 g/L CBR in glycine-HCl buffer (pH 3.22, 0.1 M) with
varying concentrations of CS, expressed in NH,*/SO,~ charge ratio and CS concentration in ug/mL.

at higher and lower NH,*/SO," ratios. These features reveal the highly electrostatic nature of the interaction
between both molecules. Also, it is remarkable that the micro- and nanocomplexes formed can involve an
excess of the dye, thus furnishing a net negative zeta potential to the assemblies.

The revised method [23] to determine CS concentration in solution (the centrifugation method) proposed
the use of centrifugation to separate CBR-CS colloids from unbound dye. Afterwards, the concentration of
unbound dye was determined to linearly correlate with CS concentration and showed an improved sensitivity
compared to the colorimetric method. Our size and zeta potential measurements confirmed differences on
the colloidal stability of the CBR — CS complexes. Although sedimentation of CBR — CS aggregates in samples
with low or neutral zeta potential easily occurs, increased colloidal stability, owing to the positive zeta poten-
tial and lower size (around 150 nm) of the complexes at high NH,*/SO," ratios, may produce a residual amount
of complexed dye in solution after centrifugation. Thus, the revised centrifugation method showed a linear
decrease in dye up to 20 ug/mL of CS, but after centrifugation at concentrations higher than 20 ug/mL the
authors found an increase in the amount of dye in solution [23]. This is explained by the higher stability of
the colloids furnished by the increasing concentration of the polycation, as shown in this work, a fact that
must be taken into account when using the centrifugation method to determine CS concentrations outside
the linear range.
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Photophysical changes induced in CBR upon interaction with CS

As previously reported, CBR absorbance shows a bathochromic shift from a plateau from 520 nm to 550 nm
to two distinct peaks at around 530 nm and 570 nm. The latter shows a linear increase with CS concentration
from 5 pg/mL to 50 ug/mL [21]. Our results confirm these statements. Absorbance spectra of CBR in interac-
tion with CS and the corresponding calibration curve obtained from them at 570 nm are shown in Fig. 3a,b.
Also, we found that the overall turbidity of CBR-CS mixtures increased linearly in the same range, as shown
by the increase in the absorbance at 700 nm in Fig. 3c, related to the formation of aggregates and consequent
increase in the light scattering as shown above.

A closer view to the CBR absorbance spectra shows that its wide characteristic band can be assigned
to the coexistence of three different bands. This is shown in Fig. 4, where the spectrum of the dye has been
decomposed in three Gaussians. The three peaks are centered at 2.228, 2.368 and 2.554 eV, respectively. Note
that the mean value of both the first and the third band is almost coincident with the center of the second
band. Thus, the three bands could be rationally assigned to the J-band, the monomer band, and the H-band,
respectively. The relative area under the curve between the monomer band and the dimer bands (M/D) reflects
the probability of the dye to undergo self-contacts in solution. At the condition of the experiment, the ratio
reaches a value of 1.19, indicating an excess of monomeric dye species. The relative area under the curve of
both dimer bands (H/J) reflects the geometry of the self-interaction. Since it takes a value of 1.05, a twisted
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Fig. 3: (a) Absorbance spectra of CBR (0.075 g/L) in interaction with CS. (b) Absorbance at 570 nm and (c) absorbance at 700 nm
versus NH,*/SO,~ charge ratio and CS concentration in ug/mL, obtained from spectra shown in a.
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Fig. 4: Experimental absorbance spectrum, decomposed bands and their sum of (a) CBR (0.075 g/L) and (b) CBR in interaction
with 50 ug/mL CS.

aggregate structure can be assumed, in which both J- and H- bands can be observed [18], that is consistent
with the complex molecular structure of the dye, (see Fig. 1), which may inhibit sandwich-like stacking. In the
presence of CS, the three bands are shifted to lower energies, and in the presence of 50 pg/mL of CS, they are
centered at 2.164, 2.305 and 2.487 eV, respectively. The M/D value is 1.03, indicating a higher tendency to self-
aggregation in the presence of the polyelectrolyte and the H/J value is 0.75, witnessing a higher contribution
of the J-band. Electrostatic interaction between the negatively charged CBR and positively charged CS pro-
duces a higher concentration of the dye around the polymer, which enhances the self-stacking of CBR dye in
the form of aggregates with a higher oblique character when compared to the dye in the absence of CS [13, 26].
The bathochromic shift of the whole spectrum may be due to solvatochromic effects, so that the aggregates
may release part of their hydration sphere upon interaction with CS, forming ion pairs or being linked to the
polymer through bound water. This is consistent with the formation of nano- and micro-complexes of both
species, as shown above. However, it can be noticed in the deconvolution spectra that the J-band appears as
a narrower band, which may indicate a more definite configuration of the aggregate.

Aggregation of dyes has previously shown to alter their fluorescence behavior. H-aggregation has been
linked to fluorescence quenching while J-aggregates can emit, although exceptions from these rules are also
reported [27]. CBR fluorescence was briefly described in a patent on the “In-Line Derivatization Of Polyami-
nosaccharide Polymer For Analytical Determination” [28]. The patent claims that without CS, CBR did not
show any fluorescence emission while in the presence of the polymer a fluorescence peak at an emission
wavelength of 600 nm and an excitation wavelength of 575 nm developed [28]. We performed further analysis
of CBR and CBR in interaction with increasing CS concentrations by identifying peaks in 3D fluorescence
scans (data not shown) and recording emission scans of the peaks we identified which are shown in Fig. 5.

Firstly, a very narrow peak that linearly increased with increasing CS concentration was always located at
twice the excitation wavelength. This peak can be explained by second order transmission through the emis-
sion monochromator in turbid samples [29]. Figure 5c shows that the trend of the intensity of this peak with
increasing CS concentrations very closely resembles size measurements and count rate trends shown in the
DLS experiments which gives further evidence on the colloidal stability of the aggregates which is minimized
at NH,*/SO," charge ratios where aggregates have shown a high size and neutral zeta potential.

A non-linear gain in fluorescence intensity was found at an excitation wavelength of 570 nm, and its
intensity versus CS concentration is shown in Fig. 5c. The excitation wavelength is related to the peak
whose intensity also increases at high concentrations of CS, and confirms the results described in the pre-
viously mentioned patent [28]. J-aggregates of dyes have been shown to have fluorescence emission that
can exceed that of monomeric dyes [27]. Dye aggregation, in general, is often linked to quenching of fluo-
rescence which has been named aggregation-caused quenching (ACQ). Since in this case the fluorescence
emission was increased with CS concentration, and therefore aggregation, we can consider this a case of
aggregation-induced emission (AIE). In AIE a weakly or non-fluorescent dye emits stronger in its aggregated
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Fig. 5: Fluorescence emission spectra with an excitation wavelength of (a) 300 nm (b) 570 nm of CS (amount shown in legend
in ug/mL) in interaction with CBR (fixed at 0.075 g/L). (c) Fluorescence intensity of peaks in a and b versus NH,*/SO_~ charge
ratio (bottom x-axis) and CS concentration (top x-axis), A, =300 nm, A_ =360 nm with one-phase decay fit (R2=0.96),

A, =570 nm, A =600 nm with binding saturation fit (R?=0.91).

form. Figure 5b and c show that the AIE showed a strong non-linear increase at low CS concentrations com-
pared to the dye alone, while the emission only increased slightly at higher CS concentrations. Research on
AIE has received wide attention in the recent years, and it has been proposed that AIE has a large potential
in biomedical applications [30-33]. In a particularly relevant study CS has been chemically modified with
an AIE label and tracked upon aggregation inside cells for as long as 15 passages while not contaminating
other cell lines in co-culture [34]. CBR could be a promising fluorescence label for future studies of CS, which
fluoresces when aggregated with CS.

Lastly, a strong emission at A_ =360 nm was observed with the dye in dilute solutions of the dye at exci-
tation wavelengths in the range of A_ =240-325 nm. This emission was quenched upon interaction with CS
and therefore showing ACQ, in contrast to the AIE described before. Further investigation of this quenching
behavior (Fig. 5a and c) showed that quenching was not linear with CS concentration and reached its base
level at a ratio of ~1.0.

The origin of ACQ and AIE peaks could stem on the same fluorophore. The absorbance peak at around
270 nm is attributed to a S, — S, transition, while that at around 525 nm to a S)— S, transition. Interaction
with CS and release of part of the hydration sphere changes the relative energies of S , S, and S, their relative
frequency of intersystem crossing, and thus, the relative frequency of radiative and non-radiative relaxation
mechanisms. On the other hand, it could also be considered that both absorption bands may be due to differ-
ent chromophores experiencing different photophysical effects upon aggregation.

Due to the chiral nature of CS, circular dichroism (CD) analyses were performed to study the chirality of
CBR aggregates on the PEL. The results are presented in Fig. 6. The circular dichroism spectra have shown that
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CBR in glycine-HCL buffer only exhibited a minor negative dichroism signal compared to the buffer alone.
By increasing the CS concentration in the solution a concentration dependent negative Cotton effect was
observed, with an inversion point at 530 nm. The absorbance and dichroism signal at 570 nm both showed a
linear correlation with NH,*/SO," molar charge ratio up to a ratio of 1.0, after which the absorbance increase/
dichroism signal decrease seemed to taper off. It is interesting to notice that the strongest signal corresponds
to the J-band, related to the head-to-tail geometry of the aggregate that may coil around the CS chain.

Pal and Pal observed a similar negative Cotton-effect and proposed a staggered aggregation and system-
atic twists or a helical array of chitosan hydrochloride in interaction with eosin [35]. The molecular structure
of CS in solution remains experimentally unverified, although computational studies have been performed.
Chitosan exhibited a highly pH and DA-dependent structure, demonstrating a relaxed two-fold (right-handed)
or five-fold (left-handed) helical structure at low pH and low DA. At higher pH or high DA, the structure more
closely resembles the two-fold structure of crystalline chitin [36, 37]. A uniform distribution of acetyl groups in
intermediate DA CSs also exhibited a higher probability of a relaxed two-fold or five-fold helix while CSs with
blockwise distributions of acetyl groups exhibited a two-fold structure [37]. The negative Cotton effect induced
by CS in interaction with eosin [35] or with CBR in this study suggest a left-handed helical motif according to
the Exciton Chirality Method [38, 39]. However, it is possible that the interaction with the dye either stabilizes
one of the two suggested native conformations or even introduces a different left-handed helical structure that
CS does not exhibit on its own in solution at low pH. Further studies could investigate in greater detail the
effect of DA and pattern of acetylation on the circular dichroism signal of CBR to obtain experimental evidence
for the computationally demonstrated effect of DA and pattern of acetylation.

Influence of polymer structure on changes induced in CBR

With a view to elucidating the influence of the molecular structure of the PEL interacting with CBR on its
photophysical behavior, two experiments with substrates other than CS were performed. Figure 7 shows
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Fig. 7: (a) Absorbance at 570 nm, (b) corrected fluorescence intensity (A_ =570 nm, A =600 nm), (c) relative fluorescence
intensity (A, =300 nm, A, =360 nm) versus ratio of NH_* residues of CS, PAH and glucosamine (see Legend) to SO~ residues of
CBR. Measurements performed using glycine HCl-buffer (pH 3.22, 0.1 M) and a fixed CBR concentration of 0.075 g/L.

a comparison of the influence of the positively charged monomer of chitosan, glucosamine and another
polymer containing a positively charged amino group, poly(allylamine) hydrochloride (PAH) with CS on the
absorbance and fluorescence behavior of CBR. Glucosamine showed no significant influence on the absorb-
ance at 570 nm of CBR, even at extremely high charge ratios compared to CS. With CS, CBR absorbance
increased rapidly between ratios of 0 and 1, after which it stayed relatively constant at =~ 1.2. Fluorescence at
A, =300 nm and A_ =360 nm showed slight non-linear decay in the presence of glucosamine at concentra-
tions much higher than in the presence of CS.

Previous studies have found PEL - dye interactions to be strongly influenced by the molecular weight of
the PEL [40-42]. Our experiments have shown that the same is true for CBR and CS, where the monomer that
should be able to electrostatically interact with the dye only barely changes its photophysical behavior. Pal
and Chaudhuri and others state that while electrostatic interactions are important in PEL — dye interactions,
ultimately, the spectral changes are due to dye-dye interactions of dye molecules bound electrostatically to
the PEL [41, 43]. The hypothesis that the conformation of the polymer has an influence on the interaction is
supported by the changes in circular dichroism signal previously discussed.

To further elucidate the influence of polymer structure on the photophysical response of CBR in Fig. 7
we also investigated the influence of another polymer containing a positively charged amino group, namely
poly(allylamine) hydrochloride (PAH). Other than the mere presence of amino groups, CS and PAH are struc-
turally very different, with PAH not possessing saccharide units and a higher linear charge density and an
intrinsically much greater chain flexibility. Figure 8a shows that the whole CBR spectrum is shifted to lower
energies in the presence of PAH, as in the case of in the presence of CS, showing a very similar pattern.
Figure 9 shows, in addition, that CBR and PAH formed micro- to nanoparticles depending on their NH,*/SO -
charge ratio, with size, zeta potential and derived count rate following the trends showed previously for CS
and CBR. However, Figs. 7 and 8a demonstrate that the structural differences between both polyelectrolytes
make a difference in the CBR absorbance intensity at 570 nm, which reached saturation at lower absorbance
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Fig. 8: (a) Absorbance spectra of CBR and CBR in interaction with 50 uL/mL CS or PAH. (b) Experimental absorbance spectrum
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Fig. 9: (a) Size of CBR — PAH complexes with standard deviation showing polydispersity in nanometers (PDI width), (b) derived
count rate, (c) zeta potential versus NH;/SO; ratio. All measurements performed with 0.075 g/L CBR in glycine-HCl buffer
(pH 3.22, 0.1 M) with varying concentrations of PAH, expressed in NH,*/SO,~ charge ratio and concentration.

values when it interacted with PAH as compared to CS. As can be seen in Fig. 7b, the corresponding spectra
after deconvolution showed a J-band wider than in the presence of CS. Also, the separation between the H
and the J- bands are smaller than in the presence of the polysaccharide, so that higher overlapping with
the monomer band produces a less notorious increase of the signal at 570 nm (2.175 eV). In the presence of
50 ug/mL of PAH, the J-, monomer, and H-bands are centered at 2.153, 2.311 and 2.520 eV, respectively. The
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M/D value is 1.81, indicating a much lower tendency to self-aggregation in the presence of this polyelec-
trolyte than in the presence of CS or in the absence of any of both polyelectrolytes. The H/J value is 0.52,
lower than in the presence of CS or for pristine CBR, indicating a higher oblique character of the aggregates,
caused both by a decrease of the 6 angle or an increase of the o angle. While the relative contribution of the
J-band is higher when CBR interacts with PAH than with CS, the total contribution of dimeric dye species is
much lower. The analytical efficacy of CBR for PEL solutions, therefore, depends on a balance of aggrega-
tion and contribution of the J-band in the aggregates, which makes the band at 570 nm distinguishable. In
connection with this, the aggregation induced emission, previously demonstrated with CS, is much weaker
when CBR was in interaction with PAH, related with a lower contribution of dimeric species to the total
absorbance spectrum. On the other hand, fluorescence quenching of the band at 360 nm was found equally
strong in PAH and CS.

Final remarks

Several photophysical changes that can be induced in CBR using CS or other substrates that were previously
unreported have been presented which allow us describing specific features of the interaction. The interac-
tion of CBR with the cationic PELs CS and PAH produced a bathochromic shift of the dye spectrum, due to
enhanced aggregation upon electrostatic interaction, and release of water from its hydration sphere, thus
providing a different microenvironment. Due to this aggregation, nano- and microcomplexes are formed,
depending on the relative charge ratio. Strongly fluctuating sizes and zeta potentials of the aggregates
depending on the NH,*/SO," ratios and correlating count rate measurements in DLS and scattering peaks in
fluorescence show that aggregates experience colloidal stabilization in different extent. We therefore recom-
mend favoring the colorimetric method over the centrifugation method to determine concentrations of CS
that could be outside the linear range for the centrifugation method (20 pg/mL) since the aggregates are
potentially stabilized by their low size and high zeta potential at high contents of the PEL, thus inducing to
errors in the measurement of free dye after centrifugation.

Fluorescence quenching in the low wavelength range of the spectrum, probably corresponding to a
S,— S, transition, is observed upon aggregation with both PELs. This quenching is also observed in the
presence of high amounts of the non-polymeric D-glucosamine. Indeed, the weaker interaction with glu-
cosamine can be explained by binding cooperativity in electrostatic interactions [44] and cooperativity of
stacking interaction that requires a minimal critical chain length, as shown in other PEL — dye interactions
[40, 42].

In contrast to the fluorescence quenching, a fluorescence AIE around 570 nm has been found to be
stronger for CS than for PAH. The fluorescence can be related to the J-band corresponding to oblique head-
to-tail aggregates, which are favored in the presence of CS over than in the presence of PAH. Indeed, the dif-
ference in the increase of the absorbance intensity at 570 nm and AIE in PAH and CS can be explained by the
different extent of molecular aggregation, higher regularity of the aggregate structure that makes the band
narrower, and the different orientation determined by the 6 and o angles. The chiral conformation and low
linear charge density of the polysaccharide CS where the amino groups are oriented at opposite sides of the
chain axis facilitates an elongated configuration of stacked dyes, which makes CBR ideal for the determina-
tion of CS concentrations.

We suggest that the spectral changes in CBR could have a practical significance for concentration
determination of other amino group containing polymers or possibly even positively charged polymers in
general. The wavelength shift would have to be determined for every polymer individually, and sensitivity
will depend on the polymer structure. About CS, we propose that further study could explore the effect of
degree and pattern of acetylation of CS on the interaction with CBR since these parameters determine the
charge density that CBR seems to be sensitive to, which could expand the use of the CBR - CS interaction
in the future.
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Conclusion

In summary new insights into the CBR-PELs interaction, and more specifically into the CBR - CS interaction,
have been established by studying their interaction using previously unused techniques, namely DLS-NIBS,
M3-PALS and CD. CBR formed nano- to microaggregates with PELs such as CS and PAH, depending on their
charge ratio. At low and high PEL — CBR ratios these aggregates are stabilized by their zeta potential, whereas
at ratios around 1.0 they show neutral zeta potential, large sizes and become unstable. The aggregation of
CBR to the PELs induces several photophysical changes in CBR that were observed by different spectroscopic
methods. H- and J-bands appear in the spectra of the pristine dye, and in interaction with CS and PAH. A
bathochromic absorbance shift of the whole spectra has been shown in the presence of the PELs, showing
a clear signal at 570 nm, which witnesses a different microenvironment for the dye, and is consistent with
the formation of the nano and micro-complexes. CBR in solution shows strong fluorescence when excited in
the range of A_ =250-300 nm, A__ =360 nm that is quenched upon interaction with CS or PAH. Interestingly,
CBR showed aggregation induced emission at A_ =570 nm, A__ =600 nm. The relative intensity of the H- and
the J-bands in the presence of both PELs indicate that an enhanced oblique head-to-tail stacking of CBR
molecules is produced in the presence of CS or PAH when comparing to the pristine dye. However, a greater
extent of aggregation has been found in the presence of CS when comparing to the case in the presence of
PAH, and the separation and definition of the J-band from the monomer band is higher in the case of CS. Thus
the absorbance intensity at 570 nm, associated to the J-band, and the related, more intense induced emission
can rationally be used for CS concentration determination. The induced emission could also be exploited as
CS label. Additionally, induced circular dichroism showed enhanced negative Cotton signs at 570 nm as a
specific feature of the CS — CBR interaction. On this basis, we proposed a left-handed helical arrangement of
dye on CS that was previously anticipated by in silico studies on CS in solution.
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