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Abstract: The interactions and structural organization of water molecules play a crucial role in a
wide range of physical, chemical, and biological processes. The ability of water to form hydrogen
bonds (H-bonds) underpins its unique properties and enables it to respond dynamically to various
environmental factors. These interactions at the molecular level may affect vital processes like protein
folding, enzyme activity, and cellular organization. The presence of solutes and spatial constraints can
alter the H-bonding network of water, and these effects are ubiquitous in the biological environment.
In this study, we analyzed the fluorescence of 2-acetyl-6-(dimethylamino)naphthalene (ACDAN)
fluorescence emission in water solutions containing kosmotropic and chaotropic salts and in agar
hydrogels. Recently, this dye has proven invaluable in studying water network structure and dynam-
ics, as its fluorescence signal changes based on the local dielectric environment, revealing variations
in the dipolar relaxation of water. Our results show that ACDAN spectral response correlates with
the degree of water ordering, providing important insights into solute–water interactions and water
dynamics in free and confined environments.

Keywords: ACDAN; water network; Hofmeister series; fluorescence; DAN; agar hydrogel;
gelification

1. Introduction

The molecular interactions and structural organization of water are fundamental for
numerous physical, chemical, and biological processes [1–5]. Indeed, water plays a key
role in all biological processes, actively influencing the stability, dynamics, and function of
biomolecules [1]. Beyond being a solvent, water drives, for example, fascinating processes
such as liquid–liquid phase separation by modulating hydration entropy and enthalpy
and affecting the assembly of biomolecule-rich and dilute phases [2]. In living cells, these
water-mediated interactions and the water ability to affect biomolecule behavior are es-
sential for phase separation and the coordination of the biochemical processes involved,
for instance in the formation of membranelles organelles, guided by hydrogen bonding,
dipole interactions, and changes in water structure [3,5]. This dynamic and versatile be-
havior of water molecules is mainly related to the formation in the liquid phase of an
intricate and dynamic hydrogen bond network. Such an ability of water molecules to
form a supramolecular structure hydrogen bond (H-bonds) network is at the basis of its
peculiar physical properties, such as surface tension, anomalous density behavior, and
high specific heat [6,7]. In addition, the H-bond network modulates biochemical processes,
which are of central relevance for the understanding of biomolecular organization and
function in life sciences and related technological applications [4,8]. At the molecular
scale, H-bonding results in the formation of a dynamic network that is highly sensitive
to its molecular surroundings, continuously fluctuating and reorganizing in response to
factors such as temperature, solutes, and the proximity to biomolecules. Many examples
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on how the presence of solutes may alter the water H-bonding network through solvation
and coordination processes in a different way have been reported, as extensively shown
for biomolecules [9], with a special focus on proteins which are affected by water in the
biochemistry and folding/unfolding [1,10,11], as well as in their supramolecular aggrega-
tion [12–14]. The effects of solutes in the water network have been widely investigated by
means of different spectroscopic approaches; for example, the use of terahertz and infrared
spectroscopy has been applied to probe water networks in the proximity of proteins [15],
as well as the use of infrared spectroscopy to investigate changes in the water network
due to hydrophilic co-solvents [16], pointing out that the water hydrogen bond network is
profoundly influenced by solutes.

Solution conditions such as temperature and the presence of organic or inorganic
solutes strongly impact on water structure as well [17–20]. In particular, electrolytes act
through electric fields, steric factors, and specific ion properties [17]. They represent
a relevant case of this phenomenon since simple electrolytes are almost ubiquitous in
environmental and biological water samples, determining a strong modification of the
position of coordinated water molecules and altering the H-bonding network, as reported
for many kinds of cations [21] and anions [22,23], even in confined environments [24]. In
this context, ions are typically classified based on the strength of their interaction with
water molecules. As the interaction between ions and water molecules becomes stronger,
the energy required for the water molecule to move away from its position near the ion
increases, and this is reflected in the ability of salt in controlling the solubility of molecules.
The most well-known representation of the ions in terms of their ordering/disordering
effect in water is represented by the Hofmeister series [25–30]. Ions in the Hofmeister series
are typically categorized as kosmotropes or chaotropes, with the former promoting the
stability of proteins by enhancing water bonding and the latter disrupting the hydrogen-
bonding network of water [25–27]. In addition to a direct physicochemical interaction
between ions and water molecules, an alternative way to modulate water H-bond networks
can be by confinement [31,32]. As an example, water order and dynamics can be influenced
within nanostructured solid porous materials [33], as well as in intricate supramolecular
polymeric nets as for the case of hydrogels [34–37]. The dynamic properties and the
molecular organization of water molecules in a restricted environment may critically
differ from those of pure bulk water, often resulting in altered thermodynamic and kinetic
properties of the system in analysis. This can be attributed to the formation of frustrated
H-bond networks within pores or at interfaces. Geometric confinement has been shown to
alter the structural and dynamic properties of water, in some instances also hindering the
formation of crystalline structure or shifting water orientational relaxation time to higher
frequencies [32,38]. As shown by several experiments concerning the water molecules in
hydrogels matrices [39–42], different states coexist in these systems, such as free, weakly
bound, and strongly bound to the hydrogel network, and the distribution of molecules
among these states affects the physicochemical properties of hydrogel.

Significant efforts have been made in developing the understanding of the water
H-bonding structure due to its relevance in many fields, ranging from basic to applied
sciences [1,4,5,43,44]. Several spectroscopic methods have been employed, such as X-ray
diffraction, Neutron diffraction, NMR Relaxation, dielectric relaxation, Terahertz Spec-
troscopy, and Vibrational Spectroscopy [2,32,40,45–53]. Among them, near-infrared (NIR)
spectroscopy has been proven to be one of the most effective experimental techniques
for the investigation of hydrogen-bonded networks in liquid water. The NIR absorption
spectrum of liquid water exhibits a band around 1450 nm, which primarily detects the
overtone and combination modes of fundamental molecular vibrations of the O-H bond,
providing insights into the hydrogen-bonding network of water [17,54–57]. The absorption
band is sensitive to the structural organization of the water network; specifically, variations
in the NIR absorption spectra can reveal the supramolecular organization of water [58].
This band shifts toward shorter wavelengths (higher wavenumbers) as temperature in-
creases, serving as a distinctive marker of structural disorder. Specifically, some studies
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have measured the NIR band of water at various temperatures, revealing an isosbestic
point [57,59], thus suggesting that at least two components are present in liquid water.
The components might be assignable to strongly hydrogen-bonded water and weakly
hydrogen-bonded (or non-hydrogen-bonded) water, which causes, respectively, the longer-
wavelength (lower-frequency) and the shorter-wavelength (higher-frequency) components
of the NIR absorption band of water. Similar behavior has been observed in aqueous
solutions containing molecules that are able to organize or disrupt the H-bonding network
structure of water [56,60]. NIR spectroscopy was also largely used for the analysis of water
dynamics within hydrogels in various contexts, ranging from biological to technological
applications, such as in renewable energy [61–63]. Unveiling the role of water molecules
in hydrogels enables the investigation of some biological processes occurring in gel-like
environments, e.g., cytosol, as well as the characterization of the gelification process itself,
a high-relevance process in many applicative fields, such as in biomaterial production [64].
Even in the field of innovative energy technology, hydrogels have found interesting appli-
cations as a medium for innovative and sustainable dye-sensitized solar cells, with water
molecules playing a fundamental role in mediating the charge carriers flows [65,66].

In this work, we present an experimental study on ACDAN (2-acetyl-6-(dimethylamino)
naphthalene), a fluorescent dye aimed at eliciting its properties as a powerful tool for readily
investigating water structure and dynamics at the molecular level. ACDAN is part of the
(dimethylamino)naphthalene (DAN) family, a group of polarity-sensitive fluorescent probes
introduced by Gregorio Weber in the late seventies to monitor solvent relaxation phenom-
ena [67] (see ACDAN chemical structure in Figure S1a, reported in SM). These probes exhibit
changes in their fluorescence properties based on the local dielectric environment and water
dipolar relaxation dynamics. The most known exponents of the DAN dye family are ACDAN,
PRODAN, and LAURDAN. These three dyes have a naphthalene moiety modified on the 2,6
ring positions with an electron donor group (the amine) and an electron acceptor group (the
carbonyl group), which generate a dipole moment [67–69]. Among the DAN family, ACDAN
is the most hydrophilic, while LAURDAN is the most hydrophobic, and PRODAN stands
in between the two. For this reason, these three dyes can be used to study different systems
and yet provide similar information about the solvent dipolar relaxation that translates into
specificity, depending on the system [68–71].

The photo-physics of ACDAN is well known; its fluorescence depends on the dipolar
relaxation of the solvent. A simplified Jablonski diagram is shown in Figure S1b, presented
in the Supporting Material (SM). Following an absorption process, the molecule transitions
from its ground state to an excited state, where its dipole moment increases. Due to this
increase, it can interact with surrounding water molecules, which may reorient themselves
toward its dipole. If the water is in a disordered phase, allowing the molecules to rotate
freely, ACDAN experiences high dipolar relaxation, which lowers the energy of the excited
state, causing a red shift in fluorescence. Conversely, if the water is in a more ordered state
and the molecules cannot reorient or rotate, the excited state of ACDAN retains its energy,
resulting in the emission of a higher energy (blue) photon. This results in a blue shift
in fluorescence. ACDAN spectroscopic properties were recently used to measure water
dipolar relaxation in the cell cytosol of oscillating yeast cells [71], water dipolar relaxation
in zebra fish lenses [72], water dynamics in the lumen of trafficking lysosomes [73], water
dipolar relaxation during the formation of liquid droplets upon the interaction of virus
capsid proteins with nucleic acids [74], and analyze the membrane wetting by biomolecular
condensates [75].

In this article, we investigate the spectral properties of the ACDAN probe in two
simple well-defined aqueous systems. Specifically, we analyzed the fluorescence spectral
shifts in ACDAN in aqueous solutions containing kosmotropic and chaotropic salts from
the Hofmeister series and in a confined system formed by agar hydrogel. Our aim was to
understand how these distinct environments influence the response of the probe, shedding
light on the water network and the solute interactions in both free and restricted aqueous
media. The results reveal a significant shift in the emission band, which correlates with the
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degree of order in the system under investigation. This finding suggests that the spectral
response of ACDAN is highly sensitive to the structural organization of the surrounding
environment, providing valuable insights into how molecular interactions and water
structuring differ across varying conditions. This method is of relevance as it provides
a simple and straightforward approach to analyzing the structural properties of water
networks based on the sensitivity of fluorescence, with the possibility to easily analyze
ongoing molecular processes in both solution and hydrogel by monitoring changes in the
fluorescence signal.

2. Materials and Methods
2.1. Materials

Sodium dihydrogen phosphate (Na2HPO4) (71640) was purchased from Merck, and
sodium sulfate (Na2SO4) (483007), sodium chloride (NaCl) (479687), and sodium perchlo-
rate (NaClO4) (482204) were purchased from Carlo Erba. Agar powder was purchased from
Thermo Fisher Scientific (A10752.22). ACDAN (2-acetyl-6-(dimethylamino)naphthalene)
(sc-208991) was purchased from Chem Cruz.

2.2. Sample Preparation

Hofmeister salt solution samples: All the solutions were prepared by dissolving the
salts at three concentrations (1 M, 2 M, and 3 M) in Milli-Q water (18.2 MΩ·cm). The salt
solutions were then filtered through a 0.2 µm filter (VWR, 514-1274). ACDAN was added
before the measurements at a concentration of 70 µM. The measurements on the aqueous
Na2 HPO4 solution were conducted on a stable supersaturated solution. Agar Hydrogel
samples: Agar hydrogels were prepared by solubilizing the agar powder in Milli-Q water
(18.2 MΩ·cm).

The concentration-dependent measurements were performed at different concentra-
tions wt/wt (0.01%, 0.05%, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.8%, 1.0%). In this case, the
solutions were heated at 80 ◦C for 30 min and then cooled down at 45 ◦C for 30 min. The
solutions were then transferred in PPMA semi-micro cuvettes, and ACDAN was added
to a final concentration of 70 µM. The solutions were cooled at 4 ◦C for 60 min to induce
hydrogel formation then equilibrated at room temperature for 30 min before performing
the measurements.

The time evolution of hydrogel formation was monitored on a sample consisting of
the 0.5% wt/wt solution. In this case, the solution was heated at 80 ◦C for 30 min and then
cooled at 45 ◦C for 30 min. The solutions for fluorescence analysis were then added with
ACDAN to a final concentration of 70 µM. Gel formation was observed during incubation
at 20 ◦C for 250 min.

2.3. NIR Absorption Measurements

NIR absorption spectra were measured with a Jasco V770 spectrophotometer (Jasco,
Tokiyo, Japan) equipped with a Jasco ETCR-762 Peltier cell as a temperature controller. A
1 mm path-length quartz cell has been used. The bandwidth was set to 8 nm, the response
time to 0.24 s, the data interval to 0.5 nm, and the scan speed to 200 nm/min. All the
solutions were prepared just before the measurements. The measurements performed on
the salt solutions were conducted at room temperature, and spectra were normalized by
the concentration of water in the solution. The kinetics measurements on the 0.5% wt/wt
agar hydrogel were conducted at 20 ◦C, with spectra acquired every 5 min for 250 min.

2.4. Fluorescence Emission Measurements

Fluorescence spectra were acquired using a Jasco-FP-8500 spectrofluorometer (Jasco,
Tokiyo, Japan) equipped with a Jasco ETC-815 Peltier cell as a temperature controller.
The measurements on the salt solutions were performed at room temperature in a 1 cm
path-length quartz cuvette. The spectra were acquired in the range of 370–650 nm, using
λexc = 380 nm with an excitation bandwidth of 10 nm, an emission bandwidth of 2.5 nm,



Biophysica 2024, 4 623

a response time of 1 s, a data interval of 0.5 nm, and a scan speed of 100 nm/min. The
measurements on the agar gel were performed in a semi-micro PMMA cuvette. The spectra
were acquired in the range 370–650 nm, using λexc = 380 nm with an excitation bandwidth of
5 nm, an emission bandwidth of 2.5 nm, a response time of 1 s, a data interval of 0.5 nm, and
a scan speed of 100 nm/min. The concentration-dependent measurements were acquired
at room temperature after sample equilibration. The kinetics measurements were acquired
at 20 ◦C during hydrogel maturation.

ACDAN fluorescence was analyzed in terms of the generalized polarization (GP) that
was calculated using the expression adapted from Parassassi et al. [76] as follows:

GP =
I475 − I550

I475 + I550
, (1)

where I475 and I550 are the fluorescence intensity at the corresponding wavelengths. The
increase in the GP value indicates a spectral blueshift, while its decrease indicates a
spectral redshift.

2.5. Rayleigh Scattering Measurements

Rayleigh scattering measurements were acquired using a Jasco-FP-8500 spectrofluo-
rometer equipped with a Jasco ETC-815 Peltier cell as a temperature controller. Rayleigh
scattering at 90◦ was registered as the maximum of the elastic peak of excitation light at
650 nm. A 2 mm path-length semi-micro quartz cuvette has been used. The excitation
bandwidth was set to 5 nm, the emission bandwidth to 2.5 nm, the response time to 1 s, the
data interval to 0.1 nm, and the scan speed to 100 nm/min.

3. Results

To elucidate the relationship between ACDAN fluorescence emissions and the H-
bonding order of water, we present results from simple model systems that allow for
the tuning of water′s molecular order. Aqueous solutions containing kosmotropic and
chaotropic sodium salts from the Hofmeister series were analyzed. The anions investigated
in this study are SO4

2−, HPO4
2−, Cl−, and ClO4

−. Changes in the ACDAN fluorescence
were studied in relation to changes in the overtone band of water in the NIR spectra.
The peak centered at about 1450 nm is typically assigned to the overtone absorption of
fundamental molecular vibrational modes of the O-H bond in water, and its changes can
be related to alterations in the H-bond network order [17,54–58].

Figure 1a,b show NIR absorption spectra of Na2HPO4 and Na2SO4 solutions at increas-
ing concentrations (from 1 M to 3 M) and the spectrum of water as a reference, measured
in the range of 1300–1750 nm. Each spectrum is normalized to the water molecule mass
concentration. Figure 1c,d show ACDAN steady-state fluorescence emission spectra of
the same samples (including water) measured under excitation at λexc = 380 nm in the
range of 370–650 nm. Fluorescence spectra are normalized to the maximum intensity. The
variation in these kosmotropic salt concentrations allows us to probe their impact on water
structure, particularly their ability to enhance hydrogen bonding and promote order in the
surrounding solvent environment.

The variations in the NIR spectra in Figure 1a,b can be related to the variation induced
by those ions in the H-bonding structures. As can be seen, when the concentration of these
salts increases, a decrease in the absorption band intensity is observed in both samples.
Notably, it is accompanied by a shift towards longer wavelengths, and the emergence of a
peak at 1475 nm becomes evident. The observed shift towards longer wavelengths indicates
that, under the presented conditions, the presence of HPO4

2− and SO4
2− promotes a

greater degree of water molecule structuring. The observed variations, in samples with the
same salt concentration are more pronounced for HPO4

2.
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ACDAN fluorescence emission spectra in (c) Na2HPO4 and (d) Na2SO4 water solutions (λexc = 380 
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Figure 1c,d show ACDAN fluorescence emission spectra, normalized to their maxi-
mum intensity in Na₂HPO₄ and Na₂SO₄ aqueous solutions, respectively, at increasing con-
centrations. The spectrum of ACDAN in pure water is also reported. As can be observed 
for both kosmotropic salt solutions, changes in the shape of the ACDAN spectrum are 
observed, since a spectral component centered at about 475 nm grows as the salt concen-
tration increases (this component is barely evident for 1 M samples but becomes much 
more pronounced for samples above 2 M). This translates into an overall blue shift in the 
fluorescence spectrum, which becomes more pronounced with the increasing molar con-
centration of the salts. In line with previous data, the spectral blue shift is more pro-
nounced in the Na₂HPO₄ solution with respect to the Na₂SO₄ solution. Alongside the blue 
shift, the raw data show a decrease in intensity that correlates with the degree of order. 
However, at this stage, our interest is focused primarily on the band shape, which pro-
vides a significant and reliable fingerprint for fluorescence emission data. The observed 

Figure 1. NIR absorbance of the water solution of kosmotropic salts of (a) sodium dihydrogen
phosphate (Na2HPO4) and (b) sodium sulfate (Na2SO4) at 1 M, 2 M, and 3 M. The spectrum of
pure water is reported for comparison. NIR spectra have been normalized by the water mass
concentration. ACDAN fluorescence emission spectra in (c) Na2HPO4 and (d) Na2SO4 water solutions
(λexc = 380 nm, detection range = 370–650 nm). Fluorescence spectra have been normalized to the
maximum intensity.

Figure 1c,d show ACDAN fluorescence emission spectra, normalized to their maxi-
mum intensity in Na2 HPO4 and Na2 SO4 aqueous solutions, respectively, at increasing
concentrations. The spectrum of ACDAN in pure water is also reported. As can be observed
for both kosmotropic salt solutions, changes in the shape of the ACDAN spectrum are
observed, since a spectral component centered at about 475 nm grows as the salt concen-
tration increases (this component is barely evident for 1 M samples but becomes much
more pronounced for samples above 2 M). This translates into an overall blue shift in
the fluorescence spectrum, which becomes more pronounced with the increasing molar
concentration of the salts. In line with previous data, the spectral blue shift is more pro-
nounced in the Na2 HPO4 solution with respect to the Na2 SO4 solution. Alongside the
blue shift, the raw data show a decrease in intensity that correlates with the degree of
order. However, at this stage, our interest is focused primarily on the band shape, which
provides a significant and reliable fingerprint for fluorescence emission data. The observed
blue shift is due to the reduction in the dielectric relaxation of the water molecules, as the
kosmotropic agents strengthen the hydrogen-bonding network in water. The enhanced
structuring of water molecules leads to a more rigid solvation shell around the probe. This
result aligns with data obtained from more complex systems, where the ordering of water is
provided by an increase in molecular crowding [72,73]. In such environments, the presence
of macromolecules or other solutes can significantly alter the dynamics of water, leading
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to enhanced hydrogen bonding and a more structured solvent network. As molecular
crowding increases, water molecules are compelled to adopt a more organized arrangement
around the solutes, which further impacts the solvation dynamics and, consequently, the
behavior of molecular probes like ACDAN.

An opposite behavior is observed in solutions containing chaotropic salts. Figure 2a,b
show NIR absorption spectra of NaCl and NaClO4 solutions at increasing concentrations
(from 1 M to 3 M) and the spectrum of water as a reference in the range 1300–1750 nm. Each
spectrum is normalized to the water molecule concentration. Figure 2c,d show ACDAN
steady-state fluorescence emission spectra of the same samples (including water) measured
under excitation at λexc = 380 nm in the range of 370–650 nm. Fluorescence spectra are
normalized to the maximum intensity.
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Figure 2. NIR absorbance of the water solution of chaotropic salts of (a) sodium chloride (NaCl)
and (b) sodium perchlorate (NaClO4) at 1 M, 2 M, and 3 M. The spectrum of pure water is reported
for comparison. NIR spectra have been normalized by the water mass concentration. ACDAN
fluorescence emission spectra in (c) NaCl and (d) NaClO4 water solutions (λexc = 380 nm, detection
range = 370–650 nm). Fluorescence spectra have been normalized to the maximum intensity.

For both chaotropic agents, a significant shift in the main peak towards lower wave-
lengths occurs as the salt concentration increases. The growth of a distinct peak emerging
around 1410 nm is observed. The variation extent of this peak is more pronounced for the
NaClO4 solution. The observed spectral shift indicates a variation in the relative intensities
of the absorption bands associated with different O-H groups within water clusters, each ex-
hibiting differing degrees of hydrogen bonding. The observed shift results from an increase
in the intensity of the shorter wavelength bands. This is consistent with the Hofmeister
series, which underscores their role in disrupting the hydrogen-bonding network of water
and altering the molecular order [25,27,28]. In Figure 2c,d, the normalized emission spectra



Biophysica 2024, 4 626

of ACDAN for the respective chaotropic salt solutions are presented as a function of concen-
tration. In this case, the emission spectra exhibit a small red shift for all three salts as their
concentrations increase. In the presence of chaotropic agents, results suggest that the dye
exhibits limited capability in monitoring further increases in dielectric relaxation compared
to a pure water sample. This may be attributed to the fact that water molecules in pure
water samples are already sufficiently mobile to be rearranged and reoriented by ACDAN
dipoles, thereby reducing the influence of chaotropic agents in this instance. However,
although the variations are quite small, it is noteworthy that the red shift demonstrated
by ACDAN fluorescence is concentration-dependent, underlying the significant effect of
chaotropic ions. Furthermore, the behavior is the opposite of what occurs in solutions con-
taining kosmotropic salts. In kosmotropic environments, the increased water structuring
leads to a blue shift in fluorescence emission, while in chaotropic solutions, the disruption
of the hydrogen-bonding network results in a red shift. The opposing behavior underscores
the distinct ways in which these two classes of salts influence the molecular organization
of water. Although these small spectral changes can provide valuable insights into the
nature of solute–water interactions and their effects on the surrounding environment, the
ACDAN probe appears to be more sensitive to variations that tend to increase the order
within the system.

In addition to the analysis of the water network in solutions of salts with different
ordering/disordering behavior, the dynamics of water have been investigated in agar
hydrogels as well, providing insights into both the structure of water in the hydrogel itself
and the during the gelation process. In this case, spectral changes in the fluorescence signal
of ACDAN successfully allowed for the monitoring of water dynamics and its ordering
during gelation. By cooling a hot agar solution, a 3D polymeric network is formed that
entraps the solvent to produce a hydrogel. Agar hydrogel provides an ideal model system
for studying water structure in confined environments, as its matrix mimics the restricted
spaces found in biological systems [77]. The water within the hydrogel experiences a
different hydrogen-bonding network compared to bulk water, due to the spatial constraints
imposed by the gel matrix [34–36]. Water molecules may either move freely around the
agar macromolecules or interact with agar macromolecules by hydrogen bonding. As the
agar concentration increases, the number of agar molecules available for hydrogen bonding
also increases. Furthermore, the increase in agar concentration parallels with the reduction
in the average pores size of the hydrogel matrix [78,79].

Due to its sensitivity to local dielectric relaxation, ACDAN is particularly well suited
for probing such systems. In agar hydrogel, the fluorescence properties of ACDAN indeed
can reveal changes in water dynamics and the degree of molecular ordering caused by
constraints imposed by agar matrices. Figure 3a presents the normalized fluorescence
emission spectra of ACDAN in agar hydrogels at different concentrations. The ACDAN
fluorescence spectrum in pure water is included for comparison. As the agar concentration
increases, a clear broadening of the emission band is observed, accompanied by a significant
blue shift towards shorter wavelengths. This shift suggests that the confinement of water
within the agar hydrogel matrix induces significant changes in the local environment
surrounding the ACDAN probe, likely due to the increased molecular ordering of water as
the gel′s density rises.

As shown in Figure 3b, we analyzed the spectra in terms of the generalized polarization
(GP) to quantify the shift in the ACDAN fluorescence spectra. GP was calculated following
the expression introduced by Parassasi et al. [76] using the fluorescence intensity at 475 nm
and 550 nm. GP is a well-established parameter for analyzing spectral changes in several
dyes of the DAN family [73,80–84]. This parameter reflects the degree of dipolar relaxation
experienced by the probe. Initially designed to study relaxation effects in membranes for
LAURDAN, it has since been generalized for ACDAN as well.



Biophysica 2024, 4 627
Biophysica 2024, 4, FOR PEER REVIEW 9 
 

 

 
Figure 3. (a) ACDAN fluorescence emission spectra (λexc = 380 nm, detection range = 370–650 nm) 
measured in agar hydrogels as a function of agar concentration ranging from 0.01% to 1.0% (wt/wt). 
ACDAN fluorescence emission spectrum in water is reported as well. Fluorescence spectra have 
been normalized to the maximum intensity. (b) GP analysis of the ACDAN fluorescence emission 
band, measured at 475 nm and 550 nm. The empty green circle is the GP value calculated from the 
water spectrum. 

As shown in Figure 3b, we analyzed the spectra in terms of the generalized polariza-
tion (GP) to quantify the shift in the ACDAN fluorescence spectra. GP was calculated fol-
lowing the expression introduced by Parassasi et al. [76] using the fluorescence intensity 
at 475 nm and 550 nm. GP is a well-established parameter for analyzing spectral changes 
in several dyes of the DAN family [73,80–84]. This parameter reflects the degree of dipolar 
relaxation experienced by the probe. Initially designed to study relaxation effects in mem-
branes for LAURDAN, it has since been generalized for ACDAN as well. 

For instance, GP has been used to distinguish different regions within the stoma of 
the plant Arabidopsis thaliana due to the varying dipolar relaxation experienced by AC-
DAN [70]. Similarly, GP has also been applied to investigate the spectral changes in AC-
DAN during glycolytic oscillations in yeast cells [71]. In general, the increase in the GP 
indicates a spectral blue shift while the decrease denotes a spectral red shift. The GP value 
for pure water is negative (reported in the plot as an empty green circle), and as the con-
centration of agar in the gel increases, the GP shifts toward positive values. 

The fluorescence spectrum of ACDAN in pure water shows a single component cen-
tered around 520 nm, yielding a negative GP value. Upon adding agar, a second blue-
shifted component appears around 475 nm, indicating increased water ordering and re-
sulting in positive GP values. To explore this spectral change in studying agar gelation in 
water, we selected an agar concentration range suitable for observing the gelation process, 
starting from concentrations where agar chains remain in the solution to those forming 
firm hydrogels. Since agar typically gels in water at 0.5% w/w [85,86], concentrations from 
0.01% to 1% were chosen to investigate both non-gelling and gelling states. In the analysis 
of the GP as a function of agar concentration, a relevant spectral change was observed to 
already be moving from pure water to the first agar 0.01% wt/wt solution. Such a change 
likely results from the notable agar presence compared to pure water, with this concen-
tration being high enough to significantly influence water ordering. 

The shift in the GP indicates a reduction in the dielectric relaxation of the water net-
work, resulting from a more ordered structure. This shift indicates that water structuring 
occurs at a higher agar content, as the restricted environment within the gel network 
forces water molecules into more ordered arrangements. ACDAN fluorescence emission 
in bulk water is characterized by a narrow peak centered at 520 nm in line with what is 

Figure 3. (a) ACDAN fluorescence emission spectra (λexc = 380 nm, detection range = 370–650 nm)
measured in agar hydrogels as a function of agar concentration ranging from 0.01% to 1.0% (wt/wt).
ACDAN fluorescence emission spectrum in water is reported as well. Fluorescence spectra have
been normalized to the maximum intensity. (b) GP analysis of the ACDAN fluorescence emission
band, measured at 475 nm and 550 nm. The empty green circle is the GP value calculated from the
water spectrum.

For instance, GP has been used to distinguish different regions within the stoma of the
plant Arabidopsis thaliana due to the varying dipolar relaxation experienced by ACDAN [70].
Similarly, GP has also been applied to investigate the spectral changes in ACDAN during
glycolytic oscillations in yeast cells [71]. In general, the increase in the GP indicates a
spectral blue shift while the decrease denotes a spectral red shift. The GP value for pure
water is negative (reported in the plot as an empty green circle), and as the concentration of
agar in the gel increases, the GP shifts toward positive values.

The fluorescence spectrum of ACDAN in pure water shows a single component
centered around 520 nm, yielding a negative GP value. Upon adding agar, a second
blue-shifted component appears around 475 nm, indicating increased water ordering and
resulting in positive GP values. To explore this spectral change in studying agar gelation in
water, we selected an agar concentration range suitable for observing the gelation process,
starting from concentrations where agar chains remain in the solution to those forming firm
hydrogels. Since agar typically gels in water at 0.5% w/w [85,86], concentrations from 0.01%
to 1% were chosen to investigate both non-gelling and gelling states. In the analysis of the
GP as a function of agar concentration, a relevant spectral change was observed to already
be moving from pure water to the first agar 0.01% wt/wt solution. Such a change likely
results from the notable agar presence compared to pure water, with this concentration
being high enough to significantly influence water ordering.

The shift in the GP indicates a reduction in the dielectric relaxation of the water
network, resulting from a more ordered structure. This shift indicates that water structuring
occurs at a higher agar content, as the restricted environment within the gel network forces
water molecules into more ordered arrangements. ACDAN fluorescence emission in
bulk water is characterized by a narrow peak centered at 520 nm in line with what is
reported in the literature [71]. The resulting negative GP reflects how water experiences
less molecular constraint.

To gain more information on the system in analysis, the time evolution of the ACDAN
fluorescence emission spectrum was monitored during hydrogel formation at 20 ◦C from
a 0.5% agar solution. This experiment aimed to capture dynamic changes in the water
network due to the changes in molecular interactions occurring during agar polymerization.
This temporal analysis is crucial for understanding the stability and adaptability of the
water structure in hydrogel environments, providing further insights into how these
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changes may influence biophysical and biochemical processes that are relevant to cellular
behavior and material applications. Figure 4 reports the time evolution of agar hydrogel
formation conducted at 20 ◦C on a solution at 0.5% wt/wt agar concentration for 250 min.
Hydrogel was prepared as described in the methods. Figure 4a shows the kinetics of
Rayleigh scattering data measured at 650 nm, i.e., a wavelength at which no fluorescence
signal is present from the sample. In Figure 4b, the kinetics of ACDAN fluorescence spectra
are reported. Fluorescence spectra are normalized to their maximum. Figure 4c shows the
GP calculated at 475 nm and 550 nm as a function of time. In Figure 4d, the differential NIR
absorbance spectra of the 1450 nm water band are reported to highlight the variation in the
NIR absorbance spectra during the gelation process. Figure 4e shows the maximum of the
differential NIR absorbance spectra as a function of time.
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function of time. (d) Differential spectra of the 1450 nm NIR absorption band. (e) Maximum of the
differential NIR spectra as a function of time.

The Rayleigh scattering signal is observed to grow as a function of time, reaching a
plateau in about 1 h. This indicates the occurrence of the progressive polymerization of
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agar and hydrogel formation [87,88]. At the same time scale, the ACDAN fluorescence
signal undergoes a blue shift in line with previous observations in salt solutions and agar
hydrogels. The observed blue shift indicates the change in the ACDAN local environment,
which can be attributed to the progressive reorganization of the hydrogen-bonding network
occurring during hydrogel maturation. The time evolution of fluorescence emission is
better highlighted by the GP in panel c, where a monotonic growth to a maximum is
evident, which parallels the time evolution of scattering measurements. It is worth noting
that the value of the first GP point is negative, in line with the GP value of pure water, as
shown in Figure 3. This value suggests that at the beginning of the time evolution, when the
hydrogel has not yet formed, ACDAN experiences an environment analogous to pure water,
characterized by high molecule mobility. This environment progressively changes towards
a higher rigidity, which is translated in the blue shift in the ACDAN fluorescence band and
consequently to an increase in the GP values. The analysis of the NIR water band reported
in Figure 4d shows significant differences over time. Specifically, the differential spectra
show a reduction in the component centered at about 1410 nm, together with the growth
of a component around 1475 nm. In line with the related literature [39,89], the observed
spectral shift highlights the progressive formation and maturation of the hydrogel. These
processes are complemented by the ordering of the hydrogen-bonding network of water.

The maximum of the 1475 nm component over time, reported in Figure 4e, presents
larger fluctuations with respect to the GP and ACDAN data. These fluctuations are dictated
by the small variations observed in the differential NIR absorption spectra, which are
approximately in the order of magnitude of 10−3 OD. Although these variations are very
small, the data are extremely relevant as their trend parallels well the scattering and GP
trends (See Supplementary Materials Figure S2), highlighting the clear trend in the process
and emphasizing the role of water organization in the overall gelation process.

Reported experiments underline the dynamic evolution of the structural organiza-
tion occurring within the gel matrix. The concurrent rise in the GP and differential NIR
absorbance indicates an enhancement in the ordering of the hydrogen-bonding network
as the gelation process progresses. Collectively, these findings provide compelling evi-
dence of the intricate relationships between ACDAN′s emission properties, the structural
maturation of the gel, and the underlying molecular interactions within the confined
aqueous environment.

4. Conclusions

This study explores the molecular interactions and structural organization of water
using ACDAN fluorescence dye as a molecular probe. We analyze the emission fluorescence
of ACDAN in aqueous solutions containing kosmotropic and chaotropic salts from the
Hofmeister series, as well as in agar hydrogel matrices, with the aim to investigate how the
water hydrogen-bonding network can be explored and monitored at the molecular level by
spectral changes in the ACDAN fluorescence. Our findings reveal that kosmotropic salts,
which enhance water structuring, lead to a significant blue shift in ACDAN fluorescence
emission spectra. This shift highlights the role of these salts in fostering a more ordered
hydrogen-bonding network and reducing dielectric relaxation, which is crucial for various
biochemical and technological processes. In contrast, chaotropic salts, which disrupt the
hydrogen-bonding network, result in red shifts in the emission spectra and highlight the
different mechanisms by which these solutes influence water dynamics. These spectral
shifts are consistent with the results obtained by NIR absorption spectroscopy. Indeed, NIR
spectroscopy detected changes in water molecule vibrations, providing information into the
rearrangement of the H-bonding network in the presence of kosmotropic and chaotropic
salts. This complementary approach enables a deeper characterization of the molecular
interactions affecting the H-bond network of water and dipolar relaxation dynamics. The
analysis of ACDAN in confined agar hydrogel systems revealed further complexities in
water′s structural organization. The confinement induced by the hydrogel matrix led
to significant changes in the local water organization, promoting greater structuring, as
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reflected in the ACDAN fluorescence emission and NIR absorption data. The analysis
of gelation also demonstrated how the structural organization of water evolves over
time, providing a dynamic view of the water network′s maturation. Overall, this study
emphasizes the critical role of water′s molecular interactions in shaping the ACDAN
fluorescence behavior in the presence of solutes and macromolecules in both free and
confined environments. The results confirm the potential of this dye for monitoring water’s
dielectric relaxation and structural organization in response to molecular interactions.
Understanding these interactions not only enhances our comprehension of fundamental
biochemical processes, but also informs the design of materials and systems where water
plays a pivotal role. Future research can build upon these findings by exploring additional
environmental factors and conditions that influence water′s structural dynamics, further
elucidating its implications for biological and chemical systems of technological relevance.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biophysica4040041/s1, Figure S1: (a) Chemical structure of 2-
acetyl-6-(dimethylamino)naphthalene (ACDAN). (b) Simplified Jablonski diagram for the ACDAN
molecule: the absorption transition (purple arrow) brings the molecule from the ground state to
the excited state, where it couples with the water molecules. If the coupling is weak and ACDAN
experiences a low dipolar relaxation, due to an ordered water state, the excited state does not lose
energy and the emitted photon is more energetic (blue arrow). If ACDAN experiences a higher dipolar
relaxation, due to a more disordered state of water molecules and their consequent rearrangement
and reorientation towards the ACDAN dipole, its excited state loses more energy and the emitted
photon is less energetic (green arrow); Figure S2: Time evolution of hydrogel formation monitored
on a sample consisting of a 0.5% wt/wt agar solution for 250 min during 20 ◦C thermal gelification.
Superimposed data of Rayleigh scattering of the sample measured at 650 nm (gray triangles), GP of
ACDAN fluorescence emission spectra (cyan circles), and maximum of the differential spectra of the
1450 nm NIR absorption band (red circles).
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