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A B S T R A C T

Accurate characterization of protein–protein interactions is essential for understanding and controlling protein crystallization and phase transitions in a wide range of 
multidisciplinary fields, from fundamental and materials research to various pharma and industrial applications. This study introduces an innovative use of Fluo-
rescence Lifetime Imaging Microscopy (FLIM) with the non-conjugated molecular rotor Sulforhodamine-B (SRB) for the characterization and comprehension of 
protein interactions, offering a new, efficient method for screening protein phase transition conditions. As models of study, non-specific intermolecular interactions in 
Lysozyme and Bovine Serum Albumin (BSA) solutions were investigated under various precipitant agents (salts, polymers) and pH conditions. FLIM analyses reveal a 
strong correlation between SRB fluorescence lifetime and the transition from repulsive to attractive protein interaction state, with a pronounced increase of the 
lifetime around the solubility point, enabling robust qualitative solubility predictions. Complementary SAXS analysis confirms that SRB acts uniquely as a probe for 
protein interactions without influencing the system state. Further time-resolved FLIM analysis on SRB lifetime populations indicates that the sensitivity of the 
fluorescence lifetime to protein interactions is driven by variation in probe-protein interaction affinity upon screening of the protein surface charges. These findings 
and the proposed methodology are of high interest particularly for structural biology and applications reliant on protein crystallization, including the development of 
novel biomaterials.

1. Introduction

Interactions between macromolecules are key to understanding their 
phase behavior. Effective interactions between proteins in solution are 
defined by the interplay between electrostatic repulsion, van der Waals 
attraction, and less clearly defined hydration and hydrophobic contri-
butions [1]. These interactions define macromolecular solubility and 
organization at the cellular level and are of great importance for 
numerous pathological problems linked to protein aggregation [2,3].

In vitro, controlling these interactions is essential for high-quality 
crystal production required for structural biology studies, and also for 
pharmaceutical formulation [4], or bio catalysis [5], among other 
different research fields and applications. In this regard, proteins have 
historically been central to crystal nucleation studies, including the 
development of the Two-Step Nucleation theory [6]. Moreover, recent 
advancements in material science highlight the use of protein crystals as 
porous materials for drug delivery and catalysis [7]. However, opti-
mizing crystallization conditions to achieve the desired crystal size and 
quantity often relies on trial-and-error approaches, which highlights the 

importance of systematically understanding protein interactions and 
their characterization.

Small Angle X-Ray Scattering (SAXS) has proven itself as a powerful 
tool for studying macromolecular interactions [1,8–11]. However, the 
relatively limited access to synchrotron beamlines, and the complexity 
of data analysis remain common obstacles to applying SAXS in routine 
screening. Here, we propose Fluorescence Lifetime Imaging Microscopy 
(FLIM) with molecular rotors as a more accessible technique for probing 
protein interactions.

Molecular rotors are fluorophores with the property of intra-
molecular rotation [12]. Their fluorescence lifetime is influenced by the 
surrounding environment: hindered rotation due to viscosity or molec-
ular interactions leads to longer lifetimes, while free rotation in less 
restrictive environments yields shorter lifetimes (for more details, see 
the molecular rotors section in the supporting information) [13]. Fluo-
rescence Lifetime Imaging Microscopy (FLIM) provides spatially- 
resolved imaging of fluorescence lifetimes, offering insights into the 
sample’s local environment [14].

FLIM has been widely applied in biological research, where 
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molecular rotors have been used for measuring micro-scale viscosity in 
cellular compartments and membranes [15–18]. Molecular rotors have 
provided important insights into the structural changes within cells due 
to protein aggregation associated with neurodegenerative diseases 
[13,19,20]. For example, DiSC2 rotor revealed the different stages in 
lysozyme’s transition to amyloid fibrils gel [13], while BODIPY rotors 
highlighted the viscosity differences between the dense liquid phases of 
Tau self-coacervation and RNA-Tau coacervation complexes [21].

While these studies have provided valuable insights into protein 
environments during phase transitions, they have not specifically tar-
geted parameters relevant to protein crystallization. Prior research using 
molecular rotors and other fluorescent probes has effectively detected 
specific biomolecular interactions upon the target binding of the fluo-
rophore to the interacting molecules [22–24]. However, the application 
of non-conjugated free molecular rotors for characterizing non-specific 
protein–protein interactions in the context of protein phase transition 
has not yet been explored. This study aims to advance this approach and 
examines how the fluorescence lifetime of non-conjugated molecular 
rotors relates to non-specific protein interactions in solution, thereby 
providing insights into solubility data relevant to protein crystallization.

2. Experimental section

2.1. Solutions preparation

During the FLIM experiments, protein-salt mixtures were prepared 
directly in ELISA well-plates under mineral oil to avoid the solution 
evaporation. Each sample droplet had a total volume of 15 µL and 
consisted of a mixture of protein, buffer, salt and molecular rotor stock 
solutions (see supporting information for further details on solution 
preparation). Given the time frame of the measurements (a few minutes 
maximum between the reagents mixing and the fluorescence lifetime 
measurement), water diffusion into the mineral oil can be considered 
negligible. For the protein solutions prepared under supersaturated 
conditions (i.e. in non-equilibrium conditions overcoming protein sol-
ubility), and to avoid their crystallization/precipitation during the ex-
periments, measurements of the fluorescence lifetime were conducted 
immediately after the mixing of the components, while supersaturated 
solutions remained in a metastable state for hours.

The water-soluble molecular rotor, Sulforhodamine-B (SRB), was 
chosen for this study due to its well-documented high affinity for pro-
teins [25], making it a promising candidate for investigating protein 
interactions. Its water solubility eliminates the need for solvents like 
DMSO, which are commonly required for non-water-soluble probes and 
could potentially alter the protein system state. SRB has an excitation/ 
emission maximum at λEx/λEm = 565/586 nm. For the preparation of the 
samples, SRB was added to the final concentration of 0.1 mM into the 
analyzed mixtures. The choice of this concentration stems from the fact 
that the rotor was excited at sub-optimal conditions (λ = 515 nm, far 
from its maximum absorption at 565 nm), thus also obtaining sub- 
optimal emission yield. To experimentally optimize the signal-to-noise 
ratio, while avoiding collisional quenching effects, that could decrease 
the rotor lifetime, and the self-absorption of photons giving rise to 
artificial longer lifetimes, preliminary measurements of SRB fluores-
cence lifetime were conducted in aqueous solutions across various SRB 
concentrations. In the current experimental setup and operational con-
ditions, fluorescence lifetime measurements in water were revealed to 
be independent on the dye concentration at dye concentrations up to 0.3 
mM. Additionally, all the fluorescence lifetime measurements were 
performed at constant temperature to account for the rotor’s tempera-
ture sensitivity [26].

2.2. Fluorescence Lifetime Imaging Microscopy (FLIM) measurements 
and data analysis

Fluorescence lifetime measurements were performed using a 

frequency domain FLIM camera system (PCO.FLIM, Excelitas technol-
ogies, USA) [27] mounted on Leica DMi8 Inverted Microscope (Leica 
Microsystems, Germany). The measurements were performed utilizing a 
laser (model pco.Laser 515.110 LLG, OMICRON, Germany) with an 
excitation wavelength of 515 nm. The laser was modulated at 40 MHz 
frequency (being the maximum attainable by the experimental setup). 
Laser excitation signal was filtered with a high-pass filter 500–520 nm. 
To recover the fluorophore emission, an emission filter with a window of 
570–640 nm was used.

The emission signal experiences a phase shift and a decrease in 
amplitude (demodulation) due to the finite value of the fluorescence 
lifetime. From this phase shift and amplitude change, fluorescence phase 
and modulation lifetimes were automatically calculated using NIS Ele-
ments software. In the cases in which one fluorophore reports on a ho-
mogeneous environment with a corresponding single value of the 
lifetime (monoexponential fluorescence decay), phase and modulation 
lifetimes are equal. Otherwise, fluorescence decay is multiexponential, 
indicating that during the measurement, more than one fluorophore is 
present in the system, or that a single fluorophore is present in different 
states. In this work, all the results were presented in terms of the fluo-
rescence phase lifetime, as it is less sensitive to the room light pollution 
[28] and to the modulation frequency limitations [29].

To calculate the average fluorescence lifetime for each measurement, 
the fluorescence lifetimes distribution data corresponding to a 1008 ×
1008 pixels images were exported and processed using an ad-hoc Python 
code. Experiments were triplicated for each tested condition, and within 
each sample, the fluorescence lifetime was measured three times. The 
final lifetime value was obtained by averaging the results of these 3 × 3 
measurements. The error bars for each experimental condition were 
computed as the sum of three components: the deviation from the life-
time distribution of each individual measurement, the deviation among 
three measurements within each sample, and deviation among three 
independent samples for each tested condition. The confidence level for 
these calculations was set at 95 %.

Complementary measurements were performed in time-domain 
single photon counting FLIM, allowing for the direct reconstruction of 
the fluorescence decay. The time-resolved fluorescence lifetime experi-
ments were conducted using an Abberior Expert Line confocal micro-
scope (Abberior Instruments GmbH, Germany). The excitation source 
was a 560-nm pulsed diode laser, working at a repetition rate of 40 MHz. 
Fluorescence detection was performed on a silicon avalanche photo-
diode detector (SPAD, Perkin Elmer SPCM-AQRH-14) after a 580–630 
nm bandpass filter. Single photon time-tagging was performed using 
HydraHarp 400 electronics (PicoQuant GmbH, Germany). Given the 
optimal excitation conditions and the very high sensitivity of the point 
SPAD detector in confocal mode, the final SRB concentration in protein 
solutions was readjusted to 0.1 nM. Otherwise, the preparation of the 
protein solutions was analogous to that previously described. Raw FLIM 
images of 10 × 10 µm2 with a pixel size of 40 nm were obtained with an 
acquisition time of 1 ms per pixel. The analysis of fluorescence decay 
traces in individual pixels was performed using SymphoTime 64 (Pico-
Quant) software. For an accurate pixelwise analysis and achieving 
higher photon counts per pixel, a pre-treatment consisting on a spatial 
binning of 10 × 10 pixels and a temporal binning of 16 channels was 
performed for each FLIM image. To account for potential different en-
vironments and photophysical processes of the dye, the FLIM images 
were fitted, pixelwise, to a two-exponential decay function. The result-
ing frequency distributions of the lifetime components were exported 
and fitted with a Gaussian distribution function using a custom Python 
code. In each tested solution, measurements were triplicated.

2.3. Small angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) experiments were conducted on 
a XEUSS 2.0 laboratory setup (Xenocs) equipped with a Pilatus 1 M HPC 
detector (DECTRIS) and a Cu X-ray source (λ = 1.54 Å) from GeniX3D. 
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The experiments were performed at the fixed sample-to-detector dis-
tance of 1216 mm to obtain signals in the q range of 0.009–0.5 Å− 1 with 
an X-ray flow close to 120 M ph/s. The samples were injected through a 
low noise scattering cell coupled to a homemade automated sample 
injector. Three acquisitions of 600 s were averaged for each sample with 
buffer subtraction. SaSView 5.0.4 software was employed to analyze the 
SAXS signals of lysozyme solutions.

SAXS analyses were performed on lysozyme solutions of 70 mg/ml 
with NaCl concentrations varying from 0 to 3 % w/v. The protein–-
protein effective interactions were analyzed by comparing the structure 
factors of the solutions with increasing salinity, in the absence and in the 
presence of SRB rotor at a 0.1 mM concentration. The form factor of 
lysozyme, representing the scattering signal in the absence of protein 
interactions in the solution was measured on a diluted lysozyme solution 
of 3 mg/ml.

2.4. X-ray diffraction (XRD)

Lysozyme crystals were obtained using the hanging drop vapor 
diffusion method set-up in 24 well plates (HR, USA) and kept at 293 K 
for equilibration. Lysozyme stock solution prepared in 50 mM NaOAc 
pH 4.5, was mixed with buffered SRB to reach a final concentration of 
25 mg/ml of protein and 0.1 or 0.3 mM of SRB, respectively. Drops were 
prepared by mixing 1 µl of protein solution with 1 µl of precipitant (1.5 
M NaCl in 50 mM NaOAc pH 4.5) in a siliconized glass cover slip and 
flipped over the well containing 500 µl of the precipitant solution.

Lysozyme crystals stained with SRB exhibited a characteristic pink 
color so that they were easily identified under a microscope (see Fig. S3
in the supporting information), fished with the help of a litto loop and 
transferred to a 5 µl drop of mother solution containing 15 % (v/v) 
glycerol as cryo-protectant. After soaking for less than 30 s, crystals were 
flash-cooled in liquid nitrogen before data collection. X-ray diffraction 
data were collected at XALOC beamline (ALBA, Barcelona, Spain). 
Diffraction frames were processed with autoPROC [30], and merged, 
scaled and reduced using Aimless from the CCP4 suite [31,32]. The 
crystal structure of lysozyme was determined by the molecular 
replacement method using the high-resolution 3D model (PDB ID. 1IEE) 
as the search model in Molrep [33]. Refinement was carried out with 
REFMAC [34] from the CCP4 suite. Water picking, manual refinement, 
and electron density maps inspection was done with COOT [35].

3. Results

3.1. SRB fluorescence lifetime measurements in lysozyme solutions

To assess the sensitivity of SRB to viscosity, a series of water/glycerol 
mixtures were prepared, with glycerol content ranging from 0 to 50 % v/ 
v, resulting in viscosities ranging from 0.93 to 7.4 cP. The fluorescence 
lifetime (τ) value of 2.13 ns for a 30 % glycerol solution was chosen as 
the reference for phase-modulation lifetime measurements [36]. The 
fluorescence lifetime trend for SRB showed the expected behaviour in 
response to varying viscosity, consistent with previously reported data 
[37] (Fig. 1, red dots series).

Subsequently, the correlation of SRB fluorescence lifetime values 
with macroscopic viscosity of lysozyme protein solutions (10–210 mg/ 
ml) was investigated. The corresponding viscosities of the solutions were 
calculated from the experimental fit obtained by Fredericks et al. [38]. 
The observed evolution of the SRB fluorescence lifetime did not align 
with the calibration curve established for water-glycerol mixtures. 
Within the concentration range of 10–80 mg/ml, τ exhibited a high 
sensitivity to lysozyme concentration, increasing faster with respect to 
the macroscopic viscosity-driven expectations. As the concentration 
exceeded 80 mg/mL, the fluorescence lifetime plateaued, remaining 
below the τ values associated with the macroscopic viscosity. This sug-
gests that the evolution of SRB fluorescence lifetime with increasing 
lysozyme concentration cannot be merely attributed to variations in the 

macroscopic solution viscosity. The obtained trend agrees with the re-
ported behaviour for a similar molecular rotor, rhodamine, in whey 
protein solutions, where the lifetime trend is attributed to non-specific 
interactions between the probe and the protein [39].

The presence of protein-SBR interactions was supported by a higher 
degree of multi-exponentiality with respect to the measurements in 
water-glycerol mixtures (see supporting information: phasor plot anal-
ysis). This suggests that the rotor reports on several environments, 
plausibly due to the presence of interactions between SRB and lysozyme 
and multiple sites on the surface of protein with which rotor can 
interact, changing the energy barrier for intramolecular rotation of SRB 
[19].

The addition of salt is known to modify protein–protein interactions 
by screening surface charges and potentially promoting attraction be-
tween protein molecules, thereby affecting average intermolecular dis-
tances. Therefore, to further investigate the nature of lifetime changes in 
lysozyme solutions, NaCl was added to the protein solution. The fluo-
rescence lifetime values of SRB in protein solutions with lysozyme 
concentrations of 10, 30, 50, 70 mg/ml, containing 3 % w/v NaCl are 
depicted in Fig. 1 (green diamonds series). According to Fridericks et al., 
the viscosity of lysozyme solutions does not significantly vary with the 
addition of salt [38]. However, the fluorescence lifetime measurements 
appeared to be highly influenced by the introduction of NaCl, displaying 
a decrease of τ in 10 and 30 mg/ml solutions followed by a pronounced 
increase of τ, notably surpassing the concentration-driven changes in 50 
and 70 mg/ml solutions in the absence of salt.

3.2. Lifetime measurements and protein interactions

To systematically analyse the observed trends, the effect of 
increasing NaCl concentration (from 0 to 7 % w/v) was studied in 
lysozyme solutions of four different concentrations (10, 30, 50, 70 mg/ 
ml). The phase diagram of lysozyme in the presence of NaCl as precip-
itant (pH 4.5, T = 22.7 ◦C) has been previously reported [40], making it 
possible to interrogate the system with respect to protein solubility 
conditions as a function of protein and salt concentration. To compare 
different conditions in terms of protein and salt concentrations, the 
obtained fluorescence lifetime values were plotted as a function of the 
supersaturation S (Fig. 2, A), defined as: 

Fig. 1. SRB fluorescence lifetime (τ) as a function of viscosity in water/glycerol 
mixtures of increasing glycerol content (in %v/v of glycerol); in lysozyme so-
lutions of increasing concentration (numbers specify corresponding concen-
tration of lysozyme in mg/ml); and in lysozyme solutions of increasing 
concentrations (10, 30, 50, 70 mg/ml) upon addition of 3 % w/v NaCl. Error 
bars for τ measurements in glycerol solutions were calculated from the fluo-
rescence lifetimes distribution data of a single measurement per condition.
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S =
Cprot

solubility(T,Csalt)
(1) 

where cprot is a given concentration of protein and solubility(T, csalt) is the 
equilibrium protein solubility concentration at given conditions of 
temperature T and salt concentration csalt. It is worth noting that su-
persaturation is the main driving force for phase transition, and that it 
plays a major role in dictating the physico-chemical properties of the 
solid material, such as structure, morphology and particle size.

Remarkably, all the curves exhibited a similar non-monotonous 
trend as a function of supersaturation, with τ remaining nearly con-
stant and slightly decreasing under highly undersaturated conditions, 
followed by a subsequent growth starting close to the protein solubility 
(S = 1) and persisting with the increase of supersaturation level in the 
solutions (all the fluorescence lifetime measurements were conducted 
before any precipitation occurs, i.e. in the bulk homogeneous metastable 
solutions).

To elucidate the correlation between the fluorescence lifetime and 
the protein solution dynamics, SAXS analyses were additionally con-
ducted on the protein solutions examined with FLIM (Fig. 2, B). By 
comparing these curves to the form factor of lysozyme, which represents 
the absence of interactions between the protein molecules, a peak in the 
higher q range, indicative of repulsive protein interactions, was 
observed in the cases of 0 % w/v and 0.15 % w/v NaCl. Conversely, in 
the lysozyme solution containing 1 % w/v NaCl, the previous peak was 
not present, whereas an increasing slope in the lower q range was 
observed, pointing out to attractive interactions. Hence, the observed 
change in the fluorescence lifetime can be related to the transition from 
a repulsive to an attractive interaction state between the protein 
molecules.

It is worth noting that significant differences between the SAXS 
curves in the presence and the absence of SRB were not observed, 
indicating that the rotor does not alter the system’s dynamics and 
merely acts as a probe for measuring protein interactions. Additionally, 
preferential protein-SRB binding interactions were examined by X-ray 
diffraction. Firstly, lysozyme crystals were soaked in an SRB solution. 
The initially transparent crystals became stained in pink after a few 
minutes, while the solution was gradually depleted in SRB, demon-
strating preferential interactions between SRB and the protein. How-
ever, X-ray diffraction crystallographic analyses did not show any extra 
electron density around the protein molecules, which could be attrib-
uted to SRB. Subsequently, lysozyme was directly crystallized in the 
presence of SRB at two different concentrations of 0.1 and 0.3 mM. 
Several crystals nucleated and grown in the SRB environment were 
measured at X-ray diffraction synchrotron facilities. All crystals 

diffracted at a resolution better than 1.7 Å, even down to 1.0 Å for one of 
them. After performing analyses for molecular replacement and water 
positioning, none of the diffracted crystals presented any extra density 
compatible with the SRB moiety, therefore indicating a non-specific 
interaction between SRB and lysozyme.

3.3. Effect of precipitant and macromolecule nature on SRB fluorescence 
lifetime

To examine a broader applicability of the rotor as a probe for protein 
interactions, the influence of the nature of different precipitant agents, 
macromolecule species and pH was studied.

Additional FLIM analyses were conducted using a stronger precipi-
tant from the Hoffmeister series, sodium nitrate [41]. Analogous to the 
case of NaCl, the solubility of lysozyme in NaNO3 solutions at pH 4.5 is 
known from the literature [42], making it possible to directly compare 
the SRB fluorescence lifetime with the previous experiments in the 
presence of NaCl, as a function of supersaturation. The obtained trends 
in the fluorescence lifetime of SRB in protein solutions containing 
NaNO3 were similar to those containing NaCl, displaying an equivalent 
change in the fluorescence lifetime trend in the vicinity of protein sol-
ubility (Fig. 3, A). In contrast, under undersaturated conditions, the 
slight decrease of τ was not clearly observed, as it was when using NaCl.

Subsequently, a series of measurements were conducted using so-
dium sulphate as a precipitant. In this case, the solubility data of lyso-
zyme as a function of sodium sulphate concentration at pH 4.5 has not 
been previously reported to the best of our knowledge. Hence, and for 
the sake of comparison, the results are presented as a function of un-
known supersaturation values, scaled to the results obtained with NaCl 
(Fig. 3, B). A change in the fluorescence lifetime trend was detected 
around the condition in which the first lysozyme precipitate appeared 
within the next 24 h after the FLIM measurement (see Fig. S4 in the 
supporting information). This finding suggests that with a simple 
screening of conditions and by using the molecular rotor as a probe, it is 
possible to qualitatively predict the solubility of the protein when spe-
cific solubility data are not available, as well as getting an estimate of 
supersaturation conditions. This can potentially and greatly facilitate 
the screening for protein crystallization conditions in structural biology 
and biomaterials related studies.

Further, the same experimental approach was implemented to study 
how the fluorescence lifetimes of SRB in protein solutions are affected by 
the presence of non-ionic precipitant agents as polyethylene glycol 
(PEG). PEG is known to induce depletion interactions between proteins, 
decreasing their solubility. To estimate the effect of the viscosity of PEG- 

Fig. 2. (A) SRB fluorescence lifetime as a function of supersaturation in different lysozyme solutions at concentrations of 10, 30, 50, 70 mg/ml. (B) SAXS curves for 
70 mg/ml lysozyme solutions at the salt concentration conditions corresponding by colours to the ones chosen on the lifetime plot (blue, 0 % NaCl, green, 0.15 % 
NaCl, red, 1 % NaCl).
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3350 on the fluorescence lifetime, a series of experiments were per-
formed in different PEG – water and PEG – 50 mg/ml lysozyme mixtures, 
increasing the polymer concentration. It can be observed that at con-
centrations higher than 5 % v/v of PEG, τ measurements are highly 
dominated by the viscous contribution of PEG, as the τ in protein- 
containing solutions closely follows the values in PEG solutions 
without the protein (Fig. 4, A).

Subsequently, τ measurements were performed in the presence of 5 
% v/v and 25 % v/v of PEG-3350 (Fig. 4, B) for a series of increasing 
NaCl concentrations on a fixed 30 mg/ml lysozyme solution. The data 
for the PEG-containing solutions wer scaled to the NaCl solubility for the 
convenience of representation, while the real solubility was found to be 
around the conditions marked by dashed lines (S′25% and S′5% for the 
mixtures containing 25 % and 5 % v/v PEG-3350, respectively), where 
first crystals were observed. When comparing the results with the trend 
obtained in the absence of PEG, it can be noticed that at 5 % v/v PEG, 
where the viscous contribution of PEG still does not dominate the τ 
values over the SRB-protein τ contribution, the observed trend is similar, 
but the increase of τ above solubility is less pronounced.

However, at 25 % v/v PEG, the observed trend was reversed. At low 
salinities, τ remained nearly constant and fluctuated around 2.18 ns, 
which corresponded to the fluorescence lifetime in 25 % v/v PEG so-
lution without the protein. Notably, the fluorescence lifetime measure-
ments exhibited a much lower degree of multiexponentiality than those 

from protein solutions without PEG. This indicates that the interactions 
between the probe and the polymer (resulting in a single exponential 
decay) dominate over the interactions between the probe and the pro-
teins, and the viscosity of the polymer solution defines the fluorescence 
lifetime. At conditions close to the solubility, τ started to decrease below 
the value corresponding to the 25 v/v% PEG solution, indicating a 
change in the rotor’s environment. These findings show that in the 
presence of PEG in the solution, the fluorescence lifetime of SRB is 
strongly affected by the contribution of the polymer to viscosity. In this 
case, and considering the weight of these interactions on the global trend 
of the lifetime, even though the information related to protein in-
teractions is still valuable, its interpretation can be more ambiguous.

Finally, the same methodology was applied to another protein, BSA, 
under two distinct conditions: at pH 3.7, at which BSA has a positive net 
charge, and at pH 7 (MilliQ Water), at which BSA has a negative net 
charge (the isoelectric point of BSA is around 4.7). Previous measure-
ments conducted in buffer solution in the absence of protein with 
varying pH levels (3.7, 4.5, and 7) have shown that the fluorescence 
lifetime of SRB remains largely unaffected by changes in pH (see Fig. S6
in the supporting information). We conducted SRB lifetime measure-
ments over a broad range of salt concentrations (0–11 % w/v NaCl) in 
40 mg/ml BSA solutions. As the solubility data for BSA in the screened 
conditions were not known, the resulting τ trends were plotted as a 
function of NaCl concentration on a logarithmic scale to make them 

Fig. 3. SRB fluorescence lifetime as a function of supersaturation in 30 mg/ml and 70 mg/ml lysozyme solutions upon the addition of NaNO3 (A) and Na2SO4 (B), 
respectively, compared to the case with NaCl. The data for Na2SO4 was scaled to the NaCl solubility for the convenience of representation, while the real solubility is 
around the condition marked by blue dashed line (S′ = 1), where the first precipitate was observed.

Fig. 4. (A) Comparison of the fluorescence lifetime in the PEG-3350/water and PEG-3350/50 mg/ml lysozyme mixtures with increasing PEG content. (B) Com-
parison of the fluorescence lifetime as a function of supersaturation in the 30 mg/ml lysozyme solutions upon the addition of NaCl in the presence of 0, 5 and 25 % of 
PEG-3350.
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comparable with the previous experiments with lysozyme, represented 
in supersaturation terms (Fig. 5, A).

At pH 3.7, a trend similar to that obtained for lysozyme solutions was 
observed, with a slight decrease of τ at low salt concentrations, followed 
by a pronounced growth at high salinities. In the increasing τ region 
(NaCl concentration range from 3 to 11 % w/v), the solutions precipi-
tated within 48 h after the measurements, confirming attractive in-
teractions and supersaturation under these conditions (see Fig. S5 in the 
supporting information). In plane water, amyloid formation was 
observed in the two last conditions (10 and 11 % w/v NaCl) within 48 h. 
Further, the lifetime analysis was compared to the SAXS results reported 
in the literature for the same conditions.

Zhang et al. studied the interactions in BSA solutions in pure water 
(expected pH ~ 7.0) over a range of ionic strengths from 0 to 2 M, 
corresponding to 0 to 11.7 % w/v NaCl [8]. SAXS analyses of the solu-
tions revealed that in the region from 0 to 1.2 % w/v NaCl (0–0.2 M), the 
effective protein interactions were repulsive and could be modelled by a 
screened Coulombic potential. In the presented lifetime analysis, this 
corresponds to the region with decreasing lifetime as NaCl concentration 
increased (Fig. 5, B). From 1.2 to 4.1 % w/v NaCl (0.2–0.7 M), the 
surface charge of BSA was screened and SAXS curves were fitted using 
the BSA form factor, implying the absence of effective interactions. 
Accordingly, the fluorescence lifetime of SBR experienced a change to-
wards and inflection point in this region, and globally, it remained 
nearly constant. Finally, at high ionic strength (where τ increased with 
NaCl concentration), the interactions were found to be attractive and 
SAXS data were fitted to an attractive square-well potential. Thus, the 
FLIM analysis presented herein is in perfect agreement with Zhang 
et al.’s SAXS findings, and captures effectively the transitions between 
the distinct interaction regimes in BSA solutions.

4. Discussion

The sensitivity of the fluorescence lifetime of SRB to the transition 
from the repulsive to the attractive interaction regime in protein solu-
tions can be related to the interactions between the rotor and the pro-
tein. These interactions are characterized by a complex interplay of 
various forces, including van der Waals attractions, electrostatic repul-
sion/attraction, hydrophobic π-π interactions involving the aromatic 
groups of the probe and the protein surface, as well as hydrogen bonding 
[43]. Previous research on this subject has extensively examined the 
interactions between globular proteins like lysozyme, BSA, and Human 
Serum Albumin (HSA) with various fluorophores using spectroscopic 
techniques and molecular docking [44–50]. These studies suggest that 
the nature of the forces dominating the probe-protein interactions is 

highly dependent on the protein surface and the probe chemical struc-
ture. Introducing salt into the protein solution causes counter-ions to 
bind to the charged moieties on the protein’s surface, leading to alter-
ations in both protein–protein interactions and the protein’s confor-
mation and microenvironment [51]. These changes subsequently can 
influence the interactions between the probe and the protein.

Representing the data for lysozyme and BSA solutions in the presence 
of different NaCl concentrations (corresponding to the Fig. 2 and Fig. 5, 
respectively) on the phasor plot – a graphical method used in FLIM to 
analyze multiexponential decay (see supporting information for more 
details on phasor plot analysis)-provides key insights into the mecha-
nisms behind the observed lifetime changes (Fig. 6, A). The lifetime 
points fall within the universal semicircle, indicating the multi-
exponential nature of the decay. All the data points align on an imagi-
nary line connecting two distinct lifetime values of two rotor 
populations: one population corresponds to the free rotor in water, while 
the other presumably represents the rotor interacting with the protein. 
The distance of each data point from these values is proportional to the 
relative quantity of the rotor population in the solution, following the 
lever rule.

Complementary FLIM measurements using a single-photon counting 
microscope confirmed the multiexponential decay kinetics observed 
with frequency-domain FLIM. FLIM images were fitted pixelwise to a 
two exponential decay function, accounting for different environments 
of the fluorophore. The intensity-averaged lifetime (τav int, Eq. (2)) 
repeated the trend obtained from the frequency-domain measurements 
(see Fig. S7 in the supporting information). 

τavint = (τ2
shortAshort + τ2

longAlong)/(τshortAshort + τlongAlong) (2) 

Here τshort and τlong are the two lifetime components with the 
respective population weights of Ashort and Along. The product τiAi rep-
resents the fluorescence intensity of the respective fluorophore 
population.

The obtained fluorescence lifetime histograms from FLIM images 
(Fig. 6, B) have shown that the weight ratio between the two states in 
which SRB is presented in the solutions changes upon the addition of 
NaCl, in agreement with the phasor plot analysis. The short lifetime 
component ( 1.7 ns), corresponding to the τ in water in the absence of 
protein, dominates the average fluorescence lifetime in undersaturated 
protein solutions. In the protein-free buffer solutions (see supporting 
information Fig. S8), the addition of NaCl led to a slight decrease in 
fluorescence lifetime, likely caused by dynamic quenching due to Cl−

ions. This suggests that the minor reduction in average fluorescence 
lifetime observed in the repulsive interaction regime can be attributed to 
Cl− quenching. In contrast, NaNO3 did not cause a similar initial lifetime 

Fig. 5. (A) Fluorescence lifetime evolution in 40 mg/ml BSA solutions at pH 3.7 and at pH 7 as a function of NaCl concentration. (B) Superimposition of SAXS-fitted 
interaction regimes with the FLIM data for 40 mg/ml BSA solution at pH ~ 7.
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reduction, further confirming that Cl− ions are responsible for the 
quenching effects.

The long lifetime component ( 3.9 ns) is expected to be attributed to 
the population of the fluorophore interacting with the protein. Studying 
the trends of the relative fluorophore population weights 
(Ashort +Along= 1) with the salt addition reveals that the screening of the 
protein surface charge, close to the protein solubility (S = 1), enhances 
the interaction between the protein and SRB (Fig. 6, C). Thus, the 
average τ increase in the attractive interaction regime can be explained 
by an increase in the weight of the long-lifetime SRB population. High 
lifetimes in BSA solutions (Fig. 5) due to the larger quantity of bonded 
SRB in BSA solutions (Fig. 6, A) could be explained by the much larger 
size of BSA in respect to lysozyme, allowing for a higher binding ca-
pacity of SRB, even at low salt concentrations.

It is conceivable that both populations of SRB are located on the 
protein surface, with the difference in the lifetime (τshort and τlong) 
dictated by the orientation of the probe on the surface: for the short- 
lifetime component, the rotating groups of SRB are oriented towards 
the solution and their rotation is dictated by the immediate environment 
of the protein, while for the long-lifetime component, upon the 
screening of the protein surface charge, the rotor is in the position 
restricting the mobility of the rotating groups, leading to higher values 
of the fluorescence lifetime (Fig. 6, D). For 25 % v/v PEG solutions, the 
decrease in lifetime in supersaturated solutions could be attributed to 
the exclusion of PEG from the inter-protein space. As proteins approach 
each other and their excluded volumes overlap in the attractive inter-
action regime, the probe with the rotating groups oriented towards the 
solution may find itself in a less viscous environment compared to the 
25 % v/v PEG solution, resulting in the decrease of τ.

Importantly, the results indicate that in protein solutions containing 
added salt, the inherent viscosity of the protein solution does not affect 
the fluorescence lifetime, and only the variations in the protein-probe 
interactions define the fluorescence lifetime change. Additionally, for 
future applications of SRB in screening crystallization conditions, it is 
essential to conduct analyses at a constant temperature (as was done at 

room temperature in this study). SRB’s fluorescence lifetime is highly 
sensitive to temperature [26], making it necessary to maintain constant 
temperature conditions to ensure that the observed lifetime changes are 
attributed to protein interactions rather than temperature variations.

5. Conclusions

In this study, the potential of Fluorescence Lifetime Imaging Micro-
scopy (FLIM) to examine intermolecular protein–protein interactions 
was investigated by utilizing the commercial molecular rotor SRB as a 
probe in protein solutions. Results indicate that the fluorescence lifetime 
of SRB is a powerful indicator for tracking the transition between 
repulsive and attractive interaction regimes within protein solutions, 
displaying a notable increase in the fluorescence lifetime around the 
solubility threshold. Consistent experimental observations for lysozyme 
in the presence of different salts (NaCl, NaNO3, Na2SO4) and PEG-3350 
as precipitants, and for BSA at pH above and below its isoelectric point 
using NaCl as precipitant, suggest that SRB can be employed for studying 
protein interactions across a wide spectrum of conditions. Based on the 
experimental evidence, a hypothesis regarding the mechanism under-
lying the sensitivity of SRB fluorescence lifetime to protein interactions 
is presented. The interplay of simultaneous protein–protein and protein- 
probe attractive interactions contribute to the observed fluorescence 
lifetime increase, while the viscosity of the protein did not show a direct 
effect on the lifetime changes.

The approach proposed in this paper expands the toolkit for struc-
tural biology and protein/biomolecule crystallization research by 
facilitating and rationalizing phase transitions and thus screening crys-
tallization conditions. This method is particularly valuable for applica-
tions requiring fine control of the structure and final crystal size dictated 
by the supersaturation level, such as the development of novel bio-
materials. Moreover, the experiments proposed with different precipi-
tant agents highlight the utility of this methodology for studying the 
Hoffmeister series in protein solutions. This method may be of general 
application using other suitable molecular rotors for studying protein 

Fig. 6. (A) Phasor plot for the fluorescence lifetime in lysozyme and BSA solutions upon the addition of NaCl. (B) Lifetime histograms with Gaussian fits collected 
from FLIM images of 50 mg/ml lysozyme solution with 0 % w/v NaCl and 5 % w/v NaCl. (C) Relative weights of fluorophore populations in protein solutions as a 
function of supersaturation in the solutions. Presented error bars correspond to three measurements in a single solution. (D) Illustration of the proposed mechanism 
underlying SRB sensitivity to protein interactions.
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interactions and phase transitions. However, prior to applying a specific 
rotor to a particular protein of interest, the presence of probe-protein 
interactions should be corroborated.
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[39] R. Mercadé-Prieto, L. Rodriguez-Rivera, X.D. Chen, Fluorescence lifetime of 
Rhodamine B in aqueous solutions of polysaccharides and proteins as a function of 

viscosity and temperature, Photochem. Photobiol. Sci. 16 (2017) 1727–1734, 
https://doi.org/10.1039/C7PP00330G.

[40] E.L. Forsythe, R.A. Judge, M.L. Pusey, Tetragonal chicken egg white lysozyme 
solubility in sodium chloride, Solutions (1999), https://doi.org/10.1021/ 
je980316a.

[41] M.M. Ries-Kautt, A.F. Ducruix, Relative effectiveness of various ions on the 
solubility and crystal growth of lysozyme, J. Biol. Chem. 264 (1989) 745–748, 
https://doi.org/10.1016/S0021-9258(19)85005-6.

[42] J.P. Guilloteau, M.M. Riès-Kautt, A.F. Ducruix, Variation of lysozyme solubility as a 
function of temperature in the presence of organic and inorganic salts, J. Cryst. 
Growth 122 (1992) 223–230, https://doi.org/10.1016/0022-0248(92)90249-I.

[43] P.D. Ross, S. Subramanian, Thermodynamics of protein association reactions: 
forces contributing to stability, Biochemistry 20 (1981) 3096–3102, https://doi. 
org/10.1021/BI00514A017/ASSET/BI00514A017.FP.PNG_V03.

[44] H. Rao, W. Qi, R. Su, Z. He, X. Peng, Mechanistic and conformational studies on the 
interaction of human serum albumin with rhodamine B by NMR, spectroscopic and 
molecular modeling methods, J. Mol. Liq. 316 (2020) 113889, https://doi.org/ 
10.1016/J.MOLLIQ.2020.113889.

[45] S. Millan, L. Satish, S. Kesh, Y.S. Chaudhary, H. Sahoo, Interaction of Lysozyme 
with Rhodamine B: a combined analysis of spectroscopic & molecular docking, 
J. Photochem. Photobiol. B 162 (2016) 248–257, https://doi.org/10.1016/J. 
JPHOTOBIOL.2016.06.047.

[46] M. Kitamura, K. Murakami, K. Yamada, K. Kawai, M. Kunishima, Binding of 
sulforhodamine B to human serum albumin: a spectroscopic study, Dyes Pigm. 99 
(2013) 588–593, https://doi.org/10.1016/J.DYEPIG.2013.06.011.

[47] P. Qin, B. Su, R. Liu, Probing the binding of two fluoroquinolones to lysozyme: a 
combined spectroscopic and docking study, Mol. Biosyst. 8 (2012) 1222–1229, 
https://doi.org/10.1039/C2MB05423J.

[48] N. Shahabadi, M. Maghsudi, S. Rouhani, Study on the interaction of food colourant 
quinoline yellow with bovine serum albumin by spectroscopic techniques, Food 
Chem. 135 (2012) 1836–1841, https://doi.org/10.1016/J. 
FOODCHEM.2012.06.095.

[49] S. Millan, L. Satish, K. Bera, B. Susrisweta, D.V. Singh, H. Sahoo, A spectroscopic 
and molecular simulation approach toward the binding affinity between lysozyme 
and phenazinium dyes: an effect on protein conformation, J. Phys. Chem. B 121 
(2017) 1475–1484, https://doi.org/10.1021/ACS.JPCB.6B10991/ASSET/ 
IMAGES/LARGE/JP-2016-109914_0008.JPEG.

[50] X. Mu, Z. Huang, W. Feng, M. Zhai, Y. Wang, D. Zhou, X. Zhou, Zwitterionic 
rhodamine-CPT prodrug nanoparticles with GSH/H2O2 responsiveness for cancer 
theranostics, Theranostics 13 (2023) 267, https://doi.org/10.7150/THNO.78884.
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