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Molecular rotors in haemoglobin and bovine serum
albumin proteins
Alice Briole and Bérengère Abou

Matière et Systèmes Complexes, UMR7057 CNRS - Université Paris Cité, 75205 Paris, France

ABSTRACT

Molecular rotors are fluorescent viscosity probes and their response in simple fluids is known to be a Förster-Hoffman power
law, allowing the viscosity of the medium to be quantified by its fluorescence intensity. They are attractive probes in biological
media, usually consisting of proteins, but how does a molecular rotor behave in a protein solution ? The response of the DASPI
molecular rotor is compared in two globular protein solutions of similar size, haemoglobin (Hb) and bovine serum albumin,
one absorbent, the other not. In absorbent Hb, a model validated by experiments in triangular geometry allows to correct
the absorbing effect and to compare the rotor response in both proteins. With concomitant microrheology measurements,
we investigate the relation between the DASPI fluorescence intensity and solution viscosity. In protein solutions, we show
that viscosity is no longer the parameter determining the rotor response in contrast to simple fluids. Varying the viscosity
by concentration or temperature is not equivalent, and the Förster-Hoffmann power laws do not apply when the solution
concentration varies. We show that the concentration regime of the protein solution, semi-dilute or concentrated, determines
the sensitivity of the rotor to its environment.

1 Introduction
Molecular rotors are fluorescent molecules, now well-established as viscosity probes. After photoexcitation, their relaxation
occurs either by fluorescent radiation or by non radiative intramolecular rotation. In a highly constrained environment, the
predominant decay pathway is radiative, which leads to a large increase in the fluorescence quantum yield. In simple fluids, it
was demonstrated that their quantum yield φ increases with the fluid viscosity η according to the Förster-Hoffmann equation1–8:

logφ =C+ x logη (1)

where C and x are solvent- and dye- dependent constants. The exponent is a constant of x = 2/3 in the derivation of the
Förster and Hoffmann model1, but it can be variable according to the free-volume theory by Loutfy et al.4. This relationship
(1) has been extensively investigated and validated in a wide range of viscosities, in both polar and non polar fluids5, 6, 8, 9.
Molecular rotors have proven their value in a variety of applications such as the real-time monitoring of aggregation and
polymerization processes (PMMA, chain entanglement of macromolecules)10, 11, investigation of phospholipid bilayers and
cell membranes5, 12–14. Recent studies have focused on the development of new fluorescent probes with specific properties
for imaging biological materials: low toxicity, good stability, high sensitivity to small variations in microviscosity or specific
localisation in biological media15–18. BODIPY fluorophores are particularly interesting in this context as they have good
photophysical properties and can easily be functionalized16. In addition, numerous studies have focused on the use of molecular
rotors in proteins to study the effects of aggregation and protein conformational changes6, 19–24 or to detect proteins in living
cells and specific biomolecular interactions25–27.

Recently, we have demonstrated the utility of the DASPI molecular rotor in the assessment of the intracellular viscosity of
red blood cells as a function of temperature28, paving the way for applications in the diagnosis of red blood cell pathologies.
DASPI is well adapted to the characterisation of haemoglobin (Hb), the major component protein of the red blood cell, as its
fluorescence excitation and emission spectrum interfere little with the fluorescence spectrum of Hb. Although positioned in the
region of absorbance minima, between 550−600 nm29, the emission signal by the rotor is still subject to a low absorbance of
Hb, which may affect the interpretation of this emission signal in terms of rheological properties. More generally, compared to
simple fluids, protein solutions are complex because of the structure of the proteins themselves and the resulting assembly
in solution. At the molecular rotor scale, complex interactions with proteins, such as binding3, 22, localisation to a specific
area15, 16, are possible and may affect its response. Given the diversity and complexity of proteins, the determination of rotor
response will require extensive studies, taking into account the specificity of each rotor-protein pair.

In this perspective, we study the capacity of the molecular rotor DASPI to characterize the viscosity of two protein solutions,
bovine serum albumin (BSA) and Hb. The two globular proteins have a similar molecular weight around 65kDa, and at the



absorption and emission wavelengths of DASPI, Hb is optically absorbent whereas BSA is not. We propose a correction
model for the absorbance of Hb, based on Beer Lambert’s law, which will be used to compare the rotor response in the two
proteins. The correction model is detailed and validated in the Appendix, in a geometry of increasing thickness that allows the
probing of increasing absorbance levels. The viscosity of the protein solutions, measured by microrheology, is varied either
by concentration (section 3.1) or by temperature (section 3.2). Microrheology and rotor fluorescence measurements were
carried out concomitantly in the protein solutions. With concentration, the signal emitted by the rotor follows a master curve,
which saturates at high viscosity. It does not follow a Förster-Hoffmann law. With temperature, on the other hand, we measure
Förster-Hoffmann power laws, with a parameter C that depends on the concentration of the solution. Varying the concentration
or temperature is therefore not equivalent in protein solutions, unlike what is measured in simple fluids with C independent
on temperature28, 30 and concentration. This highlights that viscosity is not the predominant factor of the rotor response in
proteins. The concentration regime of the protein solution, semi-dilute or concentrated, determines the sensitivity of the rotor to
its environment and must be considered.

2 Materials and Methods
2.1 Preparation of protein solutions
Human haemoglobin from red blood cells The Hb (molar mass 64 kDa31) was extracted from human red blood cells. Blood
samples were obtained from healthy donors and provided by the Etablissement Français du Sang (EFS Rhône-Alpes). The
red blood cells were washed three times in PBS buffer. After a final centrifugation at 1200× g for 10 min, all supernatant
was removed. The RBC pellet was exposed to 3 freeze-thaw cycles (from −80◦C to 37◦ C) to lyse the RBC membranes.
Membrane residues were then extracted by adding of CCl4 to the lysate (1/3 of the volume), followed by strong agitation
and ultra-centrifugation at 10000×g for 15 min. From this stock Hb solution, phosphate-buffered saline (PBS) was used for
dilution. The concentration of the stock solution was carried out using 300000 MWCO Vivaspin 2 Centrifugal Concentrators
(Sartorius) by centrifugation at 4500×g and 37◦ C for 30mn. The concentration of Hb solutions was varied between 2g/dL and
42g/dL and measured by colorimetry with a MAK 115 Hb Assay Kit (Sigma-Aldrich).

Bovine serum albumin solutions BSA solutions (molar mass 66 kDa) were prepared by diluting lyophilized BSA powder
(Sigma-Aldrich) in PBS (phosphate buffered saline, 1X, pH=7.4). The BSA concentration of the solutions, ranging from 1g/dL
to 54g/dL, was measured by colorimetry with the Bradford Comassie Blue test (Sigma-Aldrich).

2.2 Measurement geometries: standard and triangular
Microrheology and fluorescence measurements were performed together on the same sample containing the protein solution,
Hb or BSA. The solutions were placed in a standard geometry, consisting of a glass slide and a coverslip separated by a 250 µm
thick spacer (see Figure 5a in Appendix A). For the Hb solutions, a triangular geometry was also used, which gives access to
several levels of absorbance of the solution. In this case, the Hb solution is placed between two coverslips separated by a 250
µm high spacer on one side, creating an increasing thickness from 0 to 250 µm across the chamber (see Figure 5b in Appendix
A).

2.3 Particle tracking microrheology
The viscosity of the protein solutions was measured using particle tracking microrheology. This technique consists of
investigating the Brownian motion of microscopic probe particles embedded in the fluid to deduce its rheological properties32.
Typically, microrheology experiments are performed on small volumes of the order of 1µL. This is of interest in biological
samples where tiny volumes can be probed, such as recently insect secretion with 10 pL of liquid33. Another important aspect
in complex fluids is to be able to probe the spatial heterogeneity of the fluid by comparing the response of different probe beads
at different locations in the sample34.

Calibrated Polystyrene beads (0.994 µm in diameter) were dispersed in the solutions to be studied at a low volume
fraction of less than 1%. The thermal motion of the tracer beads was recorded for 20 s at 100 Hz with a fast sCMOS camera
(OrcaFlash4.0 v2+, Hamamatsu Photonics France) mounted on a Leica DMI 8 (Leica Microsystems GmbH, Germany) inverted
bright-field microscope at 100X magnification (oil immersion objective, NA = 1.3, depth of field: ∼ 200 nm). The sample
temperature was controlled with an objective heater using immersion oil in contact with the sample (Bioptechs Inc., USA) to
within ±0.1◦C. A custom image analysis software allowed to track the x and y positions of any beads close to the objective
focus plane. For reliable analysis, special attention was brought to record only beads far from the surfaces of the glass slides in
the standard or triangle geometries.

For each tracer bead i, the time-averaged mean-squared displacement was calculated according to <∆r2
i (t)>=< (xi(t+t ′)−

xi(t ′))2 +(yi(t + t ′)− yi(t ′))2 >t ′ . For a homogeneous sample, which is the case for our protein solutions at any concentration,
the MSD is then averaged over all the beads to determine the ensemble-averaged MSD, ⟨∆r2(t)⟩. In case where the MSD
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grows linearly with time t, which is the signature of a viscous fluid (without an elastic component), a diffusion coefficient D is
determined according to < ∆r2(t)>= 4Dt (in two dimensions). The viscosity η can then be estimated with the Stokes–Einstein
relation, D = kT/6πRη , with R the diameter of the bead and kT the thermal energy35.

2.4 Fluorescence microscopy
Measurements of the DASPI molecular rotor response in protein solutions were performed by fluorescence microscopy (Leica
DMI 8, Leica Microsystems GmbH, Germany) with excitation between 460−500 nm and detection between 565−625 nm at
100X magnification in the standard geometry and at 63X magnification in the triangular geometry. Images were recorded with
the fast sCMOS camera (OrcaFlash4.0 v2+, Hamamatsu Photonics France). Intensity measurements of the fluorescence level
of the images were performed using ImageJ software (ImageJ, Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018).

3 Results
3.1 Molecular rotor response with concentration
3.1.1 Absorbance correction and intensity-viscosity master curve in protein solutions
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Figure 1. Left: Fluorescence intensity of the DASPI molecular rotor (in arbitrary units, a.u.) as a function of solution
viscosity, in BSA and Hb, in the standard geometry at temperature T = 25°C. The rotor concentration is adjusted to 0.1, 0.01
and 1 mM in BSA and 1 mM in Hb. In BSA solutions, the rotor response increases with increasing viscosity. In contrast, in Hb
solutions, the rotor signal decreases with increasing solution viscosity, due to the increase in solution absorbance with
concentration. Right: Intensity - viscosity response of DASPI molecular rotor at 1 mM concentration in Hb solutions: raw data
(solid symbols) and absorbance-corrected data (empty symbols). The margins of error are of the order of magnitude of the
marker size in both directions: 5% for viscosity measurements and 7% for intensity measurements.

The response of the DASPI molecular rotor was studied in BSA and Hb protein solutions of increasing viscosity as a result
of increasing concentration. Figure 1 - (left) shows the fluorescence intensity of the rotor as a function of solution viscosity.
In BSA solutions, the intensity emitted by the rotor increases overall with increasing viscosity, whereas it decreases with
increasing viscosity in Hb solutions, due to the increase in absorbance of the solution with increasing concentration. In Figure
1 - (right), the intensity emitted by the rotor in Hb solutions has been corrected for the absorbing term (see Appendix A for
details), and the corrected and uncorrected signal from the rotor are displayed. With the correction, the signal from the rotor in
Hb increases with viscosity as in the case in BSA, and two rotor response regimes – low and high viscosity – are detectable on
the intensity-viscosity curves.

As the emitted intensity is a quantity expressed in arbitrary units, the BSA and Hb curves were matched at the same level,
to reveal a master curve reflecting the rotor response in our protein solutions (Figure 2). At low viscosity, the emitted intensity
increases sharply according to a power-law, log I =C+b logη , with an exponent b = 3.4 greater than 2/3 measured in simple
fluids, indicating a high sensitivity of the rotor to the protein environment. At high viscosity, the rotor response reaches a
plateau, giving evidence of a lack of sensitivity to viscosity in this second regime. Without doubt, in these protein solutions,
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Figure 2. Master curve of the rotor response in BSA and Hb protein solutions of increasing viscosity, at temperature
T = 25°C. The rotor signal in Hb solutions is corrected for the absorbance of Hb. Two regimes are visible: at low viscosity, the
rotor signal increases strongly with viscosity, while at high viscosity, the rotor signal saturates and reaches a plateau. The first
regime was fitted by a power-law log I =C+b logη with C = 4.1 ·103 and b = 3.4 (red solid line) and the second by a
constant value I = 2.5 ·104 in arbitrary units (red dotted line). We do not observe a Förster-Hoffmann power-law over the entire
viscosity range as in simple fluids. At low viscosities where a power law behaviour is measured, note that the exponent b is
larger than the 2/3 expected for a Förster-Hoffmann relation.

the rotor does not respond according to a Förster-Hoffmann power-law over the entire viscosity range as observed in simple
fluids8, 28.

3.1.2 Response of the molecular rotor in the semi-dilute and concentrated regime
In this section, we compare the response of the two probes – fluorescence intensity for the molecular rotor and viscosity for
the Brownian beads – as a function of the concentration of the protein solutions (Figure 3). Each probe interacts with the
surrounding medium at its own scale, sub-nanometric for the rotor and micrometric for the Brownian bead.

We first describe the response of the Brownian beads, i.e. the viscosity-concentration curves. The viscosity of both BSA
and Hb solutions increases slowly at low concentration and then quite drastically at higher concentration, reminiscent of the
characteristic signature of hard-sphere colloids36–38, widely used in globular proteins to account for this drastic increase39–45.
Although the comparison between globular proteins (with anisotropic 3D structure, polydispersity, surface charges and
anisotropic interactions) and hard spheres is questionable, especially at high concentrations46, 47, this allows the radius of the
globular protein to be estimated at low concentration with an Einstein-Batchelor model48. This model describes the viscosity of
hard-sphere suspensions in the semi-dilute regime (volume fraction less than Φ ∼ 0.2) where only the interactions between
two particles are taken into account. At higher volume fractions, we enter the concentrated regime where empirical equations
of the Mooney49 or Krieger & Dougherty50 type are used to describe the drastic viscosity increase. At low concentration
below 12g/dL, the radii of the BSA and Hb proteins could be estimated to be 3.3±0.2 nm and 3.6±0.2 nm respectively, in
accordance with the literature on the subject45, 51–54. We verify a posteriori by assimilating the protein to a sphere of the radius
found experimentally that this limit concentration, 12g/dL, corresponds to volume fractions, Φ ∼ 16% in BSA and Φ ∼ 22% in
Hb, consistent with the boundary between the semi-dilute and concentrated regimes in hard spheres.

We now analyse the rotor response with the protein concentration. We observe two power-law regimes with a higher
exponent at low concentration (1.1 in BSA and 0.8 in Hb) than at high concentration (0.6 in BSA and Hb). The cross-over
between the two regimes is observed for cBSA = 10.4g/dL (Φ ≃ 14%) in BSA and cHb = 11g/dL (Φ ≃ 20%) in Hb, close to
the upper limit of the semi-dilute regime probed in microrheology. This highlights a decrease in rotor sensitivity beyond the
semi-dilute regime, which suggests a sensitivity of the rotor to its environment and a screening of its response with crowding.

From the curves in Figure 3, we can see that each probe detects the boundary between the semi-dilute and concentrated
regimes. The fact that the Brownian beads and the rotor do not probe the protein solutions at the same scale explains why the
semi-dilute regime is not exactly seen at the same concentration by both types of probes.
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Figure 3. Viscosity measured by microrheology and fluorescence intensity measured by the DASPI rotor, in solutions of BSA
(left) and Hb (right) of increasing concentration, at temperature T = 25°C. In Hb solutions, the intensity emitted by the rotor
was corrected for the absorbance term. Empty markers are used for solutions where only the viscosity has been measured. The
DASPI concentration is set at 0.1 mM in BSA and 1mM in Hb. The black solid curve on the viscosity curves correspond to the
Einstein-Batchelor model describing the semi-dilute regime of hard sphere suspensions, and allows the radius of each globular
protein and the extent of the semi-dilute regime to be estimated. The rotor response shows two power-law regimes, at high
(exponent 0.6 in BSA and Hb) and low (exponent 1.1 in BSA and 0.8 in Hb) concentration (red solid and dotted lines). Each
probe, Brownian bead and rotor, although probing at different scales, seems to detect the transition from the semi-dilute to
concentrated regime.

3.2 Molecular rotor response with temperature
In the previous sections, the viscosity of the protein solutions was varied with concentration. Here we vary the temperature –
18°C, 25°C, 30°C, 37°C and 43°C – at a fixed concentration, which induces a variation in viscosity of up to 30%. Figure 4-(a,b)
represents the fluorescence response of DASPI with temperature variations, plotted as a function of the viscosity, in protein
solutions of different concentrations. The rotor fluorescence signal increases with viscosity and depends on the concentration of
the protein solution. The intensity-viscosity curves are plotted at the same origin (Figure 4-(c,d)) and all data are adjusted to a
Förster-Hoffmann power law I/I43◦C =C (η/η43◦C)

x. Exponents x = 0.7±0.2 in BSA and x = 0.9±0.2 in Hb are found, they
are close to those predicted for simple fluids x = 0.76, 8. With the determined and fixed x values, the parameter C is found to
decrease sharply at high concentration (insets in Figure 4-(c,d)). Therefore, for a given viscosity value in Figure 4-(a,b), there
may be different rotor intensities, depending on the concentration of the solution, highlighting that viscosity is not the relevant
parameter to describe the rotor response in protein solutions. The concentration of the solution determines the response of the
rotor through the parameter C, which again suggests that the response of the rotor depends on the crowding of the environment.

4 Discussion and conclusion
We study the signal emitted by a molecular rotor, DASPI, in two protein solutions, BSA and Hb, and show that its response with
viscosity differs when varying concentration or temperature. The two globular proteins are the same size, and one is absorbent
while the other is not. We propose a simple model based on Beer Lambert’s law, that takes into account the configuration of our
set-up and allows to correct for the effect of Hb absorbance. The correction term depends on the Hb concentration cHb and the
chamber height L via a screening length Le = 50−200 µm which is a characteristic length of absorbance (see Appendix A).
With the correction, the rotor signal in the absorbing Hb and in the non-absorbing BSA can thus be compared.

Let us recall some results obtained in simple fluids with the molecular rotor DASPI. In glycerol and ethylene glycol
solutions, we measured its response with viscosity by concentration or temperature variation. With concentration variation, the
DASPI fluorescence intensity follows a Förster-Hoffmann power-law over 1.5−2 decades of viscosity, with a parameter C
depending on the fluid-rotor couple and the rotor concentration28. We measured that C does not depend on the the solution
concentration, and that the viscosity is the only parameter that determines the quantum yield of the rotor. This has already
been described extensively in previous studies where the Förster-Hoffmann power-law relationship between quantum yield and
viscosity was measured over more than three orders of magnitude of the solvent viscosity8, 55. By temperature variation, we
measured that the rotor signal follows the same Förster-Hoffmann power-law as by varying the concentration, corresponding
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Figure 4. Intensity - viscosity curves by temperature variation in BSA (top left) and Hb (top right). The rotor fluorescence
signal is measured at different protein concentrations. For each concentration, the temperature variation induces a viscosity
variation. The data in Hb solutions are corrected for the absorbance term. The intensity-viscosity curves are plotted at the same
origin and fitted with Förster-Hoffmann power laws of exponent 0.7±0.2 in BSA (bottom left) and 0.9±0.2 in Hb (bottom
right). The margins of error are 5% for viscosity measurements and 7% for intensity measurements but are not shown here to
simplify reading.

to the same parameter C in both cases. This result was also confirmed in previous studies where C could be assumed to be
independent of temperature because the Förster-Hoffmann relationship reproduces the variations in intensity measured by
temperature-induced viscosity variations30. In simple fluids, varying the temperature or concentration is therefore equivalent,
and the viscosity was shown to be the predominant parameter that determines the rotor response8, 14.

In protein solutions however, we show that varying the viscosity with concentration or temperature is not equivalent for the
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rotor. When the viscosity is varied with concentration in BSA and Hb, the fluorescence intensity of the rotor increases sharply at
low concentration and reaches a plateau at high concentration. The intensity - viscosity curves follow a master curve combining
the results obtained in the two protein solutions, and cannot be described by a Förster-Hoffmann power law. With concomitant
microrheology mesurements, we show that the plateau is reached in the concentrated regime of the protein solution, beyond
the semi-dilute regime, which is a first indication that the crowding of its environment has an influence on the rotor response.
By varying the viscosity through temperature, we find Förster-Hoffmann power laws, I =Cηx, with the viscosity exponent
x = 0.7−0.9 close to that measured in simple fluids. A major new feature in protein solutions is that the parameter C now
depends on the concentration of the solution, unlike simple fluids, and decreases sharply beyond the semi-dilute protein regime.
Because temperature and viscosity effects cannot be decoupled in this experiment, it cannot be excluded that the rotor response
is influenced by temperature variation. Nevertheless, we have previously shown in PBS or in simple fluids28 that when the
viscosity is modified by temperature, the dominant parameter governing the DASPI signal is the viscosity of the medium. This
suggests that temperature has little influence on the DASPI signal and validates our findings that concentration is the parameter
to be considered in the rotor response.

In Figure 3, the Brownian bead response is used to define the boundary between the semi-dilute and concentrated regimes of
the proteins. The boundary between the two regimes is quite visual. Typically, in the semi-dilute regime, an Einstein-Batchelor
model can be applied to the viscosity and allows the protein size to be determined, and in the concentrated regime, the viscosity
increases drastically with concentration. The rotor also shows different responses in the two regimes, with lower sensitivity in
the concentrated regime. This highlights that the rotor response is determined by the crowding of the surrounding proteins.

Let us estimate the ratio rotor per protein to have an idea of the rotor environment in Figure 1. Given the experimental
conditions, the number of molecules of BSA is 1.7 – respectively 17 and 170 – per molecule of DASPI at the crossover point
(11 g/dL), when the rotor concentration is 1mM – respectively 0.1mM and 0.01mM. At the end of the plateau regime (49 g/dL),
we have 7.6 molecules of BSA – respectively 76 and 760 – for 1 molecule of DASPI , when the rotor concentration is 1mM –
respectively 0.1mM and 0.01mM. The very low concentration of the rotor relative to BSA suggests that the rotor response is
dominated by surrounding protein crowding rather than specific rotor-protein interactions. This is consistent with the fact that it
depends on the concentration regime of the protein solution, semi-dilute or concentrated.

A similar intensity-viscosity curve – increase then plateau – was measured with the CCVJ rotor in antibody solutions3. The
dramatic increase in fluorescence intensity at low antibody concentration prior to the plateau was attributed to the binding of
CCVJ to the antibody. In comparison, in our BSA solutions in Figure 1, the threshold between the increase regime and the
plateau remains the same by varying the concentration of DASPI. This seems to exclude the hypothesis of a binding of the rotor
to the BSA protein since one would expect a shift to a lower concentration as the rotor concentration increases.

In conclusion, in these protein solutions, the viscosity is not the parameter to be taken into account in the response of the
rotor DASPI, the concentration appears to be a determining factor. At low rotor concentration compared to protein, which is
the case in our experiments, the rotor signal is sensitive to the crowding of the protein solution and shows different responses
in the semi-dilute and concentrated regimes. At a fixed concentration or given environment crowding, the rotor follows a
Förster-Hoffmann power law with varying viscosity, I =Cηx with C depending on the protein concentration in the solution.
When the crowding varies, the intensity-viscosity curve deviates from the Förster-Hoffmann power law. This must be taken into
account when using rotors in biofluids or complex fluids where the environment is complex at the rotor scale. Further research
will probably shed light on the mechanisms of rotor-protein interaction in order to use these rotors quantitatively in biofluids.

A ANNEX : Molecular rotor in haemoglobin: correction of absorbance
The influence of Hb absorbance on the rotor fluorescence signal was corrected using a model based on the Beer-Lambert law,
valid for Hb concentrations close to physiological concentrations56. We propose a theoretical expression for the intensity
emitted by the rotor in a Hb solution placed in a standard measurement geometry of height L, under an inverted microscope
(section A.1). This expression is validated experimentally using a triangular geometry of increasing height between 0 and
L. This geometry allows us to probe the rotor response by increasing the height of the Hb solution and thus its degree of
absorbance (section A.2). We propose with this model a corrective term for the absorbance of the Hb solution involving a
screening length. The corrected intensity is proportional to the quantum yield of the DASPI molecules in the solution, and will
be compared to the signal in non-absorbing proteins in section 3.1.1.

A.1 Measured intensity in the standard geometry
We consider here a Hb solution containing molecular rotors, observed under an inverted microscope in a standard measurement
geometry represented in figure 5a, between a microscope slide and a coverslip separated by a spacer of height L. The molecular
rotor is excited at a wavelength λexc and re-emits at a wavelength λem. The aim of this paragraph is to quantify the fluorescence
intensity emitted by the molecular rotors and measured on the camera, Imeas, by considering the absorbance of the surrounding
Hb solution.
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(b)(a)

Figure 5. (a) Standard geometry : the Hb solution is trapped between a microscope slide and a coverslip separated by a
250µm thick spacer. The incident beam intensity is I0 and Iexc(z), Iem(z), Imeas(L) are described in the text. (b) Triangle
geometry : the Hb solution is trapped between two coverslips separated by a 250µm high spacer positioned on one side,
creating a triangle geometry. Above a screening length Le the molecules no longer receive an excitation signal due to the
absorbance of the Hb below. The DASPI molecules in solution are represented by yellow and white dots. The yellow dots are
those that receive an excitation signal, and the white ones are those that do not.

Let us consider a beam of excitation light of wavelength λexc and intensity I0 coming initially from the microscope objective
in the inverted configuration. We assume that this beam is cylindrical with a cross-section S. According to the Beer-Lambert
law57, a volume element dV = S · dz of the fluid at height z receives an excitation intensity Iexc(z) lower than I0 due to the
absorbance of the solution over the height z :

Iexc(z) = I0 ·10−εexc·z·cHb

with cHb the concentration of the Hb solution and εexc = εexc(λexc) the molar extinction coefficient of Hb at the exciting
wavelength. This volume element contains dN = Na · cDASPI · dV DASPI molecules whose fluorescence emitting signal is
proportional to the excitation intensity Iexc(z) and to their quantum yield Φ. The intensity emitted by the molecular rotors in
this volume element, at wavelength λem, is written :

Iem(z) = Iexc(z) ·Φ ·dN

This emitted light still has once again to pass through a height z of hemoglobin, before being measured at the camera as Imeas,
inducing a new Beer-Lambert correction term 10−εem·z·cHb with εem = εem(λem) the molar extinction coefficient of Hb at the
rotor emission wavelength. Since the camera collects the intensity coming from each volume element between z = 0 and z = L,
we obtain for the measured intensity :

Imes(L) =
∫ L

0
Iem(z) ·10−εem·z·cHbdz =

∫ L

0
I0 ·Φ ·Na · cDASPI ·S ·10−(εexc+εem)·z·cHb ·dz

which is also written :

Imeas(L) = P · (1−10−L/Le) (2)

with

Le =
1

cHb · (εexc + εem)
; P =

I0 ·Na · cDASPI ·S ·Φ
ln(10)

·Le (3)

Le is interpreted as a screening length above which the DASPI molecules will receive no signal (white dots in Figure 5b)
due to the high absorbance of the fluid below, and P as the plateau value that the fluorescence signal reaches for a fluid thickness
Le or more. In the limit where Le tends to infinity (L/Le → 0), corresponding to the absence of screening by the absorbing
molecules, the measured intensity in equation 2 is written to first order:

lim
L/Le→0

Imeas(L) = P/Le ·L · ln(10) = I0Na · cDASPI ·S ·L ·Φ (4)

which is proportional to the quantum yield Φ and corresponds to the intensity measured in a non-absorbing limit.
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A.2 Model validation in triangular geometry
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Figure 6. Model validation. (a) Fluorescence intensity Imeas(h) of the DASPI rotor at concentration c = 1 mM, measured in
the triangular geometry (coloured dots) for different Hb concentrations bewteen 5g/dL≤ cHb ≤ 42g/dL along with data fits with
equation 2 (coloured dotted lines). (b) Screening length Le obtained by fitting Imeas(h) with the model equation 2 as a function
of Hb concentration : theoretical and experimental values.

Our model was tested in a triangular geometry shown in figure 5b, consisting of a container of increasing thickness. In this
geometry, Hb in trapped between two coverslips separated on one side by a L = 250µm high spacer. For a solution of Hb of
given concentration, the intensity Imeas(h) can be measured for layers of Hb of height h between 0 ≤ h ≤ L, moving along the
longitudinal axis of the container.

Figure 6a shows the fluorescence intensity evaluated for different heights h, in Hb solutions of concentration cHb =
5,12,20,28,42g/dL covering the range of interest. At all Hb concentrations, the fluorescence intensity could be fitted with
excellent agreement using equation 2, with two parameters Le and P. This experimentally demonstrates the existence of a
screening length Le above which a plateau value P for the fluorescence intensity emitted by the rotor is reached.

Figure 6b now shows the screening length Le extracted from Imeas using equation 2, as a function of the Hb concentration
cHb. The graph also shows the theoretical range for Le using equation 3, by varying εexc between 2,67 · 106m−1·M−1 and
3,03 ·106m−1·M−1 and εem between 1,03 ·106m−1·M−1 and 1,85 ·106m−1·M−1. The ε-values were measured from absorbance
spectra of diluted Hb (Varian Cary 50 UV-Vis spectrophotometer - Agilent) with uncertainties due to the width of the wavelength
range selected by the fluorescence device: excitation 460−500 nm, detection 565−625 nm. The theoretical predicions (red
band) for Le(cHb) in Figure 6b show excellent agreement with the experimental data.

Our model (equations 2 and 3) is in excellent agreement with experimental data for Imeas and Le, obtained in the triangular
geometry. We propose to consider the quantity P/Le as an intensity corrected for the influence of absorbance because it is
directly proportional to the quantum yield Φ of the molecular rotors, as it is the case in non-absorbing limit (equation 4). We
thus define the corrected fluorescence intensity as :

Icorr(L,cHb) =
P
Le

=
I0 ·Na · cDASPI ·S

ln(10)
·Φ (5)

By rewriting the above expression with equations 2 and 3, the expression for the corrected intensity is obtained from the
measured intensity Imeas(L), with a corrective term:

Icorr(L,cHb) =
1

Le(cHb) ·
(
1−10−L/Le(cHb)

) · Imeas(L) (6)

This correction involves two parameters to be known, the screening length Le related to the Hb concentration cHb with equation
3, and the chamber height L. This correction will be used in the section 3.1.1 to compare the response of the rotor in absorbing
and non-absorbing protein solution.
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