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DETERMINA A CONTRARRE

IL DIRETTORE

lalegge 168/1989 e ss.mm.ii.;

il D.Lgs. 165/2002 e ss.mm.ii.;

lo Statuto dell’Universita degli Studi di Catania, emanato con D.R. n. 881 del
23 marzo 2015 e ss.mm.;

il Regolamento per I’amministrazione, la contabilita e la finanza, emanato con
D.R. n. 9 del 4 gennaio 2016 e ss.mm.;

il Regolamento dell’Universita degli Studi di Catania in materia di affidamenti
di lavori, beni e servizi per importi inferiori alle soglie di rilevanza comunitaria,
emanato con DR, 2277 del 05/07/2022 e ss. mm.;

il D.Lgs. 31 marzo 2023, n. 36, recante «Codice dei contratti pubblici», € in
particolare ’art.50, co. 1, lettera b) che consente I’affidamento diretto per
I’esecuzione di servizi e forniture di importo inferiore a € 140.00,00 oltre IVA;
la richiesta allegata alla nota istruttoria n. 242;

I’esigenza di procedere all’acquisto di quanto richiesto nella citata nota
istruttoria;

che I’importo presunto della spesa & di € 1.967,00 oltre IVA;

che la spesa gravera sui fondi indicati nella citata richiesta di acquisto;

DETERMINA

e di autorizzare la spesa di cui alla nota istruttoria in premessa;

e di nominare Responsabile Unico del Progetto (RUP) il Sig. Nunzio Giudice;

o diindividuare I’operatore economico affidatario su successiva proposta del RUP;

e di autorizzare 1’Ufficio Provveditorale agli adempimenti successivi.
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Situazione al 08/09/25
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Fase precedente Impegno Provvisorio n.61907/2025
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9. Totale variazioni (Impegno di budget) eserc. corrente
10. Importo Disponibile (4-6 -7 -8 - 9)
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Nome Ente Universita degli Studi di Catania

Nome Dipartimento
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7. Totale movimenti (Impegno di budget) eserc. corrente
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9. Totale variazioni (Impegno di budget) eserc. corrente
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432,74
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Spectral phasor imaging on a
commercial confocal microscope
without a spectral detector

Elisa Longo?, Angelita Costantino®>*, Alessio Andreoni®, Paolo Bosco®, Anna P. Privitera’,
Silvia Scalisit, Leonel Malacrida®’, Massimo Gulisano®>* & Luca Lanzand%®°*

Spectral imaging is a fluorescence microscopy technique with several applications, including imaging
of environment-sensitive probes, spectral unmixing and identification of fluorescent species. In
confocal microscopes not equipped with a spectral detection unit, spectral images can be obtained
using the lambda scan mode of the microscope, namely the sequential acquisition of images using a
tunable emission filter or other dispersive optical elements. Unfortunately, the lambda scan mode has
poor temporal resolution, is a photon-wasting technique, and is not ideal for the spectral imaging of
live samples. Here, we describe a spectral imaging method that can be implemented on commercial
confocal microscopes not equipped with a spectral detector. The method is based on simultaneous
image acquisition in 4 contiguous spectral channels and spectral phasor analysis. We demonstrate that
this method can be easily implemented on a Leica confocal laser scanning microscope, with better
photon efficiency and temporal resolution than the lambda scan mode. We perform a 4-channel (4 C)
spectral phasor analysis of live cells stained with the environment-sensitive ACDAN and Nile Red dyes.
We can distinguish changes in spectral emission in the order of 5 nm between different subcellular
compartments. We show that 4 C-spectral phasor can be used to decompose the Nile Red signal into

2 components and perform 3-color imaging in combination with a DNA dye in live organoids. Finally,
we show that the 4 C-spectral phasor can be also used to unmix the signal of fluorescent proteins with
overlapping emission spectra such as mEmerald and EYFP.

Keywords Spectral phasor, Confocal microscope, Environment-sensitive probes, ACDAN, Nile red,
Fluorescent proteins

Spectral imaging is a fluorescence microscopy technique in which the emission spectrum is obtained at each
pixel of an image. Spectral imaging has several applications, including imaging of environment-sensitive probes,
spectral unmixing, and identification of fluorescent species' . Spectral imaging involves, in the simplest case, the
collection of a dataset of the type I(x, y;\), sometimes called a cube or lambda-stack. The acquisition modalities
can be broadly classified as spectral scanning, spatial scanning or snapshot methods. Confocal microscopy
is intrinsically a point scanning technique where a raster scan of the sample forms the image. In confocal
microscopy, spectral scanning is typically achieved by substituting the emission filter with a tunable filter and
serially acquiring images at different emission wavelengths. This is also called wavelength scan or lambda scan
acquisition mode and is available in many commercial setups®~’. Unfortunately, the temporal resolution of this
approach is quite poor (limited by the raster and spectral scans) and all the fluorescence photons not selected by
the tunable filter are wasted. Thus, lambda scan is a time- and photon-consuming technique, not ideal for the
spectral imaging of live samples. A faster alternative is provided by spatial scanning. In confocal microscopy,
fast spectral imaging can be performed by substituting the standard point-detector with a spectral detector. The
spectral detector is essentially a dispersive element, such as a prism or grating, placed before a multichannel

Ipepartment of Physics and Astronomy “Ettore Majorana”, University of Catania, Via S. Sofia, 64-95123 Catania,
Italy. 2Laboratory of Synthetic and Systems Biology, Department of Drug and Health Sciences, University of Catania,
Catania, Italy. *Molecular Preclinical and Translational Imaging Research Centre-IMPRonTe, University of Catania,
Catania, Italy. *Interuniversity Consortium for Biotechnology (CIB), Trieste, Italy. 5Max Planck Florida Institute for
Neuroscience, Jupiter, FL, USA. 8Advanced Bioimaging Unit, Institut Pasteur de Montevideo and Universidad de la
Republica, Montevideo, Uruguay. “Unidad Académica de Fisiopatologia, Hospital de Clinicas, Facultad de Medicina,
Universidad de la Republica, Montevideo, Uruguay. ®Nanoscopy, CHT Erzelli, Istitute Italiano di Tecnologia,
Genoa, Italy. ®Centro Siciliano di Fisica Nucleare e Struttura della Materia-CSFNSM, Catania, ltaly. ®email:
luca.lanzano@unict.it
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detector. The spectral detector enables the acquisition of emission spectra at each pixel of an image, without
affecting the temporal resolution of the confocal microscope. Examples of commercially available spectral
detector systems are the Zeiss Meta and QUASAR detection units™ or the Nikon A1-DUS spectral detector
unit™'%, Thus, the spectral detector provides fast spectral imaging but is not available on any confocal microscope.

'The phasor approach was originally developed and extensively applied for the analysis of fluorescence lifetime
images'!"'2, 'The phasor analysis is currently used in many other applications, including spectral/hyperspectral
imaging'*-?° and super-resolution microscopy”'**. In particular, the spectral phasor approach was introduced to
provide a simple and intuitive framework for the analysis of spectral imaging data**. The phasor is a simplified
frequency-domain approach where the temporal or spectral information at each pixel is Fourier-transformed
to get the real and imaginary component g(x, y) and s(x, y), which represent the cartesian coordinates of the
phasor'?, Spectral differences between pixels are easily detected as differences in the position of the phasor. Pixels
with similar spectra tend to cluster in the phasor plot whereas pixels with different spectra tend to separate in
the same plot.

Here, we show a spectral phasor analysis of multi-color images acquired with a commercial confocal
laser scanning microscope not equipped with a spectral detector. The images are obtained by simultaneous
acquisition in 4 detection channels of a Leica SP8 or STELLARIS8 microscope, so that the temporal resolution is
preserved, and photons are not wasted. 'The typical dataset is a 4-colors image where the 4 channels correspond
to contiguous spectral bands with a bin width of 50 nm. Considering that typical fluorophore emission spectra
have widths in the order of 100 num, this spectral bandwidth provides sufficient sampling of the spectrum’s shape.
An advantage of this approach is the much higher temporal resolution, compared with the lambda scan mode
of the same microscope. The spectral information can be visualized using the phasor plot and phase-wavelength
images. We perform 4-channel (4 C) spectral phasor analysis of the environment-sensitive ACDAN and Nile
Red dyes in live cells and organoids. We show that we can distinguish shifts in spectral emission in the order of
5 nm between different subcellular compartments. The 4 C-spectral phasor can be used to decompose the Nile
Red signal into 2 components and perform 3-color imaging in combination with Hoechst in live organoids. We
also show spectral unmixing of the fluorescent proteins mEmerald and EYFP in live cells. The proposed method
can be useful for performing fast and photon-efficient spectral imaging in confocal microscopes without spectral
detection units.

Materials and methods

Preparation of fluorescent probe solutions

A solution of the fluorophore ANS in presence of Bovine Serum Albumin (BSA) (ANS-BSA) was prepared
by adding 3% BSA (Sigma-Aldrich, A7030) to a~250 uM water solution of ANS (Sigma-Aldrich, 10417). A
solution of rhodamine 110 (R110) was prepared by diluting rhodamine 110 (Sigma-Aldrich, 83695) in water to
a final concentration of ~ 1 M. The solutions were deposited on chambered coverslips (Ibidi, p-slide 8 well glass
bottom, 80821) and observed on the microscope.

Cell culture and labeling

HeLa cells (ATCC n. CCL-2™) were cultured in DMEM (Dulbecco’s modified Eagle's medium, Gibco™, 11965092)
supplemented ‘with 10% fetal bovine serum (Euroclone, BCS5000LH) and 1% penicillin/streptomycin (Life
Technologies, 15140-122). For fluorescence microscopy measurements, 20,000 cells/cm? were seeded on 8-well
chambered coverslips and incubated at 37 °C in 5% CO, for 24 h, Labeling of HeLa cells was performed at 37 °C
with ACDAN (Toronto Research Chemicals, A168445) at a final concentration of ~ 5 uM for 30 min or with Nile
Red (Thermofisher N1142) and Hoechst 33,342 (Thermofisher 62249) at final concentrations of ~1 pM (Nile
Red) and ~2 pM (Hoechst), respectively, for 30 min. '

HEK293T cells (ATCC n. CRL-3216) were cultured in DMEM (Dulbecco’s modified Eagle’s medium, Gibco,
11995073) supplemented with 10% fetal bovine serum (Innovative Biosciences, 11-01-500). Cells were seeded
in 4-chamber 35 mm glass bottom dishes, #1.5 cover slip (CellVis, D35C4201.5 N), coated with poly-d-Lysine
(Sigma-Aldrich, P6407), at a density of ~ 17,000 cells/em?, incubated for 24 h at 37 °C, 5% CO,, the media was
then exchanged. Cells were transfected by using a total of 300 ng of DNA and 1.5 pl of Lipofectamine (Invitrogen,
11668027) per quadrant, following the procedure indicated by the manufacturer. The pmEmerald-actin plasmid
is a gift from Dr. Lin Tian, the pCMV YEP-CAAX plasmid is a gift from Dr. Tobias Meyer (Addgene # 155233).
When more than one plasmid was used to co-express multiple proteins, the plasmids were mixed together in a
1:1 ratio to a total amount of 300 ng. Proteins were allowed to express for 24-36 h. Prior to imaging the culture
media was removed and cells were rinsed in Hank’s Balanced Salt Solution (HBSS) (Sigma-Aldrich, H8264) 4
times. For imaging cells were covered with 400 pl of HBSS containing 10 mM HEPES buffer at pH 7.5.

Organoids preparation and labeling

Human samples were collected under study protocol approved by the Ethics Committee “Comitato Etico
Catania 2" (Azienda Ospedaliera Garibaldi, Catania, prot. 601/C.E) and informed consent was obtained
from patients undergoing surgery for suspected colon adenocarcinoma. All methods were carried out in
accordance with relevant guidelines and regulations. Healthy colon organoids were produced from patient-
biopsy as previously described?” with minor modifications. Briefly, intestinal biopsy tissue was dissociated
and washed in cold Phosphate Buffer Saline without Ca** and Mg*™* (Euroclone) supplemented with 50 mg/
ml gentamicin (Life Technologies), P/S 100U (Euroclone) and 2.5 mg/ml amphotericin (Life Technologies) to
prevent common contaminations. Colon fragments were treated on a rocking platform with Gentle Dissociation
Reagent (STEMCELL Technologies™, Inc. (STI)) on ice for 30 min. Then, the fragments were allowed to settle
by gravity, resuspended in DMEM F12 with 15 mM HEPES (STEMCELL Technologies Inc. (STT) supplemented
with BSA (Sigma) at 1% in Phosphate Buffer Saline without Ca** and Mg** (Euroclone) and passed through

Scientific Reports | _######HHHHHEHHHEHE##E https://doi.org/10.1038/s41598-025-15637-x nature portfolio



www.nature.com/scientificreports/

70 pm cell strainers. The crypts obtained were resuspended in a 1:1 mixture of DMEM F12 with 15 mM HEPES
((STEMCELL Technologies Inc. (STI))+1% BSA and Matrigel’ (Corning) and 50 pL/well of the suspension
was pipetted into pre-warmed 24-well TC plates (Euroclone) to form domes that were solidified at 37 °C for
15 min. At the end of this time, 750 pL/well of complete IntestiCult™ Organoid Growth Medium (STEMCELL
Technologies Inc. (STT) was added, and organoids were maintained in an incubator at a controlled temperature
(37 °C) and CO, (5%). To perform organoids maintenance, the medium was changed 2-3 times per week and
organoids were passaged every 4-7 days.

In order to prepare organoids for live-confocal imaging, the medium was removed, and organoids were
recovered from the Matrigel’ incubated on ice on a rocking platform for 20 min with GCDR. Once the organoids
are settled by gravity, the supernatant was aspirated, and organoids were ready for the labeling step. Labeling was
performed at 37 °C with Nile Red (Thermofisher N1142) at a final concentration of ~ 1 pM and Hoechst 33,342
(Thermofisher 62249) at a final concentration of ~4 M for 90 min or with ORGANELLE-ID-RGB’ reagent I
(Enzo, ENZ-53007) at a dilution 1:500 for 90 min. Before imaging, organoids were transferred into on 8-well
chambered coverslips (p-Slide 8 Well Glass Bottom, ibidi 80827, Germany).

Data acquisition

Measurements were performed on a Leica TCS SP8 confocal laser scanning microscope, using a 1.40 NA 63x
oil immersion objective (HCX PL APO CS52 63/1.40 Oil Leica Microsystems). We used 4 different detectors for
spectral analysis: 2 hybrid detectors and 2 Photomultiplier tubes (PMTs). We adjusted the gain of each detector
so that all the channels had approximately the same yield. The hybrid detectors were operated in ‘standard’ mode
with a digital gain of 17% (i.e. photon counts are multiplied by a factor of 17) and the PMTs were operated with a
gain of 700 V. For ACDAN, ANS-BSA and R110 we used an excitation wavelength of 405 nm, and the following
4 emission detection bands: 410-460, 460-510, 510-560, 560-610 nm. We used an excitation wavelength of
488 nm for Nile Red and the following 4 emission detection bands: 525-575, 575-625, 625-675, 675-725 nm.
THoechst 33,342 was excited in line sequential mode at 405 nm, and its emission was detected in the band 410-
482 nm using a single detector.

Measurements on cells expressing fluorescent proteins were performed on a Leica STELLARIS8 confocal laser
scanning microscope equipped with a tunable white light laser, using a 40x, NA 1.3, oil immersion objective (HC
PL APO 40x/1.30 Oil CS2, Leica Microsystems). For spectral analysis, 4 hybrid detectors were used, they were
operated in photon counting mode throughout all the experiments. The excitation wavelength was set at 488 nm,
and power densities between 220 and 355 {W/um? were used depending on the sample. The emission detection
bands were set as follows (in nm): 495-525, 525-555, 555-585, 585-615. Images with size of 512 X512 px*anda
bit depth of 12-bit were recorded at a scan speed of 200 lines/s, with integration over 4-8 lines to enhance signal.

Data processing and analysis

The multi-channel images, saved as LIF files, are opened as stacks in Tmage]J and then saved as TIF files. The TIF
files are opened with a custom Matlab (Mathworks) script and processed for spectral phasor analysis. Given a
multi-color fluorescence image I, (x, y), with k=1,...,N, where N=4 is the number of spectral channels and each
channel is centered at wavelength A, the spectral phasor components g(x, y) and s(x, y) are calculated as:

(2, y)eos [ 2241

g (z,y) = > _:;V:l[j(ﬂhy) )
_ % e, ypsin [2420]
s(z,y) = Y, L= :

'The phasor plot is a 2D histogram of all the values g and s, corresponding to the pixels of the image. Background
pixels are excluded from the phasor plot by setting an intensity threshold. A smoothing step is applied to g(x, y)
and s(x, y) images using a 3 x 3 nearest neighbors weighted average filter.

'The phasor plot shows the following two types of dotted reference lines: (i) phasor trajectories corresponding
to Gaussian spectra of fixed bandwidth (FWHM=10 nm and FWHM=100 nm) and center wavelength
varying from A, to A, in steps of 5 nm; (ii) phasor trajectories corresponding to Gaussian spectra of fixed center
wavelength (A, A, A,, A,) and bandwidth varying from FWHM =0 to FWHM =400 nm in steps of 20 nm.

The phase of the phasor at each pixel is calculated as:

—1 S(EB, y) (3)

@ (z,y) = tan HE0

With values between 0 and 2. The phase wavelength image is calculated as:

Aw(z,y):?\l-}-ﬁ%j(?\zvh) (4)

So that ¢ =0 correspond to ?\‘P:Rl and @ =2n(1-1/N) correspond to ?\‘P=7\N. In the specific case N=4 the phase
wavelength image is:
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and the phase values ¢ =0, /2, 7, 3/2 7t correspond to the phase wavelengths 7\1, ?\2, ?\3, )\4.

For the analysis shown in Fig. 3e, regions of interests (ROI) corresponding to different subcellular regions
were defined in Image] using the intensity and the phase wavelength image. The ROI were used to extract the
average value of phase wavelength in each ROL

The linear decomposition of the intensity into 2 components is done by expressing the phasor P(x, y) as the
combination of two phasors P, and P,*. The phasors P, and P, can be selected by clicking directly on the phasor
plot or calculated as corresponding to specific image regions. The fraction of intensity associated to component

1is calculated as:
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4Fig. 1. Spectral phasor using 4 channels of a commercial laser scanning microscope. (a~d) Schematic of the
4 C-spectral phasor method: (a) 4-color images are acquired using a commercial laser scanning microscope;
(b) Emission spectra variations are sampled across four spectral detection windows; (c) For each pixel, a
phasor in the (g, s) plane is computed, where phasor position shifts reflect pixel-to-pixel emission spectra
variations; (d) a phase wavelength image (A 7) is calculated converting the value of phase into a value of
wavelength. (e-g) Simulated data used for reference line generation. The spectral bandwidth of each detection
channel is set to 50 nm. (e, top) Simulated Gaussian spectra with a narrow bandwidth (FWHM =10 nm) and
peak wavelength increasing from the value A, (indicated by the arrow) in steps of 5 nm. (e, middle) Phasor
plot of the simulated spectra, The red values (,, A,, A,, A,) represent the center wavelengths of the 4 detection
windows. Each red dot corresponds to a single spectrum. The narrow spectra are not uniformly sampled by
the spectral windows, producing the polygonal trajectory. (e, bottom) Plot showing the phase value of the
phasor versus the simulated peak wavelength for the 4C- and for the full spectral phasor. (£, top) Simulated
Gaussian spectra with a broader bandwidth (FWHM = 100 nm) and peak wavelength increasing from the
value A, (indicated by the arrow) in steps of 5 nm. (f, middle) Phasor plot of the simulated spectra. Each red
dot corresponds to a single spectrum. The broad spectra are more uniformly sampled, resulting in a curved
trajectory, where each dot represents a 5 nm shift in peak wavelength. (f, bottom) Plot showing the phase
value of the phasor versus the simulated peak wavelength for the 4C- and for the full spectral phasor. (g, top)
Simulated Gaussian spectra of fixed center wavelengths (A, A,, A, A,) and bandwidths increasing from 0 to the
value 400 nm in steps of 20 nm, (g, middle) Phasor plot of the simulated spectra. Each red dot corresponds to a
single spectrum. These simulated spectra produce radial-like phasor trajectories.

(P(m,y) — P2)e (P1 — Ps)]
|Py — Py f*

frow (z,y) = (6)

To limit values of fraction to values included between 0 and 1, the values of f1,rrwv (2,y) are filtered through
a non-linear, logistic function of the form: fi (z,y) =1/ (1 + e_kb(h!“N(I'”)*lﬂ)), with kr, =4, as

described previously?. The value of f, is calculated as: f2 (z,y) = 1 — f, (z, y). Then the image corresponding
to component k is calculated as:

Nk (2,9) = fi (@) ) | fLali(mv) @)
i.e. is obtained by multiplying the fraction and the sum of the stack.

Results

Spectral phasor imaging using 4 channels of a commercial laser scanning microscope

'The method’s scheme is reported in Fig, la-d. The images are acquired in a Leica SP8 confocal microscope
using 4 contiguous, non-overlapping spectral detection bands. The 4 spectral windows sample pixel-to-pixel
variations of emission spectra, The data are analyzed using the spectral phasor approach, which yields a phasor
in the (g, s) plane for each pixel. Pixel-to-pixel variations of emission spectra are detected as shifts in the position
of the phasors. The value of phase at each pixel (angular coordinate of the phasor) is converted into a value of
wavelength to generate a phase wavelength image.

Simulated data are useful to highlight the effect of using only 4 spectral windows on the spectral phasor
plot?® and to draw visual reference lines (Fig. 1e-g). In these simulations, we calculated how emission spectra
of Gaussian shape and varying peak wavelength and bandwidth would be detected by 4 contiguous spectral
windows and then calculated the corresponding position in the 4 C-spectral phasor. Each red dot corresponds
to a single spectrum. The spectral bandwidth of each detection channel is set to be 50 nm. Gaussian spectra of
narrow bandwidth (FWHM =10 nm) and peak wavelength increasing in 5-nm steps are not uniformly sampled
by the spectral windows and produce the polygonal trajectory shown in Fig. le (middle). Compared to the
full spectral phasor (calculated using a large number of spectral channels, 150 in these simulations), the phase
value increases stepwise versus the peak wavelength (Fig. le, bottom). This shows that the 4 C-spectral phasor
is not sensitive to spectral shifts when the width of the spectra is narrower than the detection bandwidth. In
contrast, Gaussian spectra of larger bandwidth (FWHM = 100 nm) are more uniformly sampled by the spectral
windows and produce the curved trajectory shown in Fig. 1f (middle), where each dot represents a shift of 5 nm
of the peak-wavelength. In this case, the phase value increases monotonically as a function of the simulated
peak wavelength, similarly to the full spectral phasor (Fig. 1f, bottom). This shows that the 4 C-spectral phasor
is sensitive to spectral shifts when the width of the spectra is larger than the detection bandwidth. Gaussian
spectra of fixed center wavelength (A, A,, A;, A,) and bandwidth varying from 0 to 400 nm in steps of 20 nm,
produce radial-like phasor trajectories (Fig. 1g, middle). These radial-like trajectories are deformed when the
peak wavelength is A, or A, because part of the emission spectrum falls outside the detection windows.

As a preliminary step, we performed spectral imaging of 2 fluorophores in solution: ANS in a water solution
containing BSA (ANS-BSA, expected emission peak~480 nm, expected FWHM~90 nm) (Fig. 2a,b) and
Rhodamine 110 in water (R110, expected emission peak ~520 nm, expected FWHM ~40 nm) (Fig. 2¢,d). The
data shows that the phasors of ANS-BSA and R110 are located at different angular positions in the phasor plot
(mean phase wavelengths values A_(ANS-BSA)=505 nm and A (R110) =543 nm), as expected. The different
radial position (or, equivalently, different modulation value) is due to the different emission spectrum width
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Fig. 2. 4-channels spectral imaging of fluorophores in solution. (a) Representative spectral imaging data

of ANS in a water solution containing BSA and (b) corresponding average fluorescence intensity in the 4
channels, (c) Representative spectral imaging data of Rhodamine 110 in water and (d) corresponding average
flucrescence intensity in the 4 channels. (e) The phasor plot showing different angular position for ANS-BSA
and R110. The red values (435, 485, 535, 585) represent the center wavelengths of the 4 detection windows in
nm. Linear combinations of the two datasets (‘linear mixing’) result in phasors positioned along the straight
line connecting the phasors of the pure species. (f) The precision of the phase wavelength value, determined
as the standard deviation of A_across all pixels in the image for the ANS-BSA sample, plotted as a function of
photon counts in the channel with maximum intensity. The red dashed line is a fit of the data to the equation
Y=A(N___ )5 which yields B = - 0.50 and A=20 nm.

counts:

of the two fluorophores. Linear combinations of the two dataset (indicated as ‘linear mixing’) produce phasors
located along the straight line connecting the phasors of the pure species, confirming that the well-known linear
combinations properties of the phasor’ are preserved even though the reference trajectories are deformed
towards the borders of the spectral range (Fig, 2e).

The noise contained in the experimental data is propagated into the noise in the coordinates g and s of the
phasor'!, The precision in the value of phase wavelength, determined as the standard deviation of the A values in
all the pixels of the image, is reported on Fig. 2f for the sample of ANS-BSA, as a function of the photon counts
in the channel of maximum intensity. As expected for Poisson or shot noise, the error scales as the inverse square
root of the number of photon counts N, =0 (N_ )~"/* (Fig. 2f), where o, is a constant that represents
the error on the phase wavelength when the number of photon counts is 1. In the conditions of the experiment,
0,=20 nm, so that the value of the error o is in the order of ~ 1 nm when the photon counts per pixel are ~ 300
(Fig. 2f).

Spectral imaging of the environment-sensitive probe ACDAN in live cells

Next, to demonstrate the applicability of the method, we performed spectral imaging of the environment-
sensitive probe ACDAN in live HeLa cells. ACDAN is a member of the so-called DAN probes, a group of
solvatochromic dyes developed to study macromolecular organizations of different kinds. Due to the methylene
group substitution at the carbonyl group, this probe is soluble in water. It has been used as a molecular
marker for studying crowding in vitro and in vivo'*?'~**, ACDAN spectrum shifts to green due to changes
in environmental dielectric properties and the occurrence of dipolar relaxation. Inside cells, the responsible
molecule for producing dipolar relaxation is water. ACDAN can sense the dipolar relaxation of a few water
molecules around its moieties, and the energy lost during relaxation is reflected by lifetime and spectral changes.
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A representative dataset is reported on Fig, 3a. ACDAN is excited at 405 nm, and the emission is detected in
4 channels covering the range between 410 and 610 nm (Fig. 3b). The average signal in the channel of maximum
intensity (~ 150 a.u.) corresponds to an equivalent number of photon counts in the order of 280. The phasor plot
is elongated (Fig. 3c), indicating the presence in the image of different spectral signatures corresponding to the
emission of ACDAN in different environments. We identify several subcellular regions, with phase wavelengths
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Fig. 3. 4C-spectral phasor imaging of ACDAN in live cells. (a) Representative 4-channels image of ACDAN
in HeLa cell and (b) corresponding average fluorescence intensity in the 4 channels covering the range between
410 and 610 nm. (c) spectral phasor plot: the elongated phasor plot indicates the presence of multiple spectral
signatures, corresponding to ACDAN emission in different cellular environments. (d) Intensity image obtained
as the sum of the intensity in the 4 channels (top) and phase wavelength image (bottom). (e) Analysis of phase
wavelength for different subcellular structures. Phase wavelengths values range from 490 to 510 nm. The
analyzed subcellular regions are: nuclei, nuclear invaginations, vesicles identified for their bright intensity,
cytoplasm, plasma membrane, vesicles identified as ‘blue’ in the phase wavelength image. Data represent

mean +s.d. of at least 10 different ROL
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ranging from 490 to 510 nm (Fig. 3d,e). A type of vesicles (identifiable as ‘blue’ in the phase wavelength image)
has the most blue-shifted spectrum, These vesicles are probably lipid-containing vesicles, corresponding to the
non-relaxed emission of ACDAN. The plasma membrane (identifiable as green color in the phase wavelength
image) corresponds to about 495 nm. Then we identify cytoplasmic regions and nuclear invaginations at about
505 nm. This spectral region also includes vesicles identified as ‘bright’ in the intensity image. The brightness of
these vesicles might be due to a higher ACDAN quantum yield or a higher ACDAN concentration. Finally, the
nucleus is characterized by the lowest intensity and the most red-shifted spectrum, with a phase wavelength of
about 510 nm.

Spectral imaging of the environment-sensitive probe nile red in live cells and organoids

'Then, we performed spectral imaging of another environment-sensitive fluorophore, Nile Red. Nile Red is a
hydrophobic dye that exhibits changes in its fluorescence based on the lipid content in its local environment,
rather than directly binding to the lipids themselves. It is highly solvatochromic, meaning its emitted fluorescent
light wavelength varies depending on the solvent, especially its polarity’*°. As a result, this dye can be used as
an indicator of local polarity, such as on the surface of nanoparticles®’. Nile Red is rapidly internalized from
the plasma membrane of live cells and label also the cellular interior. Recently, vatiants of Nile Red have been
developed for different applications™??,

First, we performed spectral imaging of Nile Red in live Hela cells. A representative dataset is reported on
Fig. 4a,b. Nile Red is excited at 488 nm and the emission was detected in 4 channels covering the spectral range
between 525 and 725 nm. The average signal in the channel of maximum intensity (~ 160 a.u.) corresponds to an
equivalent number of photon counts in the order of 300. We find similar and distinctive features with respect to
ACDAN. The phasor is clearly elongated (Fig. 4c), indicating the presence of pixel-to-pixel spectral variations in
the image'”. Also in this case, we recognize the internal membrane, the plasma membrane, and the nucleus, as
regions of increasing spectral red shift. However, in the case of Nile Red, the strongest signal comes from lipid
vesicles which exhibit also the most blue-shifted spectral emission. Indeed, Nile Red is often used as a marker of
lipid droplets®®*!, The spectral variations can be exploited to decompose the fluorescence signal of Nile Red into
2 components, indicated here as Nile Red 1 (corresponding to the less relaxed spectral emission) and Nile Red 2
(corresponding to the more relaxed spectral emission). Combined with Hoechst (which is excited at the different
wavelength of 405 nm), this provides 3 color imaging with only 2 dyes (Fig. 4d).

As an example of application in a more complex system, we tested the same experimental approach on live
intestinal organoids (Fig. 4e~h). Intestinal organoid models are raising increasing interest due to their superior
ability to mimic cell-type composition and complex tissue organization in vitro”****compared to more
conventional intestinal cell lines such as CaCo-2*". An example of organoid labeled with Nile Red is reported
on Fig. de,f. The 4 C-spectral phasor analysis has a similar pattern observed in live cells. Also in this case,
decomposition in 2 components provides a 2-color image with the lipid vesicles in one channel and internal
membranes in the other. In combination with Hoechst this approach provides 3 color imaging with only 2 dyes
(Fig. 4g). For comparison, we performed 3 color imaging of the same type of organoids using a commercial
labeling reagent containing a mixture of 3 dyes (ORGANELLE-ID-RGB) targeting nuclei, mitochondria and
lysosomes (Fig. 4h).

Spectral unmixing of green and yellow fluorescent proteins

To demonstrate applicability of the method to spectral unmixing of fluorescent proteins, we performed 4-channel
imaging of HEK293T cells expressing mEmerald-actin and YFP-CAAX, where CAAX is a peptide motif for
prenylation and subsequent targeting to the inner leaflet of the plasma membrane’. Compared to ACDAN or
Nile Red, the emission spectra of the proteins are narrower, and the Stokes shift smaller. The two fluorescent
proteins are excited at 488 nm and their emission was detected in 4 channels covering the range between 495 and
615 nm, with a spectral detection window of 30 nm for each channel.

The phasors corresponding to cells expressing only one of the two proteins are shown in Fig. 5a,b. The average
phase wavelength corresponding to mEmerald-actin (515 nm) is shifted of about~ 15 nm with respect to the
average phase wavelength corresponding to EYFP-CAAX (527 nm), in keeping with an expected peak shift of
~20 nm. The phasor corresponding to cells co-transfected with mEmerald-actin and EYFP-CAAX is shown
in Fig. 5c. The phasor is clearly elongated, in keeping with the presence of two different fluorescent species in
the image, and located along the line connecting the phasors of the pure species. The phase wavelength image
allows identifying cells with different spectral fingerprints: for instance a cell with predominant expression of
EYFP-CAAX (indicated by a star) or a cell with predominant expression of mEmerald-actin (indicated by an
arrowhead) (Fig. 5e). Phasor decomposition provides spectrally unmixed images corresponding to the two
fluorescent proteins (Fig. 5f).

We note that similar results could also be obtained using other linear unmixing algorithms?. Here, we have
focused on the generation of the spectral phasor which provides an unbiased visualization of spectral imaging
data in the phasor plot. The phasor plot visualization is useful to interpret the spectral information content in the
spectral image prior to any other type of analysis.

Discussion

We have demonstrated that spectral analysis can be performed on a commercial laser scanning microscope
not equipped with a spectral detector, just using simultaneous acquisition in 4 different detector channels and
spectral phasor analysis. There are 3 main advantages in the proposed approach. First of all, it is compatible with
any confocal microscope equipped with 4 detectors. In particular, we have exploited the capability of the Leica
detection system to change almost freely the spectral detection bands of the 4 channels in such a way to sample
the emission spectra of the fluorophores. Indeed, we have used 50 nm bands for ACDAN and Nile Red and 30 nm
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Fig. 4. 4C-spectral phasor imaging of Nile Red in live cells and live intestinal organoids. Intensity image .
of Nile Red in live HeLa cells. Scale bar 10 pm. Phase wavelength image of Nile Red in live HeLa cells. 'The
elongated phasor plot reveals pixel-to-pixel spectral variations, distinguishing the internal membrane, the
plasma membrane, and the nucleus as regions of increasing spectral redshift. Spectral variations allow the
decomposition of the fluorescence signal into two components: Nile Red 1, corresponding to the less relaxed
spectral emission, and Nile Red 2, corresponding to the more relaxed spectral emission. Combined with
Hoechst staining, this approach enables three-color imaging using only two dyes. Intensity image of a live
organoid labeled with Nile Red. Scale bar 20 pm. Phase wavelength image of a live organoid labeled with Nile
Red. Decompoasition of Nile Red in 2 components provides a 3-color image, with Hoechst in one channel,
lipid vesicles in another channel and internal membranes in the other. Scale bar 20 ym. In the zoom-in,

scale bar is 5 yim. 3-color imaging performed on the same type of organoids using a commercial labeling
reagent (ORGANELLE-ID-RGB), which contains a mixture of 3 dyes targeting nuclei, mitochondria, and
lysosomes. Scale bar 20 pum. In the zoom-in, scale bar is 5 pm. Average fluorescence intensity as a function of
the 4 channels covering the spectral range between 525 and 725 nm, for the sample of Nile Red in HeLa cclls.
Average fluorescence intensity as a function of the 4 channels covering the spectral range between 525 and
725 nm, for the sample of Nile Red in organoids.

for the fluorescent proteins mEmerald and EYFP. The second important point is that the temporal resolution
of this approach is the same of the confocal microscope, since the 4 channels are recorded simultaneously. This
makes the method a powerful alternative to the relatively slow lambda scan mode, especially for live cell imaging
applications. Finally, the method is more photon-effective compared to the lambda scan mode, since photons
from all parts of the emission spectrum are detected and not wasted. In contrast, as shown by the simulated
data in Fig, 1, the 4C-spectral phasor is not sensitive if the width of the spectra is narrower than the detection
bandwidth and/or if the spectra are peaked at the border of the detection range.

In terms of representative applications, we have demonstrated that the 4 C-spectral phasor method can be
used in live samples stained with environment-sensitive dyes and is able detect spectral shifts of few nanometers
between different subcellular regions. Labeling with environment-sensitive dyes can be useful to map the
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Fig. 5. 4C-spectral phasor unmixing of green and yellow fluorescent proteins expressed in HEK293T cells.
4-channel imaging of HEK293T cells expressing only mEmerald-actin and corresponding phasor plot.
4-channel imaging of HEK293T cells expressing only EYFP-tagged CAAX (EYFP-CAAX) and corresponding
phasor plot. 4-channel imaging of HEK293T cells co-expressing mEmerald-actin and EYFP-tagged CAAX
(EYFP-CAAX) and corresponding phasor plot. The elongated phasor plot reflects the presence of two distinct
fluorescent species in the image. Emission detected in 4 channels covering the range between 495 and 615 nm,
with a spectral detection window of 30 nm for each channel. The phase wavelength image reveals cells with
different spectral fingerprints, such as a cell predominantly expressing EYFP-CAAX (indicated by a star) ora
cell predominantly expressing mEmerald-actin (indicated by an arrowhead). Phasor decomposition provides
spectrally unmixed images corresponding to the two fluorescent proteins.

biophysical and biochemical properties of cell environment, or simply to identify multiple subcellular targets
with the use of a lower number of dyes. As another representative application, we have demonstrated unmixing
of fluorescent proteins with spectra overlapping in the green-yellow region of the visible spectrum. We have
tested the method on 2 different commercial microscopes: Leica SP8 and Leica STELLARISS. In particulat,
in the Leica SP8 setup we had to use different types of detectors (i.e. photomultiplier and hybrid), so we have
adjusted the gain to get approximately the same yield in the four channels.

In summary, we described a method to perform spectral analysis in commercial microscopes that are not
equipped with a spectral detector. The method can be used to perform fast spectral analysis in solutions, live cells
and live organoids. This tool will increase the portfolio of advanced fluorescence spectroscopy methods that can
be performed on commercial microscopes, thanks to dedicated software*®-52, We believe that this new tool will
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be useful to researchers having access to commercial confocal microscopes and will foster the use of advanced
fluorescence spectroscopy methods in their applications.

Data availability
Data sets generated during the current study are available from the corresponding author on reasonable request.
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