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Pixel-by-pixel autofluorescence
corrected FRET in fluorescence
microscopy improves accuracy
for samples with spatially varied
autofluorescence to signal ratio

Istvan Rebenku?, Cameron B. Lloyd?, Janos Sz6ll8si®®%2 & Gydrgy Vereb®123%

The actual interaction between signaling species in cellular processes is often more important than
their expression levels. Forster resonance energy transfer (FRET) is a popular tool for studying
molecular interactions, since it is highly sensitive to proximity in the range of 2-10 nm. Spectral
spillover-corrected quantitative (3-cube) FRET is a cost effective and versatile approach, which can be
applied in flow cytometry and various modalities of fluorescence microscopy, but may be hampered
by varying levels of autofluorescence. Here, we have implemented pixel-by-pixel autofluorescence
correction in microscopy FRET measurements, exploiting cell-free calibration standards void of
autofluorescence that allow the correct determination of all spectral spillover factors. We also
present an ImagelJ/Fiji plugin for interactive analysis of single images as well as automatic creation of
quantitative FRET efficiency maps from large image sets. For validation, we used bead and cell based
FRET models covering a range of signal to autofluorescence ratios and FRET efficiencies and compared
the approach with conventional average autofluorescence/background correction. Pixel-by-pixel
autofluorescence correction proved to be superior in the accuracy of results, particularly for samples
with spatially varying autofluorescence and low fluorescence to autofluorescence ratios, the latter
often being the case for physiological expression levels.

Forster resonance energy transfer (FRET) is a non-collisional non-radiative energy transfer between a fluo-
rescent donor dye and a spectrally adequate acceptor dye, which, for practical purposes, is often chosen to be
fluorescent!. Starting from the late 1960s, FRET has gradually become a popular tool for determining proximity
between macromolecules. The efficiency of energy transfer (E) is a function of the inverse sixth power of the
distance between the donor and acceptor dyes, which changes rapidly in the range of 2-10 nm. This range of
sensitivity serves as the basis for establishing and comparing molecular level interactions even in optical instru-
ments that are otherwise limited to lesser resolving power owed to diffraction?. Even with the rapidly improving
superresolution techniques pushing the resolution limit lower and lower, plenty of space has remained for FRET
techniques®. There are a wide variety of approaches to measure FRET in microscopy?, from single molecule
measurements>® to ensemble approaches, many of which do not require expensive instrumentation, and/or are
non-destructive to the sample’~’. These encompass ratiometric methods that are best used in the ever expanding
field of fluorescent protein-based biosensors with known donor/acceptor stoichiometry'® as well as quantitative
measurement modalities that yield calibrated FRET efficiency independent of donor/acceptor stoichiometry*!.
Of these, fluorescence lifetime imaging (FLIM) represents an intrinsically quantitative method but requires
advanced instrumentation'>'?, while spectral spillover-corrected (or three-cube) FRET is a cost effective and ver-
satile approach, which can be applied in flow cytometry and conventional fluorescence microscopy. As opposed
to the also popular acceptor photobleaching technique!*'®, it can also be used in conjunction with time-lapse
and 3D image analysis' 6.
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The main limitation in every method for FRET measurements is the signal to noise ratio (SNR). SNR is the
expected value of the signal divided by its SD. Here, the noise of all measured fluorescence intensities used in
further calculations propagates into the FRET efficiency. Assuming a Poissonian distribution of detected photons
per pixel with expected value A, if systematic noise is negligible SNR is VA, so lower intensities are expected to
increase the uncertainty of the determined FRET E to a greater extent. Samples with low SNR can be made more
amenable to FRET analysis by improving the quantum efficiency and photostability of the fluorescent dyes, by
using more efficient detection'’, optimizing the FRET dye pairs'®!?, and by improved mathematical and statistical
approaches?>?. Using the spectral spillover-corrected method generally allows for concluding about existing
molecular interactions when a FRET efliciency of ~ 5% or above is seen.

The achieved SNR is also limited by cellular autofluorescence. Since autofluorescence is less pronounced
towards the red spectral region, red-shifted donor acceptor dye pairs should preferably be used, such as Alexa
Fluor 546-Alexa Fluor 6472, Several other methods are also available to decrease the distorting effect of auto-
fluorescence. Spillover of autofluorescence into label fluorescence was corrected for both in microscopy® and in
flow cytometry, which greatly improved the accuracy of FRET E determination®. Silas Leavesley’s lab has further
improved the approach by introducing spectral unmixing? and demonstrated that the method is applicable to
assess compartmentalized signaling mechanisms using 3D spectral imaging®. In a highly innovative approach,
Cardoso Dos Santos et al. have applied time-gating to fluorescence lifetime imaging microscopy and combined
quantum dots with fluorescent proteins to assess FRET while excluding native fluorescence®”. While spectral
and lifetime imaging are gaining space, it is the conventional confocal microscope that almost all biologists
have access to nowadays. With this in mind, we have set out to improve upon our previous Image]/Fiji plugin
(RiFRET’®) for evaluating spectral spillover-corrected FRET measurements by introducing the option of pixel-
by-pixel autofluorescence correction. Since the measurement of the instrument calibration factor a is hindered
by various uncontrollable circumstances in cellular systems and has only been achieved reliably for fluorescent
protein constructs®*?!, first we have created and validated cell-free standard slides for its accurate determination.
These standards also allowed the accurate determination of spectral spillover factors by obviating the confound-
ing effect of cellular autofluorescence. Finally, using a set of models with varying levels of fluorescent signals
and autofluorescence, we have demonstrated that investigation of FRET on cells with normal expression level
of the proteins of interest and with spatially varying levels of autofluorescence benefits most from pixel-by-pixel
autofluorescence correction. The RiFRET v2 Image] plugin created for a user-friendly analysis of these measure-
ments is available to the research community via GitHub as well as through the Fiji updater and also allows for
the fully automatic analysis of large datasets.

Results and discussion
Algorithm for pixel-by-pixel autofluorescence correction. For a pixel-by-pixel corrected FRET
measurement four fluorescent channels should be measured: I, is the autofluorescence measured in an auxiliary
channel which in our example is blue-shifted compared to the donor channel. It should also be possible to use a
far red channel for this purpose if the donor and acceptor were more blue-shifted should it not be practical to use
near-UV excitation and blue emission (e.g. in the case of using a nuclear stain in this spectral domain). I, is the
donor channel, which should be spectrally appropriate for the donor dye. I, is the transfer channel with donor
excitation and acceptor detection range. I; is the acceptor channel with excitation and detection suitable for the
acceptor dye. This spectral setup makes the method suitable for Alexa Fluor 488/546 and Alexa Fluor 546/647
FRET pairs or other dye pairs with similar spectral properties. The first step of the evaluation is always the
subtraction of instrument background for each channel. This needs to be measured on a non-fluorescent slide.
Equations (1-4) below describe the contribution of various components to each fluorescence channel. AF is
the autofluorescence in channel 0. I;; and I, are the fluorescence intensity of the unquenched donor and of the
acceptor in their own detection channels, respectively. The other components are calibration factors described
below.

I():AF—I-ID(I—E)'35+IA'SG+ID'E'(X'% (1)
Il:AF'BI+ID(1_E)+IA'S4+ID'E'O"% (2)
L =AF -By+Ip(1—E)-S1+I4-S$+1Ip-E-«a 3)
Ig:AF'B3+ID(1—E)-83+IA+ID-E»a»é.epsR (4)
epstw (5)
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The epsR (Eq. 5) is the product of the ratios of the donor and acceptor dye’s molar absorption coefficients at
each other’s excitation wavelengths to their absorption coefficients at their own excitation wavelengths. For most
dye pairs this numeric is negligibly small.

S1, S and S; are determined using a sample containing only the donor dye as described in Egs. (6-8).
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S,, S4 and Sy are determined on an acceptor only sample (Eqs. 9-11).
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B,, B, and B, are determined on unlabeled cellular samples (NI) (Egs. 12-14).
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The alpha parameter corrects for the difference in the quantum efficiency Q4 and Qj, and the detection
efficiency 7, and 7, of the donor and the acceptor, respectively, and can be determined on donor and acceptor
labeled samples (Eq. 15). When using labeled cells for this purpose, the ratio of expression levels of donor and
acceptor molecules should be constant across the measured cells. Ideally, the same epitope is used, targeted
once with donor and once with acceptor labeled antibodies. I and I4 are to be measured on these samples and
averaged for at least 5-10 images. L and L, are the mean number of dye molecules attached to the donor and
the acceptor conjugated antibody, B, and B, are the mean number of receptors per cell labeled by the donor and
the acceptor conjugated antibody, and ep and ¢4 are the molar absorption coeflicients of the donor and acceptor
dyes at the wavelength of donor excitation.

Alpha can also be determined using standard slides made with the labeled antibodies, in which case B}, and
B, are the molar concentration of the donor and acceptor conjugated antibodies.

o M _ L Bo Lp e
Qo np 1P Ba La e

(15)
FRET efliciency is calculated as
A

E =
- (epsR — 1) - [BoIoSs + B11rS6 + I1(S2 — B2S6)—B11oS2 — LS4] + A (16)

where

A = ${Balo + I1S1 + I3S2 — S2(B3lo + 11S3) + B1lo(S283 — S1) + (B3lo — I3)S154
+ (Bsl1 — B113)(8285 — 8186) + I2[B1S5 — B3S4S5 + B3Ss + S3(S4 — B1Se) — 1] (17)
—B3[I0S384 + I3(Se — S4S5) + 11 (S5 — S356)1}

Using this FRET efficiency value, the actual donor, acceptor and autofluorescence values can also be calculated:

1 In-By =1
et loBizh

1—E By -Ss—1 (18)
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For calculating FRET without pixel-by-pixel autofluorescence correction, the same equations can be used
but the S;, S¢ and B factors assume a value of 0. If no autofluorescence correction is done, only the instrument
background is subtracted in each image and channel (IBG corrected evaluation). The classical option, however,
is correcting with average autofluorescence (AVG corrected evaluation). For this approach, the average auto-
fluorescence for channels I, I, and I; needs to be measured on unlabeled samples using the same instrument
settings. These values (after correcting for instrument background) are subtracted as constants from the respec-
tive I values instead of using AF - By, AF - By and AF - B3 in Egs. (2-4). Equation (1) is not used, and calculation
of FRET efficiency is simplified to

S2(I1S1 + 382 — $21183 — 138184 + 18384 — 1)

E =
a-(epsR—1) - (118 — [LSs) + S2(I1S1 + 1352 — $211S3 — 138184 + ,S385 — 1) (21)

Characteristics of cellular autofluorescence. For testing the autofluorescence correction algorithm,
first we have determined the autofluorescence spectra of A172 and SKBR3 cells both when attached to glass
surface and in suspension. The spectra of the cell lines show only slight differences through most of the visible
spectra (Fig. 1a). Trypsin treatment did not significantly change the autofluorescence properties (Supplementary
Fig. 1a). The spectral homogeneity of autofluorescence in the cell lines suggests that it is possible to apply an aux-
iliary autofluorescence channel for the pixel-by-pixel autofluorescence (PBP AF) correction of the signal in other
fluorescence channels, and this channel can use excitation and emission wavelengths/wavelength ranges that
are distinctly different from those used for FRET E calculation. This would represent an improvement upon the
earlier flow cytometry approach?, where excitation of the autofluorescence, donor and transfer channels were
at the same wavelength. We have also studied the subcellular distribution of autofluorescence (Fig. 1b), which
showed high spatial inhomogeneity of emission intensity. As opposed to the high coefficient of variation and
bimodal intensity distribution in every fluorescence channel, the pixelwise distribution of autofluorescence cor-
rection factors, generated by dividing the donor, acceptor or transfer images by the autofluorescence reference
image, was monomodal, nearly Gaussian, and exhibited a coefficient of variation less than half of the original
images (Supplementary Fig. 1b).

Autofluorescence correction on non-labeled samples. To demonstrate how effective these AF cor-
rection factors are in PBP AF correction and what advantages their use may carry over average autofluorescence
subtraction, we first tested and compared non-labeled samples in the fluorescence channels typically used in
3-cube FRET measurements (Fig. 1c—f). The perfect autofluorescence correction on a non-labeled sample would
result in zero mean intensity with a small standard deviation in every channel. As expected, the average of inte-
grated cellular intensities was close to 0 in the case of both corrections in all three FRET channels (donor, trans-
fer and acceptor, Fig. 1c—e, respectively) indicating that both methods, on average, remove cellular background
fluorescence well. However, the plots also reveal that the average correction approach yields a larger spread of
corrected cell-by-cell fluorescence values, so while on average this correction works well, many individual cells
are not properly corrected. This is supported by calculating the ratio of SDs for PBP AF to average correction
(Fig. 1f) which reveals an improvement by 50-60% in the case of A172 cells and by 20-40% in the case of SKBR3
cells, the difference being attributable to the lower autofluorescence values (and their lower absolute divergence)
in the latter. In conclusion, it can be said the PBP AF correction provides the expected, correct average values
while greatly improving the precision of determination for each individual cell thereby decreasing sampling
variance. This in turn is expected to decrease the variance of derived parameters, such as FRET E, by reducing
the error propagated into them from multiple images. It is expected that at the subcellular level similar improve-
ments can be achieved, as will be demonstrated further on using biologically relevant FRET samples.

Correction factors on antibody standard slides. Before proceeding to testing labeled samples, how-
ever, a long standing conundrum had to be resolved. In an intensity-based FRET experiment, multiple correc-
tion factors have to be determined: spectral spillover factors (S factors, Egs. 6-11) and the alpha calibration
factor (Eq. 15). Every correction factor should be determined on single labeled samples. Because single labeled
cellular samples also have their own autofluorescence, which varies on a cell-by-cell and pixel-by-pixel basis, the
relative contribution of spectral spillover and autofluorescence to any pixel is unknown, precluding the correct
determination of the fluorescence intensities and therefore, of S factors. Thus, we have worked out a recipe to
make suitable cell-free calibration slides (see “Materials and methods” section). These slides can be stored for at
least up to 6 months at 4 °C without any sign of deterioration. On Fig. 2a,b left panel, we present example images
of those samples. We have tested the slides’ performance for S and alpha factor determination. The measured
average intensities were normalized to the photometrically determined concentration of the fluorescent dye used
for each slide (these are shown in Supplementary Table 1). They show high homogeneity across various samples
indicated by low standard deviations, and good linearity using a wide range of excitation powers (Fig. 2a,b right
panel; Supplementary Fig. 2a). The emission spectra of the used fluorescent dyes were measured on cellular
samples and on standard slides and were identical (Supplementary Fig. 2b). The stability of spectra and linear-
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Figure 1. Characterization of cellular autofluorescence and different autofluorescence correction methods. (a)
Autofluorescence emission spectra of A172 and SKBR-3 cells measured with a spectral detector upon 488; 543
and 633 nm excitation. The typical emission channels of a FRET measurement are represented as colored bands.
(b) Autofluorescence intensity distribution of an SKBR-3 and an A172 cell. (c—e) Autofluorescence contribution
to the donor, transfer and acceptor channels of a typical FRET measurement before correction, after correction
with average autofluorescence and after pixel-by-pixel correction, demonstrated using non-labeled cells

grown on a coverslip, as well as cells mounted in suspension after trypsinization. Average emission intensities
of 6 independent samples in arbitary units as violin plots (¢ donor channel, d transfer channel, e acceptor
channel). (f) Ratio of the standard deviations of pixel-by-pixel corrected to average corrected autofluorescence
distributions from data in panels (c-e).
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Figure 2. Standard slides for determining the instrument calibration (a) and spectral spillover (S) factors. (a,c)
Images of Alexa Fluor 546 and 647 conjugated trastuzumab film with pixelwise intensity distributions as insets.
(b,d) Average intensities of 3 different antibodies conjugated to Alexa Fluor 546 or Alexa Fluor 647, plotted
against 543 nm excitation laser powers, normalized to dye concentration. Error bars represent+SD of n=5
images (c) a calibration factor determined on A172 cells and on standard slides using two different antibodies.
Error bars are + SD from n=6 images.
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ity of emission suggests that the slides are suitable for determining the S factors and the alpha. Reliability of the
standard slides was further tested in an experiment, where 49 combinations of 14 standard slides were measured
and a CV of 12.5% was achieved (Supplementary Table 2). As a further proof of the concept, the alpha factor
was determined with BIIG2 and ab528 antibodies both on labeled A172 cells and using standard slides of the
labeled antibodies (Fig. 2¢). The alpha factor determined on standard slides showed smaller differences between
the two antibodies, and a smaller error of measurement. One should also consider that antibodies with varying
dye/protein ratios (DOL) may show altered binding affinity, so the DOL measured for the antibody solution and
used in determining alpha may not match the average DOL of antibodies bound to cells*%. This potential artifact
can also be avoided using the antibody-based standard slides. Overall, these slides are an easy and cost-effective
means for determining correction factors for FRET measurements, with the added benefit of being able to use
the cheapest or most readily available antibody.

Model systems for FRET measurements. To test whether and under what conditions the PBP AF cor-
rection improves FRET measurements compared to average autofluorescence correction, a test system was con-
structed. In this system, a non-labeled primary antibody was used, and a secondary labeling mixing different
ratios of donor and acceptor conjugated secondary antibodies. This way protein complexes with FRET efficiency
ranging from low to very high values can be constructed (Fig. 3a). The primary antibodies were bound to either
protein G coated beads, A172 cells or SKBR3 cells. Protein G beads have a high density of antibody binding sites
in addition to a low autofluorescence, and can bind both trastuzumab (human) and ab528 (mouse) antibodies.
SKBR3 cells express a high amount of HER2 (~800.000 per cell, bound by trastuzumab) and exhibit moderate
autofluorescence. A172 cells have low expression of EGFR (~80.000 per cell, bound by ab528) and the highest
autofluorescence of all targets used in this experimental setup. This way, all combinations of high and low FRET
E with high and low autofluorescence and high and low intensities can be assessed (Fig. 3b). These samples can
be measured both with a flow cytometer as well as in a microscope, allowing to compare the performance of
the two approaches. For testing on biologically relevant FRET pairs, the A172 cell line expressing EGFR and
integrins a5 (ITGA5) and B1 (ITGB1) was used. Here, the functional interaction of EGFR with either of the
two integrin subunits**** yields varying acceptor/donor ratios and varying FRET E values (Fig. 3c,d). For FRET
positive control, the donor conjugated primary antibody was labeled with the appropriate secondary antibody
conjugated with the acceptor dye (Fig. 3d). The acceptor/donor ratios were very similar on all the three FRET
positive control samples (Supplementary Fig. 3).

FRET measurements on beads and cells with varying donor-acceptor ratios and varying auto-
fluorescence. These FRET samples on beads and cells were measured with both flow cytometry and micros-
copy. The data obtained were evaluated with both AVG and PBP autofluorescence correction. AVG corrected
FRET efliciency was subtracted from the PBP corrected value for each cell or bead in each sample, and the
sample mean and SD of the differences were plotted against the ratio of acceptor-dye-conjugated to donor-
dye-conjugated secondary antibodies bound to the primary targets. The difference between the AVG and the
PBP correction methods was negligible, except for the high autofluorescence/low intensity sample (ab528 on
A172 cells, Fig. 4a). This was especially prominent in the case of the microscope-based measurement, where
the difference of FRET efficiencies was around 0.1, with a strongly increasing tendency at the lower acceptor
to donor ratios (Fig. 4a, right panel). When comparing the actual FRET E versus acceptor-to-donor ratio plots
(Fig. 4b), cell-based samples with low overall signal yield matching FRET efficiencies in flow cytometry and
PBP corrected FRET microscopy, and these coincide with both PBP and AVG corrected FRET microscopy data
from high intensity bead based samples. Only the low intensity cellular microscopy data evaluated using AVG
correction diverge. This deviation from the presumed actual values is likely attributable to the lower signal per
pixel. While using AVG correction necessarily over or under-corrects each pixel, this deleterious effect is most
prominent at lower signal to noise ratios and the error is apparently propagated into the distribution of FRET
efficiency. Using PBP AF correction does not improve the actual SNR, but at least makes away with the addi-
tional error introduced by correcting spatially uneven autofluorescence with a global constant, as demonstrated
in Fig. 1¢,d. Overall, the samples most sensitive to distortion by AVG correction are those with low labeling sig-
nal to autofluorescence ratio, as demonstrated for each measured fluorescence channel, both by flow cytometry
and microscopy, in Fig. 4c. In our case, the lowest ratios were measured on EGFR-anchored ab528, binding the
mixture of donor and acceptor tagged secondary antibodies, on A172 cells. One would consequently expect that
in the case of using direct immunofluorescence to measure FRET between EGFR and other molecular species on
the surface of these cells would cause even larger deviation from the actual values when using AVG correction.

FRET between biologically relevant interacting molecules measured upon direct labeling, and
indirect labeling-based positive controls. Therefore, we next measured the FRET efficiency between
EGFR and ITGA5 or ITGB1 on A172 cells. Since these two integrins are expressed in a fivefold and eightfold
ratio to EGFR, respectively (Fig. 3c), we measured FRET once with the donor and then with the acceptor label
on EGFR to assess the influence of the acceptor/donor ratio. For these samples, the FRET efficiencies (Fig. 5a
left panel) followed the trends of the measured acceptor/donor ratios (Fig. 3d), giving lower FRET E values
for the cases where EGFR was labeled with the acceptor. The FRET efliciencies measured between EGFR and
ITGAS5 were generally low, with only minor differences between the non-corrected and PBP corrected values.
AVG correction yielded negative average FRET E when ITGAS5 was the donor, a strong indication that the AVG
autofluorescence correction method can produce strong artefacts particularly when FRET E is low. The FRET
efficiencies measured between the EGFR and ITGBI1 were generally higher, indicating that steric positioning of
the antibody labeling ITGB1 is more appropriate for the FRET process than that of ITGAS5, even though these
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Figure 3. Model systems for testing pixel-by-pixel autofluorescence corrected FRET measurements. (a)
Schematics of the molecular complexes covering a broad range of acceptor to donor dye ratio in the FRET
model systems used. (b) Relative amount of the molecular FRET complexes (from panel a) on protein coated
beads and on SKBR-3 and A172 cells, and their relation to autofluorescence intensity. (c) Relative expression
levels of cell surface proteins on A172 cells. EGFR—EGF Receptor, ITGA5—Integrin a5, ITGBI: Integrin 1.
Error bars represent + SD, n=6 images, minimum 30 cells. (d) Schematics of biologically relevant molecular
complexes and the measured acceptor to donor dye ratios between them.
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Figure 4. FRET measured on beads and cell suspensions with microscopy and flow cytometry. (a) Differences
of the average and pixel-by-pixel autofluorescence correction, measured with flow cytometry and confocal
microscopy on the control sample set. After gating, at least 1700 cells/5000 pixels remained for every plotted
point. Error bars are +SD. (b) FRET efficiencies measured with donor on the ab528 antibody, plotted against
the ratio of acceptor-tagged antibody. (c) Fluorescence signals relative to autofluorescence, measured with flow
cytometry and microscopy in all the FRET related channels. Data are shown on violin plots.
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Figure 5. FRET measured with microscopy on adherent cells between biologically relevant molecules

and on positive controls. FRET was measured between EGFR and ITGAS5 or ITGBL1 in both directions, as

well as between primary and secondary antibodies bound to each of these molecular targets for positive
controls. (a) FRET efficiencies calculated with no AF correction, average AF correction and pixel-by-pixel AF
correction. Error bars are +95% confidence interval from 12 images, each containing a minimum of 5 cells. (b)
Fluorescence signal relative to autofluorescence in the donor, transfer and acceptor channels, from the samples
in (a). The means of all images in each category are shown as violin plots.

two integrins are expected to form heterodimers and thus could potentially interact with EGFR equally well. The
AVG correction yielded a very high FRET efficiency when ITGB1 was the acceptor and 0 when it was the donor.
At the same time, PBP correction yielded non-zero FRET efliciencies for both directions of energy transfer,
with values at higher acceptor to donor ratios being higher, as would be expected from this stoichiometry. This
underscores the inferiority of AVG autofluorescence correction to PBP correction. In fact, for all four samples,
FRET E values gained with PBP autofluorescence correction were in the middle range, while those with no cor-
rection or with AVG correction were at the extremes, depending on the signal/autofluorescence ratio (Fig. 5b).
Where the signal/autofluorescence ratio was higher in the donor channel, no correction gave the highest FRET
values and AVG correction gave the lowest, and conversely, for the samples where the signal/autofluorescence
values were higher in the acceptor channel, AVG correction resulted in higher values and no correction in lower
FRET efficiencies.

We also measured and calculated the FRET efficiencies on positive control samples (Fig. 5a right panel). The
measured acceptor/donor ratio was identical for all three samples (Supplementary Fig. 3), indicating that the
differences in FRET efficiencies cannot be explained by the stoichiometry of the dyes. The AVG corrected FRET
efficiencies followed the trends in signal/autofluorescence values in the FRET and acceptor channels while the
non-corrected values did not follow a clear trend. PBP correction yielded FRET E values independent of the
signal/autofluorescence ratios. Notably, it resulted in very similar FRET efficiencies for both mouse monoclonal
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primary antibodies (anti-EGFR and anti-ITGB1) and a different one for anti-ITGA5 which is a rat monoclonal
antibody. Assuming that the complexes of donor labeled primary and acceptor labeled secondary antibodies
are more similar when the same mixture of secondary antibodies is used, the difference between anti-rat and
anti-mouse antibody-containing FRET complexes is acceptable. At the same time, the nearly identical values
for the two anti-mouse secondary antibodies clearly indicate that PBP autofluorescence correction is superior
to AVG correction and no correction.

For further analysis, the EGFR — second antibody sample was used. In Fig. 6a, two regions of interest (ROI),
together with their FRET E histograms are shown; one with high and one with low autofluorescence. Histograms
for the whole images are also displayed. PBP corrected histograms show a similar distribution for both the low
and high AF regions and the whole image. However, no correction results in distortions for the high autofluores-
cence ROL while the AVG correction generates similar anomalies at low autofluorescence intensities. To achieve
a more quantitative view, all pixels of both the EGFR-based and ITGB1-based positive control samples were
pooled and sorted into high, medium, and low autofluorescence ranges. Their FRET E histograms can be viewed
in Supplementary Fig. 4. The mean values of the pooled pixels and their 95% confidence intervals obtained with
no correction, with AVG and with PBP correction are shown in Fig. 6b. FRET efficiencies calculated with no AF
correction are inversely proportional to autofluorescence. While in the low AF region they overlap with the PBP
corrected range, with increasing autofluorescence they become increasingly under-corrected. In the case of AVG
correction, the global mean values of FRET efficiencies are far apart for the low and high intensity samples, and in
general are over-corrected. However, with PBP correction, the global averages of the two low and high intensity
samples are very close and there is no tendentious influence of autofluorescence on the calculated FRET efficiency.

Conclusions

In spite of important progress in accurately measuring FRET efficiency in autofluorescent samples®, a relatively
straightforward method and software for AF correction that can be used with generally available equipment has
not so far been available to the microscopy/biologist community. Here we provide an open source solution for
pixel-by-pixel autofluorescence correction in microscopy FRET measurements and also describe the preparation
and validation of a novel calibrations standard slide that allows for the unanimous determination of spectral
spillover and instrument calibration factors independently of cellular autofluorescence. Based on these assets,
we demonstrate, using various model systems, the benefits of pixel-by-pixel autofluorescence correction.

First, we have used a series of secondary antibody mixtures of varying proportions of acceptor and donor
labeled molecules, encompassing a range of FRET efliciencies from 0 to maximum, and bound these to primary
antibodies on cells and beads. We found, using flow cytometry measurements as a reference, that as the signal
to autofluorescence ratio decreased below ~ 100, the microscopic determination of FRET E became increasingly
inaccurate without pixel-by-pixel AF correction regardless of the actual FRET efficiency. Since in biological
systems of interest signal to autofluorescence is often in this range, we next investigated such models, featuring
pathologically important EGFR—integrin interactions®***. Here we have shown that pixel-by-pixel AF correc-
tion increases the accuracy of FRET E calculation and abolishes the bias, which is inversely proportional to the
signal to AF ratio.

Overall, we conclude that the pixel-by-pixel autofluorescence correction approach is particularly recom-
mended for cases of highly variable cellular autofluorescence and for samples with low signal to autofluorescence
ratio, which is typical for physiological expression levels. With the advent of fluorescence pathology scanners,
the challenge of correcting for spatially varied autofluorescence becomes increasingly pressing, given that FRET
measured in tissue sections by such devices could easily become, in the long term, a diagnostic approach®*.

Materials and methods
All reagents not specified otherwise were obtained from Sigma-Aldrich, St. Louis, MO, USA.

Antibodies used. Trastuzumab (Herceptin®, Roche, binds HER2); pertuzumab (Perjeta®, Roche, binds
HER?2); TS2/16.2.1 mouse monoclonal produced in-house from hybridoma (ATCC Cat# HB-243, binds integ-
rin B1); BIIG2 rat monoclonal produced in-house from hybridoma (DSHB Antibody Registry ID: AB_528155,
binds a5 integrin); ab528 mouse monoclonal produced in-house from hybridoma (ATCC Cat# HB-8509
binds: epidermal growth factor receptor EGFR);Alexa Fluor 546 conjugated goat anti-Mouse IgG (H +L), highly
cross-adsorbed (ThermoFisher cat# A-11030); Alexa Fluor 647 conjugated Goat anti-Mouse IgG (H+L) highly
cross-adsorbed (ThermoFisher cat# A-21235); Alexa Fluor 546 conjugated Goat anti-Human IgG (H+L) highly
cross-adsorbed (ThermoFisher cat# A-21089); Alexa Fluor 647 conjugated Goat anti-Human IgG (H+L) highly
cross-adsorbed (ThermoFisher cat# A-21445);Alexa Fluor 647 conjugated Goat anti-Rat IgG (H + L) highly cross-
adsorbed (ThermoFisher cat# A-21247).

Preparation of standard slides. Monoclonal antibodies (trastuzumab; pertuzumab; ab528; TS2) were
labeled with Alexa Fluor 546 or Alexa Fluor 647 Succinimidyl ester (ThermoFisher Cat# A20002 & A20006)
according to manufacturer’s recommendations, then purified on a Sephadex G50 column (Cat# 9048-71-9). The
resulting protein and dye content were measured with a NanoDrop ND-1000 spectrophotometer. 5 pl conjugated
antibody solution was diluted in 45 ul solvent comprising of 0.3 m/m% BSA (VWR Chemicals cat# 0332-100G)
and 70% Mowiol antifade comprising 0.1 M TrisHCI, pH 8.5, 25% (w/v) glycerol, and 10% Mowiol 4-88, Poly-
sciences, Warrington, PA, USA in PBS. 30 pl of this diluted antibody was pipetted on a slide and covered with
acetone-cleaned 12 mm diameter round glass coverslips (0.17 mm thickness). Samples were dried overnight at
room temperature and stored at 4 °C afterwards. For determining the instrument background, a non-fluorescent
slide was made by replacing the 5 ul antibody conjugate with the same volume of 1 m/m% BSA in PBS.
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Figure 6. Effect of autofluorescence intensity on FRET calculated with different correction methods. (a) Sample
images of the 4 fluorescent channel used for the FRET measurements (EGFR — 2nd antibody). ROI 1: low
autofluorescence; ROI 2: high autofluorescence. Pixelwise distribution of FRET E for each correction method

is shown for the whole image and for the low and high AF ROIs. (b) Pixels of 12 images each from samples
prepared with EGFR and ITGBI (low and high signal, respectively) were pooled and split into low (- 10-1.200),
mid (1.200-2.400) and high (2.400-max) autofluorescence ranges. Average FRET E calculated with the three

AF correction options (error bars representing + 95% confidence interval) are plotted for each range and each
sample. The global average for each sample and each correction method is also plotted (dashed lines) with its
95% confidence interval shown as bands of the same color.
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Cell culture. A172 glioblastoma (ATCC Cat# CRL-1620) and SKBR3 breast cancer (ATCC Cat# HTB-30)
cells were cultured in DMEM supplemented with 10% FBS, at 37 °C with 5% CO, in a humidified incubator for
2 days in T75 cell culture flasks or on sterilized 12 mm diameter round glass coverslips (0.17 mm thickness).

Fluorescent labeling in suspension.  Cells grown in a T75 flask were rinsed with 5 ml HEPES buffer sup-
plemented with 4 mM glucose, then treated with 0.5 g/dm? trypsin (Cat# 27250018) and 0.2 g/dm® EDTA (Cat#
15576028) in 1 ml sterile-filtered PBS for 5 min at 37 °C. The detached cells were collected and washed for 5 min
at 4 °C in HEPES buffer supplemented with 4 mM glucose at 200 g in a standard 15 ml tube. The supernatant was
removed, and the pellet was resuspended and fixed in 1 ml 1% formaldehyde in HEPES buffer for 15 min at room
temperature. The cells were washed again for 5 min in HEPES buffer at room temperature. The A172 and SKBR3
cells were labeled for 30 min at room temperature with 20 ug/ml final concentration of ab528 and trastuzumab,
respectively, then washed with HEPES buffer supplemented with 4 mM glucose and centrifuged at 200g. For
secondary fluorescent labeling, A172 cells were labeled with different ratios of goat anti mouse antibodies conju-
gated with Alexa Fluor 546 or Alexa Fluor 647 at a total concentration of 10 ug/ml. SKBR3 cells were labeled in
the same manner, except goat anti human antibodies were used. After 30 min of incubation at room temperature,
the cells were washed as previously described and the pellets were resuspended in 150 ul HEPES buffer contain-
ing 1% formaldehyde. Non-labeled controls were made using the same protocol but omitting the antibodies.

The labeling of the Protein G coated beads (Bangslabs Protein G Antibody Binding Beads cat# 554) followed
a similar protocol but without applying the first fixation step. The primary antibody concentrations were 100 pg/
ml to achieve saturation concentration (Supplementary Fig. 5).

20 pl of every sample (cells and beads) was mixed with 20 pl of Mowiol antifade. 30 pl of this mixture was
pipetted on a Superfrost glass slide and covered with acetone-cleaned 12 mm diameter round glass coverslips
(0.17 mm thickness). Slides were dried overnight at room temperature and stored at 4 °C.

The slides were imaged with a Zeiss LSM 880 laser scanning microscope. The remaining unmounted sample
suspensions were measured with an ACEA NovoCyte RYB flow cytometer.

Fluorescent labeling of adherent cells.  A172 cells cultured on 12 mm diameter round glass coverslips
were removed from the medium and placed on an ice-cold parafilm-coated metal surface and washed with
HEPES buffer supplemented with 4 mM glucose. The cells were fixed for 15 min at 4 °C with 1% formaldehyde
in HEPES buffer, then washed 3 times with HEPES buffer (for 2, 3, and 7 min) at room temperature. All consecu-
tive steps were done at room temperature. For direct labeling, cells were labeled with donor and acceptor labeled
antibodies, each at 20 pg/ml final concentration in HEPES buffer containing 2% BSA for 30 min, using the fol-
lowing combinations: ab528-Alexa Fluor 546 + BIIG2-Alexa Fluor 647; ab528-Alexa Fluor 647 +BIIG2-Alexa
Fluor 546; ab528-Alexa Fluor 546+ TS2-Alexa Fluor 647; ab528-Alexa Fluor 647 + TS2-Alexa Fluor 546. For
indirect labeling, primary antibodies ab528-Alexa Fluor 546, BIIG2-Alexa Fluor 546 and TS2-Alexa Fluor 546
were used in the same manner, at 20 ug/ml final concentration. After this labeling step, cells were washed again
3 times (for 2, 3 and 7 min) with HEPES buffer. In the case of indirect labeling this was followed by a similar
labeling cycle using 10 pg/ml Alexa Fluor 647 conjugated secondary antibodies suitable for the primer antibody
diluted in HEPES containing 2% BSA for 30 min. The final wash was followed by fixation in 1% formaldehyde
in HEPES buffer for 15 min and mounting on Superfrost glass slides with Mowiol. Single labeled and unlabeled
controls were also prepared for determining correction factors and emission spectra.

Laser scanning confocal microscopy. All imaging was done with a confocal laser scanning microscope
(LSM 880, Carl Zeiss GmbH, Jena, Germany), using a 40x C-Apochromat water immersion objective (NA=1.2,
item no.: 421767-9971). The pinholes were set to 1 pm slice thickness, and the pixel size to 100 nm (Nyquist-
based optimal sampling). For spectrally resolving the autofluorescence, the emission of non-stained cells was
resolved onto a 32 element GaAsP array of the microscope with a step size of 8.92 nm, using sequentially 488,
543, and 633 nm excitation. The same data acquisition strategy was employed for verifying the spectral stability
of donor and acceptor emission across standard slides and labeled cells.

For the FRET measurements, the microscope was operating in line scanning mode and all the fluorescent
channels were detected by the 32 channel GaAsP detector of the instrument. In the autofluorescence channel,
the excitation was 488 nm and the detection range was 499-535 nm. The donor and the transfer channels were
excited simultaneously with 543 nm excitation and detected between 553-615 nm and 651-695 nm, respectively.
The acceptor channel was excited at 633 nm and detected in the 651-695 nm range.

Flow cytometry. Flow cytometric fluorescence and FRET measurements were conducted with a NovoCyte
RYB cytometer. For autofluorescence, the instrument’s predefined FITC-H channel was used (488 nm excita-
tion and 515-545 nm detection); the donor channel was PE-H (561 nm excitation and 576-596 nm detection);
the transfer channel was PE-Cy5 mPlum-H (561 nm excitation and 650-670 nm detection); and the acceptor
channel APC-H (640 nm excitation and 650-670 nm detection). For evaluation, the gating and correction factor
determination was made in FCS Express v7. The gated FRET samples were exported to CSV, the FRET calcula-
tion formulas (see equations) were applied in MS excel, then the newly created FRET list mode data imported
to FCS Express for visualization.

Image analysis. All image analysis was done using Fiji (https:/fiji.sc/)*. A plugin previously created in our
lab for calculating conventional spectral spillover-corrected quantitative (3-filter) FRET (RiFRET'®), has been
re-written to include pixel-by-pixel autofluorescence correction, as well as to offer fully automatic processing of
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larger image sets and to be compatible with Image] 2.0. The source code is available on GitHub (https://github.
com/CellMoTher/RiFRET) and the plugin is available via the "FRET Imaging" update site in Fiji.

Data availability
The datasets generated and analysed in this study are available from the corresponding author upon reasonable
request. No data pertinent to public databases have been generated.

Received: 23 August 2022; Accepted: 14 February 2023
Published online: 20 February 2023

References
. Forster, T. Energiewanderung und fluoreszenz. Naturwissenschaften 33(6), 166-175 (1946).
. Stryer, L. & Haugland, R. P. Energy transfer: A spectroscopic ruler. Proc. Natl. Acad. Sci. U.S.A. 58(2), 719-726 (1967).
. Szabo, A. et al. Quo vadis FRET? Forster’s method in the era of superresolution. Methods Appl. Fluoresc. 8(3), 032003 (2020).
. Nagy, P. et al. Measuring FRET in flow cytometry and microscopy. Curr. Protoc. Cytom. 38, 12-18 (2006).
. Lerner, E. et al. FRET-based dynamic structural biology: Challenges, perspectives and an appeal for open-science practices. Elife
https://doi.org/10.7554/eLife.60416 (2021).
. Gohring, J. et al. Temporal analysis of T-cell receptor-imposed forces via quantitative single molecule FRET measurements. Nat.
Commun. 12(1), 2502 (2021).
7. Jares-Erijman, E. A. & Jovin, T. M. FRET imaging. Nat. Biotechnol. 21(11), 1387-1395 (2003).
8. Shrestha, D. et al. Understanding FRET as a research tool for cellular studies. Int. J. Mol. Sci. 16(4), 6718-6756 (2015).
9. Schneckenburger, H. Forster resonance energy transfer—What can we learn and how can we use it?. Methods Appl. Fluoresc. 8(1),
013001 (2019).
10. Coullomb, A. et al. QuanTI-FRET: A framework for quantitative FRET measurements in living cells. Sci. Rep. 10(1), 6504 (2020).
11. Vereb, G., Matko, J. & Szollosi, . Cytometry of fluorescence resonance energy transfer. Methods Cell Biol. 75, 105-152 (2004).
12. Levitt, J. A. et al. Quantitative real-time imaging of intracellular FRET biosensor dynamics using rapid multi-beam confocal FLIM.
Sci. Rep. 10(1), 5146 (2020).
13. Harkes, R. et al. Dynamic FRET-FLIM based screening of signal transduction pathways. Sci. Rep. 11(1), 20711 (2021).
14. Roszik, J., Szollosi, J. & Vereb, G. AccPbFRET: An ImageJ plugin for semi-automatic, fully corrected analysis of acceptor pho-
tobleaching FRET images. BMC Bioinform. 9, 346 (2008).
15. Fazekas, Z. et al. Two-sided fluorescence resonance energy transfer for assessing molecular interactions of up to three distinct
species in confocal microscopy. Cytom. A 73(3), 209-219 (2008).
16. Roszik, J. et al. Evaluation of intensity-based ratiometric FRET in image cytometry—-approaches and a software solution. Cytom.
A 75(9), 761-767 (2009).
17. Leavesley, S. J. & Rich, T. C. Overcoming limitations of FRET measurements. Cytom. A 89(4), 325-327 (2016).
18. Petrovics, R. et al. A rapid and concise setup for the fast screening of FRET pairs using bioorthogonalized fluorescent dyes. Org.
Biomol. Chem. 16(16), 2997-3005 (2018).
19. Pham, H. et al. Forster resonance energy transfer biosensors for fluorescence and time-gated luminescence analysis of racl activity.
Sci. Rep. 12(1), 5291 (2022).
20. Hochreiter, B. et al. Advanced FRET normalization allows quantitative analysis of protein interactions including stoichiometries
and relative affinities in living cells. Sci. Rep. 9(1), 8233 (2019).
21. Nagy, P. et al. Maximum likelihood estimation of FRET efficiency and its implications for distortions in pixelwise calculation of
FRET in microscopy. Cytom. A 85(11), 942-952 (2014).
22. Hochreiter, B. et al. A novel FRET approach quantifies the interaction strength of peroxisomal targeting signals and their receptor
in living cells. Cells 9(11), 2381 (2020).
23. Nagy, P. et al. rFFRET: A comprehensive, Matlab-based program for analyzing intensity-based ratiometric microscopic FRET
experiments. Cytom. A 89(4), 376-384 (2016).
24. Panchuk-Voloshina, N. et al. Alexa dyes, a series of new fluorescent dyes that yield exceptionally bright, photostable conjugates.
J. Histochem. Cytochem. 47(9), 1179-1188 (1999).
25. Nagy, P. et al. Intensity-based energy transfer measurements in digital imaging microscopy. Eur. Biophys. J. 27(4), 377-389 (1998).
26. Sebestyen, Z. et al. Long wavelength fluorophores and cell-by-cell correction for autofluorescence significantly improves the
accuracy of flow cytometric energy transfer measurements on a dual-laser benchtop flow cytometer. Cytometry 48(3), 124-135
(2002).
27. Leavesley, S. J. et al. Assessing FRET using spectral techniques. Cytom. A 83(10), 898-912 (2013).
28. Annamdevula, N. S. et al. Spectral imaging of FRET-based sensors reveals sustained cAMP gradients in three spatial dimensions.
Cytom. A 93(10), 1029-1038 (2018).
29. Cardoso Dos Santos, M. et al. Time-gated FRET nanoprobes for autofluorescence-free long-term in vivo imaging of developing
zebrafish. Adv. Mater. 32(39), €2003912 (2020).
30. Menaesse, A. et al. Simplified instrument calibration for wide-field fluorescence resonance energy transfer (FRET) measured by
the sensitized emission method. Cytom. A 99(4), 407-416 (2021).
31. Szabo, A. & Nagy, P. I am the alpha and the... gamma, and the G. Calibration of intensity-based FRET measurements. Cytom. A
99(4), 369-371 (2021).
32. Szabo, A. et al. The effect of fluorophore conjugation on antibody affinity and the photophysical properties of dyes. Biophys. J.
114(3), 688-700 (2018).
33. Petras, M. et al. Molecular interactions of ErbB1 (EGFR) and integrin-betal in astrocytoma frozen sections predict clinical outcome
and correlate with Akt-mediated in vitro radioresistance. Neuro Oncol. 15(8), 1027-1040 (2013).
34. Janouskova, H. et al. Activation of p53 pathway by Nutlin-3a inhibits the expression of the therapeutic target alpha5 integrin in
colon cancer cells. Cancer Lett. 336(2), 307-318 (2013).
35. Rebenku, I. et al. Taking molecular pathology to the next level: Whole slide multicolor confocal imaging with the pannoramic
confocal digital pathology scanner. Cytom. A https://doi.org/10.1002/cyto.a.24675 (2022).
36. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9(7), 676682 (2012).

G W N =

[=2)

Acknowledgements

We acknowledge the financial support from GINOP-2.2.1-15-2017-00072 (co-financed by the Hungarian State
and the European Regional Development Fund) and OTKA K135938 (the National Research, Development and
Innovation Office, Hungary).

Scientific Reports |

(2023)13:2934 | https://doi.org/10.1038/541598-023-30098-w nature portfolio


https://github.com/CellMoTher/RiFRET
https://github.com/CellMoTher/RiFRET
https://doi.org/10.7554/eLife.60416
https://doi.org/10.1002/cyto.a.24675

www.nature.com/scientificreports/

Author contributions

LR.: Investigation, writing—original draft, methodology, visualization, formal analysis, data curation; C.B.L.:
Software, writing—review and editing; J.S.: Funding acquisition, writing—review and editing, resources; G.V.:
Conceptualization, funding acquisition, writing—review and editing, methodology, project administration,
supervision, resources, validation.

Funding

Open access funding provided by University of Debrecen.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-30098-w.

Correspondence and requests for materials should be addressed to G.V.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023)13:2934 | https://doi.org/10.1038/541598-023-30098-w nature portfolio


https://doi.org/10.1038/s41598-023-30098-w
https://doi.org/10.1038/s41598-023-30098-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Pixel-by-pixel autofluorescence corrected FRET in fluorescence microscopy improves accuracy for samples with spatially varied autofluorescence to signal ratio
	Results and discussion
	Algorithm for pixel-by-pixel autofluorescence correction. 
	Characteristics of cellular autofluorescence. 
	Autofluorescence correction on non-labeled samples. 
	Correction factors on antibody standard slides. 
	Model systems for FRET measurements. 
	FRET measurements on beads and cells with varying donor–acceptor ratios and varying autofluorescence. 
	FRET between biologically relevant interacting molecules measured upon direct labeling, and indirect labeling-based positive controls. 

	Conclusions
	Materials and methods
	Antibodies used. 
	Preparation of standard slides. 
	Cell culture. 
	Fluorescent labeling in suspension. 
	Fluorescent labeling of adherent cells. 
	Laser scanning confocal microscopy. 
	Flow cytometry. 
	Image analysis. 

	References
	Acknowledgements


