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Abstract

Single-cell fluorescence characterization has gained much attention for studying

the dynamics of individual cells in human diseases such as cancer. Despite the
abundance of literature on quantitative fluorescence microscopy and its advantages
in measuring cell-to-cell variation and spatial variation over other high-throughput
instruments, there lacks a concise model that one can follow to maximize the quality
of images. Here, we used the signal-to-noise ratio (SNR) model to verify marketed
camera parameters and optimize microscope settings to maximize SNR for quanti-
tative single cell fluorescence microscopy (QSFM). We determined the microscope
camera’s readout noise, dark current, photon shot noise, the clock-induced charge,
and validated the additive noise model for each noise source. The dark current and
the clock-induced charge were both higher than reported in literature, compromising
camera sensitivity. We also reduced excess background noise and improved SNR
by 3-fold, by adding secondary emission and excitation filters as well as by intro-
ducing wait time in the dark before fluorescence acquisition. Additionally, our work
opens new avenues for enhancing superresolution microscopy techniques such as
single-molecule localization microscopy (SMLM).

Introduction

Quantitative fluorescence microscopy is a powerful technique for characterizing
cells at an individual level, offering important advantages over other fluorescence
measuring instruments such as the microplate reader and flow cytometer. Such
characterizations may include measuring expression levels of individual cells or
visualizing protein localization. These observations are often involved in the study
of cellular decision-making processes, such as proliferation mechanisms in cancer
[1-3]. The microplate reader is a high-throughput fluorescence-measuring instru-
ment with high dynamic range, speed, and sensitivity [4]. However, it is only capable
of measuring the average fluorescence from all cells in any given well, so informa-
tion on cell-to-cell heterogeneity is lost [5]. For instance, the expression from the

PLOS One | https://doi.org/10.1371/journal.pone.0330718 September 4, 2025 1717



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0330718&domain=pdf&date_stamp=2025-09-04
https://doi.org/10.1371/journal.pone.0330718
https://doi.org/10.1371/journal.pone.0330718
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7910/DVN/EQ27DS
https://orcid.org/0000-0003-2676-5450
mailto:david.mcmillen@utoronto.ca

PLO\Sﬁ\\.- One

Council (NSERC) of Canada, Discovery grant
number RGPIN-2017-06795, and by the New
Frontiers in Research Fund (NFRF), Exploration
grant number NFRFE-2019-00742.

Competing interests: The authors have
declared that no competing interests exist.

arabinose operon depends on arabinose levels in an all-or-none fashion at a single
cell level [6]. A plate reader would only show a smooth increase in average expres-
sion from the arabinose operon at increased arabinose levels. This observation

can create a misleading impression of gradually increased operon expression at
higher arabinose concentrations, rather than increased percentage of cells having
full operon expression. A flow cytometer can conduct rapid single-cell analyses for
tens of thousands of cells [7]. However, this technique does not measure spatial
heterogeneity within each cell. It also relies on complex spectral unmixing algo-
rithms in multichannel fluorescence measurements to disentangle an observed
complicated emission profile into the estimated levels of each fluorophore [7]. The
need for spectral unmixing arises due to the necessary simultaneous excitation of
fluorophores and simultaneous detection at multiple wavelengths, which increases
the likelihood of signal crosstalk between different fluorophores. On the other hand,
fluorescence microscopy measures cell-to-cell variability and spatial variability within
each cell; the level of each fluorophore in a multichannel fluorescence assay can be
directly determined from the pixel intensity of the corresponding channel [8]. In this
technique, multichannel fluorescence measurements do not usually involve spectral
unmixing because different fluorescence channels can be determined sequentially
for the same set of cells.

There is a plethora of information on different aspects of quantitative single-cell
fluorescence microscopy (QSFM) [8]. While running QSFM experiments, it is neces-
sary to not only read biological literature but also aspects of electrical engineering.
In biology literature for instance, a review by Jonkman et al. [8] primarily discusses
sample handling factors that are important for appropriately quantifying fluorescence
in cells, such as fixation, photobleaching, and sample mounting. In an introduction
to electrical engineering aspect of microscopy, Waters et al. [9] talks about the
signal-to-noise ratio and camera parameters such as noise, quantum efficiency,
digitization, and specifics of the camera machinery. However, these papers do not
quantitatively analyze how different sample handling parameters or the microscope
setup affect the quality of images, particularly the signal-to-noise ratio (SNR). Know-
ing how those factors precisely affect the quality of images would allow us to maxi-
mize image quality given budget constraints and provide guidance on how to further
improve image quality. Thus, it would be useful to place both biological literature and
electrical engineering literature on QSFM under a single framework of quantitatively
optimizing signal to noise ratios and apply that framework to further improve image
quality.

The standard deviation (SD) of the signal, also called total background noise
(01> is contributed by the shot noise from the desired source photon (o, ), the
dark current (c,,,,) [10], the clock-induced charge in an EMCCD camera (o) [11],
and the readout noise (c,_,,) [10]. Since the different sources of noise are all inde-
pendent of each other, the variance of signal (¢2 ) is the sum of the variances from
contributing noise sources

total

2 <2 2 2 2
Ototal = Ophoton + Ogark T 0Cic T Oread (1)
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We will describe the different sources of noise, starting from the signal generating source to the recording of pixel intensity
(Fig 1A). The photon shot noise refers to the fluctuations in the number of incoming photons from the signal source and is
also modelled by Poisson statistics [12], which describes the probability of a given number of photons striking the camera
sensor within a fixed interval of time given a fixed average number of sensor-striking photons per unit time. A fraction of
photons arriving at the sensor generates photoelectrons; this fraction is called quantum efficiency. In addition, heat rather
than incident photons can also generate electrons that are indistinguishable from photoelectrons. The heat-generated
electrons can be modelled by Poisson statistics [13] and are called the dark current. In an EMCCD camera, the electrons
in the sensor, photon generated or otherwise, get shuffled through a series of cells in the gain register where entry into
each subsequent cell generates additional electrons in a probabilistic manner [14]. This electron shuffling process gener-
ates additional electrons that are indistinguishable from those generated from photoelectrons [15], in @ manner modelled
by Poisson statistics [16]. These extra electrons are called clock-induced charge (CIC). Finally, the readout noise comes
from the conversion of electrons into voltage that will eventually be converted by the Analogue-to-Digital Converter (ADC)
into pixel intensity [10]. Note that the readout noise is modelled by Gaussian (or normal) distribution and is independent of
the number of electrons detected [17].

The electronic signal (N,) from the desired signal source is generated by the average number of photons (P x t) from
the desired signal source that strike the camera sensor multiplied by photon to electron conversion efficiency (aka quan-
tum efficiency QE) of the instrument [10]. Here, P is the average number of photons per second that comes from the
signal source and t is the exposure time of the camera.

The SNR is the ratio of electronic signal to total noise [10]

S Ne _ QEx Pxt

N "o | o 2 2 2 2
tota 0—photon + Odark + O—CIC + Otead

()

which is a measure of how much our signal of interest is above the statistical fluctuations of other signals (Fig 1B). If both
signal and background emit similar intensities of light, the SNR decreases and interferes with an accurate quantification of
the signal generating target.

In this study, we use the signal to noise ratio model of quantitative fluorescence microscopy to 1) verify marketed cam-
era parameters and 2) optimize microscope settings to maximize the signal-to-noise ratio (SNR) for QSFM. The EMCCD
and sCMOS cameras are designed to reduce background and advertise low noise levels from various sources [12], cost-
ing thousands to tens of thousands of US dollars when buying them new or pre-owned. Each camera model comes with
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Fig 1. lllustrating the signal-to-noise ratio model of an EMCCD camera. (A) The path of photons (green) emitted by the light source, arriving at the
camera sensor, get converted into electrons (-) that are amplified and converted into pixel intensity by the Analogue-to-Digital converter (ADC). (B) The
raw intensity at high and low signal to noise ratios showing the signal of interest relative to the noise.

https://doi.org/10.1371/journal.pone.0330718.9001
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its own dark current, clock-induced-charge, and read noise specifications. However, it is difficult to tell whether the camera
specifications are met from sample images of cells under bright-field or fluorescence excitation. Thus, it is important to
ensure camera parameters are within the manufacturer’s specifications to maximize the value of the purchase. Addition-
ally, expensive specialized equipment such as an EMCCD camera only results in optimal SNR if other much cheaper
microscope settings are optimized to not compromise SNR. Here, we show that experimentally observed SNR could be
noticeably improved to be near the theoretically maximal value permitted by the camera, by adding an extra excitation
filter and an extra emission filter.

Results
Measuring camera parameters can reveal discrepancies from marketed parameters

Each camera noise parameter is measured by eliminating the influence of all other camera noise
parameters. To evaluate each noise source (one of {,__,, 6., 0.} and thus its corresponding camera parameter, we
suppress all other noise to ensure that the observed total noise ¢, , predominantly reflects the desired component. This
is done to ensure that the observed total noise approximately equals the noise from the desired source. For instance, we
can measure the read noise o, by taking the standard deviation of the image taken with closed light shutter to eliminate
photon shot noise, 0 second exposure time to eliminate dark current noise, and no electron multiplication (EM) gain to
minimize clock-induced charge. This image is referred to as the ‘0G-0E dark frame’, where 0G indicates zero gain and OE
indicates zero exposure. How other camara parameters are measured is explained in subsequent sections. It is important
to note that the measured and calculated values of the camera parameters are specific to our microscope camera.
However, the calibration methodology is broadly applicable across EMCCD or sCMOS microscope systems.

Measuring pixel dependent bias and read noise. We first wanted to make sure that individual pixels do not have a
systematically higher or lower value with 0 gain, 0-s exposure (0GO0s) dark images. In these images, the observed noise

consists only of read noise
_ /2
ODarkimage0G0s = 4/ Oread (6)

If there is no pixel dependent bias and the pixel intensity variance for different pixels are the same, then the observed
variance in pixel intensity of the difference image (02,qgiference) in @ center region (~20% of image width and height) must

(o3

equal the sum of variances of individual images (ogxpdiﬁerence)
2 _ o2
Oobsdifference — O—image2—image1 (7)

2 _ 2 2
0-expdifference - 0-image1 + 0—image2

We captured five 0 gain, 0-s exposure dark images and calculated the difference images (see Methods: Data analysis) by
subtracting the pixel intensity of an image at each location from the pixel intensity of the subsequent image at the same
location (e.g., Image 5 — Image 4, Image 4 — Image 3, and so on). The mean expected noise within the difference image
in pixel intensity (also referred to as gray value), 42.9+0.437 (meanzSD, Fig 2A) was very similar (97.4% similarity) to the
mean observed noise within the difference image, 41.8+0.230.

Next, we must determine the ratio between gray value (GV, aka pixel intensity) and electrons K := % using the follow-
ing relationship that is derived from the two different but equivalent ways to obtain the photon shot noise [12]

-1
Ophoton (€7) = /K1 x S(GV) = K X dphoton (GV)
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Fig 2. Verifying the noise model and measuring camera parameters. (A) Mean standard deviation in pixel intensity of five 0-gain, 0-s exposure dark
images (light blue) and their associated difference images. (B) Dark current noise at different exposure times (0s — 600s). The ‘marketed’ dark current
noise at different exposure times was computed based on the market dark current of 1 e-/s/pixel, using Eq. 11. The ‘observed’ dark current noise was
determined from images captured with a closed camera shutter, using Eq. 10. If the dark current cannot be detected (07 < 03,mageogos) then the dark
current noise is set to a default value of 0. The ‘fitted’ dark current noise was computed based on the fitted dark current of 2.5 e-/s/pixel. (C) Photon
shot noise of images at various exposure times (20 ms — 80 ms) with light and an open camera shutter (observed). The observed photon shot noise was
calculated by removing dark image noise from the image noise using Eq. 13. The expected photon shot noise was calculated based on the observed
photon shot noise at the smallest exposure time, using Eq. 14. (D) Standard deviation in pixel intensity of dark images at three different electron mul-
tiplication gains (2.40, 9.03 &103.5) on a log-10 scale (observed). The ‘literature reported’ dark image noise was calculated based on the previously
reported CIC value of 4 e-, using Eq. 15. The ‘fitted’ dark image noise was calculated based on the fitted CIC value of 25 e-.

https://doi.org/10.1371/journal.pone.0330718.9002

Ophoton (GV>2

K= S(GV)

(8)

Here, signal (S(GV)) is the pixel intensity reduced by the intensity of the sample pixel in the matching dark image, and
ophoton (GV) refers to the photon shot noise in gray values that is calculated from the observed standard deviation in pixel

intensity of the current image o (GV) and of the dark image oparkimage (GV)

ODarklmage (GV)Z = Odark (GV)2 + ocic (GV)Z + Oread (GV)Z

o (GV)? = Gphoton (GV)? + 0gark (GV)? + 0cic (GV)? + Oread (GV)?
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O photon (GV) = \/0 (GV)Z — ODarklmage (GV)Z (9)
Using the gray value to electron ratio K of 1.20 and mean standard deviation in pixel intensity oparkimageocos of 30.3+0.577
(Fig 2A) for the 0 gain, 0-s exposure dark images, we verified that the approximate read noise of 30.3/1.20 = 25.3 ™ is
close to the manufacturer’s specification of 25 €™,

Reliable extraction of the dark current. To assess the level of dark current in a camera, one may capture a series of
0 gain dark images at 0s exposure and multiple other exposure times (i1, t2, ...) in order to isolate the dark current noise
0%, dark from the observed noise values { ogs, 03|/ > 1}

_ 2 2
0t = 1/ O% dark + Oread

2 _ 2
0-DarklmageOQOs = Oread

Ot dark = \/0% - 0%arklmageOQOS (1 0)
The variance of dark current is also modelled as a Poisson process, equaling to the product of the advertised dark current
value (in e-/s/pixel) and the exposure time (t in seconds) for 0 gain dark images

05a = Dark x t (11)

To ensure that dark noise is not a concern at short exposure times, we captured 0 gain dark images with exposure times
of 20s to 80 and were unable to detect dark current (o} < U%armmageOgoS; Fig 2B). The undetectable dark current at low
exposure times suggest one can spend much less on a cheaper sCMOS camera with a typical dark current of 0.1-1 e-/s/
pixel [18] over an EMCCD camera with a typical dark current of <0.001 e-/s/pixel [19] and still obtain the same data qual-
ity. If a read noise of 1 e- in a sCMOS camera is satisfactory, then maximum exposure time for dark current noise to be
negligible is 0.25 to 2.5 seconds

Odark < 0.507ead

Dark x t < 0.250244

< 0.2502 4
Dark (12)
8251 — (.25s
t<{ 9Bl _295s
0.5)5-1 — 9250s
0.001

The 250 second exposure time limit for the EMCCD camera may be useful for astronomy applications, but is unnecessary
for biological experiments.

Consistent with prior literature, dark current noise is revealed at high exposure times [20]. Upon capturing images at
longer exposure times (120s — 600s) our data demonstrated a 2.5-fold higher fitted dark current of 2.5 e-/s/pixel com-
pared to its marketed value of 1 e-/s/pixel (Fig 2B). The higher than marketed dark current value is not a serious concern,
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because the exposure time would need to be greater than 80 seconds for dark current noise to be noticeable. The dark
current noise calculated by subtracting read noise variance had high agreement at long exposure times with theoretical
noise derived from the fitted dark current value (Fig 2B), validating the additive noise model of the readout noise and dark
current (Eq. 10) as well as Poisson model of the dark current noise (Eq. 11).

Reliable extraction of photon shot noise. If two images were captured at the same setting but one image has 4
times the exposure time, then it would be expected that the isolated photon shot noise o, photon Of the image at the
longer exposure time be 2 times the photon shot noise at the shorter exposure time o; pnoton- At €ach exposure time t;,
photon shot noise oy, ynoton Can be isolated by subtracting dark image noise oparkimage(t) from the observed noise oy,

2 _ 2 2 2
GDarkImage(t,-) = Odark T 0Cic t Oread
2 _ 2 2 2
0—t,- - 0—t,-, photon + 0_gark + Ocic + Oread
2 2
O, = 0y —0O
ti,photon & Darkimage(t;) (13)

Starting from the initial exposure time t;, the photon shot noise of each subsequent exposure time {; can be calculated
from the photon shot noise at that first exposure time

oy v/ QEXPxt;
oy VQEXPxt
_ /&
SV (14)

Indeed, the expected photon shot noise calculated using the above method matches the photon shot noise calculated
from the observed noise at multiple exposure times (Fig 2C). This consistency validates the additive noise model of the
photon shot noise oy, pnoton(EQ. 13) and camera specific N0iSe oparkimage() @S Well as the Poisson model of the photon shot
noise (Eq. 3).

Verifying clock-induced charge in EMCCD cameras. The clock-induced charge can be isolated from the change in
observed noise between two dark images with the same short exposure time but one with no gain (gy = 1, no EN) and the
other with gain (g; > 1, EN = v/2). The excess noise factor (EN) represents a statistical uncertainty introduced by the on-
chip multiplication gain feature of the EMCCD camera [15].

2 _ 2 2
0—Darklmage(go) - 0—go, dark + Oread
= Gain} x Dark x t+ 02

9 5 read
= 1% x Dark x t4 07,4

OBarkimage(q) = EN? x Gainy, x Dark x t+ EN? x Gaing, x CIC + 074

O—%arklmage(g,-) - 0-2Darklmage(go) = (ENZ X Gaingf - 1) x Dark x t+ (EN2 X Gainéi) x CIC

2 2
G%arklmage(g;) - 0%arklmage(go) - (EN x Gamgi - 1) x Dark x t

ciC = ——
EN xX g (15)

i
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Here, g; refers to the gain setting in the software and is not necessarily equivalent to the EM Gain in the noise model
(Table 1). We can measure the EM Gain by calculating the ratio of the signal generated by the same steady light source
between the camera with multiplication gain and the camera without gain. Specifically, in addition to the two dark images
taken at different gains, we also take two images of the steady light source at the same gains (g, g;) and calculate the EM
gain using the ratio of pixel intensities I of the four images as follows

ILight(g/) - IDarkImage(g,-)

Gain =
Light(go) — Ipariamage go) (16)

This equation assumes that the number of detected photons is very similar in images taken at different gain settings.
Thus, the light source should be bright enough such that multiple images taken at the same gain setting has small above-
dark-image pixel intensity standard deviation compared to the corresponding mean AND that the image taken at the high-
est gain setting but half exposure time results in approximately half the above-dark-image pixel intensity.

We calculated the clock-induced charge using three multiplication of gain settings and observed that average CIC
is 6.02-fold higher than the literature reported [16] value of 4e~. The calculated noise of the dark images using the fit-
ted average CIC value closely matches the observed (Fig 2D), validating additive Poisson model of the CIC noise (Eq.
15). However, the expected noise of the dark images calculated using the literature reported CIC value is systemati-
cally lower (Fig 2D). At maximum EM Gain (103.5), the observed noise (Oparkimage(103.5) = 792.7) was more than 2 times
greater than the expected literature-derived noise (352.3) (Fig 2D). This was an unusual observation for our Cascade
650 camera, which is marketed as having ‘very high sensitivity’ and ‘low noise’ under active on-chip multiplication [21],
suggesting either unexpected performance degradation or a potential undetected manufacturing defect. Our obser-
vation also demonstrates the importance of empirically verifying camera parameters, especially when purchasing
cheaper but pre-owned microscope cameras. Although dark current exceeded normal levels, it is not a concern due to
the short exposure times used in biological experiments [8] (see Reliable extraction of the dark current). In contrast,
the higher-than-reported CIC value cuts the signal to noise ratio by more than 50%, when high sensitivity is most
needed. The dramatic reduction in SNR happens when the detected signal is within a few standard deviations away
from the noise of the dark image taken at high gain, such that the total noise of the image predominantly comes from
clock induced charge. Low signal imaging is useful for single cell characterization of synthetic regulatory circuits that
often operates in the low concentration regime [22,23] or for high temporal resolution single molecule superresolution
microscopy [24].

Table 1. The photon shot noise, dark current noise, clock-induced charge (CIC), and readout noise
of an EMCCD camera for microscopy.

NOISE SOURCE MEAN SIGNAL STANDARD DEVIATION
Photon shot Gain x QE x P x t EN x Gain x VQEx P xt (3)
Dark current Gain x Dark x t EN x Gain x v/Dark x t (4)
Clock-induced charge Gain x CIC EN x Gain x v/CIC (5)
Readout Arbitrary baseline Oread

The standard deviation formulas in italics are validated using our experimental data. Gain refers to the cal-
culated electron multiplication gain, which is the ratio of the signal generated by the camera with multipli-
cation gain compared to without multiplication gain (see Eq. 16). Dark refers to the manufacturer-reported
value of dark current. The excess noise (EN) factor, quantified as 1.4 or V2, accounts for additional varia-
tion introduced by the on-chip multiplication feature of the EMCCD camera.

https://doi.org/10.1371/journal.pone.0330718.t001
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Increasing SNR by adding another emission filter

To optimize the signal-to-noise ratio (SNR), we investigated the sources of excess background noise in the acquired
images of biological experiments. Excess background noise ogz¢ is any additional background noise ogg beyond
observed noise of the matching dark image oparkimage

2 2 2
0BG = ODarkimage + OgBG (’] 7)

The matched dark image uses the identical parameter such as gain and exposure time but has closed shutter, such
that the observed noise oparkimage COMeS solely from the camera. Proper noise control would ideally make the back-
ground intensity close to dark image pixel intensity and make excess background noise relative to the dark image noise
0EBG/ ODarkimage @S SMall as possible. The excess background noise is photon shot noise according to the additive noise
model of the microscope camera (Eq. 1), which is directly related to the difference in background intensity between the
acquired image and the dark image according to the following

IsG (GV) = lyark (GV)
K x Gain (18)

0BG (GV) = Ophoton (GV) = K x EN x Gain x \/

However, when measuring low-fluorescence cells on an agar pad, the relative excess background noise oggg/0parkimage
using the manufacturer’s recommended setup can be used to calculate the gain-normalized excess background noise in
photoelectrons

Gain
%anark.magezﬂxEN % VCIC = 1.4 x 1.41 x V24 ~ 9.67e

ODarklmage ODarklmage

(Fig 3A: OEM with cells, plot 2). In an ideal microscope setup with our noisy camera, the relative excess background noise
should be a small fraction, with the gain-normalized excess background noise ideally below 1 photoelectron. Using a
truly single-photon sensitive camera, the signal to noise of the ideal microscope setup is expected to be at least 9.67-fold
higher compared to the OEM setup. Imaging an empty agar pad without cells resulted in 20% lower excess background
noise (Fig 3A: OEM no cells, plot 2) and removing the agar pad and the immersion oil altogether further reduced excess
background noise by another 15% (Fig 3A: OEM no agar, plot 2). This suggests sample processing as a large source of
excess background noise. However, the relative excess background noise is still quite high (Fig 3A: OEM no agar, plot 2),
suggesting the microscope setup itself as an additional large source of excess background noise. These findings demon-
strate that one should optimize SNR by prioritizing sample processing and microscope setup optimization over buying a
high-end camera.

We hypothesized that partial reflection of the excitation light by microscope optics might bypass the emission fil-
ter and reach the detector (Fig 5C compared to Fig 3B), thereby increasing excess background noise. Emission filters
are typically designed to transmit a specific bandwidth of light emitted from the specimen to the detector. For example,
when imaging EGFP in cells, the excitation and emission filters are configured to their respective wavelengths (Ex/Em:
488/507 nm) [25], ensuring that only light within the desired spectral range is detected from the sample. However, the
overlap in EGFP filter pair’s excitation and emission spectra at high OD [26] creates potential for leakage. Although a good
emission filter is expected to block the vast majority of excitation light [27], any residual transmission of escaped excitation
light contributes to background noise (Fig 3C). We introduced an additional emission filter to further block the residual
excitation light from reaching the detector (Fig 3D), which enhanced the SNR by an average of 1.6-fold relative to images
obtained with manufacturer’s recommended setup (Fig 3A: plot 3, 4). The SNR improvement as a result of an additional
emission filter is also true for the mCherry channel, but the average background-subtracted cell intensity decreased by
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approximately 40% (Fig 3F: plot 3, 4) due to the second emission filter only letting a much narrower set of wavelength
passthrough (Fig 3E). Although we observed SNR improvement by adding another emission filter, the relative excess
background noise remained high and the background intensity of the cell image and no-agar image were high relative to
their matching dark image (Fig 3A: plot 2).

A

mDark BOEM, no_agar DOEM, no_agar BOEM, no_cells BOEM ®Double emission ®Mean relative change  XRelative change
BOEM, no cells BOEM, with_cells BOEM, with_celis ©@Double Em, no_agar 2
oDouble Em, no_agar sDouble Em, no_cells 8000 2 4
8 Double Em. with cells @Double Em, no_cells @Double Em, with_cells ; 3 18
f = 000

16
> 16000
2 14000 14
€ 12000 12
2 10000 1

8

Mean relative excess
background noise
o © o
e o
Background subtracted cell

W a
8
(=]
Relative change in camera
independent SNR

o
N

o

™
@)

16 1
6000
14 L3
25000 £y,
§ 1
£ 3000 08
2000 2gos
1000 04
0 02
L1 L2 L3 0

++

agar pa_d sample:

P 6 8
i
immersion oil 4 ' 6 4 — ",
100x o [~} ¥
objective e} o
_/Cyan excitation filter 2 2 G
dichroic mirror /exci|allon light : |
0
S— 525 575 625
1 " 450 500 550 . PRI
= Wavelength (nm avelength (nm,
L - Wavelength (nm) gth (nm)
green emission filter— ] i Y
emission light + i
——EGFP excitation filter EGFP emission filter —— EGFP excitation filter ——EGFP emission filter —;ﬂfdhf’"v N('(;‘:‘OO filter —g‘c:’f‘”\‘ emission filter
x - —_— nd emission filter —DICHOIC Mirror
——Dichoic mirror 2nd emission filter Dichoic mirror
= Dark DOEM, no agar BOEM, no agar BOEM, no cells BOEM mDouble Em mMean relative change X Relative change
WOEM, no cells BOEM, with cells 1500 2

BOEM, with cells
®@Double Em, no cells

DDouble Em, no agar
®Double Em, with cells

Double Em, no agar
®Double Em. with cells

40000
35000

aDouble Em, no celis
18 X1

30000
25000
20000
15000

Mean background intensity

Mean relative excess background noise
e = I w
o @ - N B ow o
Background subltracted cell intensity
- 888818
Relative change in camera independent
SNR
o
o N -

10000
5000
[

U [t] (&) 2]

Fig 3. Effect of an additional emission filter on signal-to-noise ratio. (A, F) Comparing the signal to noise ratio between the OEM filter setting and
additional emission filter (Double Em) for EGFP (A) and mCherry (F) channels. OEM stands for the original equipment manufacturer’s microscope setup.
Plots 1 and 2 show the background intensity and excess background noise relative to the dark image for images with no agar pad or oil (No agar), agar
pad +oil but no cells (No cells), agar pad +oil+cells (With cells). Plots 3 and 4 show background subtracted cell intensity at 3 locations on an agar pad (4
for mCherry) and relative change in camera independent SNR of images with agar pad +oil+cells. SNR improvement is only meaningful if the improved
setting shows similar or lower background subtracted cell intensity, but much lower relative excess background noise. (B) Schematic of the path of light
from the fluorescence illumination system to the detector in an inverted widefield microscope using the manufacturer’s recommended setup. Created in
BioRender. (C,D) Absorbance vs. wavelength spectra of EGFP single emission and excitation filters showing escaped excitation light (blue arrow) for C
and blocking residual excitation light by the second emission filter for D. The width of each arrow-stem qualitatively indicates the amount of light. Created
in BioRender. Note the position of the detector and light source do not reflect their true location in the microscope. (E) Absorbance vs. wavelength
spectra of mCherry single excitation filter but double emission filters showing blocking of residual excitation light but also blocking of emission light past
625nm.

https://doi.org/10.1371/journal.pone.0330718.9003
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Increasing SNR by increasing wait time or lowering bright-field light

We found that imaging the cells resulted in over 30% higher excess background noise than imaging without the sample or
immersion oil (Fig 3A and 3F), and this excess background noise was reduced by increasing waiting time in darkness or
lowering intensity of the bright field light before taking the fluorescence image (Fig 4A). The >30% higher excess back-
ground noise persisted for both the OEM setup and upon addition of an extra emission filter, and is independent of the
fluorescence channel (Fig 3A plot 2 & Fig 3F plot 2). Increasing the wait time in the dark before fluorescence acquisition
reduced the background intensity by over 4-fold and noise by over 2-fold at high bright-field light intensity, regardless of
which fluorescence channel was used (Fig 4A). The fluorescence images taken with no agar and no immersion oil did not
have bright field light immediately before fluorescence acquisition, so those images had sufficient wait time before being
taken and had the lowest excess background noise. However, the excess background noise was almost non-existent
when the intensity of bright-field light prior to fluorescence acquisition was adjusted to a relatively low setting (Fig 4A).
The reduced excess background translated to improved signal to noise ratio of fluorescent cells (Fig 4C). We wondered
whether it was possible that the camera requires an unusually high amount of time to clear bright-field induced electrons
before fluorescence acquisition. Inserting a momentary darkness of 0.1 seconds between bright field and fluorescence
acquisition allowed the camera to register the absence of light (Fig 4B). Thus, we conclude that internal partial reflections
of the high bright field light within the optics system resulted in excess background noise.

Subsequent experiments within this study automatically assume that a suitable amount of wait time has been added
before fluorescence acquisition, to minimize excess background noise induced by bright field light.

Increase SNR by adding another excitation filter

We further narrowed down the source of excess background noise to the undesired emission wavelength light that is emit-
ted by the fluorescence excitation source and leaked by the excitation filter, in images that were taken with no agar and no
immersion oil and double emission filters. Using our EGFP example, we hypothesized that although a good excitation filter
(490+£10nm) is expected to block the vast majority of emission wavelength light (528 + 19nm), residual transmission of
escaped emission wavelength light from the illumination lamp have a chance to be reflected back past the emission filter
to reach the detector (Fig 5A). We introduced an additional excitation filter on top the second emission filter to remove the
residual emission wavelength light from the illumination lamp (Fig 5B), and observed a further improvement in SNR (Fig
5D and 5E). The combined addition of excitation filter and emission filter brought the net SNR improvement to over 3-fold.

Discussion

In this study, we analyzed the quality of widefield fluorescence microscopy images in terms of signal to noise ratio (SNR),
and empirically applied the SNR model to both verify marketed camera parameters and optimize the microscope setup
to improve SNR. We discovered that our EMCCD camera had 2.5-fold higher than marketed dark current and 6.02 fold
higher than expected clock-induced charge. Although the higher dark current will not noticeably affect SNR within the
typical exposure times of biological experiments, the higher clock-induced charge decreases the SNR of acquired images
by more than 50% whenever high sensitivity is required the most. In addition, we discovered that SNR is lowered by high
bright-field light that is partially reflected within the microscope’s optics system, by partially reflected excitation light escap-
ing the emission filter, and by partially reflected emission wavelength light that comes from the fluorescence illumination
lamp and escapes past the excitation filter (Fig 5C).

One avenue worthy of further exploration is how much SNR can be improved by our microscope setup optimization,
when a newer generation of EMCCD camera is used. The lowest gain-normalized dark image noise in our EMCCD cam-
era of

EN x VCIC = 1.41 x V24 ~ 6.91e” (19)
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Fig 4. Effect of wait time or low bright field light on signal-to-noise ratio. (A) Above dark image background intensity and photon shot noise of the
background for images captured at various wait times (BFP: 0s — 12s, EGFP: Os & 65s) in darkness after bright field illumination (high and low intensity)
but before fluorescence acquisition. (B) Above dark image background intensity and relative excess background noise for images taken during the tran-
sient darkness prior to fluorescence acquisition and during BFP fluorescence acquisition. (C) Os vs. 6's wait time for BFP acquisition of E.coli cells under
weak rhamnose induction of BFP. Plots 1 and 2 show above dark image background intensity and relative excess background noise for images taken

at 3 different agar pad locations. Plots 3 and 4 show background subtracted cell intensity and relative change in camera independent SNR at 3 agar

pad locations. SNR improvement is only meaningful if the improved setting shows similar or lower background subtracted cell intensity, but much lower
relative excess background noise.

https://doi.org/10.1371/journal.pone.0330718.9004

is limited by the higher than expected clock-induced charge of 24e~. This gain-normalized dark image noise represents
the true sensitivity of our EMCCD camera because the effect of amplification is deducted, revealing the camera sensitivity
in photoelectrons. On the other hand, the new generation of EMCCD cameras claim to achieve sub-electron dark image
noise [19] and the new generation of sSCMOS cameras claim to achieve ~ 1e~ dark image noise [18]. The lower noise floor
is critical, as excess background noise below 50% of the dark noise contribute to <20% to the total variance and is difficult
to reliably detect.

2 2 2
OEBG _ TEBG < (0.5 X oparkimage ) 1

2 2 2 — 2 2
OBG OEBG + UDarkImage (0-5 X UDarkImage) + (UDarkImage) 5 (20)

In support of our claim, we see that images with lower background than the dark image can still have ~0.5 relative excess
background noise (Fig 4B).

Our work provides a new direction to increase signal to noise ratio of microscopy images, which may enhance localiza-
tion accuracy and temporal resolution of superresolution microscopy techniques. In superresolution techniques such as
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Fig 5. Effect of an additional excitation filter on signal to noise ratio. (A) Absorbance vs. wavelength spectra for a hypothetical scenario where two
emission filters are blocking escaped excitation light and a single excitation filter is transmitting residual emission wavelength (green) from the illumi-
nation lamp. (B) Absorbance vs. wavelength spectra for a hypothetical scenario where double emission and double excitation filters blocking escaped
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excitation light and emission wavelength from the illumination lamp, respectively. (C) The current model and new model of the path of light in a standard
inverted widefield microscope setup. The new model shows escaped excitation light that reaches the detector, emission light that surpasses the single
excitation filter, and reflected bright field light of the optic system. (D,E) EGFP acquisition using the OEM setup vs. double emission filters vs. double
emission +double excitation filters. The images acquired under different microscope settings were processed to make them comparable: for each image,
pixel intensity was subtracted by the mean pixel intensity of the background region in that image. The magnitude and amount of static in a background
region reflects the background noise level. Plots 1 and 2 in panel E shows background intensity and excess background noise for the dark image,

agar +oil but no cell images, and agar + oil + cell images. Plots 3 and 4 in panel E shows background subtracted cell intensity and mean camera indepen-
dent SNR of images at 3 different agar pad locations. SNR improvement is only meaningful if the improved setting shows similar or lower background
subtracted cell intensity, but much lower relative excess background noise.

https://doi.org/10.1371/journal.pone.0330718.9005

dSTORM, localization accuracy is strongly dependent on the signal strength and the related pixel fidelity within each Airy
disk [24]. In MINFLUX, the temporal resolution is inversely correlated with the number of sensed electrons can be confi-
dently attributed to a fluorophore [28]. In a brief survey of the latest ASSTORM studies that disclosed complete microscope
setups and are indexed by PubMed, only two [29,30] out of eight studies [29—36] used two emission filters while the rest
used the standard single emission filter setup. It is not obvious whether and why multiple optical filters of the same type
is better. Our signal to noise ratio framework not only explains the advantages of multiple optical filters of the same type
in terms of excess background noise reduction, but also empirically demonstrated noticeably improved SNR using the
optimal optical filter setup. Furthermore, since laser excitation intensity in SMLM studies are typically much higher than
standard fluorescence imaging, our framework suggests further SNR improvement from more than two emission filters
in conjunction with a monochromatic laser and an excitation cleanup filter. Increasing SNR to the theoretical maximum
permitted by an EMCCD camera could noticeably improve both classes of superresolution techniques (dSTORM and
MINFLUX).

Materials and methods
Abbreviations and definitions

OEM: original equipment manufacturer
“With cells” label in figures: 100x objective +immersion oil + agar pad + cells
“No cells” label in figures: 100x objective +immersion oil +agar pad
“No agar” label in figures: 100x objective

Sample preparation for image acquisition

Antibiotic resistant E. coli cell culture. Three overnight cell cultures were prepared in EZ rich with either four
antibiotics (4AB: 20 pg/mL chloramphenicol, 25 pg/mL carbenicillin, 15 pg/mL kanamycin, 25 pg/mL spectinomycin), or
2 antibiotic (2AB: 35 pg/mL chloramphenicol, 100 g/mL carbenicillin, 62.5 pg/mL rhamnose inducer) media. Cells were
inoculated in 96-well microplates containing respective media and incubated at 37 °C with shaking.

Agarose pads. A poly(dimethylsiloxane) (PDMS) chip was created using the procedure described in Ferry et al. [37]
and carved with twelve holes (7 mm diameter). The holes were used as a mold for 2% low melting point (LMP) agar pads.
The PDMS chip was secured on a glass slide with tape. A solution of 4% LMP agar was synthesized with 0.20g of LMP
agar in 5mL of distilled water, vortexed, heated in a microwave for a total of 30s in 10s intervals and placed in a water
bath (60 ‘C). 1 mL solutions of 2% LMP agar were prepared with either 4AB or 2AB media in a 1:1 ratio and centrifuged for
10s to remove air bubbles. Immediately following centrifugation, the 2% LMP agar was carefully pipetted into the PDMS
molds that were placed on ice to prevent leakage of the liquid agar. A cover slip was placed over each dome to flatten the
agar pads and left to solidify in the refrigerator for 30—45 minutes. Each mold was slightly overfilled to form a dome-shape
over the top of the holes to prevent condensation between the coverslip and agar pads.
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Agarose pad holder. A hole in the shape of a coverslip but with slightly smaller dimensions was carved out the lid
of a petri dish. The hole was resealed with a coverslip with clear nail polish as adhesive. The solidified agar pads were
inoculated with 0.25 pL diluted (1:10) cell culture and left to dry out the inoculated culture. The inoculated agar pads were
placed in the petri dish with the inoculated side facing the coverslip and covered with the base of the petri dish. The final
setup should resemble the sample setup in Fig 5C.

Emission and excitation filter set up

OEM setup - single excitation and single emission filters. The inverted microscope (Nikon TE2000) was set up as
per manufacturer’s instructions [38,39] for EGFP, BFP, and mCherry acquisition via single emission and excitation filters
(Chroma 86000v2).

Single excitation and double emission filters. An additional multi-notch emission filter (Chroma
ZET405/488/561/647m) was inserted into the filter cube and the remaining setup was followed as per OEM to image
EGFP, BFP, and mCherry.

Double excitation and double emission filters. A second excitation filter (Chroma HQ470/40x for EGFP, DAPI
EX 340-380 for BFP) was inserted in the path of the excitation light in addition to the second emission filter during
fluorescence acquisition. Since this setup transmitted a narrower band of excitation light compared to the OEM setup,
excitation light for the extra emission filter setup and the OEM setup was reduced to ensure that the transmitted excitation
light achieved very similar brightness. The brightness of the transmitted excitation light that is partially reflected by the
sample was measured by the camera without any emission filter.

Image acquisition

The petri dishes that contained both cell-inoculated and uninoculated agar pads were subject to microscopy using 100x
objective lens. No agar images were acquired without a sample or immersion oil, no cell images included oil and uninoc-
ulated agar pads, and with cells images had agar pads inoculated with respective cells. The inoculated agar pads were
imaged at 3—4 locations. Image acquisition at each location was run by macros to limit the cells’ exposure to fluorescent
light and avoid photobleaching. The order of images with different filter settings was shuffled at each location. No-cell
images were taken after focusing on adjacent agar pads with cells, in order to accurately measure above dark image
background intensity. All microscopy images were collected using a Nikon TE2000 microscope with an attached Cascade
650 EMCCD camera. The CCD image sensor used in the Cascade 650 camera is Texas Instruments TC253.

Data analysis

Image quantification using ImagedJ. A small rectangular region of interest (ROI) was selected to measure the
mean pixel intensity and standard deviation of the image background. Cell intensity was measured by outlining a rough
perimeter around the cell using the freehand selection tool. Images acquired from the same location but with different filter
settings were stacked to maintain consistency in background and cell measurements.

Difference images were created using the image calculator feature [Process >Image Calculator>operation = Differ-
ence]. Prior to creating the difference image, a bias was introduced to one of the images [Process >Math>Add] such that
there is no negative difference in pixel intensity. Any negative difference in pixel intensity is truncated to zero, making
noise measurements inaccurate.

SNR calculations. Background noise is defined as the standard deviation of pixel intensity in the image’s background
region. The photon shot noise of the background region (standard deviation due to fluorescence) was determined by
first subtracting the pixel intensity variance of the dark image from pixel variance of the image’s background region, and
then taking square root of the result. The background region is a rectangular region (~20% of image width and height)
in the center of the image. Background subtracted cell intensity was calculated by subtracting the mean pixel intensity
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of the background region from mean pixel intensity of the selected cell perimeter. In this case, the background region is
a rectangular region of the image that is adjacent to the selected cells but does not overlap with any cell. The camera-
independent SNR was determined by dividing the background subtracted cell intensity by the photon shot noise of the
background region.
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