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Abstract

Fluorescence confocal microscopy represents one of the central tools in modern sciences.
Correspondingly, a growing amount of research relies on the development of novel micro-
scopic methods. During the last decade numerous microscopic approaches were devel-
oped for the investigation of various scientific questions. Thereby, the former qualitative
imaging methods became replaced by advanced quantitative methods to gain more and
more information from a given sample. However, modern microscope systems being as
complex as they are, require very precise and appropriate calibration routines, in particular
when quantitative measurements should be compared over longer time scales or between
different setups. Multispectral beads with sub-resolution size are often used to describe the
point spread function and thus the optical properties of the microscope. More recently, a
fluorescent layer was utilized to describe the axial profile for each pixel, which allows a spa-
tially resolved characterization. However, fabrication of a thin fluorescent layer with match-
ing refractive index is technically not solved yet. Therefore, we propose a novel type of
calibration concept for sectioned image property (SIP) measurements which is based on
fluorescent solution and makes the calibration concept available for a broader number of
users. Compared to the previous approach, additional information can be obtained by appli-
cation of this extended SIP chart approach, including penetration depth, detected number
of photons, and illumination profile shape. Furthermore, due to the fit of the complete profile,
our method is less susceptible to noise. Generally, the extended SIP approach represents a
simple and highly reproducible method, allowing setup independent calibration and align-
ment procedures, which is mandatory for advanced quantitative microscopy.

Introduction

The field of sectioning fluorescence microscopy has rapidly advanced in recent years, offering
experimenters to extract more and more information from a given sample by utilizing spectral
analysis in multispectral systems, high temporal resolution in fast imaging systems, and high
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spatial resolution in systems employing molecular switches or structured illumination [1]. To
yield quantitative information, all these systems have to be calibrated against a given standard.
Routinely, multispectral pm-sized beads are used for alignment, colour calibration, and detec-
tion of intensity variations. Submicron-beads can be applied for measuring point-spread-func-
tions (PSFs) to determine the systems’ resolution [2]. Theer et al. provided a promising
application to extract in addition spatial information from bead samples [3]. In brightfield-
microscopy, a common standard is to correct the images by a background subtraction, which
smoothly removes specks from dirt in system compartments. In fluorescence microscopy,
however, the awareness slowly arises that a comparable procedure is required for quantitative
imaging, so standards are being developed accordingly [4, 5]. For example, an axial image stack
of a homogeneous fluorescent layer yields information about intensity and resolution varia-
tions in the field-of-view, and thus presents a basic tool for image calibration of sectioned
images [6].

The ultimate goal of all calibration and alignment procedures is to obtain quantitative, com-
parable, and reproducible data independent from the microscope system used. On the one
hand, several approaches, allowing comparison of microscope systems, can be found in the lit-
erature; most of which are utilising normalized or arbitrary units [7, 8]. On the other hand, cal-
ibration procedures calculating real numbers of photons are very uncommon. Thus, fair
comparisons between different systems are rare. With the sectioned image property (SIP)
approach, Brakenhoff et al. reported the first descriptive calibration procedure for confocal
microscopes [9]: using a spin-coated homogenous fluorescent layer as a sample, an axial image
stack is acquired. The Gaussian-like axial profile of this image is then used for calibration. The
authors used single basic properties of this profile like the point of the maximal value and the
first and the last point where the profile crosses the half maximal value to describe the ampli-
tude (A), the axial position (z), the offset (Iy), the optical sectioning capability as full width at
half maximum (FWHM) of the intensity profile, and a skewness parameter, calculated by the
centricity of the maximal value between the two half maximal values. This concept was success-
fully established [6, 10, 11], and an Image]J plugin was provided (https://sils.fnwi.uva.nl/bcb/
sipcharts/SIPchart.html). However, in experimental samples where axial profiles show noisy
data, the suggested approach of using the maximal value, or the first data point matching any
criteria (such as half maximal values) might deliver only assumptions on the sectioned image
property (SIP) parameters. To overcome this problem, we utilized different mathematical mod-
els to fit the recorded axial profiles and gain additional information from the fit parameters
[12]. As we allow to apply different fit models, we are able to describe the axial distribution
within the PSF. Furthermore, the fit approach provides more robust results, in particular
because the noise does not have such a high impact on the SIP parameters. Moreover, a fit
approach facilitates the selection of other types of calibration samples. Thus, one is not
restricted to a fluorescent layer anymore. Since the production of the spin-coated homogenous
(multicolour) fluorescent layer is technically very difficult [6, 13], we suggest to utilize a sample
of fluorescent solution. Such a solution is easily prepared, cheap, and can be reproducibly cre-
ated with various colours at defined dye concentrations. In addition, the border between glass
and solution gives a nice sample for the fit-based extended SIP (eSIP) chart. It also solves the
problem of the refractive index above the spin coated layer, which is in most cases simply air,
mounting media, or glass.

The concept of fluorescent solution as calibration sample requires only slight modifications
of the SIP parameters: first, the axial profile does not allow a direct access for the optical sec-
tioning capability, as the lookup of the FWHM; we utilize the steepness of the intensity increase
phase of the profile as a measure for the corresponding FWHM of a thin fluorescent layer. Sec-
ond, the solution profile hardly allows quantifying a skewness of the profile. Finally, the
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solution approach allows the estimation of the penetration depth, which is expressed by a
length constant LC (the intensity change with penetration depth).

In the present study, we explain the concept of the eSIP approach, and we show the similar-
ity between the solution and thin layer concept with regard to the determination of the illumi-
nation profile and the field resolution. We furthermore demonstrate that the use of a
calibration solution makes it possible to account for optical aberrations. Obtaining the
recorded number of photons from the photon statistics allows to control the microscope per-
formance over time and to compare the sensitivity of different microscope setups. Finally, the
eSIP approach can also be used to optimize the objective’s correction collar and collimator set-
tings according to experimental requirements on a daily basis.

Material and Methods
Mathematical models

A first approximation to the axial intensity profile I(z) of a thin homogeneous fluorescent layer
is a Gaussian function:

a1 2(H2 )
I(z) = I, + Ae " (o) (1)

Iy is the intensity offset, A the maximal profile intensity, wrwuas is the axial resolution
reflected by FWHM, z, the axial position of the intensity maximum (Fig 1). Accounting for the
fact that the axial intensity profile will not be perfectly symmetric due to slight refractive index
mismatch, we approximated the skewness of the profile by introducing a skewness factor s,
which leads to a skewness corrected axial position z; for the skewed profile:

z, =z €° (2)

A perfect Gaussian z-profile will only be obtained at homogeneous illumination of the
objectives back-aperture. Most state of the art commercial laser scanning microscopes trade off
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Fig 1. Schematic representations of the two basic calibration concepts. The fit approach to measure eSIP parameters using a homogenous fluorescent
layer (A) reveals the parameters amplitude (A), full width at half maximum (wewns), the axial position (zo) and the offset (/p). The skewness parameter and
the Lorentz-Gauss fraction are not shown. If the solution-based sample is used (B) the steepness of the profile can also be expressed by wryy, (compare
Egs 5-9.), and instead of the skewness parameter we included the length constant (LC). Example data are shown in grey, and an appropriate fit is shown in
black.

doi:10.1371/journal.pone.0134980.g001
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some resolution against intensity: the lasers have a Gaussian beam profile, and trying to illumi-
nate the objective’s back aperture homogeneously means rejecting approx. 80% of the excita-
tion light [14]. As a consequence, the actual axial intensity profile can rather be described by a
Lorentzian function,
(,02
I(z) =1, + A S (3)
4z, — 2))” + Oy

whose characteristics include a smaller maximum and wider side-lobes than the Gaussian func-
tion and thus accounts for additional signal far from the optical plane.

To address the characteristics of the illumination profile, a more robust description can be
obtained from a convolution of a Gaussian and a Lorentzian function, known as the Voigt
function [15]. A computationally less expensive approximation of the Voigt-function can be
obtained by replacing the convolution integral by a linear combination of a Lorentzian and a
Gaussian function, which is known as pseudo-Voigt function [16, 17]:

w? 2
1(2) = 1y + A|my g (1 my)e ) | @)
4(z, — z))” + Oy

whose systematic error compared to the Voigt-function is less than 1%. The Voigt function
readily yields the Lorentz-Gauss fraction m;, € [0, 1] to quantify the “degree of overfill”, such
that it allows to estimate the actual intensity profiles at the back aperture.

When recording an image stack of a fluorescent dye solution instead of a thin homogeneous
fluorescent layer, the axial intensity profile will be the integral over the aforementioned func-
tions (Eqs 1, 3 and 4). As the solution profile hardly allows quantifying a skewness we assume
symmetric profiles (skewness factor s = 0). In case of the Gaussian function, we expect the line
shape of an error function. Additionally, there might be an exponential drop of the intensity
profile in solution due to various reasons: A slight refractive index mismatch can never be
excluded and might lead to signal reduction as well as signal increase within the solution
behind the cover slip-solution interface. Even in solutions with low concentrations, fluores-
cence pre- and post-filter effects cannot completely be excluded, so especially reabsorption of
fluorescence photons can lead to exponential intensity reduction with increasing penetration
depth. The effect of different fluorophore concentrations on the length constant as well as the
reabsorption effect are shown in S1 Fig. Since reabsorption is typically the main effect that
influences the intensity profile within the solution, we decided to model it using a mono-expo-
nential function. While a stretched exponential function might be suited well to incorporate all
possible sources of non-constant behaviour [18, 19], we preferred the robustness of a length
constant. Thus, the Gaussian approximation to an axial intensity profile of a fluorescence solu-
tion is given by:

(5

—41n 2

I(2) 41n2/7r/ Opins) o160 1
O pwrm

(5)

LC- DOrywim
1 LC(W TET A& 1 z2-2
=1 +-A n E —|( LC- —8ln2-—=
ot ghe el 16ln2< Prwiyg — S0 wFWHM>

where LC is a length constant for the mono-exponential intensity reduction, \/41n 2/7/w

is a scaling factor to obtain 1 for deep penetration depths z and LC = 0, and Erfc[x] =
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1 —Erflx] = % / e dt is the complimentary error function. The steepness of I(z) correlates

with the FWHM of the gauss function in the integral. Therefore wry s can be used as the
steepness parameter, describing the optical sectioning capability of the microscope.

To better account for additional influences we included an offset in the exponential intensity
change with penetration depth. The equations then extend to:

. 2 —z\’
41 2 —41n 2 ( )
I(z) =1, + A@ /e Prwrn/ (1 — ol)e”/c(z”zi’) + ol]dz/
(& .
FWHM

LC- o’

FWHM

ro| WM _ 7+ 7, 1 z—z ,(6)
1—ol)- ( 16In 2 )E \J——(Lc- —8ln2——=¢
( ol) e rfe 161n 2 Opwhm n P

+ol-<1+Erf{\/m272°}>

Drwrm

1
=1, +-A
lJ+2

where ol stands for the offset of the exponential intensity reduction.

To minimize computational load, we accept a minor systematic error by considering the
exponential intensity reduction as constant over the excitation point spread function and
receive for Eqs 5 and 6:

o 2 —z\’
\/41ln 2 4ln2< )
I(Z) = I(] +A$/n [(1 _ Ol)eLC(z—zo) + Ol]/e DOpwum/ dzr

(0]
FWHM - ’ (7 )

— 1y A oo o) (14 pf[VaIm2E—2] )

wF WHM

As with layers, also in the solution approach the Lorentzian z intensity profile accounts for
inhomogeneous illumination of the objective's back-aperture. Applying the approximation for
the exponential intensity change with penetration depth as for Eq 7, the Lorentzian profile for
solution is approximated by:

eS]
2

1 — ol) - e"le2) 4 o] / Drwim dz/
( ) ) 4(z — 2)2 + Oy

@ . (8)
A 2z —
=L+ _(1-ol)- ") 4 o]) - (g + arctan [(z Z‘))]>

wF WHM

I(z) =1, + A

nwFWHM

Also in the case of the Lorentzian approximation wgry s can be used as parameter for the
steepness of the intensity profile.

Analog to Eq 4 for solution the pseudo-Voigt profile can be assumed as the superposition of
the Lorentzian and Gaussian profile (Eqs 7 and 8) as:

2 _
m (ﬁ + arctan {M] )
T 2 (‘OF WHM

+(1_7mL)(1+Erf[\/MZ_ZOD

2 Orwam

I(z) = I, + A((1 — ol) - eCG=2) 1 o) (9)
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The detector amplification

Most existing photon detectors like photomultiplier tubes do not yield the number of actually
detected photons, but provide intensity information I in digital levels (DL) being comprised of
detected photons p and the photon conversion factor CFas I = CF - p + I,. Employing the Pois-
son-distribution of the detected fluorescence photons and the property of the Poisson distribu-
tion whose variance var(p) equals its mean (p), the photon conversion factor can be
determined, thus allowing for the estimation of the number of detected photons.

var(I)  CF* - var(p)
(n — CF-{p

Usually, time series of a defocused image are measured, followed by a pixel-wise statistical
analysis. A dark image provides I and the var(I) = f({I)) is linearly fitted to obtain the photon
conversion factor [20]. Since the datasets acquired with the eSIP approach provide a certain
homogeneity in the optical plane, it is sufficient to calculate the variance and mean of the
detected signal from laterally neighbouring pixels. We calculate the photon statistics in bins of

= CF (10)

4 x 4 pixels. By the recording of z-stacks, we are able to map a considerable part of the detec-
tor’s dynamic range. This will only work if some images of the z-stack are recorded from well
inside the cover slip.

The photon conversion factor can be used to calculate the number of detected photons per
pixel. Since the photon conversion factor is depending on the detector efficiency, which in turn
is wavelength dependent, a fixed microscope detector gain setting will yield different photon
conversion factors for different emission channels. Therefore, this calibration has to be done
for each detection channel.

Acquisition settings

Unless otherwise noted, experiments were carried out on an inverted and motorized micro-
scope (Axio Observer Z.1) equipped with a 40x/1.20 W C—Apochromat objective. The attached
laser scanning unit (LSM 780, Zeiss, Jena, Germany) enabled confocal imaging. For excitation,
440 nm and 488 nm lasers were used. Unless otherwise noted pinhole was set to 0.5 AU.
Detailed scanning parameters are listed in the corresponding figures / figure captions. Images
were recorded at 16-bit pixel depth. For analysis, they were processed in MATLAB scripts uti-
lizing the eSIP formulas described above. As start parameters for the fitting we used the param-
eters obtained from the lookup approach [11]. The fluorescein/perylenediimid-layer reference
layer, thickness ~ 110 nm, np ~ 1.59 was a generous gift by J. M. Zwier. The fluorescent solu-
tion used in Fig 2 is a dilution of fluorescein in distilled water (Uranine AP, Ay, = 516 nm,

OD = 1.37 for 1 cm at 487 nm). To account for a wider emission wavelength range needed for
Fig 3 Rhodamine 6G (Aem, = 555 nm) was added and adjusted to an equal fluorescence intensity
(both fluorophores from Applichem, Darmstadt, Germany). The solution was imaged in an
ibidi u-Dish with 17045 um glass bottom (ibidi GmbH, Martinsried, Germany).

Analysis of the Argolight grid structure

In general, the grid structure was imaged using the setup described in the Acquisition settings
section. Z-stacks were imaged using two excitations (440 and 488 nm) and 32 emission chan-
nels spanning 411-682 nm. The emission channels with the maximal intensity (538 and 573
nm) were used for further analysis using MATLAB. Crossing points of the grid structure were
found by creating a binary image morphological filtering. To quantify the distortion, these
crossing points are grouped and fitted using a polynomial fit of the second order. The second
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Fig 2. Extended section imaging property charts from layer and solution-based calibration samples. Comparable eSIP analysis using the same
microscopic system with a homogenous fluorescent layer (A) and the solution-based calibration sample (B). Axial profiles (z profile) are shown in 5 different
spatial positions (shown as a scheme within the plot). The 'Var over Mean' plot is scaled to maximum frequency in each Intensity bin to account for the
different intensity distributions for layer and solution. The conversion factor (CF) is obtained by a linear fit (black line), which is 527.87+0.17 for the layer and
511.02+0.22 for the solution-based approach. The regression coefficient R? is given to describe the goodness of fit. All eSIP parameters are shown as 3
dimensional plots: Intensity (A) in percent of the maximal photon number (pmax), axial position (zo) in um, FWHM or steepness (wWgewwns) in pm, offset (/o) in
digital levels (DL), skewness (s) or length constant (LC) in 1/um and the Lorentz-Gauss fraction (m,). Additional scanning parameters: excitation 440 nm with
2% laser power, emission Channel 529 nm centre wavelength, pinhole 0.5 AU, detector gain 700V, 354 x 354 um field of view with 512 x 512 pixels, pixel
dwell time 1.58 ps, and axial spacing is in (A) 0.2 um and in (B) sequentially 0.1 um (10 ym around the glass/solution border), 1 um (for adjacent 45 ym) and
5 pm (for adjacent 200 pm).To give an impression on the computational load: The analysis of the data from (B) took about 3 minutes using a scripting
language (MATLAB) on a good equipped office calculator (Intel Core i7 3.2GHz 64 bit system with 32 GB). An analysis of the data from (A) using the SIP
approach published by Brakenhoff et al. can be found in S2 Fig.

doi:10.1371/journal.pone.0134980.g002
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Fig 3. Using section imaging property parameters to optimize microscope system settings. To estimate the correction collar setting at a Zeiss LSM
510 confocal microscope, a series of eSIP measurements can be used to define the influence on single eSIP parameters. (A) 2d plot of the intensity
parameter for correction collar settings of a 40x/1.2 W C-Apochromat (Zeiss) ranging from 0.14 to 0.19 obtained at a wavelength range from 500 nm to 740
nm with pinhole setting 1.0 AU is shown. The data is derived from a 115 x 115 pm centre region of each plane. Although using an Apochromat the emission
wavelength dependency is evident in this measurement. However the optimal settings can easily be found. In analogue fashion the influence of the
correction collar was analysed based on the wgyy parameter (B). Interestingly, there is no wavelength dependency for this parameter. Analysing the
collimator setting in a lux-FRET paradigm with two different excitations at a Zeiss LSM 780 utilizing a 40x/1.2 W C-Apochromat objective revealed different
optimal settings in respect to the observed parameter (C and D). In contrast to an optimization according to the maximal intensity (black), we found a different
optimal setting, when the axial position difference between first (440 nm) and the second excitation (488 nm) is measured (red). For the collimator setting
series we tested the solution-based approach (C) as well as the Argolight calibration slide (D).

doi:10.1371/journal.pone.0134980.9003

order term is used to describe the distortion (0 = linear). The difference in distortion is found
by comparing the crossing points of the two excitation channels.
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Results
From layer to solution

The main advantages of a thin homogeneous fluorescent layer for the determination of micro-
scope performance include its long term stability, optical stability, and its intuitive axial inten-
sity profile which is easy to describe mathematically. Contrary to that, fluorescent dye
solutions need to be freshly prepared and need to be protected from evaporation. Dye mole-
cules tend to precipitate at the cover slip surface, and can neither be used for dipping lenses nor
for “pseudo-sectioning” microscopes like slit-scanning and spinning disk confocal microscopy.
Finally, the computational cost to numerically fit the error function is significantly higher.
However, a fluorescent dye solution offers essential advantages over a thin homogeneous fluo-
rescent layer: it can be easily prepared in reproducible manner and can contain a well-con-
certed set of dyes to cover the whole spectrum of interest, so that the system calibration can be
performed for multiple excitation and emission channels simultaneously, depending on the
experimental interest. Moreover, synthetic dyes used for fluorescence labelling can be further
used for the preparation of the calibration solution, which in combination with known concen-
trations enables a more precise quantitative comparison. In addition, the intensity profile in
the solution contains dye-specific information about the correct adjustment of the correction
collar and refractive index mismatch.

Comparing the eSIP approach for a confocal microscopy system using a spin coated fluores-
cent layer and a solution-based fluorescein sample eSIP parameters show values in comparable
ranges and distributions (Fig 2). In the depicted comparison only one emission channel (centre
wavelength 527 nm) is used. Charts were imaged using the same detector gain of 700 V, which
in turn leads to similar conversion factors shown in the 'Var over Mean' plot calculated as the
slope of the linear fit (527 and 511 DL/photon) [20]. However, the regression coefficients R?of
the linear fits do differ. The reduced R* of 0.64 for the solution-based sample might be due to the
higher amount of intense pixels within the solution. In the z-Profile plot the axial intensity distri-
butions are shown for 5 exemplary bins (depicted in the schematic legend). The noise charged
profiles seen in the z profile plot of Fig 2 still lead to a good data outcome. This clearly shows one
of the advantages of the eSIP approach, were parameters are received from a fit. The intensity
value A itself cannot be compared since different sample types are used. However, the distribu-
tion of the amplitude visualizes insights in the optical calibration. z, clearly depends on the sam-
ple flatness itself and the sample holder adjustment; the direct comparison can indicate holder
specific properties. The values for z, do differ in the origin but show the same range. Since
FWHM for layer and the steepness parameter for solution are analogous, both predict the axial
resolution wpyw . In the comparison of layer and solution the axial resolution is worse for the
layer, which in fact is expected for the use of a water immersion objective for the mounted layer
sample. The offset I, shows background information in the field of view, resembling either opti-
cal perturbations or calibration sample inhomogeneities—a direct comparison of the two samples
is not possible. The skewness of the layer profile s as well as the length constant LC of the solu-
tion can indicate refractive index mismatches. In case of solution, dye concentration dependent
reabsorption can also influence the length constant LC (see S1 Fig). The last parameter, the
Lorentz-Gauss fraction m;, which describes the beam profile homogeneity of the back aperture
with a value 0 for a perfectly homogenous beam in the back aperture (axial Gauss profile in the
sample plane) and value 1 for a gauss shaped beam profile in the back aperture, does not show a
comparable distribution. Nonetheless, the Lorentz-Gauss fraction values are in a comparable
range of around 0.65 for the chosen microscope setup. Some of the parameters (especially
wrwas Lo and my) do appear noisy. This is due to the elected low fluorophore concentrations.
By acquiring higher number of photons much better signal to noise ratios can be obtained
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(compare S1 Table and S3 Fig). This can be achieved by increasing laser power, acquisition time
or fluorophore concentration. The latter however will especially for the solution-based sample
lead to reabsorption effects and will reduce the penetration depth, which in turn leads to a
decreased length constant LC (see S1 Fig). Taken together, the solution-based sample indeed rep-
resents a suitable alternative to the spin-coated layer. Although some differences in outcome still
exist, the eSIP calibration using solution can be easily conducted in reproducible manner.

Application of the eSIP approach

The eSIP approach can be employed to characterize complex microscopic setups and their optical
properties and capabilities for quantification approaches. The information obtained can then be
used for setup adjustment and calibration. The most obvious adjustment options which benefit
from the eSIP approach include correction collar, collimator, check for pinhole alignment and
optimisation of the sample holder. For the latter the axial position parameter can be directly uti-
lized for mechanical correction of the sample holder. Correction collar and collimator can be
adjusted after analysis of an eSIP measurement series at various correction collar and collimator
settings. To illustrate the capabilities and relevance of the eSIP approach, Fig 3 shows representa-
tive measurement sets to adjust correction collar (Fig 3A and 3B) and collimator (Fig 3C). In
these adjustments the utilized eSIP parameter can vary dependent on the system, the dedicated
experiments or the notion of the operator. The most reasonable parameters for this task are inten-
sity A and the axial resolution wgy s but also the axial position z, is of interest here. In particu-
lar, if different channels are used for ratiometric approaches, perfect overlap of the axial profiles is
crucial. In case of correction collar adjustment using the solution-based approach surprisingly we
found a clear emission wavelength dependency at the maximal intensity using a C-Apochromat
63x/1.2 W objective from Zeiss (Fig 3A). Observing wrywas we did not find any wavelength
dependency (Fig 3B). Thus optimal settings for intensity and axial resolution do not coincide and
the optimal setting clearly depends on the experimental need. The wavelength dependency for the
maximal intensity impressively shows the importance of matching refractive indices for confocal
microscopy. The eSIP approach allows finding the optimal setting, according to the experimental
requirements, e.g., the emission channel chosen. The adjustment of the collimator setting (which
is typically required only for 'invisible' laser lines) was performed for the alternating excitation
with two laser lines [21], which is the basic concept of quantitative linear unmixing Forster reso-
nance energy transfer (lux-FRET). In case of 440 nm / 514 nm excitation, which is a standard
regime for Cyan and Yellow fluorescent protein like FRET pairs, the 440 nm collimator has to be
adjusted to match z, of the 514 nm excitation [22]. In contrast to the standard adjustment
approach according to maximal intensity, we additionally analysed the axial positions of the emis-
sion channels at 440 and 514 nm excitation and plotted the difference of z, (Fig 3C and 3D) for a
representative emission channel, as no differences in z, was found for different emission channels.
In the case of the solution-based approach, the two eSIP parameters did show a clear difference in
optimal collimator setting: 0.132 AU and 0.186 AU for A and z, difference, respectively. In sum-
mary, these results demonstrate that the eSIP approach can easily be used to optimize microscope
settings. However, experimental needs may lead to different optimal values.

Comparing setups

We could show that the eSIP approach can be used to characterize optical sectioning properties
of a microscope system and can also be utilized to adjust system settings. In addition, the use of
the eSIP approach can facilitate the comparison of experimental results from different micro-
scope setups. Our goal was to provide a tool to allow the comparison of quantitative measure-
ments from different setups and thus to allow for standardization in the field of quantitative
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Table 1. Comparison of eSIP parameters using different objectives at a Zeiss LSM 780.

Objective A? [photons] Wewhm [UM] LC [mm™]
10x/0.30 EC Plan-Neofluar 6.86+1.0 1524 +1.7 0.34 £ 0.08
20x/0.8 Air Plan-Apochromat 6.39 + 0.43 3.10 £ 0.49 2.64 +0.27
40x/1.20 W C—Apochromat 1.11 £0.11 1.61+£0.22 0.12 £ 0.08
63x/1.40 Oil DIC Plan—Apochromat 0.32 £ 0.06 0.75+£0.24 9.52 + 0.47

Measurements are conducted using the solution-based calibration sample and an excitation at 440 nm with 5% laser power and pinhole setting 0.5 AU.

& A: Amplitude or maximal intensity. The differences in intensity also originate from the big differences in the field of view. Same settings for the zoom
result in following field of view sizes. 10x: 1417x1417 pm, 20x: 708x708 pum, 40x: 354x354 um, 63x: 225x225 um. All data were measured using 512x512
pixels resulting in different pixel sizes.

doi:10.1371/journal.pone.0134980.t001

microscopy. To elucidate the potentials of the eSIP approach we prepared a series of measure-
ments with different objectives at the same microscope.

The results of the eSIP application were obtained at a Zeiss LSM 780 and are summarized
for various objectives in Table 1. According to the objectives’ magnification and numerical
aperture, in these measurements different field of views were observed, and the number of col-
lected photons per pixel varied according to the size of the confocal volume. For example, the
10x/0.30 EC Plan Neofluar objective is able to collect a significant higher number of photons
compared to the 40x/1.2 W C-Apochromat objective since its confocal volume is much larger.
The axial resolution wrwas of the optical system is in a comparable range with theoretical res-
olution taking into account the NA and pinhole settings. In case of the length constant (LC)
application of water as an immersion media (40x) does not impair the LC value within the
water-based fluorescent solution. In contrary, acquiring the z-stack of the aqueous fluorescent
solution with the 63x oil immersion objective gives a significant drop of intensity of about 61%
at 100 pm penetration depth, which is caused by the substantial refractive index mismatch and
represented by a high LC parameter.

Taken together our novel eSIP approach could be used to obtain detailed characteristics of
the given setup which then in turn can be used to compare quantitative results.

A possible alternative to layer and solution

Although the preparation of a fluorescent solution-based standard reduces technical effort
compared to the production of a thin fluorescent layer, the effort to create a defined standard
for calibration could still be improved by a highly standardized alternative that is commercially
available. Several aspects should be taken into consideration. The calibration sample has to be
highly stable over time in order to allow for quantitative comparison of different experiments.
Moreover, the manufacturing of calibration samples must be highly reproducible over various
product charges to allow for the comparison between different laboratories. The so far only
commercially available product which addresses to fulfil the requirements mentioned above (e.
g, the production is standardized and the long term stability of fluorescence is guaranteed for
five years) is the Argolight calibration slide. We therefore evaluated an ARGO-M slide (stan-
dard version of mid 2014) [23] for its calibration properties and its usability for the eSIP layer
approach. These slides contain different line-style patterns imprinted into the slide (http://
argolight.com/argo-m-standard-slide/). The basic element of all the structures within the cali-
bration sample is a tube section whose diameter is about 600 nm, length about 4 ym (FWHM)
and wall thickness about 250 nm (S4 Fig). This resembles a very complex axial profile. Scan-
ning through the object is not analogous to a homogeneous fluorescent layer sample; it is better
approximated by the convolution of a rather large structure, which increases intensity with

PLOS ONE | DOI:10.1371/journal.pone.0134980 August 5, 2015 11/19


http://argolight.com/argo-m-standard-slide/
http://argolight.com/argo-m-standard-slide/

eSIP for Microscope Calibration

Pl o] T

Fourier analysis in X direction

| Horizontal scan J Vertical scan

D U u ¢
L

=6 = =) 0 ) 4 § =5 = = 0 2 4 6
Frequency [um-1]

Fig 4. Moiré artefacts using structured calibration samples. Example images of maximum projections, taken from a structured non-homogenous layer
(Argolight calibration sample). The depicted images show the same field of view of a vertical grid structure (the “homogenous pattern” of the Argolight slide),
which were either scanned perpendicular to the grid (A-D) or in a parallel fashion (E-H) with a decreasing pixel size (increasing number of pixels). A Fourier
analysis in x direction of the images (I and J) reveals several instances of moiré artefacts (arrow) in addition to the frequency of the grid itself (arrow head). At
low resolution (A and E), these artefacts are dominating the images; the grid structure itself becomes invisible.

doi:10.1371/journal.pone.0134980.g004

increasing tube length. Since the structures provided are available at a defined length between 4
and 10 pm, the z-profile of the structure used requires additional fit models. All calibration
structures are built up by these tubes and its line shape representative, a double line. Thus, even
the tightest structures aligned like a fluorescent square were not recognized as homogeneous
under standard confocal conditions. While testing this non-homogenously striped structure as
a potential alternative for a thin fluorescent layer, we observed Moiré artefacts, derived from
lateral frequency differences between the structure width and the 'pixel width' of the point
scanning confocal microscope, similar to a beating (Fig 4). More specifically, the Moiré effect is
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Fig 5. Gaining information on X and Y from a commercially available calibration sample. Neither the
layer- nor the solution-based eSIP approach provide information about the lateral imaging properties.
Utilizing defined fluorescent structures makes it possible to describe aberrations in these dimensions, too.
The grid structure on the commercially available Argolight slide was imaged using two excitation wavelength
(440 nm and 488 nm) and maximized field of view (A). The analysis of this grid structure revealed strong
distortions which can be quantified using second order polynomial fits. To depict this aberration, the second
order term (multiplied with 10°) is shown next to the corresponding fit (white lines) for the first excitation (B).
The difference in the two excitations is depicted in C as vectors at the position of grid crossings reflecting the
direction and the size of the shift (the size of the arrows are multiplied by 100 for visibility).

doi:10.1371/journal.pone.0134980.g005

more pronounced when the pixel size is similar to the line period, i.e. about 600 nm, for a scan-
ning parallel to the lines.

Although the ARGO-M slide we tested is not an optimal sample for the eSIP approach as it
is, the ARGO-M slide with its defined structures can be utilized easily to include an evaluation
of lateral aberrations (Fig 5): the distortion can be quantified by a polynomial fit (second
order) to estimate the linearity of the grid structure. A clear distortion towards the outer areas
of the field of view is evident (Fig 5B). Comparing the grid structure upon excitation at differ-
ent wavelengths clearly demonstrates that the aberrations obtained in this optical system are
wavelength-dependent (Fig 5C).
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Further, the current ARGO-M substrate is specified with a refractive index of 1.60 at 589
nm. In order to correct for the refractive index mismatch, the structures are placed at a 'com-
pensating' z-level (personal communication). Still, the ARGO-M is a perfect tool to simply
visualize lateral aberrations, which is not possible with the SIP calibration samples thin fluores-
cent layer and fluorescent solution.

Discussion
The extended SIP approach

Brakenhoff et al. [9] introduced a powerful tool for the calibration of optical sectioning micro-
scope setups using thin fluorescent layers. This approach is based on the characterization of
the axial profile observed, leading to an intuitive analysis with low computational effort. It was
developed further [10, 11] and was applied successfully in a number of publications [24-27]. In
order to make this approach available for the researcher, an Image]J plugin has been made avail-
able at https://sils.fnwi.uva.nl/bcb/sipcharts/SIPchart.html. With the eSIP approach we now
significantly extend this idea by (I) introducing a fit approach and (II) using fluorescent solu-
tion as calibration sample, thus we provide a more general application. In cases where varia-
tions due to noise and effects caused by inhomogeneous back aperture illumination cannot be
neglected, applying the fitting approach allows to obtain eSIP parameters with at least similar
accuracy compared to the SIPchart approach. Analysing toy data which show comparable vari-
ations in fit parameters as shown in Fig 2 illustrates the accuracy dependence with photon
number for both approaches whereas the fit approach lead to better results for the used input
parameters (S1 Table and S3 Fig). Using the eSIP approach, fitting different distribution pro-
files is possible like the profiles generated from spin coated fluorescent layers and fluorescent
solutions. In addition, the back aperture is characterized for illumination homogeneity, eSIP
charts provide multiple parameters characterizing the optical and technical properties of the
microscope setup. In addition to the evaluation of the axial intensity profiles for each pixel bin,
its variance is used as described in the methods part to obtain the conversion factor from pho-
tons to digital levels. In Fig 2 we presented two exemplary eSIP charts demonstrating that the
solution approach provides a similar quality as the layer approach. With the help of the inten-
sity distribution map, illumination inhomogeneities are visualised. The alignment of the optical
system is reflected by a centred and symmetric intensity profile, which can be used as a field-
normalisation in data analysis [10]. Complementing the intensity map, the axial resolution
map serves best to describe optimal microscope settings and allows for correction collar and
collimator adjustment (Fig 3). The axial position describes the orientation of the sample in the
field of view. Big tilts of the sample plane will also lead to artefacts like distortions with the lat-
eral resolution. In the present study we obtained differences in axial position of about 1 pmina
field of view. Assuming a perfectly flat cover slip surface this reflects a tilt of 300 pm in a 10 cm
sample holder, a value which is not easy to be optimised in most available sample holders. In
addition to the sample holder correction, the axial position parameter can be also used as an
alternative to the intensity and the axial resolution to optimize settings for best confocal over-
lap when measuring with different excitation wavelength (Fig 3C and 3D). This is obligatory
for pixel-based, quantitative imaging approaches, like in experiments using FRET-based bio-
sensors [22], ratiometric indicators, colocalization analysis, and other ratiometric approaches.
The skewness parameter (available for the thin fluorescent layer) will show refractive index
mismatches [28] or a correction collar that is not optimally adjusted [29], both would lead to
wrong depth interpretations and dramatically reduced penetration depth [28, 30]. In the solu-
tion-based approach where we did not include skewness, the refractive index mismatches can
be noticed even easier by the LC. If the correction collar is perfectly adjusted and the refractive
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indexes do match, a value of zero for the LC is expected [31] and can also be found in the data
presented. The LC parameter however is also affected by high fluorophore concentrations (due
to reabsorption and scattering in the media). The Lorentz-Gauss fraction, which is novel for
this eSIP approach describes the illumination of the back aperture. A Gaussian distribution
(m = 0) in the axial profile of the sample stands for a homogenously illuminated back-aperture
whereas a Lorentzian distribution (m; = 1) will be created by illumination with a Gaussian
beam profile [32]. The data presented clearly show that a homogenously illuminated back aper-
ture and thus a Gaussian axial profile of the calibration samples cannot be found (Fig 2).
Assuming that the microscope manufacturers try to find the best compromise for various con-
figurations, a homogeneous back aperture profile can only be realized by massive over-illumi-
nation of the back-aperture. In such cases, only a fraction of the excitation laser energy would
be transferred through the objective. For example, Zeiss allows for back-aperture filling only in
FCS mode, called pupil filling factor. Leica allows for a 6 fold over-illumination.

The solution-based eSIP approach

The transition from a thin fluorescent layer-based calibration sample towards a solution-based
approach has a couple of advantages as well as some minor disadvantages. A solution-based
sample is easy to created, and it is easy to optimize for the experimental need (fluorophore,
multicolour sample, dilution series, etc.). However, some fluorescent dyes tend to precipitate in
aqueous solutions at the cover slip, which should be avoided. It is of course possible to include
this precipitation into the fit models, but it would increase the computational effort and would
introduce additional fit parameters which reduces the accuracy of other parameters, because
the degrees of freedom are increased. Further, evaporation of the sample solution has to be
avoided, as this will change fluorophore concentration over time. A major concern is that the
solution-based approach will not work for ‘semi’-confocal optical sectioning microscopes with
certain cross-talk (e.g., Spinning Disc) or for concepts like structured illumination [33]. Never-
theless, until now adequate thin fluorescent layers are not available commercially and are quite
difficult to manufacture as they require experience in spin-coating [6, 13]. The solution-based
sample gives the opportunity to always create a fresh calibration sample using optical density
measurements to overcome bleaching or evaporation effects. This enables not only the compar-
ison over time but also at different places using different calibration samples with comparable
characteristics. In the solution-based approach, the eSIP skewness parameter s was not intro-
duced; refractive index mismatches, however, can be perfectly noticed by the LC parameter,
which can be interpreted as the penetration depth of the imaging system.

In our study, we were also able to evaluate a commercial calibration sample provided by
Argolight in the context of the eSIP approach [23]. Although it did not fully match the require-
ments for our eSIP approach, we think it could be a good approach for the assessment and cali-
bration of lateral imaging features in microscope systems. We suggest a state-of-the-art general
standard of microscope calibration routine should be a combination of the eSIP approach with
a calibration routine that provides information on the X and Y resolution and aberration. This
could be a bead-based routine [3] or a novel approach using defined fluorescent structures to
include field-dependent information (compare Fig 4) like the Argolight slide [23]. An ideal cal-
ibration sample for a combined approach would be a glass surface with a defined grid engrav-
ing overlaid by fluorescent solution. By this, one could easily combine our eSIP approach with
the possibility of obtaining field-dependent lateral information. Only in combination and on a
regular base it will be possible to develop a complete comprehension of the microscopic system
and to optimise the system for the experimental need, which is a requirement for pixel-based,
quantitative microscopy.
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Supporting Information

S1 Fig. Effects of fluorophore concentration on the length constant LC. Axial profiles from
eSIP measurements of fluorescein solution with different concentrations (A-C). The concen-
trations are derived from a diluted stock solution (1:1000, 1:100 and 1:10) and fluorophore
density is measured using a fluorescence spectrometer (OD). As fluorophore density increases,
the LC parameter increases accordingly. An analysis of the fluorescence emission spectrum for
different z-positions of the 1:10 solution shows a clear reabsorption effect (D). The deeper the
penetration, the stronger short wavelength parts of the emission spectra are reabsorbed. This
leads to a spectral shift as emission light is postfiltered by excitation of the fluorophore. The
depicted spectra are normalized for the wavelength range 560-580 nm.

(EPS)

S2 Fig. SIPchart of the layer data using the SIPchart Image]J plugin. SIPchart generated with
the Image] plugin from Norbert Vischer based on the SIPchart approach published by Brake-
nhoff et al. The data used for this analysis is identical with the layer data presented in Fig 2A.
In general, the plugin produces comparable results but a reduced parameter set. The plugin uti-
lizes a bin of 8x8 pixels reducing noise and spatial resolution. The intensity values are most
likely derived from a conversion from 16 to 8 bit and reflect digital levels.

(PNG)

S3 Fig. Toy data-Accuracy and Precision, obtained by the SIPchart lookup approach and
the eSIP fit approach. Figures represent the accuracy (black) as deviation of the mean from
input parameter and the precision (red) as standard deviation (STD) of parameters obtained
from toy data (S1 Table). The scaling is adjusted for each plot to allow direct comparison of
accuracy and precision. (A) Intensity errors are provided as relative error. The SIPchart lookup
approach provides too high mean intensities at low photon numbers but slightly lower at high
photon numbers. At the later condition, however, the accuracy is within one STD. The fit
approach for layer and solution provides increasing accuracy with increasing intensity (photon
number). The decrease of the STD with photon number follows power law in all cases. In case
of the layer the used input parameters both approaches give comparable STD of maximum
intensity. Using the solution sample seems to be more precise in this case, which might be due
to the number of intense data points. (B) The accuracy of FWHM gets improved with increas-
ing intensity. The SIPchart lookup approach converges to a slightly too high FWHM for the
used input parameters. The deviation, however, is still within one STD. Similar to the relative
STD of the intensity the precision of the fitted FWHM follows power law. (C) The axial posi-
tion can be obtained with very high accuracy for all methods compared to the used z-spacing,
which was 0.2 um for the layer and 0.1 pum for solution. Due to the concept of the layer, where
two edges are used for z, determination, especially at low photon numbers the accuracy is
notoriously better than the solution approach with only one edge for z, determination. For the
lookup concept, the precision of z, highly depends on the z-spacing. Therefore, contrary to the
eSIP fit approach, also at very high intensity levels the STD of z, does not further improve. (D)
The STD of the offset (I,) for the SIPchart lookup approach mainly depends on the number of
values not influenced by the layer. This can be optimized to receive comparable STD compared
to the eSIP fit approach, if required. (E) To compare the skewness parameter of both layer
approaches with different conditions we calculated the lookup skew values from noise free
Gauss profiles calculated by Eqs 1 and 2. The conversion factor is of about -2 (skew = -2*s) for
a wide range of skew values and is used to convert the SIPchart skew values in F. (F) The
obtained variation in the skewness parameter reveal the relative poor accuracy of the skewness
parameter, also in the eSIP fit approach. For a relative STD of 100% an intensity of more than
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20 photons (peak intensity) are required. Due to the z spacing the SIPchart lookup approach
never reaches 100% STD for the chosen input parameters.
(EPS)

S4 Fig. Representation of the basic structuring element of the Argolight slide. Three dimen-
sional illustration of the basic structuring element from the Argolight slide. In this illustration,
the cigar-like tubular shape is visible. The image stack was acquired from the stair-like struc-
ture on the calibration slide using a Zeiss LSM 780 confocal microscope and the Plan-Apochro-
mat 63x/1.40 Oil objective at an excitation wavelength of 440 nm. The image stack was
evaluated, and the illustration was created using Bitplane Imaris software.

(EPS)

S1 Table. Toy data—Mean and standard deviation, obtained by the SIPchart lookup
approach and the eSIP fit approach. To estimate the error of the fit parameters and to com-
pare the eSIP fit approach with the SIPchart lookup approach we generated toy data by calcu-
lating gauss profiles (Eq 1) for layer and intensity profiles according to Eq 5 for solution.
Maximal photon counts varying from 1 to 1000 photons and applying the corresponding Pois-
son noise and an additional Gaussian noise corresponding to the readout noise of the Zeiss
LSM Quasar detector at detector gain 700 was applied. The following parameters have been
used: data points layer (z), from -10 to +10 um with 0.2 pm spacing; data points solution (z),
from -5 to +5 pum with 0.1 pm spacing, from 6 to 50 um with 1 pm spacing, from 55 to 200 pm
with 5 pm spacing (same as in solution experiments); FWHM (wgywpas), 1 pm; axial position
(20), 0 pm; offset (1), 500 DL; photon conversion factor, 500 DL/photon, layer: skewness (s),
-0.025, solution: length constant (LC), 0. We introduced an additional variation in the axial
position (z,) to avoid permanent coincidence of Gauss maximum and half-maximal values
with pixel bins. In correlation to the settings in the presented work a 4x4 bin was used for anal-
ysis. Mean values and standard deviation (STD) were obtained from 500 simulations per inten-
sity level. For the intensity (A) relative errors are provided as STD/mean. The error
dependence with photon number is illustrated in S3 Fig. SIPchart lookup approach, layer:
The Intensity (A) was found by searching for the brightest value. Since the z spacing is rather
small compared to FWHM, A is notoriously too high at low photon counts. Contrary, for high
photon counts it is too low. FWHM was determined by a line approximation between most
outlaying data points above and the neighbouring data points below half maximal value. The
axial position was found as the position of maximal intensity, so the accuracy directly correlates
with z spacing. The offset value was estimated as average from ten values most distant from z,,.
The skewness was obtained (according to [11]) as skew = (b-a)/(a+b) (compare S3 Fig F),
which deviates from the eSIP approach definition Eq 2 by a factor of about -2. eSIP fit
approach, layer: Parameters were obtained by fitting Eq 1 to the toy data. The look up parame-
ter were used as start parameters for the fit. As expected, an improvement of the accuracy and
lower standard deviations of the fit parameters were obtained. eSIP fit approach, solution:
Parameters were obtained by fitting Eq 5 to the toy data. The length constant LC was not fitted.
The accuracy as deviation of the mean from the input parameter and the precision in terms of
STD are illustrated in S3 Fig. Unless toy data are only provided for one most relevant parame-
ter set, this demonstrates the quality of all approaches, whereas the eSIP fit approach for solu-
tion reaches at least results of the same quality as the SIPchart approach for layer.

(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0134980 August 5, 2015 17/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134980.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134980.s005

@’PLOS ‘ ONE

eSIP for Microscope Calibration

Acknowledgments

We thank Dr. ]. Zwier for providing us a spin coated thin fluorescent layer. We thank Arnaud
Royon and Argolight SA, Institut Optique d’Aquitaine, Talence, France, for generously provid-
ing the Argolight calibration slide for testing.

Author Contributions

Conceived and designed the experiments: AZ AW. Performed the experiments: MB AW. Ana-
lyzed the data: MB AW AZ. Wrote the paper: MB AW EP AZ.

References

1.

10.

11.

12
13.

14.

15.

16.

17.

Waters JC, Wittmann T. Chapter 1—Concepts in quantitative fluorescence microscopy. In: Wittman
JCWaT, editor. Methods in cell biology. Quantitative Imaging in Cell Biology. 123: Academic Press;
2014.p. 1-18. doi: 10.1016/B978-0-12-420138-5.00001-X PMID: 24974019

Cole RW, Jinadasa T, Brown CM. Measuring and interpreting point spread functions to determine con-
focal microscope resolution and ensure quality control. Nat Protoc. 2011; 6(12):1929—41. doi: 10.1038/
nprot.2011.407 PMID: 22082987.

Theer P, Mongis C, Knop M. PSFj: know your fluorescence microscope. Nat Methods. 2014; 11
(10):981-2. doi: 10.1038/nmeth.3102 PMID: 25264772.

Zucker RM, Lerner JM. Wavelength and alignment tests for confocal spectral imaging systems. Microsc
Res Tech. 2005; 68(5):307—19. doi: 10.1002/jemt.20249 PMID: 16315239.

Zucker RM, Rigby P, Clements I, Salmon W, Chua M. Reliability of confocal microscopy spectral imag-
ing systems: use of multispectral beads. Cytometry Part A: the journal of the International Society for
Analytical Cytology. 2007; 71(3):174—89. doi: 10.1002/cyto.a.20371 PMID: 17266146.

Zwier JM, Van Rooij GJ, Hofstraat JW, Brakenhoff GJ. Image calibration in fluorescence microscopy. J
Microsc. 2004; 216(Pt 1):15-24. doi: 10.1111/].0022-2720.2004.01390.x PMID: 15369479.

Hng KI, Dormann D. ConfocalCheck—a software tool for the automated monitoring of confocal micro-
scope performance. PLoS One. 2013; 8(11):€79879. doi: 10.1371/journal.pone.0079879 PMID:
24224017; PubMed Central PMCID: PMC3818239.

Cole RW, Thibault M, Bayles CJ, Eason B, Girard A-M, Jinadasa T, et al. International Test Results for
Objective Lens Quality, Resolution, Spectral Accuracy and Spectral Separation for Confocal Laser
Scanning Microscopes. Microscopy and Microanalysis. 2013; 19:1653-68. doi: 10.1017/
S1431927613013470 PMID: 24103552

Brakenhoff GJ, Wurpel GW, Jalink K, Oomen L, Brocks L, Zwier JM. Characterization of sectioning fluo-
rescence microscopy with thin uniform fluorescent layers: Sectioned Imaging Property or SIPcharts. J
Microsc. 2005; 219(Pt 3):122—-32. doi: 10.1111/j.1365-2818.2005.01504.x PMID: 16176252.

Zwier JM, Oomen L, Brocks L, Jalink K, Brakenhoff GJ. Quantitative image correction and calibration
for confocal fluorescence microscopy using thin reference layers and SIPchart-based calibration proce-
dures. J Microsc. 2008; 231(1):59-69. doi: 10.1111/].1365-2818.2008.02017.x PMID:
WOS:000257494800007.

Zwier JM, Brakenhoff GJ, Savenije MSM, Pasierbek P, Paiha K. Sectioning Imaging Property (SIP)
Charts. Imaging and Microscopy. 2006; 8(2):54—7. doi: 10.1002/imic.200790043

Weigel A. Quantitation Strategies in Optically Sectioning Fluorescence Microscopy [PhD thesis]2009.

Schrader M, Hofmann UG, Hell SW. Ultrathin fluorescent layers for monitoring the axial resolution in
confocal and two-photon fluorescence microscopy. J Microsc. 1998; 191(2):135-40. PMID: 9767476.

Qian H, Sheetz MP, Elson EL. Single particle tracking. Analysis of diffusion and flow in two-dimensional
systems. Biophys J. 1991; 60(4):910-21. doi: 10.1016/S0006-3495(91)82125-7 PMID: 1742458;
PubMed Central PMCID: PMC1260142.

Armstrong BH. Spectrum line profiles: the Voigt unction. Journal of Quantitative Spectroscopy and
Radiative Transfer. 1967; 7:61-88.

Wertheim GK. Determination of the Gaussian and Lorentzian content of experimental line shapes.
Review of Scientific Instruments. 1974; 45(11):1369. doi: 10.1063/1.1686503

Ida T, Ando M, Toraya H. Extended pseudo-Voigt function for approximating the Voigt profile. Journal
of Applied Crystallography. 2000; 33:1311-6. doi: 10.1107/S0021889800010219 PMID:
WOS:000165488200002.

PLOS ONE | DOI:10.1371/journal.pone.0134980 August 5, 2015 18/19


http://dx.doi.org/10.1016/B978-0-12-420138-5.00001-X
http://www.ncbi.nlm.nih.gov/pubmed/24974019
http://dx.doi.org/10.1038/nprot.2011.407
http://dx.doi.org/10.1038/nprot.2011.407
http://www.ncbi.nlm.nih.gov/pubmed/22082987
http://dx.doi.org/10.1038/nmeth.3102
http://www.ncbi.nlm.nih.gov/pubmed/25264772
http://dx.doi.org/10.1002/jemt.20249
http://www.ncbi.nlm.nih.gov/pubmed/16315239
http://dx.doi.org/10.1002/cyto.a.20371
http://www.ncbi.nlm.nih.gov/pubmed/17266146
http://dx.doi.org/10.1111/j.0022-2720.2004.01390.x
http://www.ncbi.nlm.nih.gov/pubmed/15369479
http://dx.doi.org/10.1371/journal.pone.0079879
http://www.ncbi.nlm.nih.gov/pubmed/24224017
http://dx.doi.org/10.1017/S1431927613013470
http://dx.doi.org/10.1017/S1431927613013470
http://www.ncbi.nlm.nih.gov/pubmed/24103552
http://dx.doi.org/10.1111/j.1365-2818.2005.01504.x
http://www.ncbi.nlm.nih.gov/pubmed/16176252
http://dx.doi.org/10.1111/j.1365-2818.2008.02017.x
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000257494800007
http://dx.doi.org/10.1002/imic.200790043
http://www.ncbi.nlm.nih.gov/pubmed/9767476
http://dx.doi.org/10.1016/S0006-3495(91)82125-7
http://www.ncbi.nlm.nih.gov/pubmed/1742458
http://dx.doi.org/10.1063/1.1686503
http://dx.doi.org/10.1107/S0021889800010219
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000165488200002

@’PLOS ‘ ONE

eSIP for Microscope Calibration

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lee KC, Siegel J, Webb SE, Leveque-Fort S, Cole MJ, Jones R, et al. Application of the stretched expo-
nential function to fluorescence lifetime imaging. Biophys J. 2001; 81(3):1265-74. doi: 10.1016/S0006-
3495(01)75784-0 PMID: 11509343; PubMed Central PMCID: PMC1301608.

Siegel J, Elson DS, Webb SE, Lee KC, Vlandas A, Gambaruto GL, et al. Studying biological tissue with
fluorescence lifetime imaging: microscopy, endoscopy, and complex decay profiles. Appl Opt. 2003; 42
(16):2995-3004. PMID: 12790450.

Lidke KA, Rieger B, Lidke DS, Jovin TM. The role of photon statistics in fluorescence anisotropy imag-
ing. IEEE transactions on image processing: a publication of the IEEE Signal Processing Society.
2005; 14(9):1237-45. doi: 10.1109/TIP.2005.852458 PMID: 16190460.

Wilodarczyk J, Woehler A, Kobe F, Ponimaskin E, Zeug A, Neher E. Analysis of FRET signals in the
presence of free donors and acceptors. Biophys J. 2008; 94(3):986—1000. doi: 10.1529/biophysj.107.
111773 PMID: 17921223; PubMed Central PMCID: PMC2186232.

Prasad S, Zeug A, Ponimaskin E. Analysis of receptor-receptor interaction by combined application of
FRET and microscopy. Methods in cell biology. 2013; 117:243-65. doi: 10.1016/B978-0-12-408143-7.
00014—1 PMID: 24143982.

Royon A, Papon G. Calibration of Fluorescence Microscopes—A New Durable Multi-Dimensional
Ruler. Imaging and Microscopy. 2013.

Antonini A, Liberale C, Fellin T. Fluorescent layers for characterization of sectioning microscopy with
coverslip-uncorrected and water immersion objectives. Opt Express. 2014; 22(12):14293-304. doi: 10.
1364/0OE.22.014293 PMID: 24977527

Kedziora KM, Prehn JH, Dobrucki J, Bernas T. Method of calibration of a fluorescence microscope for
quantitative studies. J Microsc. 2011; 244(1):101-11. doi: 10.1111/j.1365-2818.2011.03514.x PMID:
21756257.

Model MA, Blank JL. Concentrated dyes as a source of two-dimensional fluorescent field for characteri-
zation of a confocal microscope. J Microsc. 2008; 229(Pt 1):12—6. doi: 10.1111/j.1365-2818.2007.
01880.x PMID: 18173639.

Oomen L, Sacher R, Brocks HHJ, Zwier JM, Brakenhoff GJ, Jalink K. Immersion oil for high-resolution
live-cell imaging at 37° C: optical and physical characteristics. Journal of microscopy. 2008; 232:353—
61.doi: 10.1111/1.1365-2818.2008.02106.x PMID: 19017234

Hell S, Reiner G, Cremer C, Stelzer EHK. Aberrations in Confocal Fluorescence Microscopy Induced
by Mismatches in Refractive-Index. Journal of Microscopy. 1993; 169:391-405. PMID: WOS:
A1993KX70700008.

Schwertner M, Booth MJ, Wilson T. Simple optimization procedure for objective lens correction collar
setting. J Microsc. 2005; 217 (Pt 3):184—7. doi: 10.1111/.1365-2818.2005.01431.x PMID: 15725120.

Besseling TH, Jose J, Blaaderen AV. Methods to calibrate and scale axial distances in confocal micros-
copy as a function of refractive index. J Microsc. 2015; 257(2):142-50. doi: 10.1111/jmi.12194 PMID:
25444358.

Inoué S. Foundations of Confocal Scanned Imaging in Light Microscopy. In: Pawley JB, editor. Hand-
book Of Biological Confocal Microscopy: Springer US; 2006. p. 1-19.

Kuypers LC, Dirckx JJJ, Decraemer WF. A simple method for checking the illumination profile in a laser
scanning microscope and the dependence of resolution on this profile. Scanning. 2004; 26:256-8.
PMID: 15536982

Schropp M, Uhl R. Two-dimensional structured illumination microscopy. J Microsc. 2014; 256(1):23—
36. doi: 10.1111/jmi.12154 PMID: 25113075.

PLOS ONE | DOI:10.1371/journal.pone.0134980 August 5, 2015 19/19


http://dx.doi.org/10.1016/S0006-3495(01)75784-0
http://dx.doi.org/10.1016/S0006-3495(01)75784-0
http://www.ncbi.nlm.nih.gov/pubmed/11509343
http://www.ncbi.nlm.nih.gov/pubmed/12790450
http://dx.doi.org/10.1109/TIP.2005.852458
http://www.ncbi.nlm.nih.gov/pubmed/16190460
http://dx.doi.org/10.1529/biophysj.107.111773
http://dx.doi.org/10.1529/biophysj.107.111773
http://www.ncbi.nlm.nih.gov/pubmed/17921223
http://dx.doi.org/10.1016/B978-0-12-408143-7.00014&ndash;1
http://dx.doi.org/10.1016/B978-0-12-408143-7.00014&ndash;1
http://www.ncbi.nlm.nih.gov/pubmed/24143982
http://dx.doi.org/10.1364/OE.22.014293
http://dx.doi.org/10.1364/OE.22.014293
http://www.ncbi.nlm.nih.gov/pubmed/24977527
http://dx.doi.org/10.1111/j.1365-2818.2011.03514.x
http://www.ncbi.nlm.nih.gov/pubmed/21756257
http://dx.doi.org/10.1111/j.1365-2818.2007.01880.x
http://dx.doi.org/10.1111/j.1365-2818.2007.01880.x
http://www.ncbi.nlm.nih.gov/pubmed/18173639
http://dx.doi.org/10.1111/j.1365-2818.2008.02106.x
http://www.ncbi.nlm.nih.gov/pubmed/19017234
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1993KX70700008
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1993KX70700008
http://dx.doi.org/10.1111/j.1365-2818.2005.01431.x
http://www.ncbi.nlm.nih.gov/pubmed/15725120
http://dx.doi.org/10.1111/jmi.12194
http://www.ncbi.nlm.nih.gov/pubmed/25444358
http://www.ncbi.nlm.nih.gov/pubmed/15536982
http://dx.doi.org/10.1111/jmi.12154
http://www.ncbi.nlm.nih.gov/pubmed/25113075

