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ARTICLE INFO ABSTRACT
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Single molecule localization microscopy

To better understand the interactions between biological molecules, a high optical resolution in all three
dimensions is crucial. The intrinsically lower axial resolution of microscopes however, is a limiting factor in
fluorescence imaging, correspondingly in fluorescence based single molecule localization microscopy (SMLM).
Here, we present a method to improve the axial localization precision in SMLM by combining point-spread-
function engineering with total internal reflection fluorescence (TIRF) fields with decay lengths that vary

within the on-time of a fluorophore. Such time-varying illumination field intensity allows one to extract
additional axial location information from the emitted photons. With this time varying illumination approach,
we show that axial localization is improved two-fold over TIRF-based SMLM using astigmatic PSFs. We
calculate theoretical resolution gains for various imaging conditions via the Cramér Rao Lower Bound (CRLB),
a commonly used metric to compute the best attainable localization precision in SMLM.

1. Introduction

Single molecule localization microscopy (SMLM) has breached the
optical diffraction limit and thereby allowed insights into the features
of sub-cellular structures [1-3]. Although the lateral localization pre-
cision has reached the single-digit-nm level [4], similar axial precision
is needed to unravel the interactions between bio-molecules in a 3D
environment.

Using high numerical aperture (NA) optics combined with point-
spread-function (PSF) engineering [5], the axial resolution is approxi-
mately three times worse than lateral resolution (i.e., typically 15 nm).
At this resolution, for example, the hollow structure of microtubules
is difficult to resolve in 3D [6]. Further improvements using multiple
objectives to record emission interference requires complex instrument
alignment [7], while Forster resonance energy transfer (FRET) and
metal induced energy transfer (MIET) [8] localization require complex
data analysis to overcome low signal-to-noise ratios [9,10]. The use of
illumination patterns in the axial direction [6,11,12] and emitter self-
interference [13] has produced axial resolution improvements with less
exacting experimental setups compared to multiple-objective systems.
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Nevertheless, the aforementioned methods utilize widefield or highly
inclined illumination of the sample, compromising the desirable optical
sectioning that is a crucial aspect for practical application of SMLM in
biologically relevant samples.

The commonly employed methods to achieve sufficient optical sec-
tioning and thereby limiting photobleaching and improving the signal-
to-noise ratio are light sheet microscopy [14,15] and total internal
reflection fluorescence (TIRF) [16]. Light sheet microscopy employs
a narrow sheet of light to selectively illuminate a thin layer of the
sample, typically a few microns in thickness. TIRF microscopy makes
use of the evanescent field produced at the interface of two media
to only excite fluorophores within a depth of 300 nm from the
coverslip. Due to the limited excitation depth, TIRF microscopy has
been primarily used to study events at the cell surface, such as live
cell-cell interactions [17], endo- and exocytosis [18,19], cytoskeletal
dynamics [20], etc. TIRF excitation occurs at the low refractive index
side of an interface when light strikes the high refractive index side at
or above the critical incidence angle (Fig. 1a). Practically, the incident
light beam can propagate via a high-NA objective (Fig. 1b), via prism
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Fig. 1. Schematic of method. (a) Scheme of standard TIRF microscopy where an evanescent field is produced when the illumination angle on the high-refractive index side is
above the critical angle. The illumination evanescent field intensity decays exponentially perpendicular to the interface. For TIRFscan, the TIRF illumination field intensity at the
coverslip or at the glass slide surface is scanned either (b) at the back focal plane of a high-NA objective, (c) via a prism on top of the glass slide, or (d) via waveguides built
into the coverslip or glass slide. (e) The emitted photon counts (red) can then be fitted (blue solid line) according to the decaying TIRF illumination field intensities (shaded blue),
resulting in a better fit for the axial position of the emitter. Different emitters at different z-positions would have different dependencies between TIRF angle and emitted intensity
(blue solid vs. dotted line). Error bars represent typical experimental error in emitter intensity.

coupling [21] (Fig. 1c), or via a waveguide [22] (Fig. 1d). Objective-
type TIRF has the benefit of TIRF excitation and imaging close to
the coverslip, avoiding the through-the-sample focusing that occurs
in prism TIRF. However, the use of objective-type TIRF can result
in non-ideal TIRF fields either due to inaccurate optical alignment
at the back focal plane and/or light scattering through the optical
system involving complex high-NA elements. Residual laser modes also
have a pronounced effect which degrades the TIRF field’s quality and
become amplified via the high NA and high magnification objective
lens [21,23]. Such spurious modes can lead to a mixture of TIRF fields,
decreasing the overall sectioning capability due to the mixture of decay
lengths [24]. Waveguide-based TIRF requires custom sample holders
and coverslips [22], but overall both waveguide-type TIRF and prism-
type TIRF deliver cleaner, more ideal TIRF fields than objective-type
TIRF [21,23,25]. In TIRF microscopy, the illumination field intensity
becomes exponentially smaller along the axial direction, an effect that
depends on the present refractive indices, the excitation wavelength,
as well as the light’s incident angle (see theory section). Therefore,
previous studies exploited the angle-dependence of the illumination
profile to determine the axial positions of fluorophore distributions
via excitation under varying angles [26-29]. Such techniques are com-
monly referenced as variable angle TIRF microscopy [30] and rely
on an a priori calibration model to determine the axial position of
the emission. Recently, in order to combine TIRF microscopy with
the axial localization of single emitters, the modeling and accurate
calibration of illumination and emission intensities [30-32] were used.
In these approaches, the TIRF illumination field intensity is measured
using a calibration sample [30] or the emitted evanescent intensity is
modeled [31,32]. Using this information, measurements of the actual
emitter intensity can provide axial information. However, a disadvan-
tage of this approach is that the calibration measurement conditions
must be the same as that of the specimen.

Here, we introduce a new method to improve the axial localization
precision using TIRF microscopy without the need for calibration sam-
ples or complex customized instrumentation. In terms of hardware it
requires a relatively straightforward modification of a standard TIRF
microscope with astigmatic imaging (whether it be objective-type,
prism-type, or waveguide-type TIRF).

Since the evanescent field at the coverslip arising from TIRF illu-
mination decays at different rates in the z-direction depending on the
incidence angle, the z-location of an emitter can be deduced from its

emission intensity under illumination at different TIRF angles. Com-
bined with conventional astigmatic imaging, the use of a sequentially
changing TIRF field (hereafter called TIRFscan) within the “on” time
of an emitter (i.e., tens to hundreds of milliseconds) roughly doubles
the axial localization precision.

2. Theory

In this theoretical study, we use regular TIRF microscopy with
an astigmatic PSF as a benchmark. We compare how TIRFscan com-
bined with astigmatic imaging versus astigmatic imaging alone perform
in SMLM, with focus on the axial direction. In principle, TIRFscan
can offer precision improvement combined with any suitable axial
localization scheme, including super-resolution imaging without any
PSF engineering. However, for TIRFscan combined with imaging using
Gaussian PSFs alone, the absolute Cramér Rao Lower Bound (CRLB)
can reach infinity close to the focal plane, making it a bad choice for
benchmarking. Therefore, we combine with astigmatic imaging as it is a
simple, robust, and widely used method for axial localization and offers
a suitable benchmark for comparison of axial precision. The comparison
is in terms of the theoretical CRLB, i.e. the theoretical axial limit. No
estimators were implemented in this work, although the Levenberg—
Marquardt algorithm has been shown to reach the CRLB for astigmatic
imaging alone [33,34]. This can be done, for example, by fitting the
expected pixel value to the imaging model [35].

2.1. The imaging model

Total internal reflection, and subsequently an evanescent wave
occur at the interface of two media of different refractive index, when
light is incident at the high refractive index side (in TIRF microscopy
typically immersion oil with n; ~ 1.51) with an incidence angle ¢ at or
beyond the critical angle. The evanescent field will then be present in
the medium with lower refractive index (typically water with n, ~ 1.33)
with a decay length d,, perpendicular to the interface:

A
dy= —————. €h)

22 g 2
4 nlsmqﬁ ",

where 4; is the incidence wavelength. Assuming an incident plane
wave, the illumination evanescent field’s intensity I, on the specimen
side as a function of axial distance from coverslip z will then be:

I,(2) = 1, (0) <acxp <—di>+1—a>, )
¢
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where 1,(0) is the intensity at the coverslip of the evanescent field
on the sample side and a represents the linear stray light illumination
component coming from within the optical system [30].

For objective-type TIRF, a typically lies between 0.9 and 1, as
scattering within the optical system (which includes complex high-NA
optics) together with the magnification of unclean laser profiles by
high-NA optics can result in non-ideal TIRF fields. For waveguide and
prism-based TIRF, the value of « is closer to 1, as these TIRF fields are
typically cleaner [21].

For normal TIRF imaging, only one TIRF angle equivalent to a
certain decay length is used. If multiple known TIRF angles, i.e., known
decay lengths, are used for the same emitter, its measured emission
intensity at each angle can be used to further improve the axial localiza-
tion precision (Fig. 1e). This is similar to other patterned illumination
schemes [4,6,12,34], where precise knowledge of the illumination
pattern helps pinpoint and further improve the localization precision
of an emitter by emission intensity measurement.

Here, we use the CRLB, a lower bound on the variance of unbiased
estimators [36], to show that TIRFscan indeed improves the axial
localization precision. Starting with the astigmatic imaging model from
Ref. [33], the form of the 3D astigmatic PSF on the camera is:

_ xm0p? 0=ty

1 20x(02)2  20y(0,)%
e — x(0z 2" (3)
27o4(0,)0y(0,)

PSF(X, Y70xs H}ngz) =

where x, y are the camera pixel centers, 6,, 0y.0, is the emitter position,
and the standard deviations are:

2 3
0, — 7, 0, -7,
6x(92)=0'0x\1+(zD2X) +AX(ZD2X) , @
X X
(0, +7,) (0, +7,)
Oy (Hz)=60y\1+ ZDzy y ZDzy ’ ®)
y y

with 6y, 7, D, and A being fitting parameters for the x and y directions.
These values are taken from the PSF model produced from [37] using
an illumination wavelength of 640 nm and emission wavelength of
680 nm (details of the model parameters are provided in the supple-
mentary Python scripts). The expected photon counts g, of the kth pixel
of a detector centered at (x;,y,) is thus, given an illumination field
intensity I, (6,) with a TIRF angle ¢,

i = Ty, (0,) (0ol (0.0,.0,) + 0y, ) )

with

hy, =/ PSF (u,v,6y,6y,6,) dudv, )
Ay

where PSF is integrated over the finite area A, of the kth pixel of the
detector [33]. The functional dependence on the estimands of yu, has
been omitted for convenience of shorthand notation. Furthermore, 6,,
is the normalized background, which enables a quantitative comparison
between different numbers of illumination intensities (N).

2.2. The normalized background
The integrated background (bg) at a particular TIRF angle ¢, is:
bg, = Op,, / 1(6,)d0, = 0,, dy 1(0)at, )
0

where the scattering contribution (1 — «) is assumed to be constant for
all TIRF angles and cancels out during normalization. The fraction of
background at a particular TIRF angle with respect to the other angles
is:
bg, _ Opd Oy dy, ©
N N N
Zn:l bg" Hbgal(o) Zn:l dl/)n Zn:l d‘f),,

Therefore, we define the normalized background as:

dy

Ohg, = Ong D dn¢ (10)
n = ¢y
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2.3. The localization precision

The Fisher information matrix with elements F;;, is then calculated

for either a single (N = 1) or multiple illumination intensities (N > 1):

N K
Fo= Z Z 1 Oy, Oy, an
Y 26, aﬁj

The optimal estimation precision of the i-the parameter is:

0 =y [F_I]ii’ a2

where [.];; is the ith diagonal element of the CRLB. Closed-form expres-
sions for these derivatives are easily computed [33].

3. Results

To evaluate the localization precision gain of TIRFscan over stan-
dard 3D SMLM relying on astigmatic imaging, we estimated the best
achievable localization precision based on the CRLB calculation pre-
sented above. In the process, we chose various optical configurations
to represent possible experimental conditions. As a basis we used a
TIRF objective with NA = 1.49, with a total emitted intensity of 1000
photons per region of interest and background of 10 photons per pixel.
The illumination wavelength was set at 640 nm and emission wave-
length at 680 nm. The focal plane was kept at the coverslip (6, = 0) in
all cases. All TIRFscan calculations kept the same total photon budget
distributed over the TIRFscan angles. An astigmatic PSF model was
generated for NA = 1.49 and used throughout the calculations except
where otherwise stated (the parameters for PSF model generation are
attached in the supplementary Python scripts) [37].

Fig. 2a shows the axial CRLB within 300 nm of the coverslip for
astigmatic imaging alone (black solid line) versus TIRFscan using mul-
tiple TIRF angles. An approximate two-times improvement is observed
by using two scanning angles (darkest purple line). Using three or more
scanning angles improved the CRLB beyond 150 nm distance from the
coverslip. Within 150 nm from the coverslip the CRLB increases by a
marginal amount with respect to only two scanned angles. This is likely
due to the combination of angle dependent penetration depth, limited
photon budget and signal-to-noise ratio.

Non-ideal experimental parameters for objective based TIRF, includ-
ing previously mentioned concerns such as optical scattering, unclean
laser modes, and optical alignment, were also calculated to show
technical feasibility (see Fig. 2b-d). The improvement factor, when
varying the minimum (solid lines) and maximum (dotted lines) TIRF
angles for 2-angle TIRFscan, is shown in Fig. 2b. For small deviations of
the angles around their maximum and minimum, we find that the 2nd
angle consistently improves the localization precision by at least 50%
until a depth of ~200 nm. Fig. 2c¢ shows the effect of non-evanescent
illumination contributions from scattered light due to microscope op-
tics [30]. Typical values given in [30] are a ~ 0.9 — 0.95. In this range
the improvement factor drops but is still between 1.5 and 2. Fig. 2d
compares 2 angle TIRFscan for an NA = 1.49 objective and an NA =
1.7 objective, under varying experimental conditions. The additional
angle range provided by the higher NA objective leads to improvement
factors around 3 near the sample which quickly drops compared with
the lower NA case. Interestingly, it is around the ~150 nm mark, that the
lower NA illumination starts to provide better localization precision.
This is likely due to the angle dependent penetration depth of the
evanescent field, which results in weaker signals at greater depths for
larger incident angles. For the NA = 1.7 objective, the astigmatic PSF
model was re-calculated using [37] although there was little difference
in improvement factor.

For waveguide and prism TIRF, the higher refractive index medium
can be decoupled from the objective and immersion oil, while smaller
optical scattering factors and relaxed alignment tolerances result in
cleaner TIRF fields (i.e., a« = 1) closer to the critical angle. Fig. 3a and
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Fig. 2. TIRFscan CRLB and improvement factor for objective based TIRF (a) True axial position vs. CRLB of axial position of astigmatic imaging only (black) compared with
TIRFscan comprising different numbers of angles. 2 angles (darkest purple): NA = 1.33, 1.49; 3 angles: NA = 1.33, 1.41, 1.49; 4 angles: NA = 1.33, 1.38, 1.44, 1.49; 5 angles
(lightest purple): NA = 1.33, 1.37, 1.41, 1.45, 1.49. Improvement factor of TIRFscan with (b) two angles where the minimum and maximum angles are varied; (c) with two angles
(NA = 1.33, 1.49) and different «; (d) with two angles and using an NA = 1.49 TIRF objective versus an NA = 1.7 TIRF objective. In all cases the focal plane was at z = 0 nm.

b show that by using TiO, waveguides (n = 2.5, dotted lines) [25] a
possible 4-6 times improvement factor (corresponding to 1.7-2.5 nm
precision) can be reached, albeit close to the interface. Use of sapphire
(n = 1.78, dashed lines), a common optical material, improves the CRLB
by a factor of ~3 within the first 200 nm from the interface. In all cases,
the CRLB improvement drops after 200 nm from the interface, and in
general drops (dotted lines) with stray scattered light (Fig. 3c).

Lastly, note that in this benchmarking study of the effects of various
schemes of TIRFscan compared with astigmatic imaging, a suitable
focal plane was chosen, fixed at the coverslip. For measurements, this
can be tuned depending on the measurement in order to improve the
absolute CRLB. For example, Fig. 4 shows the CRLB and improvement
factor using two TIRF angles (NA = 1.33 and 1.49) with « = 1 for a
focal plane at 0, 150, 300, and 750 nm above the coverslip. Adjusting
the focal plane would allow the improvement factor to be optimized
across the range of interest. Note that the intensity has been normalized
to 1000 photons for a fair comparison between the various schemes.
In practice this would mean adjusting the laser power, at the cost
of changing the fluorophore emission time and potentially damaging
and/or bleaching the specimen. For an exponentially decaying TIRF
field, the maximum practical focal plane distance away from the cov-
erslip is quickly reached. Furthermore, although fluorophores away
from the coverslip can appear to have similar improvement factor
(e.g. Fig. 4c, focal plane at 300 nm), the absolute CRLB is often worse
(Fig. 4b, focal plane at 300 nm vs. 150 nm).

4. Discussion and conclusions

In this study, we have presented a novel technique based on mul-
tiple angle TIRF illumination (TIRFscan) and shown the localization

precision gains under various conditions theoretically. The improve-
ment factors have been simulated with the help of the CRLB, and tested
for different angles, number of angles, and scattering. For objective-
type TIRFscan (Fig. 2), 2 angle scanning is sufficient to show large
axial localization improvement. Further, the minimum angle (minimum
angles NA = 1.34 and NA = 1.35, Fig. 2b, solid lines) should be as close
as possible to the critical angle, while variations in maximum angle
(maximum angles NA = 1.47 and NA = 1.48, Fig. 2b, dotted lines) have
much less effect (< 10%) on the improvement factor.

Contrary to the maximum angle, the optical scattering factor a can
have a significant effect on the CRLB (Fig. 2c) where non-evanescent
illumination field intensity can decrease the localization precision of
TIRFscan. For an objective with NA = 1.49 and « > 0.85, we expect
improvement factors > 1.5 within the first 150 nm depth, peaking at
an improvement of ~2.3 for a = 1.0.

Using a high-NA objective (e.g., NA = 1.7) shows a CRLB im-
provement by a factor of 3 in the first 50 nm, and drops off rapidly
thereafter (Fig. 2d) as at large TIRF angles the decaying evanescent
illumination field intensity drops rapidly to zero. High-NA objectives
also require the use of volatile immersion oils which may introduce
toxicity and autofluorescence, as well as the use of special cover
slips such as sapphire which are expensive [38,39]. Further, at small
distances (~3 nm), fluorophore cross-talk can affect precision [40], and
needs to be considered.

More realistic optical scattering and alignment factors show a rapid
drop in CRLB (Fig. 2b—c) which has consequences for the practical
implementation: In order to minimize the scattering factor «, we rec-
ommend the angle scanning in combination with prism-type TIRF
or waveguide-type TIRF. Another practical consideration stems from
TIRFscan’s requirement for the fluorophore to be “on” during the
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Fig. 3. TIRFscan CRLB and improvement factor for prism and waveguide based TIRF (a) CRLB and (b) improvement factor for 2, 3, and 4 TIRFscan angles where the high
refractive index medium is glass (n = 1.51), A,O; (n = 1.78), or TiO, (n = 2.5). These are relevant for waveguide and prism TIRF where different materials can be used. In
all cases a = 1. For glass, 2 angles: NA = 1.33, 1.51; 3 angles: NA = 1.33, 1.42, 1.51; 4 angles: NA = 1.33, 1.39, 1.45, 1.51. For Al,0;, 2 angles: NA = 1.33, 1.78; 3 angles:
NA = 1.33, 1.555, 1.78; 4 angles: NA = 1.33, 1.48, 1.63, 1.78. For TiO,, 2 angles: NA = 1.33, 2.5; 3 angles: NA = 1.33, 1.915, 2.5; 4 angles: NA = 1.33, 1.72, 2.11, 2.5. For
comparison, objective TIRFscan with 2 angles NA = 1.33, 1.49 is shown as a red line. (c) Effect of non-ideal « factor (a =0.9 vs. a =1).

excitation process under each angle. In turn, fast scanning, e.g. via
a galvanometric mirror or optical modulator, is required. Therefore,
potentially short fluorophore on-times would encourage the use of a
minimum number of scanning angles.

While technically challenging, we are confident that an experi-
mental realization of a microscope, which records multiple frames for
multiple excitation angles, can be realized. Structured illumination ap-
proaches that require dyes to emit photons at similar brightness levels
over multiple frames and illumination patterns have shown recently
that this is technically and computationally feasible [12,34,41]. In one
of these studies for example, 6 illumination patterns per on-cycle of
the emitter are recorded and only a moderate amount of localizations
are discarded, i.e. < 30% [34]. As already 2 varied angles can lead to
an improvement in the CRLB over sole astigmatic PSF localization, the
estimator algorithm can be designed to only account for emission that
satisfies the expected intensity changes that correspond to the on-time
of the emitter. Ergo, emitters that satisfy the condition, can be fitted
for the amount of angles during which they remained on. Emitters that
showed an interruption in emission on the other hand, will be rejected
or only fitted to the number of angles during which they satisfied the
on-condition. Additionally, if needed, the camera acquisition can run
at a faster rate than the TIRF angle change. Having multiple camera
frames per TIRF angle allows to further improve rejection of emitters
that are only partially on during the TIRF angle scan.

Depending on the imaging depth, we showed, that in two an-
gle TIRFscan it can be beneficial to change the excitation angles to

maintain higher localization precision, e.g. beyond 150 nm depth a
maximum NA of 1.49 achieves a higher improvement factor than an
NA of 1.7. Here, we have used the CRLB to estimate the localization
precision, but future work could benefit from implementing the Van
Trees inequality [42] to take into account the prior knowledge of the
fluorophores’ locations. Finally, we note that in principle, TIRFscan
can also be used with other PSF engineering methods or biplane axial
localization methods, and that the PSF model used in this study is a
Gaussian approximation and does not take into account effects such as
supercritical angle fluorescence [43].

In summary, rapid sequential scanning of the TIRF angle within the
“on” time of an emitter can increase the precision of its axial CRLB by
a factor of approximately 2. Ideally, this can be done using prism or
waveguide based TIRF where the critical angle can be achieved more
precisely and optical back-reflections and scattering is minimized. For
objective based TIRF, two angle scanning at the minimum and maxi-
mum possible TIRF angles shows clear axial localization improvement.
The use of a NA = 1.7 objective can improve axial CRLB by a factor
3 while use of titanium oxide based waveguides can improve axial
CRLB by a factor of 5-6 in the first 50 nm from the coverslip. This
strategy can be combined with other schemes suitable for TIRF such
as SIMFLUX [34] and direct photometry [30]. We foresee, that the
precision and resolution gain in TIRF-based SMLM resulting from the
here proposed technique will boost future single molecule studies.
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improvement factor for 2 TIRFscan angles (NA = 1.33, 1.49) with a = 1.0 representing objective based TIRFscan with negligible scattering factor where the focal plane is placed

at 0, 150, 300 and 750 nm above the coverslip. The intensity has been normalized, which in practice would mean adjusting laser power.
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