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Abstract: In this article we describe a way to obtain beyond diffraction limited imaging
capability behind a scattering medium using Structured Illumination Microscopy (SIM). A
scattering medium such as a ground glass diffuser or a biological material poses obstacles to
image formation, let alone high resolution imaging. However, building on the work of Vellekoop
et al. [1] that transforms a scattering medium into a lens, we have previously demonstrated a
technique to generate an array of focal spots behind a scattering medium [2]. Using such focal
spot arrays, we illuminate fluorescent beads hidden behind a scattering medium. We process the
recorded fluorescence images using an SIM reconstruction algorithm to reveal images beyond
the limit of resolution of the scattering lens.
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1. Introduction

Flourescence Microscopy is a ubiquitous tool for bioimaging. The resolution of a microscope has
long been considered limited by the diffraction of light, also called Abbe’s diffraction limit [3].
However, the recent past has seen the emergence of various imaging modalities that break this
diffraction barrier such as NSOM [4], STED [5], STORM/PALM [6] [7]. These techniques
make use of special mechanisms to narrow the Point Spread Function (PSF) of the microscope,
thereby enhancing the resolution. The narrowing of the PSF is achieved either by a specially
tailored light source and/or by exploiting the non-linear nature of fluorescent dyes. The technique
of linearly Structured Illumination Microscopy (SIM) on the other hand achieves a resolution
enhancement up to a factor of two by employing spatially patterned illumination [8] and hence
works for any light source or fluorescent dye.

Although efficient in improving the resolution of an imaging system, these methods are
inherently designed to address imaging optically thin specimens and offer limited penetration
depth through the specimens, typically to a few tens or hundreds of microns. Penetration depth
is greatly affected due to scattering of light. Spectroscopic and tomographic approaches such
as Diffuse wave spectroscopy & tomography [9] and OCT [10] attempt to image deep inside
biological tissues by collecting unscattered photons, albeit at much lower resolution. So one
clearly sees a trade-off between achievable resolution and penetration depth.

With the advent of wavefront shaping and interferometric focusing of light [11], the problem
of microscopy can be seen in a very different perspective. Using wavefront shaping, light can be
made to focus through thick multiply scattering materials [12]. Moreover the ability to control
the scattered light makes it that light scattering is no more a hindrance to imaging. Therefore
by utilising interferometric focusing and the translation invariance of the obtained focus due to
memory effect [13], a scattering medium is transformed into a lens. Such a scattering lens can be
used for imaging samples hidden behind the medium [1] [14] [12], with resolution similar to
widefield fluorescence microscopes in the multiple scattering regime.

Interferometric focusing has made it possible to explore different ways to image through
multiply scattering materials. Diffraction limited imaging behind scattering medium has been
demonstrated by multiple different groups [15] [16] [17] [18]. However one also attempts to go
beyond the diffraction limit to explore the possibilities of super resolution microscopy behind
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scattering media. van Putten et al. [19] have previously shown that by folding multiple scattering
paths through a scattering material, its NA(Numerical Aperture) can be increased greatly, thereby
narrowing the corresponding PSF of the imaging system [20]. However the detection PSF would
be still limited by diffraction. This leads to the fact that the sample response has to be extracted
by computational means.

In order to reliably extract high resolution information from the sample illuminated with
a scattering lens, we make use of Structured Illumination Microscopy(SIM) technique. The
spatially periodic illumination required for SIM can be generated behind a multiply scattering
material using our preciously demonstrated technique [2]. In this article we further apply such
patterned illumination to image fluorescent structures hidden behind scattering media. We show
that using SIM, we can reconstruct high resolution information from these images and thereby
improving the resolution of the microscope beyond diffraction limit.

2. Experimental Preliminaries

Figure 1 shows a part of the experimental setup used to generate multiple foci behind a scattering
medium. The detailed experimental setup is provided in Malavalli et al. [2]. In our experiments,
incoming light is spatially modulated using a spatial light modulator (SLM) before it passes
through an illumination objective and hits the sample made up of a ground glass diffuser with a
thickness of 1 mm. The diffuser randomizes the incoming light and forms a speckle pattern in the
far field i.e on the detecting camera, however does not lead to an increased width of illumination
and hence effective NA as would be the case for a thick turbid medium. The illumination lens
system is optimised so as to obtain an average speckle size of the order of diffraction limit of the
detection system. The smooth surface of the diffuser is coated with fluorescent beads to provide
the fluorescence response required for imaging them.

The calibration of the microscope involves determining the experimental PSF of the system.
For this purpose, images of isolated 0.5um fluorescent beads were recorded by illuminating
them in a wide-field mode. From these recorded images, the intensity profile of the fluorescence
emission, which is typically a Gaussian distribution, was determined. The thus measured PSF and
its corresponding Fourier Transform, the optical transfer function (OTF) are plotted in Figure 2.

The incoming light wavefront is spatially modulated such that it focuses in the vicinity of
the fluorescent particles. Iterative focusing is performed with the help of a stepwise sequential
iterative optimisation algorithm [21] using the directly transmitted speckle intensity as a feedback
signal. Due to the optimized incoming wavefront, the intensity of the target speckle gets
maximised, making it an interferometric focus of our scattering lens. Once the focus is formed,
a grating like phase mask is loaded onto the SLM (as shown in Figure 1) in addition to the
optimization mask, such that the focus transforms into an array of multiple foci as intended. This
phase mask is computed offline using the method described elsewhere [2] and saved as a bitmap
image. The underlying principle is that a scattering lens, like any lens, Fourier Transforms the
incoming field in the far field. Hence when a grating is added in the incoming beam path, the
interferometric focus in the far field is convolved with the diffraction orders resulting from the
grating. By designing a suitable grating, the diffraction orders can be placed on a periodic grid,
which upon convolution with the focus results in an array of multiple foci. This array of foci
can be seen as a 2D-sinusoidally varying intensity distribution, which we call the Structured
Illumination, since they are used to illuminate the underlying fluorescent beads.

The resolution enhancement obtainable with SIM depends, among other things, on the spatial
period of the illuminating pattern. Diffraction limited spot spacing allows for an enhancement in
resolution of a factor of two [22]. In addition, good contrast between the focal spot intensities and
the background ensures a reliable extraction of high resolution information from the recorded
images. We found that a good contrast periodic pattern was obtained when 9 focal spots were
generated along a line, i.e a 1D array of 9 foci. Even though in principle up to 30 focal spots can
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Fig. 1. Figure shows a part of the experimental setup. An illumination laser is passed through
a beam expander and reflected off an SLM (illumination system not shown), showing a phase
mask. The thus shaped wave-front then illuminates a by a diffuser in front of a collection
of fluorescent particles. These are imaged with a detection system, including the option
of introducing a fluorescence filter. A scattering lens produces multiple focal spots upon
adding a phase mask as shown here. The mask is raster scanned to obtain a lattice of 9by9
spots. The camera sees the focal spots when no filter is added and the fluorescent beads
when a filter is added.

be generated [2] [23], the corresponding low contrast illumination makes it that the captured
fluorescent images also have poor contrast. Therefore there is a trade-off between the effective
field of view (FOV) of the microscope, i.e the area of the illuminated region and the acquisition
time of the image, which also depends on the response of fluorescence structures.

The corresponding phase mask required to generate the 9 focal spots was obtained by the
methods described in [2]. In order to make a 1D array of 9 focal spots into a 2D grid, the
9 spots were raster scanned to 9 vertical positions. The CCD camera records the entire motion
in one single frame, thus making up one acquisition of SIM made up of 9X9 focal spots. The
vertical displacement is kept the same as the horizontal spacing, so as to make the horizontal and
vertical spatial frequencies k, = ky = ko the same. Figure 1 shows an example of a 2D focal
spot array recorded in this manner. This helps to judge the quality of illumination, which will be
further used for SIM of fluorescent structures. The resulting pattern has a spatial frequency of
ko = 12pixels ~ (1.8um)~" , marked by the arrow in Figure 2. The modulation contrast m of the
illumination pattern is determined by the ratio % For our illumination patterns, we found
m to have values ranging between 0.2 — 0.4.

3. Working of SIM

Structured Illumination Microscopy (SIM) is a super-resolution microscopy technique developed
independently by Gustafsson et al. [24] and Heintzmann et al. [25]. Using SIM, a resolu-
tion enhancement of upto a factor of two over wide-field fluorescence microscopy has been
demonstrated [24]. As the name suggests, the technique involves illuminating a sample with
periodically varying intensity patterns i.e "Structured Illumination”. The resolution enhancement
aspect of SIM stems from research on OTF expansion [26] [22] and increased optical sectioning
capability [27].

The technique is better understood by looking at image acquisition in frequency space rather
than in image space, as the spectral content of an image neatly separates out into different
frequencies. In the limit of diffraction, the maximally allowed spatial frequency is given by
the OTF of the imaging system. By making use of spatially periodic illumination patterns, the
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Fig. 2. a)Experimental PSF of the system measured from normalized intensity images of
0.5um fluorescent beads. FWHM corresponds to roughly 860nm b) Normalized OTF of the
system computed by FFT of a). c) and d) show the respective plot profiles of the PSF and
OTF. The arrows mark the cutoff spatial frequency range of the detection system kcyz01 f
along with the illumination spatial frequency k.

sample information is coupled to the periodicity of the illumination pattern due to the Moiré
effect. Thereby it down-modulates the otherwise inaccessible high frequency information to
inside the reach of OTF. With a precise knowledge of the illuminating pattern, this high resolution
information of the sample can be algorithmically extracted leading to an overall enhancement
of resolution of the microscope. The SIM reconstruction algorithm used to process our images
is adopted from an open source MATLAB toolkit called OpenSIM [28], extended further to
support 2D patterned illumination.
Our multi-focal pattern can be described an intensity distribution following

I(x,y) = Io[1 + mcos(kxx + ¢x)][1 + mcos(kyy + ¢y)] ® Hi(x,y) €))]

where k, = ky, = ko is the spatial frequency and ¢ = ¢, = @ is the phase of the illumination
pattern. Hj(x,y) is the PSF of the illumination objective, in our case the scattering lens. If the
sample structure is represented by S(x, y), the illumination with equation 1 results in a fluorescent
emission with a distribution

D(x,y):[S(x,y)l(x,y)]@Hz(x,y)+N(x,y) (2)

where Hj(x, y) is the PSF of the imaging objective and N(x, y) is the noise.
The convolution operation “®" in equation 2 is easily dealt with upon Fourier Transformation,
when it becomes a simple multiplication.

D(ky, ky) = [SCkx, ky) ® T(ky, ky)1Hy (kx, ky)Ho(k, ky) + N(kx, ky) 3)

Notice now the sample spectrum is convolved with the spectrum of the illumination pattern. For
a 2D sinusoidal illumination of the form shown in Figure 3, the spectrum consists of a set of
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Fig. 3. Simulated 2D sinusoidal illumination pattern for SIM and its corresponding frequency
spectrum. The spectrum shows 9 delta peaks labelled with their corresponding spatial
frequencies.

3X3 delta peaks, one at the origin and the rest located at the edge of the OTF (Hy(ky, ky)) shifted
in frequency by the same amount as the spatial frequency of the illumination (ko). That is, an
image acquired with such a periodic pattern is a superposition of 9 diffraction limited Fourier
components given by,

5n(k)m ky) = Z Mnmgm(kxa ky)ﬁl (kx, ky)ﬁZ(kx’ ky) + ﬁ(kx’ ky) (4)

myn
with My = exp[27ri(M + #)]

3 3

where n, = ny, = {0, 1,2} index the number of acquired images. Also m, = m, = {—1,0,1} are
the indices of the 3X3 set of Fourier peaks in each of the (ny,n,) images. In order to extract
the 9 Fourier components in equation 4, we need 9 different images captured at different phase
shifts of the illumination pattern. The set D(x, y) in equation 2 is therefore made up of a set of
in total 9 SIM images, each of which containing diffraction limited sample information. After
each acquisition, the illumination pattern is shifted by an amount of +27/3 of the patterns
spatial period by applying a linear gradient to the SLM. The pattern is further translated along
4 different directions capturing 3 images per direction. These phase shifted images contain
the high resolution information- which we intend to extract, mixed with the diffraction limited
information.

First, the noisy estimates of the sample information are obtained by inverting the mixing
matrix My, and solving equation(4) for En(kx, ky). For a precise inversion of the equation, it is
important that the matrix be non-singular.

Experimental fluctuations in the optical path or drifts of the sample may occur, which affect
the precise reproducibility of the illumination pattern. Such a drift in the illumination pattern
means that the phase shifts of the pattern deviate from the intended values. In the experiments,
the illumination pattern generated is more or less accurately placed on a grid within a variation
of about 1-2pixels, which can be enough to cause distortions in the reconstructed images. Hence
there is a need to determine the phase shifts post acquisition of the SIM images.

A posteriori phase shift estimation was first introduced by K.Wicker et al. [29] and works by
determining the matrix M,,,. In case of a perfect separation of Fourier components Sk, ky)
in equation 4, the phase shifts in the mixing matrix M,,,, have the correct values. That is, once



the components are well separated, there is no overlapping information among the different
components. With the knowledge of the phase shift matrix M, the Fourier components
Sn(kx, ky) can now be reliably extracted by

Noisy [Su(ky, ky)| = My, [ Dy (ks ky)] )

The thus extracted off-center components are then cleaned of noise N(ky, ky) using Wiener
filtering [30]. The final steps towards achieving the SIM reconstruction then consists of shifting
these noise-free estimates [§n(kx, ky)]fiered of the Fourier components to their actual locations in
the frequency domain and summing up over all of the components. After filtering the components,
their centers are actually located at the origin of the spectrum, whereas they in fact belong at
the positions kg away from the origin. Shifting of the components to these original locations
is made possible by the Fourier Shift theorem [30]. A lateral shift of kg in the spatial domain
is equivalent to multiplication by a phase factor e 27 %0("x*my) (with m, = my = {-1,0,1} as
before). Hence, multiplication of the respective Fourier components by this phase factor will
shift the corresponding real-space information by kg. Once all the 9 components are shifted
to their original locations, they are summed up. This then extends the spectrum of the image,
which was conventionally limited at k¢ and is now extended to keyoff + ko in all directions. At
this stage, the reconstructed image spectrum can be Inverse Fourier Transformed, to reveal the
super-resolved image of the sample in real-space.

4. Results and Discussion

Using the procedure outlined so far, SIM images were acquired and processed to reconstruct
high resolution information. The multiple focal spots that are used as illumination pattern for
SIM are judged based on their intensity uniformity, spot spacing and modulation contrast. We
were able to generate multiple foci with intensity uniformity close to 1, i.e almost all foci had
similar intensities. The spot spacing among the foci corresponds to the spatial period of the
SIM illumination. In our experiments, the spatial period was found to be = 1.8um. Also, the
modulation contrast at this spatial period was found to vary between experiments in the range of
0.2-0.4.

The images of both illumination patterns and the illuminated fluorescent structures were
captured, resulting in the data set D,,(x,y). We first obtained the SIM images of the transmitted
light without fluorescent samples in the field-of-view. After running these images through the
phase determination step, we were able to obtain the experimental phase shifts. Even though
the intended phase shifts were (+120,+120) degrees, the experimentally obtained multiple
foci pattern drifted from these phase shift values by about +8 — 10 degrees. This drift in the
experimental phase shift values from the intended values means that the fluorescent SIM images
will also drift from the intended values by the same amount. Further when we compared phase
shifts of fluorescent SIM images with the phase shifts determined from SIM images of transmitted
focal spots, we saw that the phase shifts of fluorescent images deviated from that of the focal
spots only by about +2 — 4degrees. This is indeed a remarkable result of a posteriori phase shift
determination.

The Fourier components extracted with the knowledge of their phase shifts are then Wiener
filtered and shifted to their original locations. They are subsequently added together to obtain
the reconstructed spectrum of the sample image. This summed up spectrum is Inverse Fourier
Transformed to get the reconstruction in sample-space. With this, the reconstruction procedure
is completed and a high resolution reconstruction of the image is obtained. Note however, that
the cut-off of the filter introduces periodic disturbances in the inverse Fourier transform, which
are visible in the reconstructions. However, these are at a different spatial frequency than the
resulting resolution and are not too large in amplitude, such that the reconstructed images can
still be analysed for their increase in resolution.



Fig. 4. SIM reconstruction: a)speckle illuminated fluorescent sample scene captured using
40X objective. b) same scene as seen with a 100X objective. c) wide-field reconstructed
component taken from SIM algorithm performed with 40X objective containing only the
diffraction limited information thus similar to a). d) super resolution added to the wide-field
component in c). This shows a clear enhancement in resolution over ¢). The intensity
cross-sections along the dashed yellow lines are plotted for corresponding images. Vertical
plots are along the slanted lines and horizontal plots are along the horizontal lines. d) clearly
shows that neighbouring beads can now be resolved. The resolution enhancement in d) is
comparable to that of the wide-field image in b).

The results of our SIM reconstruction of 0.5um sized fluorescent beads is as shown in Figure 4.
As can be seen from subfigure d), the SIM reconstruction leads to enhancement in the resolution
of our microscope. The intensity cross section over the beads clearly shows that using SIM,
the fluorescent beads that were otherwise not resolvable are now resolved. The resolution
enhancement can be compared with a widefield image obtained with another objective of superior
magnification as shown in subfigure b). As the corresponding intensity cross sections show, the
resolution enhancement obtained with SIM reconstruction using the 40X objective is comparable
to that obtained using a 100X objective conventionally. In contrast, the wide-field component in
subfigure c) cannot resolve the same features, as is the case with the direct wide-fied image at
40X resolution in subfigure a). The unresolved features in subfigure b) also demonstrate that the
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Fig. 5. Widefield and SIM reconstruction spectra
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Fig. 6. A plot of intensity PSF of the microscope after SIM reconstruction shows a narrowing
compared to that before. For comparison the conventional widefield PSF obtained using
Wiener filtering of the central unshifted component is also plotted. From these plots it is
clear that the PSF is narrower due to SIM reconstruction and not due to Wiener filtering.
The result corresponds to a ~ 1.6 fold resolution enhancement.

enhanced resolution is not a result of deconvolution and filtering but rather the addition of super
resolution information from the extracted high frequency components. Apart from the fact that
the bead clusters are resolvable with SIM reconstruction, the figure also shows that the individual
beads are much narrower in subfigure d) compared to those in a) and c). This means that the
effective PSF of the microscope is narrower, which is also a sign of resolution enhancement. In
frequency space, the resolution enhancement is given by the broadening of the OTF support,
shown in the lateral direction of the focal plane in Figure 5, showing a clearly broadened OTF,
which is roughly circular rather than petal-shaped for SIM along the optical axis.



Fig. 7. SIM results with a smaller number of foci used in the periodic illumination (here a 5x
5 example is shown). a)Widefield image of the scene b)SIM reconstructed image a). Their
corresponding plots show that b) has superior resolution than a). SIM with reduced number
of foci only implies a smaller field-of-view and does not affect resolution enhancement.

As shown in Figure 2, the spatial frequency of illumination is at ~ 48% of the cutoff frequency
of the OTF corresponding to (1.8um)~!. This implies we expect a resolution enhancement of
about ~ 48% relative to the conventional wide-field imaging. Such a resolution improvement
corresponds to a narrower PSF of width of 549 nm. In order to quantify the improvement in
resolution in real space, the PSF before and after SIM reconstruction are plotted in Figure 6.
As shown in Figure 6, the PSF after reconstruction indeed has a FWHM of 550 nm. This
means we have obtained a ~ 1.6-fold improvement in resolution compared to the conventional
wide-field microscope. The PSF of the Wiener filtered wide-field component is also plotted for
comparison to show that the narrowing of PSF is due to SIM reconstruction and not simply due
to deconvolution using wiener filtering. Although a full theoretical resolution enhancement of a
factor two has not been achieved. This is due to the fact that we are limited by spatial frequency
of SIM illumination. As the illumination frequency is not at the edge of the OTF but rather at
~ 48% of the cutoff frequency, we are also only able to extract ~ 48% of the super-resolution
information. Nevertheless a narrower PSF due to SIM clearly shows that we are able to now
access information beyond the diffraction limit of the optical system used.

The field-of-view of our scattering microscope used for SIM is currently limited by the number
of foci that can be simultaneously generated. In our experiments, the area of the fluorescent
samples simultaneously illuminated with a 9X9 array of foci corresponds to about ~ 14x14um?.
This can in principle be expanded by increasing the number of foci along each direction. However,
it is important to note that with the increased number of foci, their respective intensities will
be effectively lower. This means that longer exposure times of the camera may have to be
incorporated, which will in turn delay the total acquisition time of the SIM images. Alternatively
increasing the number of foci can also achieved by simply tiling the 9 foci next to each other
in each direction so as to obtain e.g. 18X18 foci thereby doubling the field of view. Another



important factor for increasing the field of view is that it greatly depends on the range of the
memory effect of the scattering lens used. If the scattering lens is made up of a ground glass
diffuser as is the case here, many more foci can be obtained in each direction, thereby increasing
the field of view. Nevertheless, depending on the intensity of the illuminating foci and the
fluorescence response from the sample, there exists a trade-off. In our experiments we could not
get reasonable images with increasing the number of foci, but we did perform measurements
with 5X5 foci in addition to the already described 9X9 foci. This obviously smaller field of view
nevertheless did not affect the achievable resolution. But it indeed affected the total exposure
time. Due to the smaller number of foci in 5X5 case, their respective intensities were much
higher than in the case of 9X9 foci. So each image could be recorded much faster. Figure 7 shows
the results of SIM reconstruction of a part of the scene shown in Figure 4, however illuminated
with 5XS5 foci, and hence a smaller field of view. As the figure shows, there is no impact on the
resolution enhancement. Despite smaller area of illumination, SIM reconstruction nevertheless
improves the resolution of the microscope.

5. Conclusion

We have developed a technique for super-resolution imaging behind a scattering medium. We
make use of Structured Illumination Microscopy to obtain high resolution information beyond
the diffraction limit of the optical system. Using wavefront shaping and interferometric light
focusing through scattering media we are able to obtain a diffraction limited focus behind the
medium. This focus is further split into an array of a number of foci. This way, we generate a
high frequency 2D sinusoidal focal spot array behind a diffuser. We showed that a focal spot
array of this sort can be used as a source of periodic illumination required to perform SIM
imaging. Our results show that we are indeed able to enhance the resolution of our scattering
microscope. The broadening of the system OTF after SIM reconstruction shows that we now
have access to the high resolution information which was otherwise not accessible. The SIM
reconstructed images of fluorescent beads are superior in resolution compared to their wide-field
counterparts. A closer examination reveals about ~ 1.6 fold improvement in resolution over
conventional wide-field imaging. This is as expected from the illumination frequency used in our
recorded images.
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