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Imaging
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Abstract | Fluorescence imaging has revolutionized the field of Biology and
improved our understanding of biological phenomena with super-resolution
capabilities. This has become the basic tool for unveiling the biological com-
plex processes in a variety of fundamental studies. In this respect, single
and multiphoton fluorescence microscopy have overcome many limitations.
While epifluorescence and confocal fluorescence microscopy are being
routinely used for diagnostics and study of biomolecules, new develop-
ments during the last decade has led to many exciting imaging techniques
such as, super-resolution microscopy (STED, STORM, PALM and structured
illumination), depth imaging microscopy, multi-focal microscopy and light-
sheet microscopy. These techniques have advanced the reach of fluores-
cence microscopy in many fields ranging from nano-optics to bioimaging.
In this brief review article, we will review some of the popular, recent and
widely used single and multi-photon fluorescence microscopy techniques.

Fluorescence microscopy has its root in 1845,
when Sir John E. 'W. Herschel reported the first
observation of fluorescence in Quinine solution.!
Thereafter, Sir G. G. Stokes in 1852 discovered
that the energy of the emission is always less than
that of excitation in a Quinine solution. Quinine
was excited with a light of 400 nm and the fluo-
rescence was observed at a shifted wavelength of
450 nm.” This is due to the rapid decay to the low-
est vibrational level v = 0 when excited to high-
est vibrational level of first excited electronic state
S,. This is termed as Stoke’s shift in fluorescence
microscopy. Extensive studies and conceptuli-
zation of the fluorescence process was due to
A. Jablonski in 1935.> After these initial findings,
the field progressed at a steady pace. Another mile-
stone came when Maria G. Mayer proposed the
existence of two-photon transitions using the the-
ory of quantum mechanics which later on led to
the development of two-photon microscopy.* Half
a century before, Abbe theoretically established
that the resolution of optical imaging system can-
not be infinite but limited by diffraction of light,
which is now called as Abbe’s diffraction limit.>*

Over the last few decades, the field of fluores-
cence microscopy and imaging has seen an enor-
mous advancement. This has brought a kind of
revolution in Biology and Medicine. To start with,
confocal laser scanning fluorescence microscopy
was developed and conceptulized by a number of
research groups.”"” This was then further devel-
oped and as a result many variants such as, spin-
ning disc confocal microscopy became available."
This was then followed by two-photon excitation'
that brought in the concept of truely point-by-
point scanning. The reason behind this is the small
molecular cross-section for two-photon excita-
tion that requires very high photon density which
is available only at the focus. Therefore, any fluo-
rescence emission due to two-photon excitation
occurs predominantly at the focus. This eliminates
the use of pinhole. Then came a series of tech-
niques for super-resolution microscopy. In 1992,
4pi-microscopy showed an improved axial resolu-
tion by a factor of 4-5 times.'>'* STED microscopy
uses the concept of stimulated depletion of excited
electronic state to improve the lateral resolution.'>'
Structured illumination microscopy uses patterned
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illumination followed by measuring the fringes in
the Moire pattern to enable super-resolution.”
This was then followed by localization micros-
copy which has many variants: PALM,'® STORM,"
fPALM* and GSDIM.* All these techniques are
primarily based on single molecule localization
followed by marking, to develop the whole struc-
ture after many single molecule events have been
recorded. These techniques require thousands of
frames of single molecule events to reconstruct a
single super-resolution image. The disadvantage
has been the sacrifice of temporal resolution. A bet-
ter way to incorporate high temporal resolution is
to increase single-molecule events per frame and to
engage fast-computing engines for the reconstruc-
tion process. Parallely, techniques were developed
for fast 3D scanning for minimizing photobleach-
ing and improving signal-to-noise ratio. The
stand-out technique called SPIM has been initially
proposed by Voie et al.,”> and further developed
by Stelzer et al.”® This technique employs light-
sheet rather than point-illumination along with an
orthogonal detection system that helps in reduc-
ing both the data exposure and acquisition time.
Another simpler way to improve temporal reso-
lution is by dividing the fluorescence signal using
a beam-splitter and diverting them to multiple
detection arms. Essentially, while one of the detec-
tor (CMOS) is in reading mode, the other detector
can be in acquisition mode and vice-versa. Moreo-
ver, this can be extended to an array of detectors
after splitting the beam multiple times.

The future development focuses on extend-
ing these techniques towards super-resolution
imaging and finding techniques for in-vivo depth
imaging. There has been some progress in this
direction.?*?¢ In this review, we will focus on some
of the popular single and multi-photon fluores-
cence microscopy techniques. We will also briefly
go through the current super-resolution imag-
ing techniques. Very recently, depth-imaging has
become an important issue but still in the early
developmental stage.**

1 Single Photon Fluorescence
Microscopy

As the name suggests, this refers to a class of fluo-
rescence microscopy technique that is based on
single-photon excitation (1PE) process. In 1PE
process, a single photon of appropriate energy
is absorbed by the molecule for transition to the
excited state. If the same transition to the excited
singlet state is effected by more than one photon,
this is termed as multiphoton excitation process.
We show these excitation processes using Jablonski
energy diagram in Fig. 1. The molecule is excited by
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Figure 1: Jabslonski energy diagram for 1PE and
MPE processes.

an incoming photon of appropriate energy and gets
excited to the higher energy states (excited singlets,
S;n> 0). This can also be achieved by n number
of photons of lower energy. The excited molecule
then undergoes Stoke-shift before returning to
ground state S, thereby emitting fluorescent light.
In section 2 we brief several imaging techniques
based on multiphoton excitation process.

1.1 Epifluorescence microscopy
To start with, the simplest form of fluorescence
imaging technique is termed as Epifluorescence
microscopy. In this technique, the specimen is illu-
minated throughout and the emitted fluorescence is
collected by the detector (CCD/CMOS). Briefly, the
illumination light is passed through the emission
filter and then focussed by the objective lens on the
sample. The emitted fluorescence is then collected
by the same lens and directed towards the dichroic
mirror. Then, the fluorescent light is made to pass
through an appropriate emission filter to remove
the scattered and background light. The filtered
light is subsequently collected by the collimating
lens which is then focused to the detector. Depend-
ing upon the position of emission and excitation
system, the method can be either trans-illumination
(detection and excitation on the either sides of the
sample) or epi-illumination (through the objective
lens, as shown in Fig. 2). Widefield microscopy is
the simplest technique with extensive applications
in different domains of science and engineering.
An imaging system is ultimately determined
by its point spread function. Following the explicit
computable expression of electric field by Wolf and
Richards,”®” the electric field in particular can be
determined at and near the focus of a single apla-
natic lens based imaging system. The component of
an electric field near the focus of an objective lens for
a linearly polarized light illumination is given by”

E, =—iC(I, + I, cos2p)
E, =—iCl,sin2¢
E, =-2CI, cos ¢

(1)
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Figure 2: Schematic diagram of Widefield micro-

scopy (epi-illumination).

where the diffraction integrals (with aperture
angle o) are defined as
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where, Jp 1, ], are the Bessel functions of the first
kind. The longitudinal and transverse coordinates
of a point P(x, y, z) in the region of focus are,
u = kzsin®> o, v = k(x> + y*)"? sin « respectively, k
being the wave-number.

The excitation PSF for epifluorescence micro-
scopy is

hy = 1w,v,0, 4y) = | EL P+ E} P+ EL'
- Cl [I IO”iilll2 +2 | Il,ﬂ,‘[ll2 + | Iz,ﬂ,‘lzlzjl (3)

where, the components of the electric field are as
described above and C, is a constant.

The detection PSF for Widefield imaging
system is similar to that of illumination PSF
except that the emitted wavelength is Stoke-shifted
towards higher wavelength. As a result, the detec-
tion PSF is essentially a scaled version of illumi-
nation PSE. Mathematically, the emission PSF is
given by

hdet = I(M,V, g’ ﬂdet ) 5 )
= IOVideL I"+2] Il’/idet I+ IZ/ZAe/ |

(4)

The system PSF is given by
hsys = hexc X hdet (5)

In addition, to enable high temporal resolution
along with the spatial resolution, one can employ
an array of CMOS cameras multiplexed in time.
The emitted fluorescence light can be split and fed
to these cameras. During the OFF-state (read-out
mode) of the first camera, the second camera can
be in acquisition mode (ON-state) and vice-versa.
This is schematically shown in Fig. 4A. The system
was used to track coated E.Coli cells in a solution
for which the results are shown in Fig. 4B. This
technique compliments most of the existing fluo-
rescence imaging system.

1.2 Confocal laser scanning
fluorescence microscopy

Visualization of nanometer sized structures con-
tribute to better understanding of properties and
behavior of specimen of interest. In conventional
widefield microscopes, the entire sample is illumi-
nated with a light source and the emitted fluores-
cence is collected. Along with the signal captured
from the focal plane, out-of-focus fluorescence is
also detected, thus blurring the in-focus details.
This greatly reduces the quality and resolution
of the acquired images. In addition to the out-
of-focus light, scattering also contribute to image
degradation. These limitations were overcome by
using a optical scanning microscope.” In 1957,
a postdoctoral fellow from Harvard University,
Marvin Minsky’ examined the idea of using a
microscope that used a stage-scanning confocal
optical system. A confocal microscope employs a
pinhole infront of the detector to eliminate out-
of-focus signal, thereby allowing only the light
from the focal plane to reach the detector. The
aperture stops a large proportion of light from
passing through to the detector, so it is essential
that only bright sources of light be used.”® These
difficulties were overcome by the advent of laser
illumination techniques for scanning the speci-
men, as introduced by Brakenhoff et al.?® For a
specific setting of the microscope, only a single
point on the specimen is acquired at a time. This
makes confocal microscopy a serial image acqui-
sition system rather than parallel.”’ Mechanical
scanning of the specimen requires a long time
to scan the entire specimen. This limitation was
largely addressed by two research teams in UK*
and Sweden® by using beam steering methods to
scan the specimen. In the confocal configuration,
the fluorescence produced by a 3D specimen very
close to the focal plane is detected and the axial
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Figure 3: XY, XZ and YZ planes of excitation, detection and system PSF of single-photon excitation epif-
luorescence microscopy. Alongside, line plots are also shown.
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Figure 4: (A) Schematic diagram of the optical setup for the temporal resolution enhancement system.
The timing diagram of the CMOS camera is also shown. Camera 1 acquires an image during the read-
out time of camera 2 and vice-versa, thus dynamically capturing images alternately. (B) Trajectory of E

coli (coated with a single layer of NHS-Rhodamine dye) from CMOS cameras 1, 2 and temporally super-
resolved data. The boxed region indicated in the images is magnified to show the path taken by the E coli
cell in the liquid medium.

Journal of the Indian Institute of Science |VOL 93:1|Jan.—Mar. 2013 | journal.iisc.ernet.in



Developments in Single and Multi-photon Fluorescence Microscopy for High Resolution Imaging

resolution is improved as compared to widefield
microscopes. This has significant application in
biology, where a single plane of the specimen (say,
cell) has to be imaged without losing the minute
details due to fluorescence from neighboring
planes and due to scattering effects.

Figure 5 shows the schematic of a confocal
microscope. The basic concept of this technique is
to scan the image by illuminating a smallest pos-
sible spot in the plane of focus. A monochromatic
light is focused on a specimen at a certain depth.
A laser beam is an ideal source as it contains all its
energy in a collimated coherent plane wave. High
numerical aperture (NA) of the objective lens is
used to focus the light sharply at a single point.*
The fluorescent signal emitted by the specimen
is collected by the same objective. The pinhole is
positioned before the detector to allow fluores-
cence only from the illumination region to reach
the detector. The light source is then moved to
the next point on the specimen and the image
is acquired again. The plane of focus can also
be changed with a computer-controlled stepper
motor and optical sections can be acquired at

different depths throughout the specimen. The
images thus acquired are stacked together using
a simple computational algorithm to generate
a high-resolution volume of the specimen and
therefore provide three-dimensional information
of the specimen.

The point spread function (PSF) of the optical
system defines its resolution. The effective PSF of
a confocal system is given by”

K(x,y,z)= [K(x,y) ®|hy, (x,y,2) H
thm(x,)’,z) |2 (6)

The first term in the equation is the effect of
scanning through a finite sized pinhole which is a
convolution of the detection PSF with the detec-
tion pinhole aperture, k(x, y) in the focal region.
h,and h, are amplitudes of the illumination light
and detection light respectively.

The system PSF for a typical confocal system is
shown in Fig. 6. It may be noted that the size of the
confocal PSF scales with pinhole dimension. Small
pinhole rejects light even from the very nearest
specimen layer. This is evident from the XZ planes
of the system PSF (see, Fig. 6) corresponding to
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Figure 5: Schematic setup of a confocal microscope.
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Figure 7: Comparison of the axial detection PSFs for widefield and confocal microscopes.

three different pinhole size (2 um, 20 pm and
50 pm). This suggests that a compact and small
PSF can be obtained for smaller pinhole. On the
flip side, small pinhole reject a large portion of
light, thereby signal falls off significantly. So, a bal-
ance needed to be maintained between SNR and
size of the pinhole used.

The improvement of resolution can be
understood by comparing the PSFs of the con-
ventional widefield microscope to that of a

confocal microscope (Figure 7). The axialreso-
lution improvement for confocal microscope is
evident as compared to the widefield axial PSF. In
general, the diffraction effect tends to spread the
image of a point object, and the PSF (which is a
response of the imaging system to a delta function)
describes this spreading. Confocal microscope
achieves a theoretical axial resolution improve-
ment of about 1/4/2 as compared to the widefield
microscope.”'® Confocal microscope brings with
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it several disadvantages that are not seen in wide-
field microscopes. One of the most important
problems is photobleaching. The other problem is
of scattering; when a confocal microscope is used
to image a thick layer of specimen, the excitation
and emission light travels through the volume
where interaction with other molecules change
the direction of light.

Fig. 8 show the images of Actin filaments
obtained using both widefield epifluorescence
and confocal fluorescence microscope. The Actin
filaments are stained with Alexa Fluor Phallodin
488 dye which has an excitation and detection
peak wavelength of 488 nm and 518 nm respec-
tively. The epifluorescence microscope shows
the distribution of Actin filaments in BPAE cells.
Since the fluorescence is also detected from out-
of-focus planes, the resulting image is blurry and
it is difficult to resolve features. On the other
hand, the confocal image is crisp primarily due
to the fact that photons from off-focal planes are
rejected by the pinhole. This further strengthens
Confocal microscope as a potential 3D imaging
modality.

1.3 Light-sheet based fluorescence
microscopy

Light-sheet microscopy, as the name somewhat
suggests, employs a sheet of light for illumina-
tion instead of a cone of light. The detection
scheme generally employed is an orthogonal
arrangement. This combination of illumination
and detection schemes gives some what unique
features such as, minimized photo-bleaching,
reduced scattering and an inherent optical sec-
tioning ability. Light-sheet based microscopy has

460.68

(um) 230.34 - §

0 230.34
(1um)

been implemented in various forms, notably:
Orthogonal-plane fluorescence optical section-
ing (OPFOS),” 3D light scanning macrography,*
Thin light-sheet microscope (TLSM),” Selec-
tive plane illumination microscopy (SPIM),”
Ultramicroscopy,” Digital scanned laser light-
sheet fluorescence microscopy (DSLM),* and
Objective coupled planar illumination microscopy
(OCPI)."" In general, the axial resolution of con-
ventional microscopes is inferior to the transverse
resolution, and this fact adversely affects their
ability to obtain high-resolution three-dimen-
sional images. In an orthogonal detection scheme,
the axial resolution of the system is essentially
determined by the lateral resolution of the detec-
tion arm. This improves the axial resolution of the
overall system.

The setup of SPIM, which is a typical light-
sheet based microscopy technique, is described in
Fig. 9. Light is made to converge within the sam-
ple, typically with the help of cylindrical optics and
near the waist of such a convergent beam, it can be
roughly considered as a planar sheet as shown in
Fig. 9. Thickness of the light sheet can be adjusted
from 1-10 um, while the height and axial extent
can span over several tens of micrometers.*> We
have also obtained similar experimental results for
light-sheet generation with slightly elaborate opti-
cal setup and the results are presented in Fig. 10.
This suggests a light sheet of thickness 12 um and
a width of 100 um which is good for imaging large
specimens.

Detection is carried out by an independent
optical arm which is usually placed perpendicu-
lar to the illumination axis such that the focal
plane of the detection objective coincides with the

255
128
Conf. 0

1
460.68

Figure 8: Images of Actin filaments (tagged with Alexa Fluor 488 phallodin) in BPAE cells obtained using

epifluorescence and confocal microscopes.
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Figure 9: Schematic description of a typical SPIM setup.
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Figure 10: Experimentally obtained light point spread function of a light-sheet excitation scheme, gener-
ated with the help of cylindrical optics. The co-ordinate axes convention is the same as that of the previous

figure hence the y-profile corresponds to the thickness of the sheet while x and z-profiles corresponds to
the width and extent of the sheet respectively. Scale bar denotes 200 um.

light-sheet. Some schemes can also employ dual  fluorophores to be detected. An intuitive way of
camera detection system for high-speed image acquiring a complete 3-dimensional image of
acquisition.” Filters serve the usual purpose of the sample volume is by translating the sample
prohibiting the illumination light and stray light, = through the sheet and capturing many views to
thereby allowing only the light emitted by the form an image stack. Such stacks can be acquired
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for different orientations of the sample and finally
combined computationally into an image volume
of better quality known as multi-view reconstruc-
tion (MVR).?

The overall lateral resolution of SPIM is theo-
retically similar to that of epifluorescence micros-
copy but the overall axial resolution of the former
can be much improved over the latter, provided
that the light-sheet is made thinner than the axial
resolution of the detection objective. Due to this
enhanced axial resolution, optical sectioningis pos-
sible and photo-induced damages are reduced as
discussed before. Since the detection arrangement
is essentially a conventional wide-field microscope,
light-sheet based microscopy techniques retain the
capability of high speed imaging. All these factors
combined together makes light-sheet microscopy
a prime candidate in several applications such as
developmental biology. For example, using SPIM,
Huisken et al. demonstrated that embryogen-
esis of Drosophilia and Medaka can be studied by
imaging them continuously for up to 3 days in
vivo, at a depth of about 500 pm with a resolu-
tion of better than 6 um.*® Holekamp et al. used
objective-coupled planar illumination (OCPI)
microscopy to perform high-speed imaging stud-
ies (200 fps) to analyze pheromone-sensing neu-
rons in mouse.”! In 2008, DSLM technique was
used by Keller et. al. to develop a comprehensive
database for the first 24 hours of the development
of mutant as well as wild-type zebrafish embryos.*
This so called ‘digital embryos’ contain compre-
hensive information on cell division, positions
and migratory tracks with an impressive temporal
resolution of 1.5 billion voxels per minute. Fig. 11
show the images of Lactobacillus encaged in a Aga-
rose gel-matrix. The bacteria was coated by fluo-
rescent polymers using layer-by-layer technique.
One can immediately notice larger field-of-view
with a dark background which is the hallmark
of single plane illumination. Given these mul-
tifarious applications and the astounding pace

of their development, light-sheet based imaging
techniques indeed present a promising future.

2 Multiphoton Fluorescence Microscopy
Multiphoton microscopy has brought in a sea
change in the field of fluorescence microscopy.
This has enabled many improvements in fluores-
cence imaging apart from the fact that this proves
the fundamental aspect of possible high energy
transition with low energy photons. Two-photon
excitation occurs when two low energy photons
combine together to produce a high energy tran-
sition. This can be explained by Jablonski energy
diagram as shown in Fig. 1, where, the molecule
absorbs two or more photons almost simultane-
ously to effect a transition to higher energy states
S; n > 0. Since the probability of such transi-
tions are rare, this requires high power pulse laser
source.

There are many advantages of multiphoton
excitation over single photon excitation process:
2PE enables pin-point excitation or high selec-
tivity. This is due to the small two-photon exci-
tation cross-section =107 c¢m* s/photon which
restricts the occurance of such rare events only at
the focus. It is only the focus that has the high-
est photon density for such two-photon events
to be possible. This is also the reason that, 2PE
does not cause photobleaching at the top and bot-
tom layers of the specimen, that is well-known
to occur in single photon excitation microscopy.
Other important applications of 2PE are in spec-
troscopy. Certain electronic states are not acces-
sible by single-photon excitation primarily due to
selection rules, but can be probed by multiphoton
excitation. Moreover, two-photon excitation can
excite fluorophores which are UV-active using
visible light. As a consequence of this, 2PE reduces
scattering by an increadible factor of A, thereby
enabling depth-imaging. There are many more
advantages of multiphoton over single photon.
Here we discuss some of the widely used variants
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Figure 11: Light sheet images of dye-coated Lactobacillus trapped in an Agarose gel matrix.
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of fluorescence microscopy techniques based on
two-photon excitation process.

2.1 Two photon laser scanning
fluorescence microscopy

This microscopy technique is inspired by the
seminal work of Gueppert Mayor published
in the year 1932.* Using quantum mechani-
cal calculations, she could prove the striking
fact that high energy transitions in molecules
can be effected by using low energy light. This
imposes certain conditions on the light-matter
interactions such as, simultaneity of the photon
absorption (photon absorption must take place
within the dipole-transition time i.e, <107'¢ sec),
very high photon density for compensating low
molecular absorption cross-section and symme-
try considerations.”” In a nutshell, this means a
very high photon flux of low energy is required
which can be generated by pulsed laser. This is
the reason that took almost 30 years to get the
first experimental verification by Kaiser in 1961.%
Specifically it took another 30 years for the first
succcessful application in biological imaging by
Denk et al. in 1990."? Thereafter, the field flour-
ished at far greater pace than expected. It would
not be possible to give all the theoretical flavour
in this brief review. We refer to® and® for detailed
theoretical derivation.

Since n-photon excitation results from the
simultaneous absorption of n number of pho-
tons, the fluorescence intensity has the n-power
dependence on the excitation intensity i.e,

I;<I"=1;=0,I" (7)

where, the absorption cross-section o, is given
by76

o,=0'A"" (8)

and o, is the single-photon absorption cross-
section.

Two-photon excitation microscopy is well
characterized by the system PSE” Because of
the intensity-squared dependence, the excitation
PSF for linearly-polarized light illumination is
given by,

B v, 8, Ay) = | Eu,v, 8, Ay !
2 2
= [ Ig 4 +15 4 +21 4 1 4 cos(20)
2
+4If ; cos’ ¢J )

The detection is the collection fluorescence
light (stoke-shifted wavelength) by the same
objective. So, the detection PSF is given by

hdct(u,v,ﬂidet):|E(u,v,2¢,ﬂdet)|2 i
=T, |"+2]L,, |
2
+|L, (10)

d

The total system PSF for multiphoton micro-
scopy is simply the product since, no pinhole is
involved in two-photon excitation microscopy. So,
the expression for system PSF is

hye = hy (u,v, @, Ay) X hyp (U, v, @, Agr) (11)

where the diffraction integrals are as explained in
Section 1.

Fig. 12 shows the excitation, detection and
the system PSF for 2PE microscopy (all, XY, XZ
and YZ planes). The excitation and emission
wavelength are chosen to be 910 nm and 520 nm
respectively. Comparatively, TPE excitation PSF
is broader than one-photon variant because
larger wavelength is employed for 2PE process.
This is also evident from Abbes diffraction limit.®
Fig. 13 shows the lateral XY plane and 3D images
of Convalaria Majalis tissue section. In this case,
the sample was excited at 750 nm and the fluores-
cence was detected at 675 nm.

2.2 2-photon 4-pi microscopy

The 47 geometry was first proposed by C. Cremer
and T. Cremer signifying the maximal possi-
ble aperture angle for excitation and detection.®
The first explanation of a workable system of 4Pi
microscopy for biological imaging was proposed
by Stefan Hell.">'¢ Based on the interference of the
illuminated light, emitted light or both, the 4pi
microscopes are classified as type A, B or C respec-
tively. The 47 geometry is shown in Fig. 14. Light
from both the objectives are made to interfere at
the geometrical focus. This results in the interfer-
ence pattern along the axial direction, consisting of
a narrow central maximum with side lobes above
and below the focal plane. The side lobes, which
result from the partial solid angle of the super-
posing waves, can be as high as 30% of the main
lobe.”” During the same period, the first experi-
mental demonstration of the two-photon laser
scanning fluorescence microscope was achieved
by Denk et al."?

Since two photon excitation process has an
intensity-square dependence on the illumination
intensity, the excitation PSF (A type) is given by
the equation 12 (for linearly polarized light):

hy (4, v, @) = | E(u,v, 8) + E(=u, v, 9) |*
=[Re{l,}* + Re{l, }*
+ 2Re{l,}Re{l, }cos(29)
+4Re{l,}* cos” o] (12)
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Figure 13: Images of Convalaria Majalis obtained

using TPE microscopy.

For circularly polarized light, this simplifies to
hy (u,v,@) =[Re{l,}* +2Re{l,}* + Re{l, }* .

Again, since the emitted photons are randomly
polarized, the detection PSF is:

haor (v, A =11+ 21 L P 411, P (13)
Fig. 15 shows the system PSF for two-photon

4pi fluorescence microscopy. The aperture angle
is chosen as 60°. Corresponding excitation and

Detection PSF

System PSF

Incident light

g

Objective lens

Sample

Objective lens

Incident light

Figure 14: Schematic of the optical setup for 4-pi
microscopy.
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Figure 15: The XY, YZand XZ planes of the (a) excitation, (

Detection PSF
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0.0

detection and (c) system PSFs of two photon

)
4pi at an aperture angle of 60°. Simulation parameters 4, = 910 nm, 4, = 520 nm.

detection wavelengths are chosen as A, =488 nm
and A4,, = 520 nm respectively. The PSFs are
evaluated on 128 x 128 x 128 grid with a
sampling of 30 nm, which correspond to a
physical dimension of 56.62 pm’. The XY-, YZ-,
and XZ-planes of the system PSF along with
the excitation and detection PSF are shown in
Fig. 15. The interference pattern in the excitation
PSF is quite evident, which is a result of super-
position of incoming waves from two objective
lens (see, Fig. 14). The interference is ensured by
phase matching between both the incoming wave
derived from the same source. Since the detec-
tion is performed by a single lens, the detection
PSF resembles that of epifluorescence system.
Fig. 16 shows a comparison between the single-
photon and two-photon variant of 4pi-type-A
system. Side lobe suppression is quite evident in

two-photon version, which is due to the inherent
localization produced by intensity-squared rela-
tion. In the single photon version of 4pi micros-
copy, the sidelobes produce strong image-artifacts
in the acquired images thereby giving a false
impression of the presence of fluorophore. This
can be seen in Fig. 17, which show distribution
of mitocondrial network inside a cell where GFP
fluorophore was used to tag the network. Close
inspection shows that prominent dot-like features
are accompanied by side-lobes. These sidelobes
are artifacts due to the 4pi-PSF and should not be
interpreted as part of fluorophore-active regions.
To some extent, the effect can be minimized
by image deconvolution and statistical image
reconstruction methods.®®” In the last section
(Section 4), we will discuss statistical image
reconstruction technique to address the side-lobe
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Figure 17: 4pi image (surface plot) of the mitocondrial network tagged with GFP.

issue and more importantly to develop statistical
techniques to suppress the noise.

3 Super Resolution Fluorescence
Imaging Techniques

In this section, we will very briefly go through
the super-resolution imaging techniques. It
may be noted that there are a quite a few review
articles and book chapters that gives a detailed
information,'®”” so we will briefly go through these
techniques. Broadly super-resolution techniques
can be categorized into two types: (1) Based on
PSF Engineering and (2) Based on photophysics
of the probe molecules.

3.1 Stimulated Emission Depletion
(STED) microscopy

STED microscopy reduces the system PSF by a com-
bination of traditionally used Gaussian beam and
an additional Donut shape STED beam. STED falls
in the first category which is predominantly PSF
engineering. The specimen is illuminated by two
synchronized ultrafast pulsed laser sources: Excita-
tion laser pulse which has a Gaussian beam profile,
and wavelength-shifted depletion pulse laser with a
donut profile. The pulse duration of both the lasers

are generaly in pico-seconds with excitation pulse
being of shorter duration. It may be noted that,
pulse lasers are cleverly chosen to be close to time-
scales of molecular relaxation. Both the Gaussian
and Donut beams remain diffraction limited. The
STED pulse is generated by an appropriate phase-
modulator so as to make sure that the zero-intensity
appears at the center with exponentially growing
intensity as we move towards the periphery. This
results in a Donut-shaped beam. The wavelength
and duration of the STED beam pulse are appro-
priately chosen so as to coincide with the emission
maximum and saturation intensity of the dye.

The dye is initially excited by a diffraction-
limited Gaussian beam pulse. This results in
the excitation of all the molecules to the singlet
excited state. Then, this is immediately followed
by another pulse with a Donut-shaped beam that
surrounds the central focal point of the excita-
tion beam. Note, the beam is slightly wavelength-
shifted towards red. So, all the fluorophores except
at the central region undergoes stimulated deple-
tion, thereby leaving out fluorophores at the
center to undergo spontaneous emission i.e, fluo-
rescence. This results in a very compact effective
PSE. In order to obtain a complete 3D image, the
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effective PSF is raster scanned across the specimen
and 3D image is constructed.

A very interesting recent development in STED
is the integration of STED in a 47-geometry. This
is termed as iso-STED.® This adds the advantage
of highest lateral resolution (obtained from STED
part) with that of highest axial resolution(obtained
by 4pi part). This combination is a complete
realization of truely nanoscale imaging modality.
The resolution of such an imaging technique has
approached few tens of nanometers.' Although,
the biggest concern has been the photobleaching
caused by high-power laser beam, this technique
is growing fast and continues to impress.

3.2 Localization microscopy

Localization microscopy falls in the second category
where photophysical properties of the fluorophore is
exploited to render super-resolution. These proper-
ties are mainly photo-switching, photo-activation and
triplet-state transition rate. All the localization tech-
niques exploit these properties to control the number
of excited molecules. The mechanisms responsible
for ON-OFF transitions are photoisomerization,
electron transfer or triplet state formation. Because of
this, a sparse subset of molecules can be continously
toggled between the bright and dark states.

Some of the well-known localization tech-
niques are PALM, STORM, fPALM, GSDIM and
IML-SPIM. The basic philosophy behind these
techniques is the ability to excite a sparse subset of
fluorophores from a dense ensemble. Here, sparse
subset means distances exceeding Abbe’s resolu-
tion limit. The advantage of this technique is that
no modification of the optical setup is required.
It is advisable that, this be implemented on wide-
field and total internal reflection fluorescence
optical microscope platforms for best results.

The sequential steps involved in localization
microscopyare: (1) Switching ON the fluorophores
in a sparse subset of the ensemble, and (2) The
determination of the coordinates (centroid) of
the molecule by fitting the PSF to a Gaussian
function, and (3) Switching-OFF so that they
cannot re-participate in the reconstruction proc-
ess. It may be noted that single-molecule blinking
is a stochastic event. Upon excitation with a low
power activation laser, a small sparse percentage
of fluorophores are stochastically switched ON.
They are then localized and then photobleached
to remove from the ensemble. This is performed
for large number of times to collect enough single
molecule signatures for bringing out the super-
resolved structure of the specimen.

The idea behind localization techniques is that
the position of a single molecule can be localized

depending upon the photons collected provided
there is no similar marker within the diffraction
limit. The localization precision o has contribu-
tions from photon counting noise, pixilation noise
and background noise as shown by the following
expression,”

az=i+i+8m4b2, (14)

N 12N 4’N?

where N is the number of photons collected, s is
the standard deviation of the Gaussian intensity
PSF, a represents the effective pixel size, and b is
the background noise. For best results,an EMCCD
camera is recommended.

4 Statistical Image Reconstruction

for Fluorescence Microscopy
Deconvolution and statistical methods play pivotal
role in fluorescence imaging.’””* Specifically for
low-light imaging, statistical methods are pre-
ferred over deterministic methods (such as, Image
Devonvolution). Here we discuss statistical meth-
ods that are more general and are hence applicable
for both low and high SNR images.

In a fluorescence imaging system, the image g
is a linear superposition of the values of f, and K.
Mathematically, this is represented as g = K * f,
where K is the impulse response function or the
Point Spread Function (PSF) of the imaging
system. The diffraction-limited PSF passes the
low-frequency content in the object and restricts the
high spatial frequencies, thereby resulting in blur-
ring. Theimage is severely corrupted by noise thereby,
further degrading the quality of the acquired image.
The image generation in a fluorescence microscopy
can be mathematically approximated as

8(x,y)=K(x,y)* f(x,y) + 77(x,y) (15)

Since the image is degraded by addition
of noise and blurring, there arises a need to
have techniques to recover the object from the
degraded image. This is an inverse problem, and
turns out to be ill-posed. In an inverse problem,
the data is always affected by noise which is a small
random oscillation. The solution method would
amplify the noise producing large oscillations
in the image.”” This implies that there are many
approximate solutions which reproduce the data
within a given noise level. A standard approach for
addressing this problem of ill-posedness is pro-
vided by the regularization theory.”

Here, we focus our attention to the case
where the noise follows Poisson distribution. For
ML approach, the true estimate of the object is
obtained based on the knowledge of the system
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point spread function (PSF). Photon emission
in fluorescence microscopy is known to obey the
Poisson distribution and as a result the photon
detection is Poissonian as well. The likelihood
function which is the probability of observing the
measured data g given the object fis
N &
L) =gl =T[4 D (16)
m=0 m*
where, fis the mean value of the random variable
and g is the recorded data set. The mean of the dis-
tribution function is Af= K * f, K being the PSF of
the imaging system. We have also used the fact that
emission from each pixel is an independent event.
Expectation maximization algorithm, first pro-
posed by Dempster in 1977 offers a numerical

neighborhood pixels. This brings in the concept
of Markov Random Field.* Once image field is
modeled as MRE, the image distribution is given
by Gibbs distribution as per the Hammersley-
Clifford theorem,*

1 -5 o V(i)
P(f):E e ﬁZHZJENn (. fJ

(19)
where, Z is the normalizing constant, 3 is Gibbs
hyper-parameter, and V(f, ]?) is the potential at
the current pixel n due to the pixels ]j in the neigh-
borhood (je N ).

Solving the optimization problem for MAP
(ie f= max ¢, (log P(g| f)+log P(f)]) and using
successive approximation, we get an iterative
scheme to obtain the best possible estimate,*

k
fk+l — fn
" M 19
Dot Ao+ o Do

method for determining the maximum likelihood
estimate (MLE). Shepp and Vardi, in 1982% intro-
duced ML-EM algorithm for image reconstruction
and the algorithm has remained a basis for most
of the statistical reconstruction algorithms. In ML
approach, the likelihood function is maximized
to obtain the best estimate of the object. This is an
iterative method where every reconstructed image is
obtained from the previous iteration estimates.”>*=!

k1 _ pk| 4T 8
fn _fn[A Afkjn (17)

This ill-posed problem can be bettered if one
can introduce prior information in the image
reconstruction problem. ML algorithm, however,
suffers from dimensional instability at large itera-
tions, producing noisy artifacts. ML does not sup-
port the incorporation of prior knowledge in the
image reconstruction process. This restriction can
be lifted by the introduction of Bayes theorem
that relates the posterior distribution P(f | g) with
likelihood function P(g| f) and prior distribution
function P(f),

p(f | g)= DELDP) (18)
P(g)

The determination of prior distribution is
possible by approximately modeling the image
field. One intutive way of modeling is to con-
sider the fact that image field is smooth, ie, a
pixel in the image field is mostly affected by the

( -
W V(i )t f

AT i] (20)

Over the years a large number of potential
functions have been suggested in the litera-
ture to accurately model the prior function.
One such simple yet effective potential function
is quadratic potential.**"355 Other potential
functions are: Huber potential,® Cosh potential
function,* Fuzzy potential function*** and blind
deconvolution.”**

There are many ways one can study the char-
acteristics of these iterative algorithms and their
convergence. The readers can refer to excel-
lent articles for better understanding of these
properties.**”* In this brief review, we will rather
focus on the simpler versions of MAP algorithm
and compare it with ML algorithm. We have cho-
sen to work with both synthetic and real data.
Fig. 18, first column shows the synthetic data
of three merging spheres (shown in gray scale)
and two set of real data (false colored). The real
data set are obtained using confocal laser scan-
ning microscope of Yeast cell samples in which
mitochondria is tagged with MitoTracker Orange
CMX-Ros (Invitrogen Inc.) and Actin filaments
in BPAE cells. It is evident that both ML and
MAP algorithms produce high quality recon-
struction. ML image is little noisier than MAP
reconstructed images, which is due to the effect
of quadratic potential that produces smoothing
effect. Moreover, intensity plots show that both
ML and MAP algorithms are capable of bring-
ing out high-resolution features such as edges.
Specifically, the background noise is substantially
smoothened in the MAP reconstruction. This is
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Figure 18: ML and MAP quadratic potential reconstruction of, (a) Simulated data, (b) Mitocondria tagged

yeast cells, and (c) Factin filaments of BPAE cells.

possible because both the algorithms are based on
statistical models.

Through this brief review, we propose to
bring out some of the state-of-art and power-
ful techniques in fluorescence microscopy. The
applications of these techniques are not limited
to a specific branch of science and technology, it
is expanding rapidly toinclude diverse disciplines
such as food inspection, medical diagnostics and
non-destructive imaging. There is a lot of scope
for these optical microscopy techniques in the
coming years especially at the interface of merging
disciplines specifically, physics and biology.
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