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probe (EPfonnected to an energy meter (EM) and is used as a normalization factor for
the waveforms. The signals are transferred to and analyzed by a personal computer (PC).
The cuvette holder can be moved perpendicularly to the transducer................... 75

Figure 6.6(a) PA signal for the solution of darkwQ excited at 410 nm (green daxkwQ
black darkw@s). (0) PA signal for the solution of darkwQT excited at 470 nm (green
darkwQTn, black darkWQd). «..ccoeeeiieeeeieiiee e 76

Figure 6.7Inset €). Energynormalized PA signals for a GAF3 solution excited at 540 nm
(green, GAR3 red, GARJ. Inset b). Energy nanalized PA signals for a GAF3 solution
excited at 650 nm (green, GAF-3ed, GARJ. Main spectrad). PA signal amplitude for
GAF3 (green dotted line) and GAk@ed dotted line) function of excitation wavelength.

{AIYyrf FYLXAGIdZRSE 6SNB SaGdAYIFGSR FTNRY (K¢
normalized for laser pulse energy. The corresponding absorption spectra are reported as
solid green and solid red lisdor comparison. T = 20 °C. [GAF3] = 5 uM.............. 77

Figure 6.8.PA signals for GAkR®ed curves) and GAE3green curves) solutions after
excitation at 540 nmd) or 650 nm ¢). The solutions also contained BBBN at a
concentration corresponding to an absorbance of 0.5 at 540 nm and 0.75 at 650 nm. The
difference between PA signals at 540 nm (GARBius GAR3 b) and 650 nm (GAR3
minus GAR3 d) shows a solid contrastven in a competitive absorber....................L9
Figure 6.9PA signals for a suspensionkafcolioverexpressing GAF3 after excitation at
540 nm @) or 650 nm¢) for GAF3(red signals) and GAERreen signals). After baseline
subtraction and laser pulse energy normalization, signals were normalized to the lower
amplitude waveform (GAR3n the top left and GAFS3n the bottom left). In panelshi

and (), we plot the two fems' contrast by subtracting the two PA signals............. 80
Figure 6.10(a) Schematic representation of the cuvette with the capillary tube, the laser
beam, and the piezoelectric transducer (PZ®b). Kront view of the cuvette with the
capillary andhe laser beam at three different positions (passing to the left, through the
center, or to the right of the capillary)c)(Representative waveforms collected with the
laser beam passing through the solvent (blue), the center of the capillary (gredhg or
capillary wall (red). The capillary contained a BBBN solution with 0.5 (1 cm pathlength)
absorbance at the excitation wavelength. The oscillation starting at fithes at all
positions is due to the scattered light absorbed by the transducer's suif@esoscillation
starting at about 3.5us in the green waveform is due to the signal generated upon
absorption by the solution inside the capillary. The scattering signal becomes very large
when the laser beam hits the capillary wall (red), and a smatigslitude oscillation is
appreciable at about fis due to the absorption of the laser beam by the solution inside
the capillary. To emphasize the scattering signal, we collected these data without the
aluminum foil between the cuvette and transducer (whialas present in all other
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experiments) to emphasize the scattering signd). Contour plot of the PA signals
collected at different beam positions inside the cuvette. The signal due to laser scattering
is observed atfi0 s at all beam positions. The widti this signal (solid green line)
estimates the external diameter of the capillary @& mm FWHM), consistent with the
direct measurement using a caliper. Due to the finite speed of so&@800 m/s in
water), the signal from absorption by the solutiomside the capillary is observed at
increasing delay when the cuvette is scanned, and the distance between the transducer
the beam increases. The red shaded area reports the amplitude of the acoustic wave
generated inside the capillary, whose timesition dependence nicely reproduces the
speed of sound in the solverftd500 m/s). The width of the red curve (FWHM) ist0.Q

mm, identical to the one measured through an optical microscope with a calibrated ruler.

Figure 6.11Capillary tube experiment for alivi GAF3 solution. The cuvette is filled with
deionized waterlg, c, andd). The competitive absorbance of the BBBN solution was 0.75
(1 cm pathlength) at 85 nm, where excitation was performeda)(Schematic of the
geometrical arrangement of the pump beam (vertical slit), the photoconversion beam
(red or green circles), and the capillary tube at different pump beam scanning positions
for GAF3 (left) and GAR3(right). (0) PA signals were collected at the center of the
capillary for GARgred), GAF3(green), and the difference between the signals (blug). (
Contour plot of the PA signals as a function of time and position of the beam in the cuvette
for GAF3 (left), GAFg (centel), and the difference between the two signaigt). d)

The amplitude of the first positive PA oscillation for GAFeSt), GAF3 (centel) and the
difference between the two signalsight) as a function of the excitation beam gition
INSIAE the CUVETIE.......eeeeieeeeiici e e e e e e e e e e e e e e bbb as 83
Figure 6.12.Photoacoustic signals were collected for a capillary tube filled with a
transformed E. Coliloverexpressing GAF3) badtdrsuspension immersed in a water
filled cuvette. Pulsed excitation was at 540 nm, T = 20 °C. The toparowé€ports
waterfall plots of the photoacoustic signals as a function of time and the position of the
excitation beam inside the cuvette for GAH38), GAF3 (b), and the GAR3- GAF3&
difference €). The center rowd-f) shows the contour plots for the signals adj. The
bottom row (g-i) shows the amplitude of the first positive oscillation of the PA signals in
(a-c) as a function of the excit&in beam position inside the cuvette...................... 84
Figure 6.13.Photoacoustic signals were collected for a capillary tube filled with a
transformed E. Coliloverexpressing GAF3) bacterial suspension immersed in a-water
filled cuvette. Pulsed excitation was at 650 nm, T = 20 °C. The toparowéports
waterfall plots of the photoacoustic signals as a function of time and of the position of
the excitation l2am inside the cuvette for GAE®), GAF3 (b), and the GAR3 GAF3
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difference €). The center rowd-f) shows the contour plots for the signals adj. The
bottom row (@) shows the amplitude of the first positive oscillation of the PA signals in
(a-c) as a function of the excitation beam position inside the cuvette.................... 85
Figure 6.14.Photoacoustic signals were collected for a capillary tube filled with a
transformedE. Col(overexpressing GAF3) bacterial suspension immersed in a cuvette
filled with a BBBN solution, A(540 nm) = 0.5. Pulsed excitation was at 540 nm, T = 20 °C.
The top row &-c) reports waterfall plots of the photoacoustic signals as a funcaifdime

and of the position of the excitation beam inside the cuvette for GA®3GAF3(b), and

the GAF3 - GAFg& difference ). The center rowd-f) shows the contour plots for the
signals ing-c). The bottom rowd-i) shows the amplitude of the 8t positive oscillation

of the PA signals ira{C) as a function of the excitation beam position inside the cuvette.

Figure 6.15.Photoacoustic signals were collected for a capillary tube filled with a
transformedE. Col(overexpressing GAF3) bacterial suspension immersed in a cuvette
filled with a BBBN goation, A(650 nm) = 0.75. Pulsed excitation was at 650 nm, T = 20 °C.
The top row &-c) reports waterfall plots of the photoacoustic signals as a function of time
and of the position of the excitation beam inside the cuvette for GA&3GAF3(b), and

the GAFR- GAF3 difference €). The center rowd-f) shows the contour plots for the
signals ing-c). The bottom row-i) shows the amplitude of the first positive oscillation

of the PA signals ira{C) as a function of the excitation beam position desthe cuvette.

Figure 6.16.Photoacoustic signals were collected for a capillary tube filled with a
transformedE. Col{overexpressing GAF3) bacterial suspen immersed in a cuvette
filled with anE. Colsuspension, A(600 nm) = 0.5. Pulsed excitation was at 540 nm, T = 20
°C. The top rowetc) reports waterfall plots of the photoacoustic signals as a function of
time and of the position of the excitation ben inside the cuvette for GAR®), GAF3

(b), and the GAR3 GAF3 difference €). The center rowd-f) shows the contour plots

for the signals ing-c). The bottom row ¢-i) shows the amplitude of the first positive
oscillation of the PA signals ia-€) as a function of the excitation beam position inside
TN CUV B . et e e e e e e e e e e e e e e e e nrrranaaaa 88

Figure 6.17.Photoacoustic signals were collected for a capillary tube filled with a
transformedE. Col(overexpressing GAF3) bacterial suspension immersed in a cuvette
filled with anE. Colsuspension, A(600 nm) = 0.5. Pulsed excitation was at 650 nm, T = 20
°C. The top rowec) reports waterfall plots of the photoacoustic signals as afiom of

time and of the position of the excitation beam inside the cuvette for GA%3 GAF3

(b), and the GAR3 GAF3 difference €). The center rowd-f) shows the contour plots

for the signals ing-c). The bottom row ¢i) shows the amplitude ofhie first positive
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oscillation of the PA signals ia€) as a function of the excitation beam position inside
LS oD A Y= £ = PP P P TR TP 89
Figure 6.18PA signals for GAk@®&) and GAF3at 5° C¢) and 20 °C (GAED, GAFg: d).

The top panels report a comparison between the laser pulse enemgy absorbance
normalized signals from BBBN (black) and GAiE8l) at 5 °Cd) and 20 °Ch). The
excitation wavelength was 650 nmhe bottom panels report a comparison between the
laser pulse energyand an absorbancaormalized signal from BBBN (black) and GAF3
(green) at 5°Ccf and 20 °Cd). The excitation wavelength was 540 nm................. 92
Figure 6.19Representative deconvolution analysis of photoacoustic signals for &AF3
T=7°Cd) and T = 20 °@®); Black solid curves are the IRF measured with a BBBN solution.
Red solid curves are th@gaals from GAR3 State GAR3wvas selected by CW illumination
with the 514 nm output of an Ar ion laser. The solution was stirred to ensure
homogeneity. The solid green lines are the reconvolution of the IRF signals with a

Figure 6.20(a) A plot of the energy content of each transien{®pas a function oft @ r

for GAF3 (red) and GAFRs3(green). Solid lines)p% , dashed linesz @8. (b) Arrhenius

plot for E ¢ z @ for GAF3 (red) and GAR3(green). We retrieved lifetimes q@nly at
temperatures DEIOW L5°C ... ... i 94
Figure 7.1 Schematic representation dhe 2RPAM setup. EOM is the Eleci@ptic
Modulator, PMT is the photon multiplier tube used as a detector, HWP and QWP are half
and quarter waveplates, SP is short pass filters for fluorescence selecting, DM is a dichroic
mirror, and AMP is the amplifisequence. The solid red line is the NIR excitation, dashed
red line is the NIR excitation after EOM modulation. Fluorescence is reported in a solid
green line. The laser's position, the leokamplifier, the transducer and the delay
generator driving thalelay generator are reported.............ccvvvvvieeiiiieeeiien e, 96

Figure 7.2Photoacoustic images and transmitted light images of a metal alignment grid.
(@) The amplitude of the PA signah) The phase of the PA signad) Transmitted light.

[0 ) Y/ =T o T=T o I g4 =T PR 100
Figure 7.3.Photoacoustic and transmitted light images of a resolution g&l.The
ampltude of the PA signalb] The phase of the PA signal). Transmitted light. Bottom

row (d-f), values along the blue line.............coooiii e, 101
Figure 7.42P image of a slicef gerebellum showing Purkinje Neuron stained with H&E
stain. The image is obtained through the latter setup, exciting with a wavelength of 780

Figure 7.5Left Comparison between the ofghoton-absorption spectrum (black) from
the literature (157) and the measured twahoton-absorption spectrum (red) for eosin at

Mndnp >a OM: RybtyCOdpdrisadlobaiweéenyfhie @rehoton-absorption
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spectrum (blak) from the literature (157) and the measured tpwhoton-absorption
aLISOGNHZY 0NBRUO F2NJ KSYlLG2EefAy i ndyo xa
(152 ) P PPPPPPPPPPRRPTPR 102

Figure 7.6lmages of a section of cerebellum showing Purkinje Neuron stained with H&E
stain. @) 2PA image of a region of the cerebellum. The yellow box indicates cropped area.
(b) Merged image of the cropped area) (The phase of the PA signal bketcropped

region. ¢) The amplitude of the PA image of the cropped arep2pP fluorescence of

(o (o] 0] 01T I £=To [ o] o 1SRRI 103

Figure 7.7Image of a Purkinje Neurora)(Merged image.lf) The amplitude of the PA
image of the cropped areac)(The phase of the PA signal of the cropped regidn2P
fluorescence of Cropped rEgION...........oiiiiiiiieiii e e 103

Figure 8.1. Schematic representation of three possible ways of performing 3D
measurements in SPIM. The cyan squares indicate the CW 488 nm laser, the green circle
represents the sample, the dashed circle represents the focal spot, and the red arrows
represent the moving parts.aj the sample is mechanically scanned through the light
sheet that provides optical section and 3D scannimy.tije light sheet is moved by
changing the entrance angle while the sample is fixed. To preserve optical alignment also
the detection objective should movec)(the focal spot, the dashed ellipse, is elongated.

In this case, the sample is fixed in position while the light sheet is scanned. For the
elongation of the focal volume, no moving of the detection objective islede....... 105

Figure 82L Yl 38a 2F ™M >Y 06SIFRa Ftdz2NBaOSyid oSl
objective lens. Fromaj to (c), the driving voltage of the TAG lenxreases with a
corresponding deterioration of the SNR of the images. We report a quantitative analysis
of the signal degradatiorlf and noise increase)in terms of RMS. The error bar is shown

as a shaded area when bigger than the line width. Imageoduced from reference (67).

Figure 8.3(a) Working principle of Multiplane Encoded Ligiheet Microscopy. A s& E E

of parallel lightsheets simultaneoushg shined on the sample, illuminating illuminates at

the same time multiple plane® @hose resulting in superposed images are collected as
the frame& .Hn order to retrieve the individual images, it is simply needed to calculate
the inverse of the encddg sequence3 ks calculated. ) Comparison of SNR as a
function of the acquired frames for the decoded images acquired with the Hadamard
encoding left) and Black Light Sheet encodimnigiit). (¢) Comparison of the background

as functions of the nuiver of acquired frames for the decoded images acquired with the
Hadamard encodingdft) and Black Light Sheet encodinglit). All plots are normalized

by the SNR or background level of a sequential scan. Image reproduced from reference
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Figure 8.4(a) Schematic representation of the experimental setup. The excitation arm is

in blue, the detection one in greenb)(Experimental image of light sheetké&n at the

focal plane of the scanning lens. On top, the illumination intensity profile alongéxész

shows that the light sheets have comparable intensity. On the left, the intensity profile
along the yaxis shows a good longitudinal homogeneit).Native PSF of the detection
objective lens (40x%/0.8 NA) was calculated with the Born & Wolf model. The image of the

XY plane at z=0 and the corresponding intensity profile are on a logarithmic scale. The
DoF, defined as the FWHM along the £ A & = .Xdj Extaritied PSFYvas obtained by
scanning the native PSF along thaxis with the TAG lens. In this example, the DoF
SEGSyaArzy A& lo2dzi uwp >YI odzi Ad OFy 685 fic
to the TAG lens. The intensity scale is thmeas in ). The lateral width is preserved,

but the intensity per plane is reduced. Image reproduced from reference .(67)..109

Figure 8.5Schematic representation of an AOD driven by a sinusoidal veaeed a sum

of sinusoidal wave$]. The black slab on the top is the damping material, and the one on

the DOMOM IS PIEZOEIECIIIC. . vvvvviiiiiiiee e 110

Figure 8.6 Results of the simulationsa)(On the left image of the original plane £ 1).

On the right, images of the same plane are encoded with the Hadamard method, using 7

and 31 frames. k) Quantitative analysi of the SNR enhancement and background
suppression. Both quantities are plotted against the numbef acquired framedmage
reproduced from refereNCE (B7.)....uuuurrreiiieiie ettt e e e e e e e eeeeaareeen 114
Figure8.7(a0 ¢ 2LJY LYl 3Sa 2F (GKS &aiayatsS m >Y Ff dz
different encoding methods (Sequential, Black Ligjfitet, and Hadamard scan). Bottom:
Corresponding intensity profile, averaged over the columbsQuantitative aalysis of

the normalized SNR gain (green) and background suppression (red) was obtained with the
Hadamard encodingc) Quantitative analysis of the normalized SNR gain (green) and
background suppression (red) was obtained with the Black Light Sheet agcddie

error bar is shown as a shaded area when bigger than exceeding the line width. The
images have been acquired with a 48 NA objective lens, whose DoF has been
SEGSYRSR ¥TNRY ™M >Y (2 cn >Y 6A0GK GKS ¢! D f

Figure 8.8.(a) Maximum intensity projection of the volumetric image of a spheroid
acquired with Hadamard encoding. Images have been deconvolved with the Wieare
algorithm, using a PSF simulated wiguation 8.3(b) SNR gain and background
suppression versus the number of acquired frames. Images have been acquired with a
p T 7r@®. ! objective lens, whose DoF has been extended fganh to ¢ p pl  with

the TAG lens. The 3D image is composed of two interdigitated stacks of 15 frabiés.
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Figure 8.9.Schematic representation of Spherical aberrations assigt@dnded Depth
of-field (SPED) liglgheet microscopy. A glass slab (or another material) is placed
between the sample and the detection microscopé. (n @), we can see the spherical
aberration induced by the refractive index mismatCh...............ccccoceeii e, 117
Figure 8.10Top The same image of a single pollen grain bead taken with three different
encoding methods and deptbf-field extended through spherical aberratioBottom.
Intensity profile, averaged over the columns of the corresponding images......... 118
Figure 8.11Top Comparison between experimental data obtained on BBBN calorimetric
reference (blue) and synthetic data (re@pttom. The pressure profile and the response
function of the transducer are used for convolutian...............cccceeeeiiiiinieeeeeeeeeeeee, 119
Figure 8.12Waterfall and contour plots ofa(d) PA signal in sequential scan modgge)
Hadamard encoded PA signals aod) (decoded sequential PA signals. The case for n=1.

Figure 8.13Waterfall and contour plots ofa(d) PA signal in sequential scan modge)
Hadamard encoded PA signals aod) (decoded sequential PA signals. The case for n=3.

Figure 8.14Waterfall and contour plots ofa(d) PA signal in sequential scan modge)
Hadamard encoded PA signals aod) (decoded sequential PA signals. Thse for n=7.

Figure 8.15Waterfall and contour plots ofh(d) PA signal in sequential scan modee)

Hadamard encoded PA signals aod) decoded sequéral PA signals. The case for n=15.
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Figure 8.16(a) Quantitative analysis of the normalized background suppression obtained

with the Hadamard encodingb) Quantitative analysis of the normalized SNR gain
obtained with the Hadmard encoding...........cccovvviiiiniiciiieeicc e 122
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1D
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NA Numerical Aperture
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Summary

Optical microscopy provides a vast toolbox of solutions to study essential challenges in
life sciences. The ligimatter interaction can provide a large amount of information
about the biological specimen, e.g., structural, dynamic, chemical and physipakties.
Among optical microscopy techniques, fluorescence microscopy is the most widely used
due to its intrinsic ability to visualize the molecules of interest with high contrast, high
specificity, and high spatial and temporal resolution. In thedastdes, research focused

on developing advanced supegsolution fluorescence microscopy technigues to
overcome the diffraction limit andreateimages with unprecedented spatial resolution.
STED, RESOLFT, SIM, PALM, and STORM brougéll lin®ging aithe nanoscale,
improving the quality and extending the number of information we can collect.
Neverthelessfluorescence microscopy suffers intensely from the strong attenuation of
light through tissuesAs a possible solution, approaches that combine tiesolution
advantages of light with the penetration depth of sound waves have been propased
the last years Techniques based aetectingthe acoustic waves generated after light
absorption from the sample are called Photoacoustic Microscopies (PRAY has
several declinations: Optical Resolved PAM-F@RI), Acoustic Resolved PAM {ARM),

Ultra HighFrequency PAM (UHFAM) and Photoacoustic Computed Tomography
(PACT). All these techniques take advantage of the acoustic wave as a detected quantity.
As a drawback, they suffer from poor spatial resolution and contiidss thesis proposes

a series of approaches borrowed from fluorescence microscopy devoted to imptbeing
Signailto-Noise Ratio (SNR) in PAM.

We structured this work in two part®art 1 gives an overview of the theoretical aspects

of fluorescence and photoacoustic microscopyPlart 2,we will present experimental
applications of the theoretical concepts presented in Part 1.

In the first part of the work, inrChapter1, we report a theoretical overview of the
photophysical phenomena due to lightatter interactions focusing on those leading to
PA emissionThe PA effect is a ghical phenomenon based on the emission of sound
waves following light absorption in material samples. The photon absorption and
subsequent nofradiative relaxation of the excited states of the chromophores rapidly
raise the temperature within the sampl&he temperature increase induces a volumetric
expansionwhichgenerates a pressure wavéluorescence emission competes with non
radiative relaxations of the excited statablus, bright fluorophores are poor sources of
photoacoustic signhal€hapter2 focuses mainly on the probes studied. The discovery and
the development of the Green Fluorescent Protein (GFP) led to the award of the Nobel
Prize in Chemistry in 28 to Osamu Shimomura, Martin Chalfie, and Roger Tsien. The
GFP discovery promptethe massive application of genetically encoded probes in
fluorescence microscopy and life sciences in gené&tak chapter presents systematic
review of the Fluorescent ProteinER$, starting from the more canonical GHiRe FPs
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massively used in fluorescence microscopy, to more recent proteins of the phytochrome
and cyanobacteriochrome families. We classify thBson their orign and their
chromophores structures. The first group we described are the proteins coming from
marine organisms (GFPs and reefGFPs). These proteins are endowed with a chromophore
generated in an autocatalytic way and show an absorption mainly in the dpieen
region of the visible spectra. We move then our review to proteins coming from plants,
fungi and bacteria (phytochromes, cyanobacteriochromes) that show an absorption
mainly localized in the green/red and even-fad region of the visible spectrahdse
proteins also show substantial differences in their chromophore strectmpared to
GFP derivativeshe protein's backbonéinds a derivative of the heme group (BV, PCB,

t . I YR covalentyy The combination of GFPs derivatives and
phytochromestyanobacteriochromes forms a palette of genetically encodable
fluorescent probes covering the wholésible spectrum rangéhat widely expands our
capability to perform fluorescence microscopy. We then focused on a subgroup of
fluorescent proteins, showingeversible switching between twvdifferent optical states:
these proteinsare called reversibly switchable fluorescent proteinsHP$ Regarding
GFPs derivatives, only a subgroup of these proteins shows photochrdoeismeen a

dark (nonfluorescent) anda bright (fluorescent) state. We also report the possibility to
add punctual mutation capable of making a remitchable GFP aisFPsxpanding then

the palette of genetically encodable probes based on this protein architecture. On the
other hand, phytobromes and cyanobacteriochromes show photochromism between
two bright states generally green/regfar-red)absorbing We then comment on the
possible application ofFPs and rdFs to life sciences, highlighting theigreat
improvements brought to fluorescence as a repodr gene or for labeling target
structures. InChapter3, we present a review of the canonical approaches in fluorescence
microscopy.We start with a theoretical description of fluorescence microscopy and
widefieldmicroscopythe ancestor of all modern microscopy technigues. We moved then
to the description of modern microscopy approaches theconfocal microscopevhich

is the most common archetture for a fluorescence microscope and the more recent
light-sheet microscopy, toebdf-choice forstudyingthick biological sample#sthe last
point, we review the newest supaesolution techniqguesvercominghe diffraction limit
affecting fluoresceoe microscopy. We point out that RESOLFT, PALM and qOLID make
extensive use of photochromic probes for enhancing resolution and sigmadise ratio
(SNR)We borrowed the idea from this evidente introduce photochromic proteins in
Photoacoustic Microsipy (PAM) to increase SNR Chapter4, we present a systematic
review of the stateof-art of PAM. We start from a theoretical description of signal
generation in PAM, taking advantage of the concepts exploited in Chapter 1 giight

the main sources contributing to reducing SNR and contrast, pointingheuthermal
origin of the noise. We then characterize the detection system and the lateral resolution:
we have systems wherthe acoustic components driiéae lateral resolution (ARPAM)
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or the optical componentdrive the lateral resolutiofORPAM). At first glance, we notice
that ARPAM is more suitable to study thick samples with good resolution whit® &R
provides high resolution in thinner samplgsowing a tradeoff bisveen lateral resolution

and penetration depthWe then review approaches to avoid thisadeoff: we focused
mainly on TwePhoton Photoacoustic Microscopy (EFAM) which combines the two
photon excitation's advantages terms of penetration depth whit th same properties

in detection offered by photoacoustic microscopy. We complete the description with a
review of the main approaches to achiegsuperresolution in PAM: we move from nen
linear approaches (2PAM, PAM nanoscopy) to approaches using stmect illumination

or photochromic probegused both to enhance lateral resolution and contras) this
work, we take advantage o6FP40 enhance contrast in photoacoustic spectroscopy and
microscopy.

The second part of the thesis contains the experitaénesults.Chapter5 explains the
engineering, expression, and purification processes of wsfocused mainly on two
mutants of GFPs and a cyanobacteriochrokve prepared Kk S DCt Q& aRt®eNRA I { A
laboratories of the National Enterprise for nanoScience and nanotechnology laboratory
in Pisa, under the supervision of Dr.Ranieri Bizzari and Dr.Barbara Storti. We désmgned
mutants of GFP, including two punctual mutations: one for the photoswitching and one
for lowering the fluorescence quantum yiel@ihe cyanobacteriochrome protein (GAF3
from sIrl393)wasexpressed and purified in the group of Dr. Wolfgang Gaertner at the
University of Leipzig, Germany. The latter protein was the core of the experiments in
Chater 6, where it was studied extensively from a spectroscopic point of gteewing
better results than GFP derivatives. We characterized GAF3 through optical and
photoacoustic spectroscopylhis chapter pointout the usefulness of photoacoustic
spectroscopy to retrieve timeesolved thermodynamic informatioinom the sample. We
designed d.Dexperiment to show the contrast enhancement brought by GAF3 in PAM.
In Chapter7, we presenfreliminary results ora more advanced application of PAM for
which we built a 2HPAM setup The setup shows a high lateral resolution anovules a
good penetration depth in sample®/e acquired images of a biological sample, showing
an improved resolution given by this approatdpoor contrast andntensebackground
noise due to themodulatedCWexcitation.We suggest that the application §FPsnay
improve contrast in 2flPAM.Chapter8 presentsan alternativemethodologyto improve
SNR, not involvingFPs. We showesults firstly obtained in optical microscopy. The idea
Is to parallelize the illumination on a sample to improve the $MRharing the noise
content among differensample portionsWe implement this approach on a ligtheet
microscope where we shinghe light on different portions of the samples with an
encoded parallel illumination pattern. We collect the light coming from different planes
by extending the deptiof-field. We reconstruct the single plane after a decoding process.
It is crucialto notice that we can vary both encoding sequence and extending defpth
field methods, adapting to experimental needs. Since the architecture of thedigtet
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is similar to the one of the photoacoustic spectroscope previously mentioned, in the last
part, we postulate the feasibility of a parallelized photoacoustic spectroscopy to enhance
contrast. We propose synthetic data to validate our hypothesis.



PART ONEHEORETICAL BACKGROUND



1 LightMatter Interactions

Light plays acrucial role in our everyday lifeproviding us the information on the
surrounding. The first theories on the eye workiwgh the light belong to the ancient
Greelsand Pythagoraswhich supported the possibility that the eye sends visual rays to
explore the suroundings Nowadays, we can use the dual nature of light, corpuscular or
wave, todescribe the optical phenomena like reflection, refraction, and absorption that
permit us to see the colordVe can describe the behavior aflight wavecrossing a
material through a set of opticaparametersrelated both to the light itself and the
material. If this set of parameters remains constant and independétiintensity of
light, like the phenomena we use to observe, we are working in the field of linear optics
The development of the first laserihe 1960s allowed to confine a high light intensity in
a small spatleading to the study of new optical phenomena. At such high power, the
optical parametes are not constant anymorand maybecome dependent oright
intensity: we are in the field of notinear optics.

A

X

/’i/

Figurel.l. The representation of light am&lectromagnetic field. In bluisthe electric fieldand
in redisthe magnetic one.

To explairboth linear and nodinear effects we startby considering a notonducting
dielectric medium witha total neutal charge. If we apply an oscillating electric field like
the electric component of the lighg MO F . O» 1 o(Reported as a blue wave
Figurel.1l) we produce deformation through a forced oscillation of the electrons orbitals
that leads to the generation of a microscopic dipole momaatt QM 5 : where F

is the amplitud he wave vecton the angular frequencyQthe charge of the
electron and® ¢ is the timevariant displacement from the original position. If the
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frequency (Notice that 6) _ where Qis the speed of light ithe vacuum and_the
wavelength) of the electric field matches one of thi®m's natural frequenies then we

have a resonance phenomenon leading to the absorption of energy by the molecule from
the light. The energy absorbed pnotes an electron to a quantum state with higher
energy éxcited stat¢ than the previous onefijndamental stat¢. The excited state
generally hasa very short lifetime and many processes, summarized by the Jablonsky
diagram Figurel.2), lead to the depletion of the excited state energy and the restion

of the fundamental state. We can distinguish between madiative €.g, heat release)

and radiative €.g, light emission like fluorescence) decays. There are also processes
depleting the energy through loAllving paths like intesystem crossing and
phosphorescencelhe absorption coefficient © describes the absorption strengtH.

1 isnot in resonance, the medium will not absorb the energy ,anadhis casewill be
transparent to that radiation that will then propagates through with a lower velocity
compared with the free space. The refractive index» governs this process andig
intimately linked to the absorption coefficient. The two parameters are the main
properties that optically characterize a medium.

Energy Levels
Absorption (10-195)
Fluorescence (10°1%— 107 s)

SZ 'y Y W W Phosphorescence (10°-10s)

——. SN, Internal Conversion (10721 =107 s)
\fibrational Relaxation (1012 - 1010 5)

-—
7 =

Y Intersystem Crossing (10°% — 10 5)

Iy Sl T— —
1

S E —

Figurel.2. Jablonski diagram showing the joatransitions between electronic (thidhorizontal
lines) and vibrational (thirhorizontal lines) states. Straight arrows represent the radiative
transitions (absorption, fluorescence&nd phosphorescence). Wavy arrows represent -non
radiative transitions (Mrational Relaxation, Internal Conversion, Intersystem Crosdimgyge
adapted fromEdinburgh Instruments Ltdhttps://www.edinst.com!/.

We consider a dielectric medium to understand better how linear andlmsar optics
work. An external oscillating ettric field would locally generat@a dipole that
macroscopically witontribute to the vector. We can quantify this process through the
vector | that represents the eletric field inside the materialyritten as follows:



I
Equationl.1

Where- is the electric permittivity of free spacand ||-is the macroscopic polarization
vector of the medium defined as the net average dipole moment per unit of volume:

o §amoO
Equationl.2

Where0 is the number of macroscopic dipalper unit of volumeand the bracketare
the average over all the dipoles in the medium. By expanﬂi'rrgpowers of the electric
field, we can classifylinear and nodinear processes through their powdaw
dependence.

1.1 Linear optics

While applying weak electric fields, we can consider the electron binding potential
harmonic and the dipole as a damped harmonic oscillator. Under this condition, the
resulting displacemer® o actsin the same direction of the electric field, and so the
polarization could be written as:

o -+ O
Equationl.3
Wherel s the linear electric susceptibility tensortbe medium that, forisotropig is
reduced to a scalar quantity.. . The relation - p ... then relates the

susceptibility to the relative dielectric consta@t ) of the medium From the following
Equationl.4, we can derive both terms as complex and frequedegendent quantities:

-1 €] ég—
Q.

Equationl.4

The refractive index 7 governs the real partwhich characterizes the dispersive
behavior of the materialwhile the absorption coefficiennt 7 governsthe imaginary
part, which repreents the absorption properties.



Transmission Reflection/Refraction Scattering Diffraction Absorption/Emission

Na, Ay ﬁ — ' ,

Figure 1.3. Schematic representation of the main linear interactions involving a light beam
incident on an optical medium.

As we said at the beginning, linear optics involves the propagation of a weak
electromagnetic field through an optical mediufaigure 1.3 represents thee optical
processes, categorized as follaws

1 Parametric, if the light interacts instantaneously with the matter, without any net
transfer of energy, momentum, or angular momentum between the field and the
material. This is the case of reflection, refractj diffraction, and elastic scattering.
The real part of the susceptibility rules these processes.

1 Nonparametric, if the processes involve a change in quantum states. In this case,
examples are absorption, emission, heat release, and inelastic scattdrire
imaginary part of the susceptibility rules these processes.

1.1.1 Reflection, Refraction, Diffracticemd Scattering

Reflectionis thedirection change of a wavefront at an interface between two different
media so that the wavefront returns to the mediuimom which it originatedThe law of
reflection says that for specular reflectighe angle at which the wave is incident on the
surface equals theeflection angleg g . This behavior is typical of the mirrors.

Refractionis the change ihe direction of a wave passing the interface between two
media. The portion of light not reflected passes through the material with a velocity
& 1 , whereais the speed of light in the vacuurBnell's law describes the change in
direction due to thechange in velocitge OE+ ¢ OEJ where Ostands for
"incident’ andofor "transmitted’. Refraction is the typical process associated with the
lenses.

Diffractionisthe wavesbending around the corners of an obstacle or through an aperture
into the region of geometricahadow of the obstacle/aperture. We explain this process
as the result of interference of waves since the diffracting object or aperture effectively
becomes aacondary source of the propagating wave according to the Huygessnel
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principle. TheDiffraction is more pronounced when the size of the obstacle ordieek
is comparable to theadiation wavelength TheDiffraction of light by small structures
goverrs the image formation in light microscopy. Diffraction is also AlteusteOptic
Deflectors (AOD) critical process.

Scatteringis a term that includes a wide range of physical phenomena wiueaized
non-uniformities forcemoving paticles (like light}o deviat from their original trajectar
We classify atteringeventson the ratio between entering and scattered wavelengths:
if the two-wavelength matcheswve are talking about elastic scatterin@therwise, we are
in aregime of inelastic scatterin@he first group is the one we are interestiedhe most
and we can further divide it depending on the dimengionf the scattering center
if| | _is called geometric scattering,| ¥ _is called Mie scattering and is domirtan
tissues lighdiffusion, particles of comparable size diffuse the lighthe same ader as
the wavelength of lightcells, nuclei, and organelles all fit in this categdfy. L _is
called Rayleigh scattering (whisresponsibléor the blue color of the sky TheRayleigh
scattering goes approximately @ag_ while the Mie Scatterings proportional tothe
inverse ofthe wavelength. We will not comment on the inelastiatering group.

1.1.2 Absorption and Fluorescence

As we said at the beginning of this paragrgph 1 is nonzerg, the electric field of light
transfersenergy to the electrons and atoms of the medium. In the absorption process,
the electromagnetic energg converted irio the system's internal energyn 1917 in the
paper "On the Quantum Theory Radiation," Albert Einsteiproposeda solution for the
radiation-matter interaction, starting from the black body radiation, based on three
coefficients calledEinsteins phenomenological coefficierits

Let us consider a system having two energy levé¥sand Y (Figure 1.2). Three
coefficients describe the induced absorption proceéss ), the induced emission process
(6 ), and the spontaneous emission process (. The induced emission proce¥s°

“Y occurs atexactlythe same rate as the induced absorption proces8 Y, so that
0 0 . For the absorption process, we define the Lamkgeer Law to describe the
decay of the absorbed light.

Equationl1.5

Where| is the absorption coefficientpis the optical pathand “Ois the initial intensity

of the light. Let us now consider the population of thvo states 0 and U |,
respectively. These two numbers will satisfy the Boltzmann Law described in the following
Equationl.6.
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Equation1.6

Where "Qis the Planck constant, c¢“ fo= and O and O are the energies ofY and

"Y, respectively The rate of absorption from stat@to statelis0 ¢ " ' ,where” ’

is the energy density incident on the sample at a given frequency. The rate of emission
from state 1 to state O, indeed, i) 0O 60 " ' . At the equilibrium, these two
guantities are equal:

0 0 0
6 ” p 6 ”
Equationl.7
By substituting the density obtained by black body radiatioh,’
Yo oQ! p we reduce theEquationl.7 in the following form:
0 ~—0
w

Equationl1.8

It is interesting to note that the rati®@ j O is proportional to the cube of the
frequency. For this reason, while in the visiblegion essentially all emission is
spontaneous for th@ormal radiation levels, the same is nadlidfor longer wavelengths
(e.g, radiofrequengy), where spontaneous emission is negligible.

The coefficientd summarizes the spontaneous emissioncluding fluorescence
(process at the base of the modern optical microscopy techniques) and phosphorescence.
We can go deeper in the analygminting out the main properties of fluorescence. We
consider the spontaneous emissiardependent ofthe wavelength and, from a kinetic
point of view,asaunimolecular process. Givénthe number of emitting sources, we can
write the following equation:

QUo

Qo

Equation1.9
The slution of theEquation1.9 leads to the following result:
00 0UQ

Equationl1.10
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The constanD is inverselyproportional to the lifetime of the proces$ 0

More generally,we can state that a system excited by a photon will drop to the ground
state with a certain probability based on the decay rates throggheraldifferent
(radiative or nonradiative)decay pathwaysof which fluorescenced( ) is one of the
possible ways.

Lo 00Q
Equationl1.11

We can see that the decay rate of the excited singlet state is proportional to the sum of
the ratesfor all decay pathway$ BQ.

We must comment onwo decay pathwaysthe first one is the internal conversior({l
Figurel.2), whichis a nonradiative transition between two electronic states of the same
spin multiplicity.A vibrational relaxation towards the lowest vibrational level of the final
electronic statefollows the latter processThe excess vibrational energfyat can be
transferred to the solvent during collisions of the excited molecule with the surrounding
solvent molecules is the base of the heating process that we will treat more in aetail
paragragh 1.3. The second pathway istersystem crossing (ISEigurel.2) between two
isoenergetic \brational states of two electronic levels with different spin multipliciie

a singlet'Yto a triplet”Y. Even if the transition”y © “Y) is forbiddenit is observed for
the spinorbit coupling. In solution at room temperature, noadiative deexcitation
from the triplet state Y is predominant over radiative dexcitation called
phosphorescence, buat low temperaturesor in a rigid medium, we can observe
phosphorescence.

1.2 Nonlinear optics

The spreading of new powerful sources such as Ebepsted the study of notinear
phenomena in lightmatter interaction. Let now consider the equation of the polarization
vector. The considerably high oscillation indet by a higher electric fieldcaues a
stronger distortion in the electron structuranducing inharmonic effects. Since the
electric fields of focused lighdre still small compared to interatomic forcewe can
expand|fto Fin a Taylor series:

Fo -+ Op v O F O E
Equationl1.12

Here we showthe highorder susceptibility tensors- . Most of the nonlinear
phenomena involve the secorehd the thirdorder susceptibilitiesGenerally, thenon-
linear coefficients are many orders of magnitude smaller than the lineas,onkich
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means that nodinear optical effects require high incident powers to become relevant. In
this work, we will focus only on one ndimear process.

1.2.1 Two-Photon Absorptio (2PA)

(a) (b) (c)
Sl 3 F s 51 r y ‘\ ,0' \ 7
A" 4 \‘ 'l
Wzp Wyr Y ,"
1248 v
V.S
,. )4
Wip Wap Wip| Wy 7 5\
I’ ‘\ I' \\
SO SD Y 3
2PA 2PA 1P 2P
single beam  double beam excitation volume

Figurel.4. The scheme represents the twahoton absorption of two identical wavelength{a)
and two photons with different frequencies (bip (c) the different excitation volumes in both
one-photon (1P) and twephoton (2P) processes.

The process is governed by the imaginary part of the tarder susceptibility- . . Two-
photon absorption consistsf two photons' simultaneous absorptida match the (usual)
one-photon transition energy betweenthe ground and the excited state. The
"simultaneity' is achieved within a time window of the order of G (1,2), which isthe
scale of molecular energy fluctuatio(figurel.4). The system will pass through a virtual
intermediate statgv.s). The A could be achieved by absorbing two photons with equal
wavelengths doubling the single photon's energy through the absorption of two
photonswith different wavelengths Havever, many molecules exhibit deviations from
this rule kecause the selection rules foPZprocesses are different from siagihoton
ones (2). Since the onghoton transition is achieved via the absorption of a-\Ué
photon, it means that longer wavelengths (smaller frequencies) towards the-near
infrared (NIR) part of the spectrum need to be used foP& Drocess to occuAsstated

in paragraphl.1.1, Mie Scattering in tissues decreadmearly with the increase of the
wavelength; for this reason, the use of NIR wavelength has a relevant interest in the study
of thick biologicalamples. As we did irparagraphl.1.2 we can define an absorption law
also for the 2PA:

Equationl1.13

Where,, is now the twephoton absorption coefficientpis the optical pathand Ois the
initial intensity of the light.
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1.3 Photoacoustic Effect

This phenomenon will play a prominent rafethis work. The photoacoustic effectAJPis

a photophysical phenomenon involving the generation of sound waves following light
absorption by a sampl@). The A wave is then quantifiedy measuring the outcoming
sound with an appropriate detector (e,gultrasound transducers). As we stdten
paragraph1.1.2 many processesoncur to deplete the energy of an excited state;
internal conversiorand vibrational relaxation Figure1.2) are the two involved in the
generation of heat. In the scheme below, we can observe the processes occurring during
the photoacoustic generatian

1/0V
Vg ~v\ar),

f:> W k= (07)
(thermal) V\op T

| i

structural)

Figurel.5. Scheme representing the/&. wave generationQis the heating,Vis the volume,7is

the temperature, ¢ is the specific heat ah constant temperature mis the densitys is the
isobaric expansion coefficiengnd 47 is the isothermal compressibilitys stands for all the
molecular, atomigcand electronic rearrangements of solute and solvents molecules leading to a
structural volume change.

As we can seedm Figurel.5, two main processes ateading to A wave generation:

1 The photothermal mechanism consist§ three steps: (i) conversion dhe
absorbed(pulsed or modulatedl radiation into heat (i) tempeature increase
through the heat capacityo” ; (iii) Temperature changes ardranslated to
volumetric changes through the isobaric expansion coefficiehta(id finally to
pressure changes through the isothermal compressibiliy.(

1 Themolecular structurathangesnayaffectthe solvent organization, leading to a
pressure wave.

The amplitude of the traveling thermal wave decreases strongly (exponentially) along its
propagation direction. Since the temperature and pressure changes ewake minute

the standard order of magnitude for the temperature changes, using ordinaritlig
intensities, is about micrto millidegrees and for the resulting pressure changesabout
nanoto microbars. The pressure change is typically detected lmyguan ultrasound
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transducer. We will present a detailedview of PA microscopy i@hapter4. We can
write the overall pressure variation as follows:
p 3W p 3 36

3"6 7 ~, s
Q Q W

Equationl.14

In this equationp tis the pressure chang¥,is the illuminated volume and is the
isothermal compressibility. The transducer will measure an electric signal related to the
pressurethat is linearly related to the number of absorbed photons:

. 0
€ rra— Tt
5 P P

Equation1.15

Whereo is the absorbance of the solution at the wavelendgth) is the Avogadrs
constant andd the number of incident photons. We can write the total signal as
follows:

% I

0o ¢ | =— O 3w
(0]

Equation1.16

Here we definédd 0 "@X_as the energy of one mole of photons of waveleng(kone

Einstein)) 0XO as the fraction of the absorbed enerd®, released as heatQ

3w as the structural volume change per absorbed Einst@inas the specific heat
capacity,” the density and{ the cubic thermal expansion coefficienQis an

instrumental constantand its determination plays erucialrole in measuringthe other

parameters.

We define a class of compounds calfggzhotocalorimetric referencésthat show the
following properties: Photocalorimetric reference compounds aren-fluorescent
substances show no transients with a lifetime longénan a few nanoseconds, are
photochemically stable, and are 100% efficient in delivering the absorbed energy to the
medium as heat when the excited molecules return to their ground statehis case,
Equation1.16is reduced as followseglecting the contribution due to structural volume
changes:

Equationl1.17
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These compounds are used to eliminate the instrumental constant by taking the ratio in
Equation1.18:

Equation1.18

For transient species with lifetimes within the pressure integratiome, we write the
signal as the convolution between the transfer function of the instrumé@t o ,
obtained through the calorimetric referencend the timedependent raticO 6 . We
write the following equation:

O o O 000 0 Qe

Equation1.19

In paragraph6.2.3.5 we will explainexperimentally how to retrievénformation about
the enthalpy changes

16



2 The GFP and the autofluorescent proteins

In the last 50 years, bioanalytical techniqirese gonedeeper into the main biochemical
processes occurring inside the cellse possibility of studying dynamically the molecular
processes occurring #he sub-cellular scale representhe new frontier of biockemical
analysis For this reasonimaging techrques withthe sub-micrometer resolutionare
requested. Among these techniques, fluorescence microscppsagraph3.1) plays a
prominent role thanksd its intrinsic sensitivity, spatial resolutioand biocompatibility

due to the emission processdowever, fluorescence microscopy requesisitable
molecular probes capableof emitting fluorescence even if linked to other
macromolecules.#em a photophysgcal point of viewa proteinthat includes at least one

of the three aromatic amino acids (Phenylalanine, Tyrosine, and Tryptophan)
characterized by a weak fluorescence emission under UV excitation could be considered
(auto)}fluorescent.However UV excitation is not compatible with biological systearsd
provides lower penetration depthThere are then proteins based on redox coenzymes
b! 51 kb!5t1 6SE® onn yYXI SY® ncn VYYO | YR
L2 NLIK&@ NRAY &@&iSYa nmpthatemf in thewisifleégiontbitdidnoth ¢ n n
solve he issue of the fluorescent tdg). In the la$ 30 years, the discovery of a new class

of fluorescent proteins emitting in the visible region of the electromagnetic spectrum not
requiring any cofactor hasignificantly changed the scenario with a new class of probes
generically calledFR "fluorescent proteins'. These proteins show interesting and
complex photochemistry and, through bioengineeripgpcesseqthat will be further
described irChapterb), could be tailored to several applicatioins;luding photoacoustic
microscopy (we will desibe the principles irChapter6). This work of thesis will mainly
focus on the latter application of FPs.

2.1 The origin of the autofluorescent proteins
In this chapterwe comment on the main classes of fluorescent proteiageshding on
their original hostand the characteristics of their chromophores.

2.1.1 The GFP and the bioluminescenc@auguoreavictoriaand other marine
species

Many living organisms showoluminescence as a defense aioal to attract partners or
guarries; among thesbioluminescent organism#equoreavictoria showed a system of
organelles thatin particular conditionsemits green light. Thanks to Gshimomura
(Chemistry Nobel Laureate in 2008 for discovering the) @rhave been able to retrieve
the mechanism of this proceg%¢7). Theprimary source of light is a protein called
aequorinthat releases energy as a blue lighthe presence of calcium ionwhile a green
protein modifies its emission spectrum thugh a resonance transfer of the excitation.
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This last protein is called Green Fluorescent Protein (GFP) and is the ancestor of the whole
family of FPsThese proteins werdirst discovered in two Cnidaria classélydrozoaand
Anthozoa (8,9) that use GFP for bioluminegence or fluorescent/nofiluorescent
coloring. Recently GFPs from other marine organisn@utionarily far fromCnidaria
have beerreported. The Arthropodausesfluorescent proteins for abosing the partner.

Color Diversity.The natural diversity dfPswas firstly discovered in nebioluminescent
species of théAnthozoa(9), where homologs of the GFP wergedasa colorizingsystem
There wereclassifiedive main classes of colodepending on their emissiorcyan (CFP),
green (GFP), vyellow (YFP), orange/red (RFEPRY blueviolet nonfluorescent
chromoproteins. Nowadasy including artificial mutant$;Psare available in a wide range
covering the whole visible spectrum, frofd50 nm to 650 nm, and the Near Infrared
region.

2.1.2 Fluorescent proteins in photosynthetic bacteria

Marine organisms are not the only sourceF¢ts we can ind another class of fluorescent
proteins different in structure from GFP derivatives in photosynthetic bacteratein
complexes, called phytochromes, binding a linear tetrapyrrole @f@),responsible for
photoreception in these latter organissi Among the photosynthetic bacteria, the
cyanobacteria (improperly called bkggeen algae) are the mositriguing, giving rise to
two classes of fluorescent proteins: theyanobacterial phytochromes and the
cyanobacteriochromeg10). This last group is peculi&w the cyanobacteria ah shows
different propertiesthanthe other bacterial phytochromes3/anobacteriagSynechocystis
and Cyanotheceare essentialto model organisms with potential applications in
biotechnology.

2.2 Structure and Chromophore of tlds
In this paragraph we describe the molecular structure anthromophore of the
fluorescent proteins belonging to the Ghile family andhe phytochromes.

2.2.1 Folding and structure stability of GFP

The sequence of the GFP contains 238 amino acidstiotecularweight of 27 kDa. From
X-ray diffraction studies of crystallized GRERis sequence is compacted in a cylindrical
structure of 42A height and 24 Aliameter containing various secondary structure motifs.
¢ KA& GSNIAI NE-batel deix@gifrdrdIBrEe-dimensiond Rrrahgement of
St S@Sy &l NI y Rhekts. Thy térfiahilstittdreis Sihiqué for GFPand is
represented inFigure2.1 (11).
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Figure2.1. The i -barrel tertiary structure of GFP sida) and topview (b). The chromophore,
here represented in ball and sticks mode, is located in the core of the pr@ejpyright (2003)
National Academy of Sciences.

h_helix stretches clos® (i K $ariel on both sidess KA f S I-helk &triétéhNdodsing

the interior of the barrel contains a sequence of three amino acids that form the
chromophore upon maturation.We can seefrom Figure 2.1 that this arrangement
protects the chromophorelocatedin the proteiQ & BodnNLi® external solvent and
other quenchers like molecular oxygen. The highly compact structure of the protein
allows high thermal stability (denaturation occurring at 83°C) and the capability of
recoveringthe tertiary structure afterwarming/coolingcycleg(12).

2.2.2 Structure and autocatalytic formation of GFP and-likEehromophore

We will distinguish between proteins emitting in the region of the spectrum givomg
cyan to green/yellow (48660 nm) that own chromophores chemically identical to the
original GFR & ahd/photeins emitting in the region of the spectrum going from yellow
to red (560700 nm) that undergo an extra step duritige maturation processWe briefly
commented on this last class since yeHoed GFPs will not be central in this work

Wilde-TypeGFPThe chromophore afhe original GFP (witthpe GFP owtGFP) is a-{p-
hydroxybenzylidegimidazolid5-one (p-HBl)and is formed after the cyclization of three
adjacentaminoacids:Ser65, Tyr66, Gly6%.is demonstrated that the expression of the
gene coding for GFP in other organisms leads to fluoresceme@ning that no cofactor,
apartfrom oxygen, is requested for the completeaturation of the chromophore, being
the core of the unique feature of this protein. Theotein formation mechanisms
described in(13) and is show in Figure 2.2. ! F (i S NJ-bairé& Sormation the
imidazolidone (the fivégerm ring) is formed by th@ucleophilic attaclof Gly67 on the
carbonyl of Ser65 following dehydration. After, the molecular oxydghydrogenates the

I -carbon of Tyr6@leading to the formation of the conjugated system responsiblehe
absorption and the fluorescence in the visible.
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Figure 2.2. Biosynthetic scheme for GFehromophoreés formation. A) Cyclization of the

backbone through a nucleophilic attack by nitrogen of Gly67 to the carbonyl of S&%65. (
5SLINE ( 2 y I (-datboh of2ZTFr66 @k &noldteformation. € Reversibly dehydration of

the main chain. Arg96 abilizes both this and the previous intermediatB) Addition of oxygen

and formation of the adduct with hydroperile. & hEARF A2y 08 R&WINR G2 Y|
of Tyr66 and formation of hydrogen peroxide. Imaagapted from (11) Copyright (2003)

National Academy of Sciences.

tia AYLRNIIYG (2 y2iA darelnfker dirorophore Brma@chy | (i dzNJ
we lose the fluorescengewhile a subsequent renaturation will restore the original
O2YRAUAZ2Y ® ¢ K I-barreMsShkecgssaryiiokhavé fluarés&nce, soténgary
structure must be completdt is possibléo operat punctual mutation to modulate the
properties of the protein and tag the protein to other structures not compromising
correct functioning. Among the three functional amino acids, only Gly67 is essential since
the nucleophile needs space and flexibilitywtork. Ser65 could be variously substituted
(Thré5 instead of Ser65 brings to the Enhanced GFP, EGFP), while Tyr66 could be
substitutedwith aromatic amincacids,Jeading to a change in col¢Yy66W, Trp instead of

Tyr, brings to aquamarine, cyan fluorestprotein (14). A group of mutatiosacross the
backbone has different features to the protein preserving theprimary structure's
effectiveness

Reef GFPIn the second class of Ghke FPswe have proteins belonging to organisms
mainly coming from the coral reef thas sometimes indicated as reefGFP.these
proteins after the chromophores maturation,an oxidation processforms anacilimine

The protein DsRed_ L Yo q Figure2.3, IV) was the first protein undergoing
these processes discoverdderedehydrogenatioroccurs at -carbon of GIn66 (in DsRed
position 66 corresponds to position 65 of GFP). Tkereled conjugationonto the
backboneredshift the emissionof the protein. The acilimine could undergo other
reactiors, giving rise to other classed chromophores In zFP53§_ voga,
Figure2.3), the first aminoacid of the Gromophore (lysine) undergoescgclization onto
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A G -garbbn. In mOrange ( L @ &€ 0) threonine cyclizes with the carbonyl forming
a ring Figure 2.3, VIII). In Kaede proteinjrreversible photoconversion cleavages the
chromophoregenerating a new re@gmitting one Figure2.3, V). In protein KFP (kindling
fluorescent protein, asFP593he autocatalytic hydrolysis forms ketone (Figure 2.3,
VII). Figure 2.3reports a schematic representation of the main pesses described in
reference(13).
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Figure2.3. The chromophores ifPd Y R 0 KS A NJ a & y {adajGgatiorOs répored i @ ¢ K S
color. Reprinted from Chemistry & Biology, Vol 15, Alexey A. Pakhovtiadimir |. Martynov,

GFP Family: Structural Insights into Spectral Tuning, Pagefl®oCopyright (2008), with
permission from Elsevier.

2.2.3 Proteirs binding heme derivatives

As we mentioned iparagraph2.1.2, we will comment on another group of fluorescent
proteins having different origins and spectral/structural properties t@RPs These
proteins bind aetrapyrrole derivatie (bilin) as a chromophorgand we refer to then as
"phytochromes. They are a widespread family of red/feed responsive photoreceptors
first discovered in plant® 1959(15), where they constitute one of the three main classes
of photomorphogenesis regulators(16). Phytochromes bind covalently bilin
chromophores that enablg@hotoconversion between redbsorbing (Pr) and fered-
absorbing (Pfr) forms tlmughcistransisomerization. In plantgphytochromes measure
the ratio of rad light and farred light allowing the plant toassessthe quantity of
photosyrthetically active ligh{17). New members of thphytochromedamily were then
discoverda in fungi, bacteria and cyanobacteridemonstrating that these proteins are
not limited to photosynthetic organism¢l8). Generally, thecofactoris produced from
the heme group through enzymatic processes and is covalently acquired by the backbone
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at a later stagedifferently fromthe autocatalytic formation of gHBI in GFR§&igure 2.4
(Adapted from reference (10)) showeme of the main chromophores and their color.

Figure 2.4. Four different kinds of tetrapyrrole chromophores: phycoviolobilin PVB,
phycocyanobilin RCB, phytochromobilin R. B) and biliverdin BV). The chromophores' colors
highlight conjugated regim

The architecture of the phytochromes is usually modular and is made of &RARBHY
modulefor the Nterminal photosensory corgl9). The first part of the backbone is a PAS
domain whose name belongs to the first proteins in whtak motif was discovere(Per-
Arnt-Sm). The PAS domain acts as a molecular sensor, whereby small molecules and
other proteins associate via binding tife PAS domairf20¢22). Due to thissensing
capability, the PAS domain is also a common motif found in signaling proteins, where it
worksas a signaling sens(®23,24) The GAF domain is the sole portion of the molecules
that bind the chromophoreThismotifQ &  ycbmyes$ from the three first prieins in

which it was discovered GMP-specific phosphodiesteraseadenylyl cyclases anehlA.

The last domain, PHphytochromespecific domain)connects the chromophore binding
domains PA&AF with the output kinas€25) and helps the photoconversionThe
photochromicN-terminal module igypicallycombined vith a Gterminalhistidinekinase

related domain (HKRD)nterestingly, PAS and GAF domains can be present in other
signaling domains like Lov domains of the phototropin (23,27,28), while GAF domains take
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part in cyclic nucleotides regulation cyanobacteria and even mammalsSigue 2.5
reportsthe canonical structure of plartphytochrome(26).

Figure 2.5. Structural domainsf aplant phytochrome and their rolén perceivingenvironmental
signals and downstream signals.lavendeythe Gterminal module is involved in PIF binding,
photo body formationand nuclear localization. In bludhe PhotosensorpModule isinvolved in
light perception, signal transduction and interaction with the chromoph&¥ ¢epresented by
the green square). The cyan arrows indicated the portions of the phytochrome deditated
photoconversionand the yellow ones the portion dedicated to thermal reversion. In red are
represented theknot lasso of the GAF domain and the hairpin of the PHY domain.

In general, plants phytochromes (Phys), fungal phytochromes (Fphs), bacterial
phytochromes (Bph§ and cyanobacterial phytochromes (Cpldph2% show
similarities in their modular architecture. Phys possess two additional PAS domains
constituting the part of thephotoreceptor involved in PIF (Phytochrome Interacting
Factors) bindingwhile the first portion (PASAFPHY) binds the bilichcomophore. As

we will see, bacterial and cyanobacterial phytochromes show slight differences. The
nature of the romophores depends on the specimen: Phys bin8 PCphls and Cph2s
bind PCBwhile BphR and Fphs bind BV.

2.2.3.1 Phytochromes binding biliverdin

These are the most comma@roteinsamong the Phytochromes. The crystal structure of
BrBphP and RpBphP3 shows that the biliverdin is embeddtak i@AF domain, while a
Cys residue preceding the PAS doniegates the pyrrole ring A of biliverdiBY). As a
main difference, he Phytochromes from plan{®hyspwnanother Cys residuédnat binds
the phytochromobilin(10). ThephytochromeGAF domaishows a&knot lassosequence,
part of a unique figuref-eight knot that connects PAS and GAF domenrizhys Figue
2.5) and BphPsMoreover, in BrBphP and RpBphP3, the 3D structure reveals that the
three pyrrole rings AR and C oBV(Figure2.4, BV) are connectedo the GAF domairby
ahydrogen bond via a specific water molecule and an aspartate resitieecoplanarity

of the three rings is critical for the absorption of the phytochrome in the red/éal light
region, while a possible distortion woulzk responsiblefor some variation in spectral
properties.

2.2.3.2 Phytochromes binding phycocyanobilin
As wementioned phycocyanobilin(PCB) binding phytochromes are mainly found in
cyanobacteria. The PCB is a derivative of the heme grgeperatedby the following
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mechanism: Heme oxygenase 1 (HO1) catalyzes stereospecific cleavage of heme to yield
BVIX that PCB:ferredoxin oxidoreductagurther reducesto phycocyanobilin Kigure
2.6, adaptedfrom (27)).

7

Heme Biliverdin IXa (BV) 3-Z phycocyanobilin (PCB)
Figure 2.6. Pathway of PCB biosynthesis inaggbacteria. Heme oxygenase 1 (HO1)
OFGFrfelSa aGdSNB2ALISOATAO OfSI@Fr3asS 2F KSYS
oxidoreductasdurther reduceso PCBImageadaptedfrom reference(27).

Here we must specify a distinction between three main groups of phytochromes based
on the 3D strature: cyanobacterial phytochromes knott¢@ph13 and knotlesg§Cph23
and cyanobacteriochromes (CBCR).
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Figure2.7. Representative architectures for bacterial phytochromes with histidine kinase domain
output from different lineages. Thetrapyrrole chromophoras shown as green B\) or cyan
(PCB)olygon.Proteindomains are shown as carton shap&hke region highlighted by dashed
lines represerd the portion of the phytochrome involved in light perceptidmage adapted
from (28)

e

For their structure, Cphls represent the prokaryotic phytochromes with the greatest
similarity to plant phytochromesAs a general feature, we gaseethat the Cys residual
binding thePCBn Cphls (and Cph2t) located diredy on the GAF domairrigure2.7),
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while in BphPBV is bound tthe PAS domain, a fact that constitutes the main difference
with other bacterial phytochromeBphPs and Cphls show high similaritrethe knot
lasso sequence and the PAS domaipreserved in both speciedn the knotless
cyanobacterial phytochromd€ph2s)there is a complete lack of the PAS doneaia the
lassosequence present in CphlBhe third classfacyanobacterial phytochronsecalled
cyanobactemchromes, is afar relative of the other phytochromes. The main feature of
this protein is thecompletelack of the PHY domaionly a GAF domain binding PCB is
present.In this class gbrotein, the lassosequenceoresent in the bacterial one is absent
and is consistent with the absence of the PAS domain. Among the cyanobacteriochromes
the one that plays grominent role in this work ishe third GAF domainGAF3 from
SynechocystiBCC6803. Thmolecule has a size of 155 aminodsgislightly smaller than
GFP<29). Recently some cyanobacteriochromes expreg8ihave been reporteds a
source ofFPsan the NIR regioi(30).

2.3 Photochromic proteins

Recently, the photoactivable proteins family, referréal as PAPs(Photoactivable
Fluorescat Proteins) has attracted high interestfThe PAPsown two or more stable
optical states, where transitions can be induced reversibly or irreversibly upon
appropriate light irradiatior{31¢33). The most interestingmong these aréhe reversibly
switchable Huorescent Proteins (rsFP}¥ also called"photochromic proteins. These
proteins mainly work on theistrans photoisomerizatiornof the chromophore inducing

a structural change of the protein conformatiteading to changes in spectral properties
(Figure2.9). In G-Rlike proteins, thechromophore(p-HB) generally swiches between a
cisneutral and a transanionicform (Figure2.8, a); punctual mutationscan modify the
spectral and witching properties of the proteins, also affecting the pKa of the cis/trans
forms. Thidatter is the case of the proteins Padron and Droiip4). Padron is obtained
from Dronpa by adding V167G and M159Y mutationg tfise the protein opposite
properties compared to the parental one: while Dronpa is fluorescen} {(n the rest
state, Padron is not fluorescefff) in the rest statgrespectively negative and positive
switching) Forthese proteins, irradiationwith appropriate wavelengths (405/488 nm)
raises a noffluorescent band centered at 400 nm. The fluorescent band centenet90

nm canthen berestored. Mutation Y66W in protein Aquamarin@4) strongly changes
the spectral properties: in this casthe illuminaton with 405/448 nm doesiot rise a
second absorption band, but it modifies the only main absorption band. As we witl see
Absorption/Fluorescence Spectreutation Y145WIsowsa similar effectStortiet al. (35)
demonstratedthat the mutation E222Q induces a photochromic behavior between an
off-state and @& on-state bymodulating the chromophore's electronic properties via H
bonds that stabilize largely twisted structures around the double bondiéBp
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Figure2.8. Schematic comparison of tloéstrans isomerization ofa) p-HBI (image adaptefrom
(35) and b)) PCB/ K NP Y 2 LIK 2 NB & Q onfdgafeddgions A I Kf A I KG O

Dark State

Al " Du=037

405 nm

‘y ;5

— -\
Dark State
————————
Bright State

Figure 2.9. The figure shows two dferent photochromic proteins.&) Dronpa protein from
reference(36). The proteins show a photochromisoffA on. The dark state is shown in gray
(PDB: 2POX) and theght one in green (PDB: 210V). Below wavsthe photoswitching scheme.

(b) Representative views of the chromophore and its nearby residues. The CYG chromophore in
Dronpa adapts distinatisandtrans conformations in the brightyppel and dark statel(owe),
respectively(c) Superposition of the thredimensional structures of the parental state (GAF3

tube, light blue, PDB: 5d{87) and the photoproduct state (GAR3 tube, magenta, PDB:
5m82)37)of the cyanobacteriochrome GAF3 from SIr1393 of Synechocystis sp. PCC6803 (in vivo
assembled protein/chromophore). The phycocyanobilin chromophore is shown as sticks in cyan
for GAFgand purple for GAR3

26



Chromophores based on bilin derivatives show isomerization at carbon 15q1FE).

The Cys binding C10 seems to be not a presgguior photoconversionkigure2.8 (b)
reports the isomerization scheme for PCB. Most phytochromes show a photochromism
between two optical states, both fluorescent in red/eed, while the GFike proteins
cover a more comm@hensive range of the visible spectrum but often have only one
fluorescent state (of on). InFigure2.9is possible to see the structural changes ioek

on the proteic backbone by chromophdeasomerization for a GFike protein p,
Dronpa) and a bacterial phytochrome domain GAF3)Figure2.9 (a) shows a canonical
photoconversion diagram for a GHike protein (Dronpa).

2.4 Application of the FPs

The GFP and its mutants have been widely used asimasive intracellular probes to
study processes related to proteins expressitmtalization and interactions from their
first discovery.

2.4.1 Protein tagging

Protein taggings probably the most used application of tk€®sNowadays, many studies

aim to develop intracellular genetically encodgatobes to determine analytes
concentrations (G4, pH, C) or to track enzymatic activity. To this aim, a cell line or a
transgenic animal is transformed to express fluorescent probes, targeting a specific
organelle not achievable by exogenous labels. This approach kRgswvhere the
fluorescence is sensitive the environment. Other possibilities involve the application of
FPdused to a protein able to detect the phenomenon of interest; the structural changes
of the target proten modify the emission of theF:

Figure2.10. (a) HEK cells expressigsFhh p 1 tAI(thé Anytation asociated with Progeria).
(b)HEK cell with lam#A stained through Syto staining. Both images are acquired using a confocal
microscopgLEICA SP5) and edited through Fiji imaginggasing packag&8).
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FromFigure2.10is evident that the geetically encoded label of the k& more precise
and localized than the anprovided by other approaches, makipigtein tagginga good
choice for investigating cellulaarocessesFigure2.10 compares, through a fluorescent
tag, the features of the nuclear membrane in cells affecfgdor not (b) by Progeria
disease Figure2.10 highlightsthat the nuclearmembrane of Progeria cellg)(appears
stiffer than the other cells. In general, due to the reduced dimensions of the tagging
the fusion proteins do not undergany loss ofunctionality. Nevertheless, one should
evaluate each case 6ffQA T dzA A 2y  Nde YipoftBnk abpakct is khat thER
should be monomeric.

2.4.2 Detection of proteirprotein interaction

Since the resolution dfiffraction-limited opticalmicroscopes is too low to indicate if two
tagged proteins are interacting or 4ocalizing new methods based &6rster Resonance
Energy Transfer (FRET) are usdRETs a spectroscopic technique, easily implementable
in fluorescence microscopy, which is itlgasuited to study biomolecular interactions in
solution, live cells, and tissu€89). FREhas its basi®n the nonradiative transfer of
energy from an excig molecularfluorophore (donor, Pto a chromophore (acceptor, A)
via longrange dipoledipole coupling(40). In most aplications, also the acceptor is
Ffdz2NBaAaOSyidsx IfGK2daAK AG ySSR y24 0SS az2 7¥F:
(40,41) the efficiencyOof FRET is inversely proportional to the sixth power of the donor
acceptor separationi | according to:

Y

O
Yoo

Equation2.1

whereY Ad | LI NI YSGUSNI yIFIYSR CI NEGSNRDa NI RA dz
contributions to the energy transfer process and represents the distdstereen donor

and acceptoat whichCw9 ¢ Q& ST T A @B.Nhang thesaistadly the-salled( 2
2OSNI L) AYGSANIEIZT APSPT (KS &LISSioNand Ay (¢
I OOSLIi2NRa | 0&a2NLIiA2Y 6SA3IKI(DOFREMRtecisteS T 2 dzN
interaction between fluorophores when they are close enough (<10 tirg)interesting

to notice that he original GFP is involved in a FRET mechani@sqgourea VictoriaThis

method is helpful to track interactions between proteins tagged Wwilts 6two different

colors and monitor the variation of the ratio of the two emissions. This approach is used

to study proteinprotein interactions and design intracellular genetically encoded probes.
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2.4.3 Application of rEBPs

The application of IBPs in microscopy is anotherucial point of this work. There are
mainly wo ways to use these protein@) they can be eploited to strongly improve the
Imaging contrasto-noise ratio due to modulation and locke detection and (ii)they
can be employed ttoost spatial resolutiorf42). For this latterapplication,we refer to
paragraph3.4. For what concergathe first point, eachrsFPds studiedas a modulable
signal over a constant fluorescent and consequently filterable backgrddeside the
classical applications ofP&sin the superresolution field,rsFP<an be usefully applied
to Quantitative Opical Lockin Detection (QOLIDM3). In short, gOLID quantitatively
separates the modulated and the nenodulated signals deriving from photochromic and
non-photochromic fluorophores emitting in #h same spectral range, allowing for
guantitative interpretdion of overlapping signal@4). For this reason, qOLID has been
applied tophotochromicFRET (pcFREM)a relevant imaging technique to prolibe
formation of protein complexes in vivo.

2.4.4 Cyanobacteriochromes as a source of fluorescent probes

The previous applications (protein tagging and dynamics) were made possible by
discoveringhe GFP anthe GFHike proteins. In general, for the choice d? For a specific
application there are many parameters to consigsuch as molecular weight, oligomeric
state, availability of chromophore and tissue penetration of exciting and emittbt ks
stated in paragraph1.1.1, visible light suffers from a higher tissue scatterangd a
competitive absorption of many components like hemoglobin and melanin. This issue
restricts the applicaon of GFHike FPs in tmue (45) due to their absorption/emission
mainly localized in the visible regioviarious natural photoreceptors were employed as
moleallar templates for FP engineering to overcome these limitatiori$he
photoreceptorderived FPshave been successfully applied to report dynamics and
interaction signaling molecules in terand spacé46). The fafred to rear-infrared (NIR)

light within the 650-900 nm regionis the "NIR tissue transparency windbvand
penetrates significantly deeper tm tissues. Although some Glike FPs exhibit
substantially reeshifted emission, their excitation light is still strongly absorbed by
tissues. One way to overcome that is to use tphoton excitation paragraphl1.1.2).

Many bacterial phytochromes (BphPs) show emission/absorption iningiR(47¢49),
complementing the existing palette of Ghle proteins.
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3 Optical Microscopy

The possibility oftsdying small size objects is the ki&ythe comprehension of most
biological processes. The first microscope is ascribed to the Dutch draper Antoni Philips
von Leeuwenhoek around 1670s. A single lens n@deansparent glass is interposed
between the eyend the object. The light comes from the object and is colledtedching

an enlarged virtual image projected onto the retina according to the rules of geometrical
optics. Inthe 17" century,mainly thanks to the work of the Dutch spectaahakers Hans

and Zacharias Janssen, the English natural philosopher Robert Hooke and the Italian
astronomer Galileo Galilei further improvements in the architecture of the microscope
have beenadded the objective that is the optical element gathering and focgsine

light from the object producing the real image. One of the fundamental properties of the
objective is the Numerical Apertur@) 0), defined asb 0 €& i "Qéwhere ¢ is the
refractive indexof the mediumand| is the maximal halangle of the cae of light that
canenter or exit the lens. A highh dmeans that the objectivean focus andollect light
efficiently. Thesecondadditionwas theeyepiece (or ocular lensgo named becauséis
usually the closest lens to the eye placed in thedcal point of the objective to magnify

the image. The amount of magnification depends on the objedtieal length. The total
magnification is given by 0 QD . This architecturewas preservedfor
centuries, with theleadinginnovation mainly concerning the mechanical part of the
instrument. From the first half of the ¥9century, improvements raised exponentially
leading to thecurrent microscopy techniques. Improvements in the optical components
permitted the correction 6 the optical aberrations. Meaningful improvemenigere
made to the light sources (lamps and lasers) and the detection systems (cameras,
photosensitive deviceshmong thesepne of he mgor advancementsvasfluorescence
microscopywhichsignificanty expanded the application of optical microscoaydledto

the development of superesolution microscopy

3.1 Fluorescence Microscopy

Thehistory of modern fluorescenamicroscopy started in 1845 when Sir Frederik William
Herschel first described the process. htgiced that a quinine sulfate solution (e.tpnic

g1 G§SND SEKA bdaiititul célestinlBlhe@dldR & KRy Af f dzYAyl (SR
under certain incidences of UV light coming from sunli¢h®). Starting from this
evidence, the British Scientist Sir George G. Stokes obs#rattluorescence emission

hasa longerwavelength than the UV light that originally excited the obj&tiokes Shift
red-shift). Thefirst commercial fluorescence microscope developmerueby Carl Zeiss

and Carl Reichert companie®1¢53). Ellinger and Hirt that in the early 1940wade

another important step forwardin achieving fluorescence labelindhey devised
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GAYUNF @A 0 to examinetiiBkadhadud kving organisms by implementing
incident instead of transmitted light. They implemented their setup using didhv
source and interposed filters betweelbj@ctive andeyepiece, reflecting the UV rays and
transmitting the redshifted fluorescence. They treated the samples, generally living
organisms, with fluorescent substances to have the source of light emission inside the
sample; this was the first attemipat fluorescence labeling. The ways of labeling a
specimen widely expanded over the next decades. In the 1940s, @ahdeveloped
fluorescent antibody labeling (direct immunofluorescencaiyectly testing a specific
antigen's presencé¢54). As we mentioned irChapter2, the cloning of GFB5,56)and

the development of spectral variant$7) added another important eleménto the
toolbox of fluorescent labels.nl the early 2000sthe development of modern
immunostaining (indirect immunostaimg) occurred. Fritschyet al. (58) used an
unlabeled primanantibody, specifically binding the target antigen. A secondary antibody
carrying the fluorophore then recognized the primary antibody and bound to it. The
indirect immunostaining protocol is more complex than the direct one, but it alloarem
flexibility since we can usaarioussecondary antibodies and detection techniques for a
given primary antibody. Generally, fluorescence labelnigarget cellular structures
allows significanbackground noise reduction, bringing out the object dénest; due to

its intrinsic sensitivitand specificitf59), fluorescence microscogyrovidesahighSgnal
to-Noise Ratio (SNR, making this microscopy approach successful The simplest
fluorescencemicroscopes theso-calledwidefield, where the entire specimen of interest

IS exposed to the light sourg@ith the resulting light forming an image that can be further
viewed eitherby the observer or a camerd&igue 3.2 (a) shows a typical widefield
architecture that carbe upright @ inverted depending on the illumination coming below
or above lf the excitation and the emitted light share the same objective lens, we use the
0 SNY-Cd d22NEa0SyO0Seéd Ly (GKAA OF dghddgh & getdK G (NI
filters and through a dichromatic mirror with the shorter wavelength light (exicig
reflected onto the samples. The longer wavelength light emitted from the samples then
travels back passing the dichroic mirror being imaged by the eyepiece or collected by a
camera. Epfluorescence microscopes represents the majority of availabteascopes.
Widefield microscopyensureshigh-speed performancesand goodspatial resolution
while it suffersfrom the out-of-focusfluorescencebackground(60). It results in images
showing poor contrast between optical ples, with this phenomenon becang severe

in thick sampleg(61). To overcome these limitations, we can use contrast methods,
including differential interference contrastD(Q Microscopy and phase contrast
microscopy in conjunction witkvidefield fluorescence microscopy.he introduction of
fluorescence confocal microscopy addressedgber SNR issue of the latter methobhis
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technique was developed durinpe 50s by Marvin Lee Minskand then applied to
biological samples durinthe 70s (62). Different from widdéield microscopy, confocal
microscopy uses point scanning illmination pattern The outof-focus fluorescence is
efficiently removed by a pinhole placed in tleageplaneof the microscopeFigue 3.2
(b). Such a spatial filter enald@ goodoptical sectioning of the sampl&3)that allows
performingz-stacks of sanples to generate 3D images.Rigure3.1, we report a 3D image
of a HEK cell expressing EGBP lamirA, codifying for Progeria.

Figure3.1. z-stack of HEK cell expressing E@5®laminrA. Orthe sideswe reportlateral views.

It iseasy to visualize the 3D structure of the cell and the invaginations due to the diteages
are acquired using a confocal microscope (LEICA SP5) and edmeghttriji imaging processing
packagg(38).

Sinceonly one pointat atime is illuminatedjt is necessary to perform a raster scanning
to obtain a whole image of the sampléhus strongly increasing the image acquisition
time compared to avidefieldmicroscopeNowadaysscanning is performed by using one
or more galvanometric mirr@or other approaches with low latendparagraph8.1.1).
After the pinhole a sensitive detector, usually a photomultiplier tube (PMT) or an
avalanche photodiode, detects the light intensity, tsdorming the light signal into an
electrical one.

Since the pinhole selects the fluorescence at the focal plane, the image's optical
resolution (the capability of distinguishing two objects) is enhanced compared to
widefield microscopes. However, signdkinsity is less at a given position in the sample

for the same reason. Long exposures time or high light intensity may often be required to
improve the signato-noise ratio (SNR). A confocal implementation that reduces these
limits is referred to as Spimg Disk. It uses a series of moving pinholes on a disc to scan
light spots. The parallel scanning of the pinholes across an area, each of their hooves over
a specific portion for a longer time, then reduces the excitation energy needed to
iluminate a samle compared to the simple confocal microscope. Decreased excitation
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energy reduces phototoxicity and photobleaching onto a sample, maka
confocal/spinning disk microscope the preferred system for imaging live cells or
organisms. It is important to pairout that decreasing phototoxicity nowadays is one of
the main challenges in microscopy since damages to cellular macromolecules upon light
illumination can impair sample physiology and even lead to sample death. Another
important advantage of confocal nroscopy and fluorescence microscopy, in general, is
that the fluorescence phenomenon accesses many spatial and functional information
obtained through specific absorption, emission, lifetimes, photodecay, diffusion and
other contrast mechanisms.

(a) (b)
Detection
Pinhole T
Tube Lens
Objective
Focal Plane .

Figue 3.2. Schematic representation ofveidefield (a) and a confocab) microscopeln confocal
detection, he pinhole cuts fi the contribution of the outof-focus planes. The ligigreen ray is
the onfocusfluorescence.

3.2 Principles of Ligkbheet Microscopy

However, onfocal microscopy presenteveral drawbacks; one of the mainthe poor
intrinsic capability of studying thick samples and the poor acquisition spéedew
microscopy technique was developaalovercome these limits based on the decoupling
of excitation and emissiorThis technique was firstly described in 1994 as LS8jtdet
Fluorescence Microscopy (LSFM) by Francis Spédaand Ernst Stelzg65)and then
as Selective Plane Illumination Miscope (SPIM) in 2004 by Jan Huist&8). The core
of thesetechniques reliesipon fluorescenceacquisitionorthogonalto excitation. In this
way, fluorescence and excitation are decoupleadproving the contrast (comparable to
confocal microscopednd optical sectioningreducing thephotodamage We can state
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that LightSheet microscopy combines the advantages of the optical sectioning of
confocal microscope with the higher acquisition rate provideduiyefield microscopy.

In Figure3.3, we can see the differences amowigdefield(a), confocalb) and lightsheet

(c) architectures

Objective

Figure3.3. Schematic representation of the illumination modalitiesadlefield (a), confocal If)
and lightsheet €) microscope. The excitation is cyamd the fluorescences green. Inthe light-
sheet configuration, the excitation and the fluorescence are orth@ddn cyan is reported the
excitation, in green the fluorescencélhe sample is simultaneously shined in widefield
microscopy 4), and the fluorescence is acquired. In confocal microscbpya(focused laar is
shined point by point in a scanning moda. lightsheet microscopy,d} illumination comes
perpendicularly to the excitation, providing decoupling of the two.

To betterunderstandthe theory behind lighsheet microscopywe should introduce the
concept of beam waist (BW). BW represeiiie Gaussian beam's thickneasits focus,
and itis acrucialparameterof LSFMa thicker beam waist leads orse sectioning but
alargerfield of view Figure3.4). The beam waist depends on the numcal aperture of
the lens used.

Figure3.4.{ OKSYI A O NBLINBaSyuldAz2y 27F ( KkSthebedmy LI NI
waist and is the divergence angle.

There are two approaches for the generation of the light sheet.

1. Cylindrical lens approach. This lens focuses the light onto a line instead of a point.
It isthe simplest and cheapest approach, but the cylindrical lens magduce
optical aberrations. lis worth notingthat cylindricallensesdo not guarantee thin
sheets of lights (beam waidiecause otheir numerical aperture.
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2. Scanning approach. In this case, a single beam is scanned along the axs with
speed highertthan the camera frame rate. The scanning systems generally are
based orgalvanometric mirrors or acoustoptic deviceg67). The scanning system
may also be used for anning the lighsheet along the optical axis of the detection
objective generating a threelimensional (3D) illumination pattern

SPIM provides a higher FiedtView (FoV) for its intrinsic characteristicsmpared to
other microscopy approaches. Combining this evidence with the high optical sectioning
provided by the technique, we use ligbiheet microscopy for 3D studies of thick samples.
The general approach includes the motion, by a motorized stagbeadample through

the lightsheet. We will comment i€hapter8 on another possibility of performing a 3D
stack in LSFM.

3.2.1 Lightparallelization for SR enhancement

LightSheet is the election tool fahe volumetric image of large samples for bétbVand
resolution. Nowadays, ree of the main goals of optical microscopy is retrieving
guantitative and volumetric information while minimizing sample pldsmage.The
photosensitivity of the sample forces to work with low exposition tiare low laser
power leading to images with poor SNRal standard LSFM, the easiest way to retrieve
the lost signal would be to increase the excitation peak intensity,thathigher the
illumination intensity, the greatethe risk of inducing photodamage. Even wiitle photo-
resistantsample, fluorescence issaturableprocessandat high laser powerst results

in no gainlimiting the advantages of increasing laser powio prevent phototoxicity and
accumulate photons, goodsolution would be to increase the exposure time or average
multiple images. However, this strategy requir@$onger acquisition time: it exists a
trade-off between the acquisition speed and the BNf the image$arallelizationof the
illumination/acquisition represents anessentialtool for enhancing SNR preventing
damage to the sampleln Chapter 8, we report a practical application of thiatter
approach Let usassume a general measureméf¥¢ pointsn ). In this paragraph, we
will describe the process of ligparallelization, pointing out its advantages in terms of
SNR enhancement and background suppressiom.better understand these latter
processes, we need to define the matrix equation for a set of measurements and the noise
types that can affect datdMoredetails abouthe information contained in this paragraph
can be found inthe supplemetary information of referenceg(67). We encode the
sequence of measured points through theeights) N 7ip , writing the following
equation:
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Equation3.1

Defininga € we square matrixo , whose entries are the weights,eancan write the array
of encoded measurements matrix form:

§ o=
Equation3.2
By inverting the matrix, we retrieve the individual points:
- ]
Equation3.3

At this point we must consider the presence of noise in our measurements. Here we will
describe three typsof noise: andom noise, photon noise and background noise.

Random noiseWe will assume this noigse independent of the signal:
i o=
Equation3.4
With the following properties:

1 The expected value of the noise is zetQ Tt
9 The noise is uncorrelated and has varianceO QQ w

We consider now the reconstruction, done tvithe inverse matri>o w that leads
to:

Equation3.5

The mean square error (the variancesgfin the presence of random noise @ is given
by:

Equation3.6
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Photon noise.Considering a set of measurements not correlated, they will follow the
Poisson distribution. In this case, we can write the mean square error as:

Equation3.7

Where we defined B 1 namely the number of entries in th& column of W
whose valueequalsone. We can finally write the mean square errorthe presence of
both random and photon noés

Equation3.8

BackgroundWe must comment now on thpossiblepresence of a uniformbackgound
for whicht f I | "fQWealso assumehe background independertf the signa|

and we write:
B o= =
Equation3.9
The resulting background after the decoding with the inverse matrix @  is now:

e 0o
Equation3.10

Where | B &7 I B & . On the other hand, ifthe signaldependent
background is presentve havel ® == 5 8ven ifts expeced value is unaltered
after decoding,the background contributeso degrading the SNRbeing a source of
photonic noiseThe shape of the encoding matrix will play a crucial rolmprovingSNR.
Interestingly, the parallelizationapproach, also called multiplexing, is borrowed from
spectroscopy(68).

As wesaw, parallelization enables decodi‘agplanesf) from £ frames O, whose noise
content is noww gginstead ofg Such anoise reductionis an intrinsic feature of
parallelized acquisition, known as Fellgett's advantage: the sigdapendent noiseof

the measuremenis shared among the illuminated planes. Roughly we can say that the
larger the number of simultaneously acquired planesd(émen frames), the lesser the
noise per plane. This assumpti@mot compktely true since the decoding step needed
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to retrieve information from each plane can introduce some noise to the imafes.
choice ofw (now referred toas™Y encoding matrixis crucial in determining the SNR of
the decoded images since the amount of added noise depends on the encoding matrix.
To illustrate this effect, we used three different illumination patterns, each one
represented by a unique matrix:

1- Sequential scanThis patterncorresponds to the traditional implementation of SPIM,
where a single lighgheet illuminates a single plane, and we perforscanningmoving
illumination to a different axial position at each frame. Consequertg encoding
matrix, the identity QY ‘O "), leaves the noise content unchanged. This +ton
parallelized acquisition scheme is used as a benchmark for the following ones.

2- Black Light Shestan.This patterris based ore  p parallel and identical lighgheets
simultaneoushyilluminatinga volume divided int@ sections all planes within a volume
are illuminated excepfor one. The axial position of the dark plankangesafter each
frame. As an effet, the dark plane scans over the sampléhe corresponding matri¥Y
contans zeros on the main diagonal and ones everywhere B&expectthe following
gain in SNR for an image in thetack is:

Equation3.11

Where? is the ratio of the standard deviation of the photon noise to the standard
deviation of the camera noisg9), and"YU0Y is the SNR of the image acquired using a
sequential scheme with the same exposure time and energy pét-digeet The
parameter? depends on several variables, such as detector tyjpe brightness of the
sample, and exposure timand is fixed for experimental setup and conditiohs fast
imaging experiments, thexposure timas expected to be low, resutty in a small number
of collected photons and, correspondingly, a low valu@.of

3- Hadamardscan A volume, divided int@ planes, is simultaneously illuminated by

¢ p Fcidentical lightsheets. At each frame, the axial position of the beams is changed
accordingly to the rows of the Hadamard mati¥70). In this casewe expect a SNR
gainas
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Equation3.12

Which also depends on the parameter Note that, different from Black Light Sheet
matrices that can be defined for every natural numbeHadamard matrices are defined
onlyfort ¢ p,with’Q pand integerFor a better understanding tfie Hadamard
matrix, we referto supplementary irdrmation ofreference(67).

To investigate theffects of parallelization on image background, we should consider that
noise and offset affect imaging throughcamera We define this latter as the sigral
independent background. The parallelization atfters the advantage of suppressing
background,increasing the contrast of the reconstructed images. In particular, the
expected background reduction with the Black Li§heet encoding is:

p
E p

r
[

Equation3.13

Wherer is the background of the image acquired using the sequential §can.
Hadamard encodingve write such a reductiomas

C
E p

r
[

Equation3.14

From Equation 3.13 and Equation 3.14, we find that both encoding methods enable
reducing the backgroundompared tothe sequential scan. In addition, such a reduction
increases with the number of iluminated planes. However, the Black Light Sheet encoding
shows better performance in background suppression. Therefore, while the Hadamard
scan provides the best SNR gain of $irategies analyzed, the Black Light Sheet can be
preferable when a strong background is present. Note that it is always possible to
determine the optimal encoding method for a given sample or application.

3.3 The Diffraction Limit

In paragraph1.1.1, we mentionedthat the phenomenon of Diffraction e bags for
image formation. Th&iffraction acts as a source of light that propagates to the objective
concurring for the image formationThe conjugation between image and specimen
meansthat each point of the specimen has a corresponding one in the image. It is
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essentiako state that he image of a point source through an objective lens is no more a
point. The constructive and disruptive interferences produce a characteristic diffraction
pattern consistingof a central bright spot (Airy Disk) surrounded by concentric rings
forming the Ary pattern(Figure3.5, a). The central spot contains around 84% of the light
(71). The Airy Disk dimension depends on the wavelerdgiimd the angular agrture of

the objective(72).

‘ & Q

L Py Cx

@)
Equation3.15

Oj "Qs the aperture angl€Qs the focal lengthandOis the lers diameter. In terms of
the 0 Odefined in the previous paragraph, we can rewrite the previous equation as
follows:

i —
Pg, ccu 5
Equation3.16

Given0 0 ¢ i "QE is the refractive index of the medium between the sample and the
objective and| is the halfangle of the cone of specimen light accepted by the objective.
We notice that the disk dimension decreases with decreasing wavelength and increasing
numerial aperture. The dimension remains finite, and we define microscopy as a
diffraction-limited technique. Ernst Abhevho published the landmark paper containing
the definition of the fundamental resolution limfirstly quantified the phenomenon. The
resoltion limit was described as the shortest distance d between two points thastwan
be distinguishedwith a microscope systenotherwise they result unresolve&igure3.5,
c) (73)
Q —

¢L O

Equation3.17
Experimentally, this means that for a Numerical Aperture equal to one, and the visible
wavelengths in the rangaf 400-700 nm, the resolution limit is around 200 niiine British
scientist Lord Byleight I 0 SNJ NB RS T A ywdhRhe IRyléigh Oriieionifér $he NB
resolution limit: two Airy patterns are distinguishable if the center of one Airy disk falls
on the first minimum of the other Airy DisfFigure 3.5, b). The new definibn of
resolution limit(74)is given by:
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Equation3.18

When we look at a point source in 3fbe Airy Disk elongates in the axial direction. This
typical density distribution is calléte point spread function (PSF). The image is the result
of the real light source with the PSF of the microscope used. The axial resolution is even
worse than the lateral one and is given by thguation3.19:
C_ ¢
0 0

Q
Equation3.19

The application of a pinhole improves this limit by a fa¢iqrsince the confocal aperture
can be closed to elimate higher orders of the diffraction patteri62,71) Thus,
constraining the axial PSF and improving the optical sectioning of the techhitpiean
consider confocal microscopy a sugesolutiontechnique to itsii¢ the improvement
brought to resolution.

Q ™8 ——

U o
Equation3.20

_¢

Q p8 0o
Equation3.21

Resolved Rayleigh limit Unresolved

-~

0.614/NA

Figure3.5. Airy diffraction patterns generated by light from tymint sources passg through a
circular aperture, such as the eye's pupNe can resolve points far apad) (or meetirg the
Rayleigh criterionk) while points closer tha the Rayleigh criterionc) are unresolved Image
adaptedfrom Wikipedia, Creative Commons-BX 4.0.

3.4 Super Resolution techniques

As we saw inthe previous paragraph the lateral resolution of usual microscopy
techniques is constrained to around 200 nm in the visible rahgeting access at the

nanoscaleln 2014 Eric Betzig, Wiliam Eoerner and StefaiV. Hell won the Nobel Prize
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in Chemistry fof'the development of superesolved fluorescence microscdpyrheso-
called nanoscopy consisté two main groups ofuperresolution techniques:

1 Deterministic superesolution: based on RBEersible Saturable Optical
HuorescenceTransitions (RESOLFTIX is possible to prevent the emission of
adjacent moleculesoy manipulating the fluorescing volume. TH&imulated
EmissionDepletion (STEDJirstly developed by Stefan Hell, loags to this group
(75).

9 Stochastic superesolution: based on theomplex temporalbehavior of many
fluorophores. In this group of techniquethe idea is taseparate the light emission
of two adjacent molecules temporally the stochasticswitching betweera dark
and a bright state

Thelast group ofsuperresolution techniques includes a set of approaches thatlestly
increases resolutiorike the 4Pi microscope, the confocal itself and tiructured
llluminationMicroscopy (SIM). SIM is implemented on lasasedwidefield microscopy
adding a movable diffraction grating into the excitation beam p@th). Zercorder or

only first-order diffracted laser beams are let to pass through the objective interfering
with each other at the focal plane of the objective and creating an illumination in stripes.
This stripe ptern of light by its superimposition with the sample generates thealted
Moiré effect. Under homogeneous illumination, objects separated by a small distance, or
in other words being organizedat high frequency, are not visible. Using structured
illuminations overlaps thehigh-frequency organization of the sample with the high
frequency of the illumination stripes creating an interference pattern of lower frequency,
which is well collected by the objectivd/e will treat lesshie SIM in this work.

3.4.1 Deteministic supetresolution techniques

In these methods, supeesolution is achieved by the selective deactivation of
fluorophores. As we saw paragraphl.l1.2 fluorescence (spontaneous emission) occurs
after the absorption of a photon, promoting an electron from the ground state to an
excited one (YO "Y). The following relaxation fromY to "Y can occur by the
spontaneous emissigm.e, fluorescenceA second photon strikingpe fluorophoreforces
the excited electron to relato the vibrationalstate correspondingo the eneagygapthat
equals such photornergy By selecting the photon energy in the red portion of the
emission spectrum, the resultingtimulated emited photon is redshifted and easily
decoupled from thefluorescenceof interest STED works by depleting the fluorescence
in specific regions of thi®cus e.g, a donut leaving a centrgart of the spot to fluoresce.
The donut-shaped depletiorbeam is achieved by altering the properties of the pupil
plane of the objectivgin APPENDIX Development and characterization of a phase
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plate, we report the process of faication and characterization of a phase plate used for
STED/RESODFAN annular phase plate creates perfect null intensitytlze focus
Another common implementationuses an optical vortex based on interferendie
describe nowhe lateral by a modified Abl&elaw:

Q -
GE i Qep

95

Equation3.22

where¢ isthe refractive index of the mediunils the maximum STED intensity afad

Is the saturation intensitydefined as the power required to reduce the fluorescence
intensity by half The main drawback of STED is the need to use a-imggnsity depleton
laser,whichmayleadto photodamage and photobleachingnother drawback of STED is
that there will always be some fluorophores in the depletion atieat are not being
depleted by the STED depletion laser, resulting in fluorescence emission. Compared to
the case of a perfectly depleted fluorophore, this leads to a lower obtainable resolution.
Even if STED does not fully deplete the excited statebeofltiorophores, it still affects

their lifetimes.We obtain a higher resolution by filtering the photons by their arrival time
We term this approach GateSTED ($TED) since the filtering based on arrival time is
Ol f £ SR & 3 I alsh ys& datings?a Bunadlé parameter to reduce STED depletion
power, thus avoiding photodamages apeserving the lateral resolutioli>-STED allows
higher supeiresolution than STED without gatifgut the reduced number of collected
photons also reducebie SNRA pracess of deconvolution is strongly recommended while
working with STED images. Until nome referred to STEBsworking with continuous

wave laser source€\), but STED can be implemented either with pulsed lasers systems
or with CWlaser source§/77). The use opulsed lasers comes from the evidence tas

STED requires higher average power than pulsed STED to achieve an optimal depletion.
The STED pulse must arrive directly after the excitation ptdsachieve an efficient
depletion the excited level is no tger pumpedAnother characteristic to consider is the
pulse width or pulse duration. It is advantageous that the laser pulse width is significantly
AK2NISN GKFY FTfdz2NBaoOSyOS tAFSUAYSSEpPsF H ya
to avoid absorgion back by the same puls&herefore, pulses in the 100 ps range are
typically used.The pulse's duration also affectshe resolution of STEDwhich
mathematical derivation is presented by Moffét al. in reference(78). We canconsider
RESOLFas ageneralization of the STED conceRESOLFdperates with molecules
exhibiting at least two different optical states (photoactivable, photochropatwhich

one (A) is bright and generates fluorescenaed the other (B) is dark, gng no signal.

The transition between the two statesinduced by light. In this case, the function of the
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donut beam is deactivating the peripheral zone of the excitation by turning off the
emitting molecules while the center remains bright. The inveraasition can be either
spontaneous or stimulatedn addition, in this cas¢he new formula for the resolution is
again the one in Equation 3.22. The architecture of Deterministic supegsolution
techniques mainly based on scanning microscopes strongly constrains the acquisition
time and the capability of performing liveell imaging Stefan Hellet al. presented a
parallelizedwidefield arrangement exploiting the principle ®ESOLKT9). An intensity
distribution of the switchkoff light featuring zero intensity linefrther apart from the
conwentional Abbe resolution limit issed to achieve parallelizatiom this way authors
restrict rsPPs emission to lines of swuhiffraction size. The illumination pattern is then
scanned over the sample. Compared to other methaddsluding applyinghe zeos of
structured illumination(72,80) widefieldRESOLFT microscopy avoids mathematical steps
that are prone to noise issues. As we mentionedAIRPENDIX: IDevelopment and
characterization of a phagalate, our capability to develop linear phase plates suggests
the fruitful application of RESOLFT to SPIM. In referé®tkthe authors suggest the
application of a hatmoon phase plate combined with d&aptoconversion laser to a SPIM,
reducing the light sheet's thickness anchproving the axialresolution (originally
constrained by diffraction limit) and, thus, optical section. This approach represents
another way, slightly different from those previously presented, to bring RESOLFT (or
STED) to a wddield configuration.

3.4.2 Stochastic supetesoluion techniques

In this group of techniques, the temporal separation of adjacent emissions is the core.
The optical architecture of thesetup is often based ona widefield system The most
generaldefinition can becalledSngle MoleculeLocalizationMethods (SMLMJ}82). The
signals of different fluorophores must be acquired sequentially rather than
simultaneously by controlling their ojtl properties(83) to obtain supesresolution
imagingIn this approachsingle photoactivable or photochrommcoleculesarerandomly
activated in the sampleKigure3.6). If onlyafew emitters are activated (with eontrolled

laser pulse) in a field of view affew tens ofmicrons, and the background is composed

of molecules in the off state, then thewitching statistic guarantees that théistance
between onmolecules is major than the diffraction limit. Therefore, it is certain that the
emitters are single moleculeand their position may be determined whit a nanometric
precision.Turning off emitters ad turning on new ones repeatedly allows for obtaining

a highresolution image after many cycles (generally thousantkgcritical property of

the fluorophore is its photodovation for at least one cycl@4). Differences in technical
details lead to different approaches. If we use genetically encoded exogenous probes
fused to the interest targetwe talk about PhotoActivated PhotolocalizationMicroscopy
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(PALM). If westain endogenous molecules in the sampigth antibodies labeled with
organic fluorophores, wealk about STochastic Optical Reconstruction Mcroscopy
(STORMB5). Ingeneral we describehe localization precision of the fluorophore may
follows (86).

i ‘*)Qcp_chU‘i(I)
0 w o

Equatian 3.23

Where0 isthe number of collected photonsois the pixel size of the imaging detector,
o is the background signal in averageds is the standard deviation of the PSF.

Stochastic Single Molecule Final Image
activation Localization

1

Aactivation Aexcitation _" !

—_— —_— L —_—
1 .3

Repeat with different subsets
of fluorophores

Figure3.6. General representation ddingleMolecule Localization Methods. The final image is a
density map reporting the positions of all the fluorophores acquired during the cycles.

Thewidefield architecture of SMLM suggests its fruitful combination with SPIM. In 2013
Francesca Cellat al. in reference(87), proposedcoupling twephoton excitation to
Individual Molecule Localization Single Plane lllumination Mices¢tMI=-SPIM). This
approach combines the advantages optical sectioning of SPIMhe resolution
enhancement of SMLM and spatial confinement of 2P#e improved signab-noise

ratio of selective plane illumination allows nanometric localization ajlsimolecules in
thick scattering specimens without activating or exciting molecules outside the focal
plane.The authors report then a 3D supegsolution imaging of a cellular spheroid.
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4 Photoacoustic Microscopy

The first idea of using soundwaves toastigate biological systems comes from Stanford
University aroundhe 1970s by Ross Lemons and Calvin Q(88% Thestrong belietthat

the visualization of the acoustic properties of the sample may reveal unobserved features
of optically transparent samplemoved them to investigate this approachVhile in
optical microscopy, variations of the dielectric properties determine the scatteiing
acoustic microscopy, thmaterial's elastic propertiedetermine the scattering. Leoms

and Quate developed a Scanning Acoustic Microscope (SAM) where a piezoelectric was
the source of ultrasound&nd another piezoelectric was the receivettlie transmitted
position(Figure4.1, a) or where a piezoelectric acts both as receiver and emittggyre
4.1,b). The sample was placed in a watéled chamber and moved bynaX¥translational
stage.

Generation — l_(a) Generation/—_I 1 (b)
Transducer Detection
Transducer

NN RN
Sample — \o/ Sample — I\N\\:/\v/'\//\ﬂ\/l
AV

Detection
Transducer — 1

Figured.1. Schematic representation of Scanning Acoustic Microscope (SAM) in transmission
(@) and reflectionlf) mode. Image adapted from referen¢@s).

Another advantagef using acoustic waves is the less scattering of acoustic waves than
light waves(89). As we mentioned irparagraph 1.1.1, the wavelength increasenay
reduce the scattering. Generally, we can say that techniques implementing acoustic
detection may be used to study thick biological sampksring better penetréion depth
compared to lightbased microscopy approachddany pioneering studies arountthe
1980s demonstratedthat fast enthalpy and volume changes associated with the
absorption of light by chromophores generate acoustic waves detected by microphones
(90¢92). The photoacoustic (PA) wave generated dpplying a pulsed laser or a
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modulated laser to an absorbing medium is the basis of an imaging technique that was
termed Fhotoacoustic Microscopy (PAM).

4.1 Principles of Photoacoustic Microscopy

Despite the initial diffidence for the potential uses of PA techniques, in the last 40 years
the number of methods using phatieermal effects (including PA) strongly incredse
covering a wide field of applications from environmental sciences to material and
biological science§he generation of PA waves is achieved through either a pulsed laser
or a modulated laser source, which differences will be discussed later. Thewatag@itd

phase of PA waves depend on the light source properties and the excited systems' optical,
thermal, and mechanical properseln geneal, the local risen pressurer| is defined as
follows:

Equation4.1

Where— is the percentage of light converted to hedds the fluence of the illumination
source ands is the Gruensein parameter definedas 1 j Q"6 10 j6 (93) In
this equation] is the expansion coefficieniQ is the Boltzmann constant is the
density,0 is the specific heat at constant pressure ands the speed of sound. then

Is the absorption coefficientAfter the initial pressure rise, the pressure wave diffuses
inside the sample at the sod speed in the medium.

The flexibility andsuitability for thick samples studies allow the application of this
detection in Photoacoustic Tomography (PAT) approaches (97) that are devoted to
performing 3D imaging onto thick biological systems. Nowadaysot@acoustic
techniques are some of thiastestgrowingmethodologiesn biomedical imagin(P4¢96)

for their combination of optical excitation andcousticdetection, leadingto two main
features:First, PAM provides higtontrast spectral properties of tissues by investigating
the optical absorption of the systei®5). Second, detecting acoustic waves provides a
relatively large penetration depth for the lower attenuation of sound waf@&s. Based

on the optical configuration we can distinguish three main groups of applications of PA:
photoacoustic computed tomography (PACT), optieablved photoacoustic microscopy
(ORPAM) and acousticesolved photoacoustic microscopy RRM) including the
hybrid approach Ultra Higkrequency Photoacoustic Microscopy (UPM).In the next
chapter, we will comment on the properties and configuration off@R, ARPAM and
UHFPAM techniques
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4.2 Resolutiorof Photoacoustic Microscopy

As we mentioned in the previous paragraph, there are many possible implementations of
photoacoustic microscopy according to what drives the lateral resolutigte optical
microscopy, acoustic and photoacoustic microscopy has in resolution penetratidh dep
and contrass their main characterizing paramet¢®8). This paragraphwill comment on

the main properties ofelectedphotoacoustic microscopy approaches.

4.2.1 Optical Resolved Photoacoustic Microscopy-R@ARI)

In ORPAM a diffraction-limited light spd is focused on the samp)&nd an ultrasound
transducer acquires the emitted soundwaveince the optical focal spot msuchtime
smaller than the acoustic one, the optical properties of the system drive the lateral
resolution(99). Therefore, the lateral resolution of GRAM is given by the size of the light
spot, accordingi 2 ! 60SQa [} g8Y

Y ™ g
h b 0O
Equation4.2

Where_ is the optical wavelength) 0 Isthe numerical aperture of the objectivand

T® @s the full width at half maximum (FWHM) of the optidaical spot. For the axial
resolution we base on the assumption that the PA response to a point target follows a
Gaussian frequency profiland we write the followindequation4.3:

Yh &) ng]—
Q
Equation4.3

Where’ is the sped of sound of the medium angl'Qisthe PAsignal bandwidth that is
approximated as the transducer bandwidth. This last assumptibased on the fact that

the PA bandwidth is much wider than thiieansducerdetection bandwidth. We can
comment that, since higher frequency components of PA sigrealattenuated faster
than lower ones, we can have degradation in axial resolution while investigating thicker
samples. For itproperties, ORPAM is well suitable fasinglecell imaging while having
advantages in terms of resolution of light and its lo@nptration in tissues.

4.2.2 Acoustic Resolved Photoacoustic Microsd&ifPAM)

In ARPAM the sample is shined with an unfocuskght source(That may also be the

scattering of adiffraction-limited beam inside the sampleand a focused ultrasound

transducer(100) harvests the acoustiemission.Here the lateral resolution is given by
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the acoustic properties ofrie transducer. We can generally describe the resolution of a
microscope as linked to its working frequency and numerical ape(@8}as follows:

Y =
cO O

Equation4.4

For an acoustic wave, we camite the relation_ "Q ' that linksthe wavelength of
the acoustic wave with the frequency and the speed of sound in the medium. We can
rewrite Equation4.4 as follows:

¢'Q0 0

Equation4.5

Considering the FWHM of the acoustic focal spot in acoustic ampl{@@jewe obtain
the final relation(Equation4.6):

Yho TRy

Equation4.6

Where0 0is the numerical aperture of the ultrasonic transducas ORPAM the axial
resolution in ARPAM is defined as follows:

Y i &) L%,—
Q
Equation4.7

ARPAM is suitable for thick tissues studies where the focug#ttal beams scatter and
become diffus€99).

4.2.2.1 Ultra-High Frequency Photoacoustic Microscopy (BAM)

Here we present a hybrid approach in photoacoustic. Since both lateral and axial
resolution of ARPAM depends on the acoustic frequency, increasing that parameter may
improveimage quality. While working with frequency over 1000MHzve can reach a
lateral resolution comparable to an optical microscopmwever the higher is the sound
frequency, the higher is the attenuation by the medium, limiting this technique to the
study of thin cell layers.

4.2.3 Super Resolution in Photoacoustic Microscopy
Many approachs to overcome the diffraction limit exist in PAM, like happening in
fluorescence microscoppincehe higher resolution of PAM is GRAM,superresolution
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techniques break the diffraction limit by using nonlinear techniques such as saturations,
switchablequenching, or multiphoton absorption on the illumination part of the process.
This paragraphwill present the stag-of-art of SuperResolution PAM excluding
approaches based on photochromic probes that will lbethfer commentedon in
paragraph4.4.3.1

4.2.3.1 Nonlinear Photoacoustic Methods

The principledemonstrated by Danielliet al. (101)is based on the nonlinear dependence

of PA wave from the excitation at higher energy levels. In PAM image generation, the
peak intensity per pixel of PA waves is collected and assumed proportional to the
excitation beam. While working at higher excitation powtbis assumption is no longer
valid, andmechanisms such as nonlinearity, optical saturation or multiphoton absorption
occur. The first source of nonlinear PA is based on nonlinear thermal expansion. By
considering thesecondorder term of the expansion coefficientrite asfollows:

[ S R N 4
Equation4.8

The laser inducegsressure in the acoustic excitation voxigscribed by théquation4.9
from reference(102)

l: [AVa 1 >

Prvi iR 4 coYU R

TR
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Equation4.9

While the second nonlinear effect is due to the optical saturation relatesirtgle photon
aborption, under specificonditions,the initial pressure in the voxel may be written as a
polynomial expansion:

n i hxho wih O

Equation4.10

Here O Is the energy perpulse. The main point of this approacis that a train of
increasing energpulses pumps the sample, saturating all the electrdmghis saturated
state, the additional energy is depleted through different pathwagsch asnon-
linearites From these pressure waves, images corresponding to the absorption of
different molecules can be reconstructethese techniques allothe resolutionto boost

up to 88 nm.However, these approaches alienited to subsurface and have a poor
temporal resoltion due to the scanning system. Localization methbage been applied
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to accomplish superesolution imaging in PAI, ultrasound imaging, and fluorescence
microscopy. The general principle of the localization imagiethod is to superimpose

the local maxna positions of all localized sources in the sequence of im@dy The

I dzi K2 NB RSY2yailNI i S>mitorOLa0R rSnviid:yatedl reBdiiBor T dp
and from 33>m (i 2 >mdnpthe axial resolution in vitro. Furthermore, the unresolved
microvessels in the conventional FRAM images are visualized in the lozafion PAM

images This approach may also work withrasound array$104)

4.2.3.2 TwoPhotonPhotoacoustic Mechanism

Nonradiative twophoton absorption (2PAmprovesaxial resolution, allowing high 3D
resolution. Conventional PAM requires spatial filtertogachieve high axial resolution,

while in TwePhoton Photoacoustic Microscopy (PAM), amly the area within the focal

spot generates onlinear photoacoustic signalBue to easier onghoton absorptiona

prominent 1PA signal will beompetitive with the 2PA sign@Figure4.2, a-b). The 2PA

signal is extracted sing a lockn detection systen(105) the input laser is amplitude
modulated, and the twephoton PA is extracted by locking at the modulation frequency

or one of its harmonics. This approach will be explained in det@thapter7. In the paper

by Lee et al., the authors achie(®06): €t I GSNJ I yR |y FEAIf NB&az2ft
>SYo KAES mt! KFa | €FGSNIf NBazftdziazy 2F no
factor 1.4 in lateral resolution.

a Common PAM 2PAM
Short A Laser Long A Laser
~ l ¥, - l
o
iz i v
= V/isible excitation \
NIR excitation ‘ ” focal plane 5
Non-radiative emission 4 /‘/_ 4
Mechanical scanning Optical scanning
Fov Fov
Acoustic detection FOV @ o
@ Laserfocus

Figure 4.2. Comparisonsbetween 1PPAM and 2HPAM.(a) Temporal or spatial filtering is
necessary to eliminatthe induced background and acquire the axial resolution in common PAM
based onthe visible laser excitation process. However, inP&M, with NIR excitation, only
photons within the focal spot generate nonlinear photoacoustic signals providing intrinsic optical
confinement, determining the 3D spatial resolutiorn) (While only mechanical scanning is
applicable in current common PAM due to the small acoustic detectiahditeriew (FOV), 2P
PAM could be operated at low acoustic frequency creadilagge acoustic detection FOV. Optical
scanning is thus possiblenage from referenc¢l106)
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4.2.3.3 Structured lllumination Photoacoustic MicroscopyR&M)

Another approach that we treat quickBxploitsstructured illuminationto increase the
resolution of PAM. Such a specific illumination pattern (called moiré interference
pattern), generated by interference, provides an easier v{@é). As we mentioned in
paragraph3.4, the capability of structured illumination of increasing resolution in optical
microscopy relies on the information provided by the interaction of the three
dimensional modulated illuminatiopatterns and higkrequency variation in sample
fluorescence caused by small structures. These interactions generate-faelguency
Moiré pattern containing information on noeresolvable structuresilmagingthe Moiré
patterns at different positions andeir subsequent processing allows the reconstruction

of subdiffraction information. In photoacoustic and implementation of structured
illumination calledBlind Sructured Illumination PhotoAcoustic Microscopy (BSIPAM)
uses optical speckle pattesnas structured illumination for enhancing the spatial
resolution of PA imaging in scattering medidescribingthe measured PA signal as a
function of the various speckle patterns and the absorber distribufigure4.5, a-c).
Through acquiring various images and deconvolution, it is possible to retrieve the original
distribution of the sample wih an improving factor of ZFigure4.3, d) (107) Other
approaches providing better improvement are reported in refere(l@8) Since SPAM
worksin ARt ' a Y2 RS> (KS | OKAS@GIofS NBaztdziazy A
in the previous reference) but with a slightly improved penetration depth.
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Figure4.3. Simulated results by Murragt al. show(a) an absorbing system consistiagf mn > Y
gARS tAYySa aSLI NIFGSR
aLISO1t S &AichSthepmdduet pf the abserbér distribution and speckle pattern giving
the photoacousic (PA) source distribution is reported. Fina{ty) shows the PA response found
by convolving the PA source distribution with the transducer PSF (GaussiamWwitti-#M of 100

> Y Untage from referenc¢l07)
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4.3 Sensitivity of Photoacoustic Microscopy

Another important classification of PAM relies on optical sourcesteTaee mainly two
sources that may be used: pulsed laser sources or modulated contimaves (CW) laser
sourceg109)

4.3.1 SignalGeneration in photoacoustic microscopy
In this chapterwe considerthe initial pressure rise in both pulsed aGi#Vphotoacaustic,
starting fromEquation4.1. Assumngworking with Gaussian pulsese define the overall
intensity as follows:

y ‘ L

(@) 0] —0

%<
Equation4.11

With a fluencéOand an FWHM of the temporal pulse profief ¢ca €1, wheretis the
pulse width.The resultant PA pressure for a target point is proportional to the time
derivative of the excitation puls€g). The maximum PA pressure is:

g 0O
Equation4.12
For a modulateCWlaser, the temporal profile of the intensity is the following:
O 6 Op OFTO
Equation4.13

Where] is the modulation frequency an@®is the average laser intensity. Then the
maximum PA pressure is defined as follows:

n s ®3-°1 70
Equation4.14

Taking account of theEquation 4.13 and Equation 4.14, we can compare both
illuminationapproachesCWsources, and their modulation amedectronics, are generally
cheaper than pulsed onesvhile the higher operating frequency allows fastaraging
(110) However, ly comparing the two previous equations is easy to see that pulsed
excitation provides better PA generation th@w(111) In addition, pulsed illumination
provides axial resolutiarthe acoustic flightime that depends on laser pulse widthe
tissue's acousc attenuation,and the detection bandwidtlprovide information on the
depth ofthe target absorbeandthe axial resolution. By contrastWexcitation doesiot
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provide similar informatior(112) The following paragrapwill discusshe approaches
that maximize PA signal generation.

4.3.2 Detection in Photoacoustic Microscopy

The core of any M system is the detection tool: an ultrasound transducer (US$E

are generally made of a piezoelectric material, capalfieonvertingan electrical signal

into mechanical motion and vice versa, making them suitable generating and
detectingsoundwaves. Structurally, UST includes a disk of a piezoelectric material, which
thickness determines the resonance frequency, and a damping material, absorbing
the backwardtraveling wavesand dampingthe resonance of the disk. Théamper
enables the transducep produce waves short in time and widefrequency bandwidth
(Figure4.4). The two most popular choices of material for the piezoelectis& are tle
ceramic lead zirquate titanate (PZT) and the polymgolyvinylidene
fluoride (PVDRL13) UST may be unfocused (flat) or spherically/cylindrically focused. In
Figure4.4 are reported the main properties of a spherically focused transducer that are
useful to understand th&quation4.7 relative to laterd resolution in ARPAM.

Zs 7
i

Figure4.4. Main features of an ultrasound transducéb. and® are respectively the beginning
and the end of the focal zone (FDis the element diameter. The dashed line is maximum
intensity ling and the circular crowris respectively the-6 dB and-12 dB beam diameter. The
beam diameter ¢ Q at -6 dB at the dcus is calculated through the equationO ¢Q 6

p8t 0B QOfor a focused transducer. For a flat transducer the equation is different:
60 Q6 T® v @Y. 6 Gbeam diameter;C=Focal Lengthp=material spund velocity,
O=element diameter andY=normalized focal length (=1 for flat transducers) defined as the ratio
between the focal length and the near field ) The focal zone is calculated as folloWs:

0 ¢ p ™Y ."Oisthe focal zong) is the near field (The far field tise area beyona
where the sound field pressure gradually drops to zero).

i/‘“
o\

4.3.3 Noise in Photoacoustic Microscopy

It is important to commenbn the sourcef noise which, as in althe other microscopy
techniquescanlimit the detection(110,114) The noise in PAM arises mainly from three
saurces: thermal acoustic noise from the medium, thermal noise from the ultrasonic
transducer and electronic noise from the amplifier. We describe noise in terms of power
spectral density (PSD) that descuslike distribution of noise power pdsandwidth unt
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as a frequency functiofl10) The medium generates a thermatoustic noise which PSD
IS:

0 Q - QQY
Equation4.15

Here— Representghe efficiency of the transducer & frequency('Q, defined as the
fraction of acoustic power converted to electrical powefis the absolute temperature

of the medium andQ Is the Boltzmann constant. The transducer itself generates a
thermal noise dudo the thermal agitation of charge carriers (alsalled JohnsoiNyquist
noise). Considering a transducer with an internal resistance matched to a preamplifier
with an internal resistanc®. In this casgthe PSD is given l§$15)

0 Q QY
Equation4.16

As an electronic component, also the preamplifier introduces additional noise. Using a
matched impedance, the preamplifier noise is well described through the noise f&;tor
representinghe ratiobetween the thermal noise of the source resistor, at the input, and
the output noise of the preamplifier. The PSD is given by:

0 Q 0 Q0 p
Equation4.17

Summing the three above components of theise, we obtain the total noise power:

0 '@ Q 0QY
y

Equation4.18

Where3'QGs the frequency bandwidth of the ultrasonic transeuc

4.3.4 Optimizing PA signal generation

There are many ways to optimize the BNR Looking at the temperature dependence of
noise, one might attempt to chill the mediurbut, as we saw iparagraphl.3, the PA
signal has a stronger dependenca temperature through the linear reduction of the
expansion coefficient. The chilling methoad¢@inter-effective The signaaveraging may
help but reduces the imaging speed. One key point is thecton of the bandwidth of
the transducer and associated electron{@¢44) For example, a narrowband ultrasound
transducer with aCWexcitation mode and a loek Detection can easily bring a 1000
reduction factor ofthe noise(110)amplitude.However, he SNR in pulsed excitatios i
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still better than the CW counterpart. In addition, a narrowband transducer strongly
degades axial resolution for thEquation4.7.

4.4 Contrast in Photoacoustic Microscopy

Photoacoustic microscopy has its base inredium's optical propertiesso the contrast
depends on the different optical properties of the target probe and the background. We
can classify the contrast agents through their availability in the interest system between
endogenous and exogenous.

4.4.1 Properties for contrast agentsrfphotoacoustic microscopy
Probes for photoacoustic microscopy must have slightly different properties compared to
the probes designetbr fluorescence microscopy. Looking at the energy baléBe

O %0 0 O

Equation4.19

WhereO is the total energy of the photor¥o is the quantum yield of fluorescence,

the energy associatewith each nonradiative step and©O The energy stored in
photoproductslivingmuch longer than the presswiategration time of the experiment.
The main properties that a good fre suitable for PAM should have a low (or none)
fluorescence quantum yield and the absengkany photoproductto minimize the
competitiveness between these processes and the heat rele&sshownin Equation

4.1, optical absorptionsa crucial parameter for PA emission: good PA probes should have
good optical absorptionNe further divide the contrast agents between endogenous and
exogenous, as we mentioned before

4.4.2 Endogenous contrast agents

One of the primary advantag®f PAM is the capability of imagjtabeHree specimens

in a largespectralrange (UV, visible, NIR). Some of the nomshmonsources of contrast
that absorb in the visible spectral rangge hemoglobin in red blood cells (RBCs),
cytochromes in mitochondriagnd melanin in melanosong At the same timewe can
investigate DNA and RNA in the UV spectral raamgBn the NIR water and lipidsFigure

4.5 shows some of the most common absorbenr living tissuesln reference(100) the
authors demonstrate the btoncave shape of RBCs usingiffraction-limited 532nm
laser spot inan ORPAM configuration with a resolisin of 220 nm. The concentration
and the localization of hemoglobin inside the RBC provide information on the health state
of the cell itself. In referencél16) Tanet al. used PAM to image anemic RBC, finding out
that a major concentration of hemoglobin at tleell's peripheryis a symptomof this
disease. The thickness of the central region of RBC is also symptomatic of &hEnia
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These measurements were performed using anR2R configuration with a 538m
fFraSNI FYyR | pnall GNIyaRdzZOSNE LINRPJARAY3 |
approach was proposed in referen¢EL8)to increase optical deptHJsing a pump laser

and probe pulses nkas it possible to create separate PA sigeaisacted by temporal
frequency encoding. This method is calkednsient absorption ultrasound microscopy
(TAUM). This technique needfoav-frequency ultrasound transducevith a lower lateral

resolution thanother approaches. It is important to notice that a laliiede PA nanoscopy

uses hemoglobin in RBC as described partiajparagraph4.2.3.1andreference(101)

(a) 104

102 |

Optlcal ahsorptlan coefficient
{cm?)
2

104
200 400 600 800 1000 1200

Wavelength (nm)

Figure4.5. Representation of the absorption of many tissues' components depending on the
wavelength. Water and lipids are suitable for NIR studies, while Hemoglobin and otfsators
are more useful ithe Vis range. Image reproded from referencg119)

Another important endogenous contrast agent is represented by the cytochromes,
proteins facilitating the energy production in mitochond(ie20) In rekrenceto (121)

the cytochromes were targeted with a 422 nm lgsand the signal was acquired with a
40MHz transducerA good agreement was demonstratéetween the photoacoustic
image and the fluorescence one, obtained by using MitoTracker Green KM/stather
Important endogenous contrast agent is represented by the cytochromes, proteins
facilitating the energy production in mitochondiia20) In rekerence(121) cytochromes
were targeted with a 422 nm laseand the signal was acquired with a 40MHz transducer.
It was demonstrated a good agreement between the photoacoustic image and the
fluorescence one, obtained by using MitoTracker Green FM dtaiure4.6, a-d).
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.

Opl al absorptio t422nm Optcat absorption at 250 nm

Figure4.6. PAM and fluorescence microscopy of fibroblaség Labelfree PAM image of fixed

but unstained fibroblasts acquired at 481 wavelength. ) Labelfree PAM image acquired at
250nm wavelength. ) Dualcolor superimposed image ofa)( and ). (d)Fluorescence
microscopy image of the cells with mitochondria stained in green and nuclei stained in blue.
Image reproduced from referee(121)

Melanin pigment is an important molecule presenttiie melanosome orgarke within
melanocytes. It could be imaged in PANhen a branch of PA working in the UV region is
present called UMPAM. In thidight region the main absorbers are the nucleic acids DNA
and RNA122) Imaging these acids &50nm seems to provide better contrast among
other cell components. In refence(123) Yaoet al. combined the UV absorption with a
422 nm excitation, providing a labee PA providing information similar to
histopathological ones. Recenflyt has been demonstrated that the application of -UV
PAM intraoperative histopathologic examination of the surgical specimen is crucial for
tumor margin identification with a less complicated sample preparation tb#rer
methods(124)

4.4.3 Exogenous contrast agents

All the endogenous contrast agents strongly improve contrast and generate high SNR
images due to their strong optical absorption but are limited to availability in different
cell lines. Similarly, to optical microscojtyis necessary to provide contrast agents from
the outside. These exogenous contrast agents generally are calorimetric stains,
fluorescent dyes, nanoparticles or fluorescent proteins (KP2%,126) If stains with
different optical properties are selected, different lasers may be used to separate PA
contributiz Yy & @ | A & G 2 LI {0 std@nfwasuszed in UHFAMNBY Sttin € al.in
reference(127)to determine the different characteristics of neutrophils, lymphocytes
and monocytes. The setup uses a 532/610 nm laser and G®MHz ultrasound
transducer. In this work, walso demonstratedhe feasibility of Hematoxylin & Heosin
(H&E) stain in 2iPAM.Using exogenous agents makegassible to move to PAM the

58



toolbox of techniques developed for optical microscopy. FRET isfdahe possibilities.
Wanget al. in reference(128) demonstrated the application of FRET to a fluorescent
donor (Rodhamine 6G) to a ndluorescent acceptor (DOQCI). Bystem used a tunable
laser, pumped byraNd:YLF laser, with the excited PA and fluorescence signal acquired
by a 50MHz ultrasonic transducer and a photomultiplier tube module, respectively
(129,130) The authors used this approach to quantify FRET efficiency through PA to a
depth of around 1 mm. Another tool moved from optical microscap¥Ps(131) in
referenceto (132) authors use a FRET pair made of two genetically encoded probes
MIRFP670RFP720 in PATenabling dynamic functional imaging of active biological
processes in deep tissues. By PA detection of the changes in the optical absorption of the
mMiIRFP670 FRE®nor, they monitored cell apoptosis in deep tissue at high
spatiotemporal resaltion using PAT; they detected apoptosis in single cells at a
NEB & 2 f dziipgndnya mduse eBraumor and in deep brain tumors if#8 beneath the
a0Ff LW 2F fAGAY3I YAOS umnivithla 2064 Jrameiraté. It NS &2 f d
iImportant to focus orthe role thatFPsand their subclass es§FPsnay have in PAM.

4.4.3.1 Photochromic proteins in photoacoustic microscopy

In the last years, the possibility of improvements in lateral resolution in PAM suggested
usingrsFPsimilarly tosuperresolution fluorescence microscopy, terming the technology
reversibly switchable photoacoustic microscopy-g2®/). Yaet al. (133)demonstrated

a differential PA imaging of a bacterial phytochrome BphP1. The idea is that when stable
BphP1 is on then-state upon 780 nm irradiation pulse train, molecules are gradually
converted to theoff-state. As a result, the PA amplitude of the signal decreases
proportionally to the local excitation intensity. Thuke PA signal in the center decays
faster thanin the surrounding. A differential approach between two images will give a
high contrast image of the cell with a sdiffraction resolution. This means samaller
FWHM of the lateral PSF that is shotmbe ™ pVp @6 _T0 dwhere m is the
power dependence of the switchirgff rate on the excitation intensity and m is the order

of the polynomial fitting. RBAM achieves #ip ® & improvement in resolution
compared to onventional PAMFor the axial resolution, the improvement is thedas
dependence from the acoustic components, providing good optical sectitmiR§PAM

The axial PSF is quantified p& ¢! p _j U G . The authors estimated the
lateral and axial resolution of around 141 nm and 40Q respectivelyFigure4.7, a-C).
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Figure4.7. Subdiffraction photoacoustic microscopy of reversibly switchable BphPPP &R
shows an effective improvement in latenasolution. &) Schematic of the doubldumination
photoacoustic microscopy system. BS, beam splitter; DM, dichroic mirrg2; thke laser beam

1 and 2; M, mirror; OL, optical lens; SOL, silicone oil layer; WT, water tank. Top objective NA: 0.1,
Bottomobjective NA: 1.4 with oil immersion. The transducer waslaing ultrasonic transducer
array (Imasonic) with a 5 cm diameter, 5 MHz central frequency and 512 eler(®n®sinciple

of RSPAM with sukdiffraction resolutions. Within the diffractichmited excitation volume,
some ON state BphP1 molecules (red dots) are switched to the OFF state, where the switching
off rate is proportional to the local excitation intensifgSPAM improves the spatial resolution

in all dimensions by fitting the nonliae signal decay dynansic) Conventional PAM and RS
PAM images of BphRixpressing bacteriare densely fixed on a cover glass, showing the
superior lateral resolution of RBAM. Imageadapted by permission from Springer Nature
Customer Service Centre ®hh: Springer Naturellat Methods13, 67¢73 by Junjie Yaet al.
Copyright © (2016§133)

In Figure 4.8 (a,b), the image resolutionimprovement by exploiting photochromic
proteins for background suppressiansignificantThe imagewere acquired monitoring
a tumor expressingphP1through PACT.
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Figure4.8. PA images of BphP1 expressing U87 cells and HbO2 in scattering media. The differential image
effectively removes the background signal, increasing the contrast of the cellarééh6lebody PACT
images of the liver region of a representative nude moteggeatedly acquiredor 30 days after the
injection of BphPZxpressing U87 cells into the right liver lobe (n = 6). Differential signals (shown in color)
are overlaid on top of th structural signals from the blood. The differential image effectively removes the
background signal, increasing the contrast of the cell alBalr(crease in areas of the primary and
secondary tumors error barsstandard errors of the results from 6 anitmdmageadapted by permission
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from Springer Nature Customer Service Centre GmbH: Springer Nidatrblethodsl3, 67¢73 by Junjie
Yaoet al. Copyright © (2016§133)

A huge work of characterization has been done by Paul Vetsehatan reference(42).
Here the authors characteridemany gendically encoded probes for fluorescence
microscopy from an optical point of view. It is important to notice that FPs designed for
fluorescence are not suitable for PAM for their high fluorescence quantum vielsl. |
important also to notice that the phytochromes proposed by Yetoal. fit the
requirements of low fluorescence quantum yiglalt they still have a remarkable size
compared to other fluorescent proteins: 36.67 kDa for Bpl{34) 30.79 kDA for
monomeric GFPL35)and 25.45 kDA of slr13937)belonging to the new promising class

of cyanobacteriochrome$CBCRs)Due to their low fluorescence quantum yield and
reduced weigth, we think that CBCRs might introduce important improvements in
photoacoustic microscopy. For this reasare will focusthis work thesignainlyon this

new family ofFPs
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PART TWO: EXPERIMENTAL RESULTS
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5 Proteins expression and purification

In vitro characterization of the photophysics of fluorescent proteins is a fundamental
prerequisite for their application in modern microscopy on living cells.

This chapter focuses on protein engineering, heterologous expression, and purification of
two novel mutants of GFP and their engineering. We then report the protocols for
expressang and purifyinghe two GFP mutants and a cyanobacteriochrome. This chapter's
protocols mainly come from published waofk36¢139)

5.1 Engineering of dark mutants of GFPs

As we mentioned iparagraph2.2.2 it is possible tontroducepunctual mutatiorsto the
sequenceof a GFP to vary its spectral properties. The mutation is introduced at the leve
of the DNA sequence coding for the protein. The approach used to introduce mutations
is referred assite-directed mutagenesisAmong the possible technical implementations

of sitedirected mutagenesis, we used the one operating through polymerase chain
reaction (PCR)38) The PCRssentially hashe role of amplifying a billion times a DNA
fragment. The procedure needs th@ample to undergo many thermal cycles in the
presence of a thermostable DNA polymerase and requpesier oligonucleotides
complementary to the target DNA regi@Rigure5.1). The DNA fragment denatured to
singlestranded DNA at 95°C (at a temperature such that the polymerase is not damaged).
The temperature is cooled to down (around 50/60°C) for pairing the sstgd@ded DNA

and the primers; this is callemhnealingtemperature. If the temperature is too low, the
primers will not pair; if it is too high, they will also pair in other regions, leadingpte
specificproducts. The temperature is then raised to 726€Cthe extension/elongation
phase, where the DNA fragment synthesis is achieved. Polymerization goes on until
stopped rising the temperature to 95°C. These cy@edormed throughathermal cycler

(also referredo asa PCR machine or DNA amplifierg ezpeated many times.

1st cycle 2nd cycle 3rd cycle nth cycle
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Figure5.1. Schematic representation of the PCR process. The starting reagents include the
interest DNA sequence in appreciable quantity, the enzyme, the primers, and the dNTPs (a
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solution of the four deoxynucleoside triphosphates requested by the polymerase to work)
Image reproduced from Wikipedia, Creative Common$SBY.0

The DNA coding for mutated GFP is then insertdd most (either prokaryotic or
eukaryotic) cells through plasmid vectarPlasmids are extrachromosomal DNA molecule
within a cell that is physically separated from chromosomal DNA and can replicate
independently. IrE.Colibacterial cellsthey are generally in the shape of circular double
stranded DNAand rnmust satisfy some structural requirements: they should contaimm@n
sequence that acts as an origin for replication inside host cells allowing plasmids to
replicate as extrachromosomal elements, not depending on the replication of
chromosomal DNA. Theyahld contain a selective marker to distinguish gefisluding

the plasmid from the others; these selective markers are generally reststan
antibiotics. They should contain a region where it is possible to insert the target DNA (for
example, DNA codiing for GFP tagging a specific structure or alone). They shuard
contan the genelacl codifying for the operorLac| invdved in the expression control
(Figure5.2).
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Figureb.2. Schematic representation of a pET30 plasmid, including the GFP sequence. Colored
arrows highlight all the main features. It is crucial to noticeldmgene, theori sequence for the

origin of replication, and the sequence codifying for the antibiotic resistance used for selection
(Kanamycin). In green is highlighted the sequence codifying for the GFP where the mutagenesis
process occurs. Image reproduced from Addgeeésite.
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The core of the mutagenesis through PCR is the primers. In this case, the primer (generally
ten nucleotides) pagwith a region of the parental DNA exatefor one (or at least two)
bases. A DNA polymerase with a low proofreading activitysed. Proofreading is the
capability of a DNA polymerase to fix newly made nucleotide incorporation errors from
the primer terminus before further primer extension. A DNA polymerase with a low
proofreading activity will replicate billions of times the DBkain from the primer with

the altered nucleotide without fixing ,itgeneratingmany copies of the parental DNA,
including one or more different baséthe desired mutation)The parental DNA is then
digested through an enzyminat removesonly methylatedDNA (the son DNA is not
methylated).

After amplification, an agarose gel electrophoresis is used to analyze the results to
investigate the presence of nespecific DNA or investigate the optimal conditions for
PCR. Only the sequencing will confirm thiea tesults of PCR.

In this work, we engineered mutants of GFP starting from those reported in refe(8a¢d hese

are mutants of the wild typeand the enhanced GRWith E222Q mutation added (wildQ and
wildQT). As we mention irparagraph 2.2.2 this is a punctual mutation introducing
photoswitching properties to the GFP. E222Q means that glutamine substitutes glutamate at
position 222 in the protein. In terms of nucleotides, it medhat, for example, while the codon
encoding glutamate is GAA, the one encoding glutamine contained in the primer is CAA, differing
for just one nucleotide. We added another mutation from wQ and wQT: Y145W, tryptophane for
tyrosine, reported i(140)to generate dark mutants of FPs, characterized by lower fluorescen
guantum vyieldTo indicate the lower fluorescence emission, we tedarkwQ the mutant
wQ+Y145W and darkwQT the mutam®T+Y145W.

After obtaining the plasmid encoding for the structusé interest, it is inserted into a
system capable of translating the coding sequence of the DNA to a functional protein. The
system used i&. Colistrains(Bl-21 with kanamycin resistanceptimized for this aim.

We insert the plasmidhrough bacterial transformatio: the cell membrane becomes
temporarily permeable through a thermal shogkan electroporation proces3 o select

only bacteria that included the plasmid, they are grown on a Luria kbagtrose plate
containing the proper antibiotic.

5.2 Protein produdbn

¢KS LINRPGUGSAYAQ LINE R dzQiohtBeytransiBitjgdeystedd. 30\B. CHiS  dzLJa
suspensiorransformed with the engineered plasmid in Luria Broth {EBjread onto a

LB¢ Agarose plate. The LB is a nutritive medium often used as a culture medium for
bacteria. The gel (obtained after agarose polymerization) is functionalized with an
antibiotic to select only bacteria that incorporated the plasmid with the antibiotic
resistance.Once the bacterial colony incorporating the target DNA is seledters

necessary to upscale the volume of bacterial suspension to obtain appreciable protein
recovey. Generally, a small portion of bacterial suspension (or bacterial growth) is
harvested and inoculated in flasks containing liters of LB and antihiatidsthe density
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of the bacterial cultured is monitored through the Optical Density (OD) parameter. Since
FPsand recombinant proteins, are secondary metabolitae OD plays a acial role:E.
Coliproduces the secondary metabolitesthe statonary phase of microbial growtH.d
microbial culture's environmental conditions worsduae tothe deprivation of nutrients,
salts, amino acids dhe increase of harmful waste producssich as acids or ethanol, the
population starts to diemovingthe suspensioto the death phase. Overpopulation is the
main factor leading to these phenomena. §d¥epresents the scattered light at 600 nm
wavelength by the bacterial suspension and ddirectly relate to the number of
microorganisms in very lowensity suspensionsAfter reaching an optimal OD, the
temperature is reduced to 28°C to stop bacterial growth, and IPTG is added to induce
proteins expression. This compound is a molecular mimi@allolactose, a lactose
metabolite that triggers transcription of theacoperon, and it is therefore used to induce
protein expression where the gene is under the control of the lac operator. After this
process, the protein is overexpressed inside théutzl membrane of the cells and must

be recovered.

5.3 Protein Extractiomand Purification

Generally, the proteins include HisTag (145) termination in their genom&he HisTag

Is an amino acid motif of nonfunctional histidine at the end of the protein used for affinity
purification. The cellular membranes are removed after sonication, and the supernatant
containing the proteins is separated from the pellet througgntrifugation. The HiSag
motif enhances the affinity for metallic iondl41) and through this property, the
supernatant containing the proteins runs over a Nickel functionalized columNTN).

An elution with imidazole (with a higher affinity the resin) is performed to obtain free
and clean protein. Dialysis on the membrane is necessary to remove the imidazole that
denatures proteins. After this process, the three proteins are producedready to be
characterized ifChapter6.

5.4 Materials and Methods
This paragraph reports the experimental protocols used for the processes expressed in
this chapter.

5.4.1 SiteDirected Mutagenesis
The PCR fdhe sitedirected mutagenesis requesthe following components:

- 5>l of buffer QuikChange Kit, Agilent)

- 3>l of Quick Solution@uikChange Kit, Agilent)

- 0.5>] of DNA obtained through mini prgpVizard ® PlusSV minipreps DNA
purification system).

- 1>l of ANTPsQuikChange Kit, Agilent)
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- 1.25>| of primer 1 (Sigma Aldrich)

- 1.25>| of primer 2 (Sigma Aldrich)

- 1>l of Turbo DNA polymeras®uikChange Kit, Agilent)
- 37> of waterDEPC (Sigma Aldrich)

After PCR, &l of DPNI enzyme is added, andeélsampldasincubatedfor 1h at 37°C. The

enzyme digests the parental methylated DNA. The DNA obtained is transforneed in
competentE.ColiBL-21.We performedKS (G NI yaAF2NXI A2y 0@ | RRA
E.Coliin ice for 30". Then the temperatureraised to 30" at 42°C and ceolagain for 2.

After that,we added LBandwe keptbacteria under stirring. This process generates pores

onto the membrane of bacteria, allowing the plasmid to enter the cell.

5.4.2 Protein Production, Extraction, and Purificati

We used he following protocol for threek. Colistrains: one containing wQ+Y145W
(darkwQ) in pET30 plasmid, one containing wQT+y145W (darwQT) in pET30 plasmid, and
the last one, provided b¥yrof W.Gartner, expressing slr1393 (GAF3). This last strain is
double transformed, containing slr1393g in pET30 (the backbone of the proteins) and
HO1+PcyA in pACYC plasmids; this last portion codifies for the phycocyapaialicing
enzyme, the chromophordrom hemoglobinThe antibiotics requested are Kanamycin
and chloramphenicol for GAF3 and Kanamycin for the two GFPs. The following protocol
is adapted from referenceg35,142) At this point, we have thred.Colistrains: one
containing wQ+Y145W (darkwQ) in pET30 plasmid, one comgavQT+y145W (darwQT)

in pET30 plasmid, and the last one, provided by gsebrW.Gartner, expressing slr1393
(GAF3). This last strain is double transformed, containing slr1393g in pET30 (the backbone
of the proteins) and HO1+PcyA in pACYC plasiigslast portion codifieeemoglobin's
phycocyanobiliproducing enzyme (the chromophot@lhe antibiotics requested are
kanamycin and chloramphenicol for GAF3 and Kanamycin for the two GFPs. The following
protocol is adapted from referenc€85,142)

Inoculum preparation.Preinocuum preparation:We start from me colony fromthe
glycerol stockand we added it t@mL LB + antibiotics 1:1000 in 15mL Faikbve $ake

the Falcorat 220rpm and 37°C for dwours, and hen wesplit the preinoculum irto three

50mL Falcons® containing 10mL LB + antibiotics 1:Fo@fllywe shake at 220rpm and

37°C overnightWe prepare three 2L flasks containing 1L of LB + antibiotics 1:1000 each.
We ad the three inoculums to the three flasksheckngthe ODsoountil it reaches 0.5/0.6
(doubling timearound 30'). We added 254 of IPTG for each flask to induce the protein
expressionWe left faking overnight at 28°C and 220rpm (The temperature is crucial for
blocking bacterial growth)This latter process moves thkacterial culture to the
stationary phase, where protein production occurs.

Pellet recover We @ntrifuge the bacterial growth for 15" at 4°C and 6000w remove

the supernatant suspendinghen the pellets in 10mL of PBS (NaCl 137mM, KCI 2,7mM,
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NaeHPQ 10mM, KHPQG 2mM, pH 7.4)We lit the 30mL total of pellet/PBS tim two
50mL Falconand centrifuge for 30" remoing the PBSWe re-suspendthen the pellets
with 25mL of sonication solution (TrisHCI 20mM, NaCl 100mM, pH 8 +fEd@Tphkotease
inhibitor in tablets, Rochegnd ®nicate for 5'Wefurther lysedthe bacterial membranes
by adding 5mL of lysing solution (10% Tritehd® (Sigma Aldrick) 50uL of DNAse + 50uL
of MgCt 1M) for 1/2h at 4°C far from light. We recovered the solution and centrifuged it
for 1h at 4°C and 11000rpmecoveing the supernatantand trashing the pellets. The
supernatant is used to suspend the NinTA (NiINTA Aga@ige5EN) resim a column
kept safe from light and undestirring at 4°C overnight in a bottle.

Column purification.We dowly empty the solution (supernatant/resin) back into the
column toallow an optimal arrangement of the resin inside the colytiren we wash

the bottle twice with 15mL of TrisHCI that we empty into the column. We then elute with
TrisHCI + 500mM Imidazole. The imidazole is more affine to the resin than thadted
protein that is then eluted and must be recovered from the columrostdm. It follows

the dialysis process for removing the imidazole that may denature the protein in a
30000kDa centrifugal filter (Pall). GAF3 may be further passed over axdbange
column (DEAE Sephadex, GE healthca®)rémove the protaas not bindig the
chromophores.

t N2PGSAYaQ | ¢haractehizEdprotair? yedovery by calculating the
absorbance ratio at 260 nm and 280 nm by a spectrophotom&&t3 has a recowenf
1.977 mg/mLandboth darkwQ and darkwQ have a recoyef 2.7 mg/mL. Considering

a final volume of 4 mL (10 mL for the GE-B® total recovered quantity was 7,908 mg
for GAFZand27 mg for darkwQ and darkwQT.
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6 Molecular Spectroscopy for protein dynamics

characterization

This chaptepffers an overview oftte main optical properties of the GFP mutants and the
typical experiments performed to validatéPsin fluorescence and photoacoustic
microscopy. In the first part of the chapteparagraph6.1), we explain canonical light
based spectroscopy measurememtd investigate the spectral properties of novel
photochromic probes.The second pa& of the chapter paragraph 6.2) offers their
subsequent characterization through PA spectroscopy and their application in a 1D PAM
experiment.

6.1 OpticalSpectroscopy Characterization

After protein enginering, expression, extraction and purification, the resulting solution
must be characterized in optical properties before ajpd FPsas a molecular tag for
fluorescence anghotoacoustic microscopyhis chapter proposeéke light spectroscopy
characterzation of the three proteins through the acquisition of fluorescence
emission/absorption spectra. Characterization of the photoconversion of the two GFP
mutants was performedhrough laser photolysis experiments to retrieve the pheto
switching quantum yiel. For GAF3, photswitching quantum vyields for forward and
reverse reactions are already known.

6.1.1 Dark Mutants of GFP
We have first determined the spectral properties of the new protedaskwQ and
darkwQT by collectinthe absorption and emission spectod the proteins.

6.1.1.1 Absorption/Fluorescence Spectra

Figure6.102 YLIr NBa 020K LINPGSAYya 6AGK GKS 2NAIAAY
of darkwQ(a) and darkwQTb) in the visible region of the spectrum display a large band
centeredat 480 nm(Figure6.1, solid blackline) corresponding tathe state on of the
chromophore.lIt is interesting to notice that the profile of the darkwCabsorption
spectrum is similar to the onim the original wQ but slightly blushifted, while the one

for darkwQis much different(35). For both proteins, illuminatio on the highenergy talil

(488 nm) of the absorption spectrum of then-state leads to a green fluorescence
emission that mirrors the absorption spectru(figure 6.1, black dashed linelt is
possible to retrieve the fluorescence quantum yield of the darkwQ and the darkwQT by
comparison with the original wQ. Using wklgure6.1, green solid and dashed linesy

a reference witraknown fluorescence quantum yield of 0.435), the fluorescence yields

for darkwQ and darkwQT can be calculated as 0.086 and 0.043, respeatiteglystingly,

even if the original wQT has a higher fluorescence quantum yield@ompared to wQ
(0.45), darkwQT has a lower one thadarkwQ.
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Figure6.1. (a) A plotof absorbance (solid line) and fluorescence (dashed dhboth wQ (green)
and darkwQ(black). b) A plotof absorbance (solid line) and fluorescence (dashed line) of both
wQ (green) and darkwi)black). Absorbandsnormalized for their absorption maximurwhile
fluorescencasnormalized for the maximum of fluorescence of the original wQ.

In Figure6.2, we report the photoconversion between than and theoff state ofdarkwQ

(a) and darkwQTh). The photoconversion between the two optical states occurs for the
iIsomerization of pHBI| as shown irkigure2.8 (a). For the parental proteins, wQ and wQT,
irradiation of the peak centered at 480 nm w188 nm lasr leads to the formation of

a sidebandg corresponding to theff state,centered at 400 nm and the reduction of the
main band(35). The subsequent irradiation with 405 nm laser restores then the main
band. Differentlyfrom wQ and wQTthe absorption spectra of darkwQ and darkwQT
display one single band centered ¥ n y n, anflhe irradiation at the main peak
behaves differently:tie absorption spectrum idmost unchanged for darkwilQupon 488

nm excitation while the same illumation decreases the single band thfe darkwQ
absorption spectrum. Changes in the absorption spectrum eventually lead to changes in
the emission spectrunExcitation with 405 nm wavelength parlig restores the band in
darkwQ
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Figure6.2. (a) Photoconversion of darkwb) Photoconversion of darkwi

6.1.1.2 Photolysis with transient absorption detection

Flash Photolysi@nd photolysis with transient absortpion detectias)a technique used

to study fast lightdependent reactionsind was oiginally developed during World War Il

as an approach to develop cameras fast enough to capture enemy missiléscithigue

was originally developed by George Porter (later Lord Porter of Luddenham) and Ronald
Norrish in 1949, and their achievements were subsequently recognized with the Nobel
Prize in Chemistry awarded in 19@43) Flash Photolysis is a purppobe technique in
which the sample isrt excited by a shopulse source such as a pulsed laser or a flash
lamp. The pump laser excée molecule into a reactive stand from thereit is possible

to measure the reaction spectroscopically, using a llggemto measure absorbance
changes in timeCurrent implementations exploit nanosecond pulsed lasers (nanosecond
laser flash photolsis) or ultrafast laser sources (purppobe transient absorption) to
produce reactive excited statewhich are then probed by monitoring the concomitant
absorption changedVe have used a laser photolysis setup where excitation is achieved
by aCWlaser (0.5 kW/cn®), and the sample is exposed to the beam for time intds
spanning from 1 s to 20 By measuring the absorbance at differexposure timesit is
possible to obtain the switching quantum yield afterear fitting the obtained curvdn
Table 6.1, we report the experimental points esl for data fitting. The fluenc€sg is
obtained as the product between the exposition time and the powé the laser
expressed irkW/cn? so that the final units are W*s/cm?. The absorbance is reported

as a variation irthe logarithmic scaleand normalized for the maximum vallelp

Y6j 6 . The final equation used for fitting is thénlp Y8j 6 ¢ o000 O Tho
(EquationAll-6). For both proteins, we obtained an absorbance graghpowerwhose
trend is linear for low power. We fitted them in this regimonsideringhat the slope of

the curve is equal to:
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Equation6.1

Where- is the absorption coefficient at 488 nm, a@Q¢ i & R &avesion factor
fromw J70Qe i 0 Q &5 @ p n,‘l is the beam diameter striking the cuvetequal
to Imm.To better comprehendquation6.1, see the full derivation iAPPENDIX:IBasis
of Photolysiswvith transient absorption detection

Table6.1. A tablecontaining the experimental points used for fitting.

darkwQ darkwQT
%ol 0 JAj A I ip Y8j0 %ol 0 Aj A i ip Y0j6
0 0 0 0
0,59 0,058 0,55 0,024
0,99 0,090 1,67 0,029
1,92 0,185 2,85 0,066
2,14 0,196 22,42 0,121
3,74 0,246 44,42 0,143
22,64 0,308 65,57 0,163
46,66 0,368 92,52 0,173
87,76 0,392

Fitting was performed in the linear regionfeigure6.3. For darkw(a) and darkwQTb),
we evaluate2 ¥ T lpRoyoconversion quantum yields ef Pt B p T ande
v& @ p 1T, respectivelycomparable with those reported in referen€gs).
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Figure6.3. A plotof the data used for fitting. We report thebaorbance as a functioof the laser
power used. &) darkwQ. Ip) darkwQT.The first break highlights the linear region considered for
fitting operations.The linear region is more evident for darkwa). (
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The low photoconversion yield of the two mutarasd their very small spectral changes
upon photoconversion makéhe two weaklyfluorescent proteins less interesting for
further consideration in photoacoustic applications.

6.1.2 GAF3 from slIrl1393

The photophysical properties of GAF3 from sIr1393 are weltacterized and data
related to optical poperties come from referencgd42,144) In the followingoaragraph,
we mostly concentrate on the photoacoustic signals gerextdty photoexcitation of the
protein.

6.1.2.1 Absorption/Fluorescence Spectra

GAF3 from slr1393 &sphotochromic protein switching between a red absorbing parental
(GAF3) stateand a green absorbing on€AF3). The photoswitching between these two
states occursipon red irradiation (633/670 nm) fahe NS RMpA NB Sy G NJF yaA G A 2
irradiation (513/540 nm) forthe greenyed transition. GAR3absorption spectrum
displays a large band centered on 650 nm (absorption maximum at 649ulitg GAF3

has its absorptin peak centeredt 536 nm(Figure6.4). Upon conversion between the

two forms, the absorption spectra dBAF3show an isosbestic point at 590 nm. The
excitation at the isosbestic point leads to an emission mirroring tisergition for GAF3

and a slightly different one for GAR3It is important to notice the higher Stokes shift
(F100 nm) revealed for GAEXompared to GAR3(F30 nm). GAR3has a higher
fluorescence quantum yieldet ; ), compared to GARI%o f; T8t ( The
photoconversion processvas previously characterized using nanosecond &W
photolysisb ¢ KS |jdzl yidzy @ASt R %2 T 1® fiytapSeian thgy I NS S
2yS T2N 02y @S N& A 2 8t ONBRIGEARS the/paréntal state. The
photoconversion quantum yietdof GAF3 are at leastone order of magnitude higher

than those of GFP derivatives. Moreover, the spectral shift between the two species is
huge, exceeding 100 nmBeing characterized by high photocansion yield and large
changes in extinction coefficient, GAF3 is considered a promising contrast agent for
photochromic photoacoustic applicationandwe will study it in detailin the following
paragraphs.
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Figure6.4. Absorption/Fluorescence spectra of GA&Sid linesshowthe absorption spectra of
GAF3(green) and GAR3red),anddashedinesshow thefluorescence spectra of GAH@reen)
and GAFR3(red).Data adapted from referenc@42)

6.2 Photoacoustic Spectroscopy Characterization

We have collected the photoacoussgnals for onef the two GFP mutants and GAF3.
The GFP mutant's PA signal showed a much smaller photochromic respgbase
expected. After an initial assessmewntg did not further deeperthe PA analysis. On the
contrary, a thorough investigationfoaGAF3 started from a reevaluation of enthalpic and
volumetric signals for the two photoconversion processes, taking advantage of a slightly
better time resolution of the current experimental layowdomparedto previous
determinations. We then collected ptmchromic photoacoustic spectra of the two GAF3
species and we studied howwe can exploithe changes in the PA signal due to the
photochromic transformation to obtain a strong contrast over scattering or absorbing
background and identify the spatial digktution of GAF3 containing structures in a model
1D scanning detection system.

6.2.1 Optical Setup

Theexperimentalayout (Figure6.5) is obtainedy modfying a previously reported setup
(144) Ananosecond laser (Nd:YAG) tuned by an optical parametric oscillator (DR®)
Integra system (GWAUasertechnik VertriebsgesGmbH, Germany)provides the
excitation PA signalepending on the species, the output at 410/470 nm for GFP
mutants and 540/66 nm for GAF3vas selectedThe repetition ratewas kept at5 Hz
andthe laser pulse energyas monitoredwith an energy meter during data acquisition.
A piezoelectric transduceP@nametrics, M 03, 1 MHz)detects the PA signal thaafter
54dB preampification (Panametrics model 5662 ultrasonic preamplif@&5 MHz, 54
dB gain)isfed into a digital oscilloscope (LeCroy 9370) operating at 500 MS/$0mus
time window, and finally transferred to a personal computer for further elaboratitath
PA signal was an average of 100 shété.cm x 1 cm quartz cuvette (HelliY with four
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optical windowswas insertednto a sample holder with a piece of aluminum foil placed
between the cuvette and the piezoelectric transducer to reflect stray light ttepulsed
laser beam preventing the generation oflargeamplitude acoustic wave by direct
absorption of photons by the transducer's surfadetemperature-controlled sample
holder (TASC 300, Quarm Northwest, Spokane, WA, USA02°C of stability) stalizes

the temperature of the quartz cuvette containing the sample &hith layers of vacuum
grease between the cuvette, the aluminum foil, and the transducer match the
components acousticallyAvertical 270um slit, shaping the beam las€corresponding

to an acoustic transit time of roughly 200 (}5) providesa time resolution of 20 ns
after the deconvolution of the PA signa46,147)

Photochromic beams l”’ﬂ’"
e

,! i Sﬁ L (#!C’

Figure6.5. Schematic sketch of the PA spectroscope used for measurements. A pulsed laser was
used to induce PA waves within the sample. A is an attenuatds &88eam splitter, the slit
shaping the beam. The signal is acodifieom the sample placed in the eatte C through the
ultrasound trarsducer T. The photochromic beams come perpendicularthéosurface of the
transducer(red and green beams). The cuvette may include a capillary. The signal from T is
amplified (AMP) and fed to a Digl Osdioscope (DS). A portion of the beam (around 109%)
deflected by thebeam splitter to an energgrobe (EP)connected to an energy met€EM) and

is usedas a normalization factor for the waveforniBhe signals arieansferred to andanalyzed

by a personal computePC). The cuvte holder can be moved perpendicularly to the transducer.

For experiments in homogenous solutions, photoconvergéiom GAF3to GAF3 state
was achievedby the CWemission at 514 nm of a multiline argoon laser (JDS Uniphase
150 mW allines).The reverse photoconversion was induaesingthe 633 nm output of

a HeNe laser (30 mW) and the 670 rmmtput of a diode laser (3 mW), while the
photoconversion from darkwQf to darkwQTbs was achieved through the 488 nm
emission of the previousiultiline argonionlaser, while the reverse photoconversion was
obtained through a 405 nm diode laser. Two shutters allbe/laser line selectionvith

the shutter drivers operatingppositely(Uniblitz, Vincent Associates Inc., Rochester, NY,
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USA).The plotoconversion laser was kept on during the collection of PA signals to
prevent the accumulation of photoproducts generated by the pulsed excitation, forcing
the proteins to stay in one of their states. The photoconversion beams entered the
cuvette perpendiularly to the transducer. The absorption of the light of the

photoconversion beam from the transducers' surface results in a nondetectable signal.

6.2.2 Dark Mutants of GFP
As we mentioned, dark mutants of GFP did not show any interesting properties in terms
of photoconversion and this reflected on PA properties.

6.2.2.1 Photochromic Properties

Among the two GFP mutants, dar®showedthe best photoswitching propertied\e
thus collectedpohotoacoustiqFigure6.6) signals under excitation at 418) or 470(b) nm
for the two speciesdarkwQy anddarkwQn). To probe theon state, a pulsed excitation
at 470 nmwas used in combination with photoconvesion laser at 405 nrto force the
protein to remain in that optical statéAt the same timea pulsed 410 nm excitation, and
a 488 nm CW lasavas usedo probe theoff state for photoconversion. The contrast
between the two signals is evaluated to be and two in the best case, reflecting the
poor properties of photoswitching previously demonstrated.
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Figure6.6. (a) PA signal forthe solution of darkwQexcited at 40 nm (green darkwg, black
darkwQy). (b) PA signal fothe solution of darkwQExcited at 0 nm (green darkwQh, black
darkwQb).

6.2.3 GAF3 from slrl1393

Compared to the two GFPs, GAF3 showed better photochromic properties. Its
photoswitching quantum yields are higher than those evaluatedHerdark mutants of

GFP, and the change in absorption coefficient is by far larger. For this reason, GAF3 has
adequately been receiving more attention in this work. The analysis moved from more
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spectroscopic studieaimed at determiningkinetic andthermodynamicproperties to
studies intended to pvide preliminary information for futurenicroscopyapplications

6.2.3.1 Photochromic properties and Photoacoustic Spectra

After baseline correction and normalization, the PA waveforms for @ARG@ GAF3
solutions at room temperature were collected as a function of the pulsed laser excitation
wavelengthof 450-670 nm. The amplitude of the first positive oscillation of the waveform
was taken as a measure of the signal intensity and plotted against thdevafteto have

an action spectrumWith PA detection, it is possible to exploit the photochromic
properties of GAF3 to increase the contrast in sensing the compound in the presence of
backgroundabsorbing mediaFigure 6.7 (b, ¢ compares the PA signals observed for
GAF3 and GAFg after excitation in the main absorption bands of the two species
demonstrating that upon pulsed excitation at 54Bigure6.7, ¢) nm and concomitant
633/670 nmCW excitation, a large and stable PA signal is observed for &@F&en
curve). The GAR3eneration uponCW photoconversion with 514 nm light strongly
NB RdzOS a { K Sfold). Theratib Eefiveeh thed FAsignal amplitudesiiskeeping

with the change in molar absorption coefficient at this wavelength. Using a 650 nm pulsed
excitation, the raticdbetween PAsignal amplitudes upon conversion from GAfBitially
generated through 514 nn€W excitation) and GAR3(obtained by 633/670 nnCW
excitation)A a a A Y Afdldl miguredef7,nbyp he smaller than expected change in
amplitude under 650 nm excitation, based on the absorption coefficients of &skie3
GAF3 ¢ F fojd), is attributed to incomplete conversion under the employed
experimental conditions.
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Figure6.7. Inset €). Energynormalized PA signals for a GAF3 solution excited at 540 nm (green,
GAF3; red, GARJ. Inset b). Energy normalized PA signals for a GAF3 solution excited at 650 nm
(green,GAF3; red, GARJ. Main spectra(@). PA signal amplitude for GAH@reen dotted line)

and GAFR3(red dotted line) function of excitation wavelength. Signal amplitudes were estimated
from the first positive oscillation (af4 ps) and normalized for lasepulse energy. The
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corresponding absorption spectra are reported as solid green and solid red lines for comparison
T =20 °C. [GARS[5uM.

The action spectra of GABigure6.7, a, dashed linesare obtainedas in the previous
experimentswe collectedPA signals for GAEBSGAF3) under 633/670 nm (514 nn§W
illumination. The insets ifFigure6.7 report the PA signal intensity measured at 540/650
nm excitation for GARand GAF3at 650 nm ) and 540 nmd) excitation wavelength
Themain plot(Figure6.7, a) compares the PA signal intensity as a function of the pulsed
excitation wavelength for GAEZsolid green curve) and GAH3olid red cure). It is
possible to see a good agreement between the absorption spégtesn anddashedred
curve) and the normalized PA spectragneen and solid red curgeln particular, theed
curve perfectly overlaps the PA spectrum for GAR®e agreement iaot perfect for
GAF3. We attributed his effectto wavelengthdependent incomplete conversion of
GAF3 in the range where absorption spectra strongly overlap, which may also reflect the
larger green to red photoconversion yield.

6.2.3.2 Photochromic Photoacoustignals in the presence of competitive absorbers
Likewise happening in fluorescence microscopy, the photochromic modulation of the PA
signal amplitude generated by GAF3 allaligtinguishingts contribution in the presence

of absorbing, nofphotochromic ompounds. This process mimics the situation
encountered in tissues, where other absorbers are present, most likely not showing
modulaed signals fronphotochromicconversionAs a simple case, we acquired the PA
signal of a GAF3 solution exciting at 650 nm and 540 nm for GaNE3GAFG in the
presence of absorbance by a -solute, Brilliant Black BN BBBN, at increasing
concentrations, to emulate the compétie absorption.The absorbancef GAFgat 650

nm and GAR3at 540 nm were, respectively, 0.22 and 0.14. The range of competitive
absorbance by BBBN waf)(® at 540nm and 00.75 at 650 nmFigure6.8 compares
selected PA signals for GARRBd GAF3after excitation at 540 nma) or 650 nm ¢) for

the highest BBBN concentration investigated, corresponding to an absorbance of 0.5 at
540 nm and 0.75 at 650 nm. Althouglethonadjustable PA signal is quite intense, the
adjustable fraction is evident in the plots, giving rise to reasonably high cortEigsire

6.8, b,d).
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Figure6.8. PA signals for GAk@ed curves) and GAEBreen curves) solutions after excitation

at 540 nm &) or 650 nmd). The solutions also contained BBBN at a concentration corresponding
to an absrbance of 0.5 at 540 nm and 0.75 at 650 fine dfferencebetweenPA signals at 540

nm (GAF3minus GAR3 b) and 650 nm (GARBinus GAR3 d) shows a solid contrast even in

a competitive absorber.

6.2.3.3 Photochromic photoacoustic signals in the presenseattering media

After studieson purified protein, we performedexperimentson E. ©li suspensions
overexpressing the protein. This situation expands the previous configuration with
competitive absorbance to mimic a scattering environment and the posgieleence of
unknown, nonphotochromic chromophoresA suspensiorof bacteriawith an ODof 0.6

at 650nm is usedprimarily due to light scatteringfrom the bacterialsuspensionFigure

6.9 shows he PA signals fomeE. ©li suspension overexpressing Gffter excitation at

540 nm @) or 650 nm(c) for GAFB(redlines) and GAFR3(greenlines) with the intensity

of the signal of GARRE (@) much more significant than expected with an abnormal signal
shape in the first part of the signal. We attribute this evidence to a competitive; non
photochromicspecies in the bacterial suspension, absorbing mainly at 540 nm. On the
contrary, the GAR3signal in panel d) is consistent with expectations and does not
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suggest the presence of additional competitive absorbers. The magnitude of the PA signal
intensity (contrast) change can be evaluated by suliingcthe two waveforms (panels b

and d. The comast is much better for the red absorbing species exploiting the 650 nm
absorption band. As observed previously, due to incomplete conversion, the ratio
between signalsindjandp)o F T A& y2i4 SEFOGte YIFGOKAyY3
coefficients d GAFgand GAF3 The experiment shows that it is possible to identify the

contribution to the photoacoustic signal arising from the photochromic protein inside the
bacteria.
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Figure6.9. PA signals for a suspensiontofcolioverexpressing G28 after excitation at 540 nm
(@) or 650 nm¢) for GAF3(red signals) and GAE@reen signals). After baseline subtraction and
laser pulse energy normalization, signals were normalized to the lewsalitude waveform
(GAFZinthetop leftand GAFRZin the bottom left). In panelgb) and(d), we plot the two forms'
contrast by subtracting the two PA signals.

6.2.3.4 Photochromic photoacoustic signals from a capillary tube
To test the capability to retrievepatial information exploiting the photochromic PA signal
by GAF3, we have placed a capillary tube filled with a solution containing GAF3 under
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various conditios to realize a simple phantom. We then scanndw laser beam
horizontallyto test the imagingapability in this 1D, simplified scheme.

A1l cm x 1 cm plastic cuvette (Sigiklrich with four optical windowswas placednto

the PA sampléolder, anda small cylindrical glass capillary tube (outer diameter 1.6 mm,
inner diameter 10 mm) sealed at the bottomerticallyenteredthe cuvette(Figure6.10,

a) containing the solution of interest (a Brilliant Black BN solution, a GAlEBos, or a
suspension oE. ©li expressing GAF3Pepending on the experiment, the cuvette was
filled with water, a BBBN solution, or &n Colbacterial suspensianrhe beam's position
(shaped by the 270 um vertical slit) was scanned horizontaltytyir thecuvette Figure
6.10, b) using a micregpositioning translation stage. PA signals were collected at positions
separated by 200 pum steps. Photosersion beams for these experiments were obtained
by coupling a frequenegioubledCWNd:YAG laser (100 mW) or a Mgbwer LED (central
wavelength 670 nm, 50 mW) to a fiber bundle. The beam entered the cuveteigit
angle to the pulsed laser beatffiiling the capillary volume.

A Capillary with
BBBN solution |

N

Pulsed laser

PZT

Water filled cuvette

time (us)

Position (mm)

Figure6.10. (a) Schematigepresentationof the cuvette with the capillary tube, the laser beam,
and the pezoelectric transducer (PZT) Eront view of the cuvette with t capillary and the
laser beam at three different positions (passing to the left, through the center, tretoight of

the capillary). ) Representative waveforms collected with the laser beam passing through the
solvent (blue), the center of the capity (green), or the capillary wall (red). The capillary
contained a BBBN solution with5 (1 cm pathlength) absorbanegthe excitation wavelength.

The oscillation starting at timEO s at all positions is due to the scattered light absorbed by the
transducers surface. The oscillation starting at about @s5in the green waveform is due to the
signal generated upon absorption by the solution inside the capillary. The scattering signal
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becomes very large when the laser beam hits the capillary weal),(@nd a smaller amplitude
oscillation is appreciable at about$ due tothe absorption of the laser beam by the solution
inside the capillaryTo emphasize the scattering signal, we collected thae@a without the
aluminum foil betweerthe cuvette and transducerwhich was presnt in all other experimenis

to emphasze the scattering signafd) Contour plot of the PA signals collected at different beam
positions inside the cuvette. The signal due to taseattering is observed af® s at all beam
positions. The width of this signaddlid greenline) estimatesthe external diameter of the
capillary (1.60.2 mm FWHM), consistent with the direct measurement using a caliper. Due to
the finite speed of sound-(500 m/s in water), the signal from absatign by the solutions inside

the capillary is observed at increasing delay when the cuvette is scanned, and the distance
between the transducer the beam increases. The red shaded area reports the amplitude of the
acoustic wave generated inside the capylawhose timeposition dependence nicely reproduces

the speed of sound in the solverftd600 m/s). The width of the red curve (FWHM) ist0.@

mm, identical to the one measured through an optical microscope with a calibrated ruler.

In Figure6.11 (b), we report selected signals collected for GARBed line)and GAF3
(green linelunder 650 nm excitation, at the center of tieapillary tube, along with their
difference(blue line) showingevidercethat the photoacoustic wave for GA&3 larger
than the one for GARS3 Similar results were obtained under 540 nm excitation, the only
difference being an overall smaller amplitudethe PA signals due to lower absorbance
at this wavelengthFigure6.11 (c) reports thecontour plot representation of the signals
for GAF3 and GAFZcollected for the beam at different positions across the cuvette
showing the increasén the arrival time of the PA wave generated by the proteis, a
already observeth Figure6.10(d). The plot otthe amplitude of the first maximum of the
acoustic wave for GAkas a function of the beam positigkigure6.11, d, left) increases
when the beam hits the solutions inside the capillary tudpgickly identifyinghe position

of the capillary.The signal is much smaller for GAFRBigure6.11, d, centel). Theright
panel ofFigure6.11 (d) estimatesthe contrast inidentifying the spatial distribution of
GAFdy subtracting the signals corresponding to the two shapes of the prdtasworth
noting that the signal becomesightlysmaller near the apillary center possibly due to
optical interference caused by the curvedpillary surface.
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Figure6.11. Capllary tube experiment for a M GAF3 solution. The cuvetts filled with
deionized waterl§, c, andd). The competitive absorbance of the BBBN solution was 0.75 (1 cm
pathlength) at 650 nm, wére excitation was performed.al Schematic of the geometrical
arrangement of the pump beam (vertical slit), the photoconversion beam (red or green gircles)
and the capillary tube at different pump beam scanning positions for3g@é¢ft) and GAR3
(right). (b) PA signalsvere collected at the center of the capillary for GAF®d), GAF3(green)

and the difference beteen the signals (blue)c)(Contour plot of the PA signals as a function of
time and position of the beam in the cuvette for GAR8&ft), GAF3(centel), andthe difference
between the two signalsright). (d) The anplitude of the first positive PA oscillation for GAF3

(left), GABgG (cente) andthe difference between the two signalsight) as a function of the
excitation beam position inside the cuvette.

In the following stepan E. ©li suspension overexpressing GAB3placed inside the
capillary to testhe capability to retieve the spatial information ahe photochromic PA
signal when the capillary is immersed in water in a BBBN solution (to model competitive
absorption) or in ark. ©li suspension with OD (650 nm) = 0.6 (to model the presence of
a nonabsorbing scatteringnedium). While pulsed excitation at 540 nm does not lead to
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satisfactory result§Figure 6.12, Figure 6.14, Figure 6.16), excitation at 650 nm can

retrieve the position of the capillary under alisted conditions showrn Figure6.11
(Figure6.13, Figure6.15, Figure6.17).
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Figure6.12. Photoacoustic signaisere collected for a capillary tube filled with a transformgd
Qoli (overexpressing GAF3) bacterial suspension immersed vimtar-filled cuvette. Pulsed
excitation was at 548m, T = 20 °C. The top ros) reports waterfall plots of the photoacoustic
signals as a function of time and the position of the excitation beesme the cuvette for GAR3
(@), GAF3(b), and the GAR3 GAF&difference €). The center rond-f) shows the contour plots
for the signals in4-c). The bottom rowd-i) shows the amplitude of the first positive oafion
of the PA signals im{c) as a function of the excitation beam position inside the cuvette.
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Figure6.13. Photoacoustic signaisere collected for a capillary tube filled with a transformed
Qoli (overexpressing GAF3) bacterial suspension immersed viratar-filled cuvette. Pulsed
excitation was at 650 nm, T = 20 °C. The top ) (eports waterfall plots of the photoacoustic
signals as a function of time and of the position of the excitatiearb inside the cuvette for
GAF& (a), GAF3 (b), and the GAR3- GAF3 difference €). The center rowd-f) shows the
contour plots for the signals ina{c). The bottom row d@-i) shows the amplitude of the first

positive osclation of the PA signals ia-€) as a function of the excitation beam position inside
the cuvette.
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Figure6.14. Photoacoustic signaisere collected for a capillary tube filled with a transformgd

Qoli (overexpressing GAF3) bacterial suspension immersed in a cuvette filled with a BBBN
solution, A(540 nm) = 0.5. Pulsed excitation was ati0QT = 20 °C. The top roa) reports
waterfall plots of the photoacoustic signals as a function of time anthefposition of the
excitation beam inside the cuvette for GAK8), GAF3 (b), and the GAR3- GAF& difference

(¢). The center rowd-f) shows the contour plots for the signals ad). The bottom row d-i)

shows the amplitude of the first positive okation of the PA signals ia-€) as a function of the
excitation beam position inside the cuvette.
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Figure6.15. Photoacoustic signaisere collected for a capillary tube filled with a transformed

oli (overexpressing GAF3) bacterial suspension immersed in a cuvette filled with a BBBN
solution, A(650 nm) = 0.75. Pulsed excitation was atr6B0T = 20 °C. The top roa) reports
waterfall plots of the photoacoustic signals as a function of time anthefposition of the
excitation beam inside the cuvette for GAK8), GAF3 (b), and the GAR3 GAF3 difference

(¢). The center rowd-f) shows the contor plots for the signals ire{c). The bottom row d-i)

shows the amplitude of the first positive @liation of the PA signals ia-€) as a function of the
excitation beam position inside the cuvette.

87



i B %107

515 515 515

210 210 10

& 5 S 5 =

g 0 % ol g

o o ® "

Oo.. Po.. Oo.. 10
os,b,o Oy Oy

A
104
0 g0 Ca 5
E E E =
=1 =1 =1 3
c c c 0=
0 ] o T
= 2 =2 =2 c
7] 7} 7] o
o o o ==
Q3 Q3 013 19
0 2 4 6 8
D time(us) E time(us) F time(us)
-4 -4 5
_ 1><10 . _l><10 A6x10
e bz | ]
= \\ = \/\ S
> > >
= 0.5 . 0.5 =
c = c 2
2 2 2
.—_.-——__————/_'__\
ZI (7] ? 4
0 1 2 0 1 2 0 1 2
G position(mm) H position(mm) | position(mm)

Figure6.16. Photoacoustic signaisere collected for a capillary tube filled with a transformgd
Qli (overexpressing GAF3) bacterial suspension immersed in a cuvette filled with @i
suspension, A(600 nm) = 0.5. Pulsed excitation was at®4d = 20 °C. The top rosd) reports
waterfall plots of the photoacoustic signals as a function ofetiamd of the position of the
excitation beam inside the cuvette for GAK8), GAF3 (b), and the GAR3 GAF3 difference
(¢). The center rowd-f) shows the contor plots for the signals ire{c). The bottom row d-i)

shows the amplitude of the first pdsve oscilation of the PA signals ia-€) as a function of the
excitation beam position inside the cuvette.
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Figure6.17. Photoacoustic signalsere collected for a capillary tube filled with a transformEd

Qoli (overexpressing GAF3) bacterial suspension immersed in a cuvette filled with @i
suspension, A(600 nm) = 0.5. Pulsed excitation was at®50d = 20 °C. The top rosd) reports
waterfall plots of the photoacoustic signals as a function of time and of the position of the
excitation beam inside the cuvette for GAK8), GAF3 (b), and the GAR3 GAF3 difference

(c). The center rowd-f) shows the contor plots for the signals ira{c). The bottom row g-i)
shows the amplitude of the first positive osailon of the PA signals ia-€) as a function of the
excitation beam position inside the cuvette.

As a result, we find out that thphotochromic PA signal enables identificationstod
spatial distribution of the protein (within the cylindrical capillary tube phantom) in the
presence of competitive absorbance and scattering mdgfigure 6.10). When the
capillary is immersed in water, the position of the®li suspension overexpressing GAF3
Is easily detected regardless of the photochromic behaviagure6.12, Figure6.13).
However, in a competitive absorbingigure6.14, Figure6.15) or nonabsorbing Figure
6.16, Figure6.17) scattering environment, the capillary position becomes evident only
when the nonmodulated background is suppressed thanks to i@dulablefraction of
the PA signal coming from the photochromic change between a3 GAF3 The
double peak feature athe center of the capillary is due to optical artifacts due to the
curvature of the capillary walls.
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6.2.3.5 Timeresolved heat release and volume changes

The slightly improved time resolution of the current photoacoustic setup prompted us for
a reevaluation of tk enthalpic and volumetric changes associated with photoconversion
of GAF3In this paragraph, we briefly describe the experimental procedure followed to
analyze the nowadiative decays after photoexcitation of GAER8146,147)and the
analysis resudt. After baseline subtraction, signals are normalized for sample absorbance
at the excitation wavelength ¢€10#) and laser pulse energy. We compaignals for
samples (GARDr GAFQ) to an absorbanceand laser energypormalized Brilliant Black
BN (BBBN) signal measured under identical temperature conditiBBBN is a
photocalorimetric reference, i.ea compound demonstrated to deplete all the excited
state energy through thermal retation within a few nanoseconds from excitation
Reference and sample signal® normalized to the maximum of th@aser pulse energy
and absorbance) normalized reference signal befordgoming deconvolutioranalysis
(performed usng the program SoundralysisQuanum Northwest, Spokane, WA, USA).
In paragraphl.3, we mentioned that signak a time convolution between the transfer
function of the instrument, obtained with the calorimetric reference and the time
derivative of the timedependent ratio ofthe signallEquation1.19). It is possible to use

a numerical reconvolution to retrieve the kinetic, enthalpic and volumgiecameters
(146c148) Thesereconvolution methods assume a sum of sirgigpmential decay
functions for the evolution of the raticO 0 as we can seén (Equation 1.19) and
Equation6.2. A reconvolution of the waveform of the photocalorimetrieference and
either one,or the sum of two exponential decays fits the GAF3 signals, depending on
temperature.

%o _

00
T

Equation6.2

From deconvolutionwe retrieved the preexponential factors %), andlifetimes (f ).
Collecting signals for GA+8nd GAF3as a function of the thermoelastic parameter
0 "] ,exploiting the strong temperature dependence of these parametieis,possible
the separation of the enthalpic and volumetric contributiof®. The values ab " as

a function of temperature for the buffer used in these studies is determined by a
comparatie method, using its known temperature dependenice water. The pre
exponential factors are plotted as a functional ”jf using the linearelation coming
from reference(3):.
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Equation6.3

WhereO isthe molar energy of incident photons, isthe constantpressurespecific
heat, andf is the isobaric volume expansion coefficient. For each transient, we estimate
the fraction of absorbed energy released as hé¢a) @nd the structural volume change
(3w). Molar structural volume changesw j; were then calculated from observedhime
changes according tthe relation: 3w  3wj %0, where %o is the reaction quantum
yield. Furtherdata analysis was performed using OriginLab Pro (OriginLab Corporation,
Northampton, MA 01060, USA) and Matlab (The MathWorks, Inc., USAxlready
discussed, thesetup used in this work provided a slightly higher temporal resolution
compared to the on€144)used in previous studies on GA@E34)due to the size of the

slit, allowing a reevaluation of the heat release and volume change associated with
photoconversion previously reporteth Figure6.18, we report the laser pulse energy and
absorbance normalized PA signals for GAB3b red curves) and GAEJc, d green
curves) at 5°Ca( ¢) and 20°CH, d). The reference signals from BBBN (black curves) are
shown for comparisonThe signals for GAkR@nd BBBMt 20 °CKigure6.18, b) present

a comparableamplitude indicating that the heat release upon photoexcitation is similar.
Their time profile is also similabut the slight shift of the GAR3Zignal suggests the
presence of a transient occurring at the limit of the time resolution of the setup shifis
more evident at 5 °CHgure6.18, a) where the contribution from structural @lume
changes is more relevansuggests the presence of eontraction in the tens of
nanoseconds range. This second transient was not detected in our previous investigation,
due to the lower resolutionf60 ns) of the setup used in that casehere a 1 mm wide

slit was used144) On the other hand,he signal from GAR&t 20 °CKigure6.18, d) is
lower in amplitude than the signal of the reference compouimdicatinga transient of
negative amplitude witha lifetime in the tens of nanoseconds follows a fasips
resolution positive signal. The negative signal becomes evident@t@gure6.18, c).

We note that at t = 0 sthe absorption of lighttomingfrom fluorescence emission by
GAF3 or GAF3g, excited by the laser pulsar by scattered lightand absorbedyy the
surface of the transducemroduces an intense oscillationhd latter contribution is
evident also in the signals collected for the refezercompoundWethen performedthe
deconvolution analysis of signals for GAFRhd GAF3 retrieving the fractional
amplitudes of the transients at each temperature. We obtained the best fit of the
transients with a single exponential decay, wdtlifetime below the time resolutionFR0

ns) at the higher temperatures or with the sum of two exponential decays for
temperatures below 15 °(Representative fits are reported ifrigure6.19 and Figure
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6.19. The lower temperature range allowsto determine thesecond, slower transient
lifetime that occurs in the 200 ns time range. The short lifetime of the resolvable
phase, occurring at thimit of the time resolution of the setupaffects the estimate of
the fractional amplitudes. Under these conditions, amplitudes and lifetimes show
correlation and cannot always be retrieved reliably. Thow;temperature data, where

the lifetime of the gcond transient beconglonger, usually affordednore reliable
parameters
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Figure6.18. PA signals for GAK®) and GAR3at 5° C¢) and 20 °C (GAED, GAF3 d). The top
panels report a comparisdmetween the laser pulse energgnd absorbanc&ormalized signals
from BBBN (black) and GA¥Bd) at 5 °Cd) and 20 °Ch). The excitatiorwavelength was 650
nm. The ottom panels report a comparison between the laser pulse enaagglanabsorbance
normalized signal from BBBN (black) and GABReen) at 5°Ccf and 20 °Cd). The excitation
wavelength was 540 nm.
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Figure6.19. Representative deconvolution analysis of photoacoustic signals for &AR3= 7°C

(@ and T = 20 °@). Black solid curves are the IRF measured with a BBBN solution. Red solid
curves are the signals from GAFState GAR3wvas selected bZWillumination with the 514 nm
output of an Ar ion laser. The solution was stirrecetesure homogeneity. Theolid greerlines

are the reconvolution of the Fsignals with a biexponential decay.

The fraction amplitudes of the exponential decay provide the thermodynamic
information. In Figure6.20 (a), we plot the energy content of each transiefd& Q) as a
function of0 "jT . We calculate the fraction of absorbexhergy released as hedt |

and the molar structural volume chge ¢w j) from the intercepts and slags retrieved

by the linear fits(Table6.2). In agreement with our previous determination, for both
species, an expansion accompanies the fasdtdhotoisomerization (labeled as process 1
in the kinetic analysis, withf A FSGAYS 06Sft 26 Fmn yaood ¢KS
GAF3 to GAF3 conwrsion. Theg valuesagree with our previous determinations
(0.76+0.02 for GAR30 GAF3 0.71+0.03 for GAR2o GAF3)(144) asidefrom a small
difference possibly due to the better resolution of the present work. Thus, the energy
content of the first reaction intermediate is comparable to our previogtneate. The
relatively large contraction associated with the second transient (for the GAR3AF3
conversion), labeled as 2 in the kinetic analysis, is consistent with our previous findings.
However, thanks to the improved time resolution, we deteshaaller amplitude volume
change, witha lifetime in the 10100 ns range, also for the GAF® GAF3
photoconversion. Interestingly, thelower processes' heat release (enthalpic change)
zero within the experimental erroiLast,in Figure6.20 (b), we calculate the activation
energy as a slope of an Arrhenius giokl O Y'Y & ¥. Here we considef2  t

and we plot itagainst the inverse of the temperatupe 1t fU"Y U .
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Figure6.20. (a) A pot of the energy content of each transier#dO ) as a function od ”jf for
GAF3&(red) and GAR3(green. Solid lines%. O, dashed liness 0. (b) Arrhenius plot forQ

t  for GAF3 (red) and GAR3(green. We retrieved ifetimest only at temperatures below
15°C.

Table6.2. Fractions of absorbed energyereleased as heat and molar structural volume change.
The linearArrhenius plot determined activation energies for the slow process 2

ai DVr 1 (mL/mol) a DVr2(mL/mol)  In(A) Ea (kcal/mol)

GAFg ‘ 0.790.01 1.9°0.1 0.01°0.01 -2.6°0.3 40.5°0.5 13.90.3
GAF&‘ 0.64°0.05 8°1 0.15°0.08 -11.70.8 42°1 14.6°0.6

6.3 Conclusions

In this first part ofthe experimental results, we engineered and produdase GFP
mutantsintendingto obtain photochromic, nofiluorescent variants. Howevemrdm the

first analysis ofoptical spectroscopy data, we find out th&FP mutant®ave non-ideal
optical properties (photoconversion quantum yield and contralst)particular, darkwQ
showed very little switching. The mutant darkW@as investigated in PA generation
resulting in a tunable signal with poor contra¥he protein GAF3 fromslr1393 on the

other hand, shows better spectral properties with higher photoconversion quantum
yields and contrast compared to the two GFPs. The PA signal generated by
photoexcitation of GAF3 resulted tunable by selecting the red or the green absorbing
state through irradiation with green or red lightVe have shown that this photochromic
signalcan beeasilydistinguishedfrom competing nonphotochromic #&sorbers, thus
enhancing the contrast and rejecting the background signals. GAF3 was then sekected a
the probe to focus our photoacoustic studies.

We then used a capillary tube filled with a GAféBtaining solution as a phantom,
demonstrating the possible identification of thebe's positionthrough %D scanning of
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the laser beam across the mediumantvhich the capillary is placed. The photochromic
behavior allows contrast enhancement and background signal suppression. In the case of
absorbing media and neabsorbing, scattering media, we achieved it without loss of
spatial resolution. Interestinglythe results obtained with photochromic PA signals
recorded after red excitation were stronger than those originating from the green
absorbing form.

GAF3, unlike canonical bacterial phytochrome photoreceptors requesting an
arrangement of three domains (PASAFPHY), or full preservation of their kinetic and
spectroscopic properties, binds PCB even as isolated proteins, providing all phytoehrome
typical features of absorption and kinetigs19151) Even if PCB is not present Ihcalls,

in vivo binding of the chromophoréo GAF3 can be obtained using a tplasmid
approach irE. ©li (142,152) bypassing external chromophore supplementation.

The redgreen photochromism of GAF3 provides an &ddal signal that may be useful

in multispectral photochromic PA imagimgven if not in the ideal spectral transmission
region. It should be noted here for future applications that cyanobacteriochromes had
been reported that bind BV (witla similar extem of photochromism between the
parental and the photoproduct form) and that also PidBding CBCR GAF domains had
been manipulated by mutagenesis to bind BV, shifting the spectral range for excitation
further into the long wavelengths range of the spectrum

As further advantages, photoswitching, bibinding proteins exhibit large absorption
coefficients The CBCR GAF domains show quite high photoconversion yields, warranting
very fast photoswitching of the protein between the two states, wmadly be expited

to speed up the acquisition process in multavelength imaging. From a structural
perspective, CBCR shoasmaller dimension compared to bacterial phytochromes and
GFPs derivativeEinally the modest but appreciable fluorescence yield maykpbited

in correlative microscopy.

Further developments to test these photochromic proteins in PA imaging setups and
extension of the tweplasmid approach to eukaryotic cells will assess the whole potential
of this photochromic probe for biological applicgats.
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7 TwoPhotonPhotoacoustic Microscopy (HAM)

As we mentioned iparagrapts1.2.1and4.2.3.2 2PA provides unique features in terms
of penetration depth, excitation constraints, and resolution while appieefluorescence
microscopy and PAMPursuing our aim to developsystem to @hancethe contrast of
PAM we describe a 2IPAM setup made for measurements with photochromic systems.
With this setup we try to combine the advantages of 2PA and PAM with the future
perspective of including photochromic probes.

7.1 Optical Setup

The opticaketup is obtained by matying a previously reported on@d53)and is reported

in Figure7.1. The excitation iprovided by a Ti:Sapphire lasé€Edherent, Chameleon

Ultra). The lasegeneratesmode-locked ultrashort pulses with a duration of 140 fs; the

pulse repetition rate is 8O MHay R A& 3IA GBSy 0@ -iigkdptica® gathA f f | § 2
Ti:sapphire oscillatorare normally pumped with a continuowsave laser beam from an

argon or frequencydoubled Nd:YVO4 lasefhe output is modulated by OPO for the
wavelength and by a customadeElectraOptic Modulator (EOM) for the frequency. The

EOM modulates thé | & SebLBricywith a square wave of 1.17 MHz and a duty cycle of
50%.The next paragraph will threaten the properties of EOM.

PMT

Ti:Sapphire laser

80 MHz, 140 fs Nikon A1IMP

scanhead

740 nm

trig

1
1
1
1
1
1
1
1
i ry
i |
H 1
g 1 1 1 15 H
1 MHz I i ultrasound
delay F\.«Wodulat\omj m | transducer
generator [l ref amplifier i}

Figure7.1. Schematic representation of the HAM setup. EOM is the Elect@ptic Maulator,

PMT is the photon multiplier tube used as a detector, HWP and QWP are half and quarter
waveplates, SBshort pass filters for fluorescence selecting, DM is bardic mirror,and AMP is

the amplifier sequenceThe ®lid red line is the NIR excitation, dashed red line is the NIR
excitation after EOM modulation. Fluorescence is reportedh isolid greenline. Thelaser's
position, the lockin amplifier, the transducer and the delay generator driving the delay generator
arereported.

A modulation of 80 MHz has a time between pulses (12.5 ns) that is shaker than
the time required by the acoustic wave to travel to the transducer making the detected
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signal a pulse train of acoustic wa@®5) while in conventional pulsed photoacoustic
working between a few Hz and 10 kildingle wave analysis is possibparagraph6.2).

The subsequent modulation provided by the EOM will make the system behavedike a
laser with an amplitude modulation frequency of 1.17 MiParégraph4.3.1). The laser
beam then crosses a neutral density filter, and half and quarter waveplates are fed into a
Nikon AL1MP Scanhead. The ultrasound transducer (Olympus, -RIM03ontact
Transducer) with a central frequency of 1.MHzleans against theaver glass, which
covers the sample, on the opposite side of the objective lens (Nikon, 40x 0.6 NA&) and
coupled to it with water. The signal is the@emplified by a Thorlabs Transimpedance
amplifier (AMP140 10kV/A Gain 10 MHz Bandwidth) and an OlympasaHic PreAmp
(30dB Gain 50KF25MHz Bandwidth) and fed to a legk amplifier (SR830, Stanford
Research) providindhe results. The process behind laokdetection will be treated in
detail inparagraph7.1.2

7.1.1 Pump Modulation

An electro-optic modulator (EOM) is an optical device exhibiting an elegpiic effect.
This object malso bereferred to as Pocked cell The simplest kind of EOgl madeby

a crystal(such as lithium niobatejttached to a voltage generatohdlf-wave voltage
required to induce & phase changaw) in the oder of hundeds/thousands of volts. The
high voltage generates changes in the refractive index distortingriblecules' position,
orientation, or shapga nonlinear optical material with an incident statidow-frequency
optical field will see modulation of its refractive ind&hat means that if the crystal is
exposed to an electric fieldhe light will travelmore slowly through itwith the phase of
the light leaving the crystal being directly proportional to the length of time it salee
pass throughthe phase of the laser light exiting an EOM can be controlled by changing
the electric field in the crystal

In a Phase Modulatiopattern, the phase of a carrier signal is modulated to follow the
changing voltage level (amplitude) e modulation signal with its peak amplitude and
frequency remaining constant. If the amplitude of the information signal ceanthe
carrier phasechanges correspondingly. It is generally used feating sidebands in a
monochromatic laser beam.

This setupuses aPockes cell as anamplitude modulatorof the 80 MHz output of the
laser. We consider the beato have an incoming5° degrees polarization and the crystal
with no birefringence without an applied electric fiel@ehind the crystalthere is a
polarizeralignedto 2 6 G F Ay M n 2 withauNanyagp¥eld dditdg@We can
consider the transmitted fielchs a superpogion of two inphase field components of
equal strength.Thosecomponents acquire a phase difference3d “ ¢ w after the
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application of an electric fieldl'he total transmitted amplitude is then proportional to
p 'Q ] qand we obtain the followig result for the power transmission:

Yw P Q ¢ (DEl(b—

Equation7.1

Typicallythe voltagevaresbetweenzero and hakvave voltage.

7.1.2 Acquisition System

The detected PA signal needs tolbey LIt A TAISRY § KR ®RR Y ABAMS NF S NJ
setup generally implements a look detection extracting smallignals froma noisy
background Lockin amplifiers (LIAdre homodyne detection schensezombined with a

low-pass filter to extract signals & specific frequency band by retring relative phase

and amplituderelativeto a periodic referencsignal LIA uses the knoeR3S 2 F &aA 3y |
time depencnce to extract it fromthe noisy backgroundsit happens for radios. LIA
multiplicates its input waveform with a reference signal (downixing or
heterodyne/homodyne detection) and then applies an adjustable-pass filter to the

result (demodulation or phassensitive detection). LIA can generate itself a reference

signa) or it can take one fromhte outside. In ouexperimental setupthe reference signal

Is provided directly ashe output of the delay generator used to drive the EGivid
synchronized wittthe laser repetition pulse

The system is stimulated by a sinusoidal signal and the systepomeew and the
reference signab is fed to the LIA to determine the relative amplitu®and phase—
through dualphase demodulation. The input signal is split and multipliech wite
reference signal and a 9phaseshifted copy of it. The outputs of the mixers pass through
configurable lowpass filters, providing the twoutputs, ®and®, termed the inphase
and quadrature component. The amplituéand the phase are derived fromand®

by a transfornation from Cartesian coordinates into polar coordinates using the relation
expressed b¥quation7.2 andEquation7.3:

Y O
Equation7.2
— B0 G
Equation7.3
In terms of complex numbers, we can consider the signdl as the sum of two rotating

vectors(154):
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Equation7.4

One vector rotates clockwise, the other one counterclockwis¢h at the same speed
1 . The projection onto the-axisof the two vectors is theo 0 while the one on yaxis
is always zero. We express the dpakhse modulation through the multiplication of the
input signal with the complex reference signal:

©wo MgQ NcAT100 @cOBT O
Equation7.5
The complex signal after mixing is then:
W0 woIwo YQ Q
Equation7.6

In practice, this situation is like hiag two arrows appearing to rotate at different angular
velocitieg 1 and] 1 . The second arrowotates much faster if the signal and
reference frequencies are close. The subsequent filtering is mathematically expressed as
averagingthe moving vectors over time. Filtering removes tfastrotating term by
settingdQ O 1t The averaged signal is then:

WO  'YQ YQ
Equation7.7

Equation7.7 reports the demodulated signai which real and imaginary parts, obtained
0 KNR dzZ3 K 9 dzf S NI dphabeaNdvouzidiatire domddneritsk |18 thekgyaphical
view, the condition 1 meansthat the slowrotating arrow appears at rest while the
other arrowrotates clockwise at twice the frequency (often called ttje component).
The lowpass filter usually cancels out fie component completely

7.2 SetupAlignment and Calibration

Thesetup propertieswere investigated through metallic grids (Thorld®$L3S3PR&nd
R1L3S5P They were used to determine the optimal contact medium and the optimal
position of the transducer over the sample.

7.2.1 Grid Samples
InFigure7.2, we observe an alignent grid. Rinel(a) showsthe retrieved amplitude from
LIA panel p) showsthe retrieved phasePanel ¢) shows the transmittedight, andpanel
(d) the merged image.
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Figure7.2. Photoacousticrhagesand transmitted light imageof a metal aligment grid.(a) The
amplitudeof the PA signalb) The phasefthe PA signalc) Transmitted light.(d) Merged image.

The first thing that might be observed is the different behavior of phase and amplitude.
The two different branches of the grid are probably on different layers. This may
somehow induce a differemcin phase between theutcomingwaves.

A resolution grid is used as a sample in the following imagigsie 7.3 a-f). From the
profile below, we can obsene slope change at the bordar phase(b, €); this behavior
is similar to a derivative. The @asition wavelength used was @&m.
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