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ABSTRACT

Photoacoustic (PA) imaging has been shown to peodietailed 3-D images of genetically expressedrteps) such as
fluorescent proteins and tyrosinase-induced melahieir unambiguous detectidn vivo is a vital prerequisite for
molecular imaging of biological processes at aut@lland molecular level. This typically requiresiltiwavelength
imaging and spectral unmixing techniques, which bancomputationally expensive. In addition, fluae# proteins
often exhibit fluence-dependent ground state dejadipn and photobleaching which can adversely atfee specificity
of unmixing methods. To overcome these problemphgochrome-based reporter protein and a dual-veagh
excitation method have been developed to obtaimrtepspecific PA contrast. Phytochromes are noorfiscent
proteins that exhibit two isomeric states with eliéfint absorption spectra. Using dual-wavelengtitaian pulses in the
red and near-infrared wavelength region, thesestedn be switched, resulting in a modulation efttital absorption
coefficient, and hence the PA signal amplitudec&ithis is not observed in endogenous chromophsigesals acquired
using simultaneous pulses can be subtracted freraum of signals obtained from separate pulsesotdde a reporter-
specific contrast mechanism and elimination oftikeue background. PA signals measured in prowintisns using
separate and simultaneous excitation pulses an67and 755 nm (< 6 mJ ¢ihshowed a difference in amplitude of a
factor of five. Photobleaching was not observed.dEmonstrate suitability for in vivo applicatiomsammalian cells
were transduced virally to express phytochrome, iamhed in tissue phantoms and in mice in an Ingreclinical
study. The results show that this method has thential to enable deep-tissue PA reporter gene imgagith high
specificity.
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1. INTRODUCTION

The feasibility ofin vivo PA imaging of genetically expressed reporters ti@sady been demonstrated in a number of
studies. Reported approaches included the gengtiession of the enzyme tyrosinase, which resuitede synthesis of
the highly photostable pigment eumeldninTyrosinase-based expression of eumelanin has $le@wn to combine
photostable optical properties and an inherent dicadion of pigment concentration, and hence sr&# contrast, due
the enzymatic conversion of tyrosine to melanirhédtstudies focused on the development and applicaf existing
fluorescent reporter proteins and chromoproteinsiowever, fluorescent proteins have been shovesalt in reduced
PA signal amplitudes due to ground state depomnand fluorescence emissicand the absorption maxima of most
fluorescent proteins coincides with high attenuatia blood, which is disadvantageous for deep #issuaging
applications. More importantly, most fluorescenttpins photobleach when exposed to the ns exaitatitses typically
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used in PA imaging even when the fluence is sigaiftly lower than the maximum permissible expo$uFais alone
makes the detection of fluorescent reporter preteimallenging. However, this is compounded by latlgenerally
applicable and experimentally validated methods rfuoslecular PA tomography. Typical approaches ingothe
acquisition of multiwavelength images and the aggion of some form of spectral unmixing, such asdetbased
inversion schemes. While the considerable commutatiburden is a significant drawback, it is thiiaree on accurate
a priori information, such as the wavelength dependendkeofbsorption coefficient, which precludes theedgbn of
fluorescent proteins using this approach. The dete®f photostable absorbers, such as eumelasialsb not trivial
since generally applicable methods for the recowaryunambiguous chromophore distributions froamvivo 3-D
tomography images are not available. There is arahkeed for novel genetic reporters and new mettiodsheir
detection. Phytochromes, which are are light semsfiroteins that originate from plants and baetgprovide a unique
combination of advantageous properties, such awatiien in the red to near-infrared wavelength eegiphotostability,
and - most importantly - photoswitchable absorptionthis paper, the methods for the expressioa phytochrome-
based photoswitchable reporter protein in mammalells and its detection in 3-D tomographic imageguiredin vivo
in a small animal tumour model are described.

2. BACKGROUND
2.1 PA signal generation in phytochromes

Phytochromes, such as AGRftom Agrobacterium tumefaciens)’™®, contain the light-absorbing pigment biliverdin,
which is covalently bound to the protein barreld axhibit two isomeric states, Pr and Pfr, withtidig absorption
spectra as shown in Figure 1. Pr and Pfr statesbeaswitched depending on the wavelength of thenithation. For
example, illumination using light in the red wavaih region (650 nm to 690 nm) will cause the pbltomes to
induce a Pr— Pfr switch while illumination using near-infraréNIR) light (730 nm to 780 nm) will cause Rfs Pr
transition. A PA difference signal is obtained lpsacting the sum of PA waveforms acquired usixgjtation pulses
in the red and the near-infrared wavelength regieparately from the waveform acquired using simmeitaus the red
and near-infrared wavelength regions. The diffeeesignal amplitude is non-zero for phytochromes aacb for
endogenous tissue chromophores, such as bloods,liphd water. The optically induced change inwaeelength
dependence of absorption can therefore be expl@itedetection in PA tomography images as it presi@ unique and
unambiguous contrast mechanism.
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Figure 1. Spectra of the specific extinction cagéint of the isomeric states Pr and Pfr exhibiteglytochrome
AGP1.

3. MATERIALSAND METHODS

In section 3.1, the methods for the expressiontgftigchrome AGPL1 in bacteria and human cell lines described.
Section 3.2 describes the vitro characterization of purified solutions of AGP1 @giRA spectroscopy, section 3.3
presents the methods developedifovivo imaging of AGP1 expressing tumour cells.
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3.1 Phytochrome expression in bacteria and mammalian cells

Plasmids encoding either phytochrome AGP1 or ther-ivdrared fluorescent protein iRFP were creataded on a
genetic sequence that was optimised for mammakpression and introduced inEscherichia Coli bacteria for protein
production. The bacterial cells were lysed, cemgyéfd, and filtered to obtain solutions of purifi@@P1 in phosphate-
buffered saline (PBS) solution far vitro measurements in cuvettes using PA spectroscopiiqisex?2).

In order to transduce mammalian cells, lentivirostaining the gene encoding AGP1 and the fluordspeatein
mCherry were produced in HEK cells. The virus wantused to transduce human colorectal cancelirelHT29) in
order to induce the stable co-expression of AGRL m&herry. The fluorescence of the latter was usederify the
success of the transduction and to obtain the bigbepressing cells via FACS. The sorted cells vggravn until
sufficient cells were available fon vivo experiments.

3.2 Invitro characterisation of phytochrome AGP1

The experimental setup for the characterisatiopwified AGP1 solutions is shown in Figure 2. A ette containing
the protein solution was placed in a water bath ilmachinated by the signal and idler outputs of QRO laser system
(PRO-270-50 and premiScan OPO, Newport Spectrait®)ysThe output was controlled using shutters aadtral
density filters and coupled into a 1.5 mm dia. fus#ica fibre to homogenise the beam at the cavéthe generated PA
waves were detected using a large area piezoelérnsducer (Precision Acoustics Ltd). PA differersignals were
measured as a function of the excitation wavelengtdetermine the optimum combination of the sigaadl idler
wavelengths in the red and NIR region. In additiphptobleaching was investigated by recording tihe siynal
amplitude as a function of the number of excitapoirses in solutions of AGP1 and iFRP using sinmdtaus signal and
idler illumination.
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Figure 2. Experimental setup for threvitro characterisation of purified AGP1 solutions.

3.3 PA imaging of tissue phantoms

To demonstrate the detection of AGP1 using diffeeeimaging, 2-D cross sectional images of a tigghantom were
acquired using a PA scanner based on a Fabry-Pétpiner film ultrasound sensor The phantom consisted of
polymer tubes (600 pm inner dia), which were fillith either a copper chloride solution to représemdogenous
tissue chromophores, such as haemoglobin, or drifiGP1 solution. The tubes were suspended in ttesog lipid
suspension with a reduced scattering coefficierapgroximately 1 mm PA waveforms were generated in backward
mode using excitation pulses at 670 nm and 755Fmm the recorded waveforms, 2-D images were reéaaied
using an FFT-based image reconstruction algofittion the subsequent calculation of a differencegena
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Figure 3. Experimental setup for PA difference imggf tissue phantoms. 2-D cross sectional imagae
obtained using a PA scanner based on a Fabry-p@lsater film ultrasound sensor.
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3.4 Invivo PA imaging of AGP1

5 x 10 AGP1-expressing HT29 cells in PBS were inoculaited nude mice subcutaneously. The animals were
anaesthetised using isofluorane and 3-D image sitawere acquired at four time points over a peoio28 days. In
order to minimise motion artefacts during the nast&an based readout of the sensor, the imagesioouiprotocol was
modified forin vivo measurements. To exploit the comparatively slbatgswitching time-course of AGP1 difference
signals were acquired at each readout positiohe@&ensor by switching excitation at 670 nm ondahavhilst keeping
excitation at 755 nm constant. This modulated the-FPfr photoequilibrium. PA signals were acquinedeach
illumination phase over a number of excitation palsEndogenous chromophores do not show slow chaimge
absorption, i.e. the change in PA signal amplitadea result of switching 670 nm excitation is insaeous and the
signal amplitude remains constant during each ithation phase. By contrast, the relatively slow toBwitching of
AGP1 results in a gradual, asymptotic change indiyhal amplitude following a switch in 670 nm exatibn. By
calculating the difference between the PA signgbliade of the first and subsequent waveforms it illumination
phase, PA difference signals were obtained at seckor readout position in which the amplituderéater than zero for
AGP1 and zero for all other tissue chromophores.

4, RESULTS
4.1 PA cuvette measurement in purified solutions of phytochrome AGP1

In vitro PA cuvette measurements in purified AGP1 solutEim®wved that the combination of excitation wavelbagit
which the PA difference signal is at a maximum &r@ nm and 755 nm when a single OPO laser systersed. By
varying the relative fluence of signal and idleabes whilst maintaining a constant total fluenceydis shown that the
difference signal is at a maximum for 30% signakfice and 70% idler fluence at the optimum wavélendrhis is
explai;ned by the relative efficiencies of the AlGshotoconversion from the Pr to the Pfr state lzack (low quantum
yield )".

The results of the photobleaching experiments laogvs in Figure 4. AGP1 produced a constant PA signmgplitude as
a function of the number of excitation pulses whiilat measured in the near-infrared fluorescenteproaRFP shows a
gradual decline, which is evidence of irreversittobleachiny.
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Figure 4. PA signal amplitude as a function ofrtlienber of excitation pulses measured in purifiddtg&ms of
AGP1 and iRFP, showing evidence of photobleachin®BP. The excitation wavelengths were 670 nm arid 75
nm.

4.2 PA differenceimaging of tissue phantoms

Figure 5 shows 2-D cross sectional images of teguéd phantom. Figure 5(a) shows the sum of imagesirad

separately using excitation at 670 nm and 755 ndhFagure 5(b) shows the image acquired using sanmelus signal
and idler excitation pulses. In both images thation of all tubes can be seen with very littléblis difference between
Figure 5(a) and (b). Figure 5(c) was obtained bytraeting Figure 5(a) from Figure 5(b) and showes ldcation of the
tubes filled with AGP1 solution, thus demonstratiting principle of PA difference imaging of phytochre-based
reporter proteins. Due the elimination of the baokgd contrast, this method effectively providetedgon of AGP1

that is limited only by the noise floor of the P&asner. From the images shown in Figure 5, theenetuivalent
concentration was estimated as 4 uM.
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Figure 5. PA difference imaging of AGP1 in tissdaptoms. (a) Summed image of 2-D cross sectional PA
images acquired using separate excitation at 67a&mhv55 nm, (b) PA image acquired using simultaseo
excitation at 670 nm and 755 nm, and (c) the difiee image obtained by subtracting (a) from (b).
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4.3 PA imaging of AGP1in vivo

Figure 6 shows maximum intensity projections (M&P)n vivo 3-D image data sets of a subcutaneous tumour ¢fIAG
expressing HT29 cells. Figure 6(a) shows the mdggical image, which was acquired at an excitati@velength of
670 nm using conventional PA imaging. The dasheal thnarks the location of the tumour. Figure 6(lovehthe MIP of
the data set that was acquired by exploiting thetggwitching time-course of AGP1 as described ittise 3.4. The
bright regions in the image show the location ef pinytochrome reporter protein.

Figure 6.x-y MIPs of 3-D image data sets of subcutaneous AG®tessing human colorectal tumour cells (HT29). (a)
MIP acquired using single wavelength excitatidr=(670 nm) showing the vascular morphology of thradur and the
surrounding tissue. The dashed line shows the appate location of the tumour. (b) MIP of imagealaet acquired using
a method that exploits the photoswitching time-sewf AGP1. The bright regions in the image indidhe location of
AGP1, which agrees well with the corresponding timeaof the tumour shown in (a).

Importantly, this image acquisition protocol enableot only the elimination of the background costraroduced by
endogenous chromophores, such as blood, lipidswatet, but also the suppression of motion artefact

5. DISCUSSION

The cuvette measurements have shown that the ®owitvavelengths and fluences can be optimised ki

maximum difference signal amplitude. Given that #ignal and idler wavelengths provided by a sinQRO laser
system are not independently tuneable, we belieakthere is scope for further improvements if peledent tuneable
laser sources are used. In addition, it was shoxah AGP1 did not show any evidence of photobleagiidm fluences
equivalent to the maximum permissible exposurec@ytrast, the near-infrared fluorescent proteinRRihowed signs
of irreversible photobleaching, which severely tsrits application as a reporter protein for PAgng.

While simple difference imaging was shown to enabé&detection of AGP1 in tissue phantoms, thigeggh could not
be applied tdn vivo imaging. This was due to the raster scan-based fataweacquisition of the Farby-Pérot polymer
film sensor, which results in image acquisitiondsyof up to several minutes. Any movement in thaeged object gives
rise to artefacts in the difference image, whighidglly show the vasculature. The image intensitithe artefacts can be
significantly larger than that produced by the camapively weak PA waves emitted by reporter prateln this study,
this limitation was overcome by exploiting the slalvange in optical absorption following photoswitch that is
exhibited by phytochromes. Using a dual-wavelengtbtoswitching time-course imaging method, the urgoous
detection of AGP1 against the overwhelming imagetrest produced by endogenous tissue chromophaoshe
confounding effects of tissue motion was demonastrat

6. CONCLUSIONS

In this study, then vivo PA detection and imaging of a phytochrome-baspdrter protein is demonstrated. It has been
shown that phytochrome AGP1 is expressed effigieintimammalian cells following lentiviral transdiant protocol,
which has the potential to allow the transductiéra avide range of cell lines, including stem celllsing an imaging
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method based on dual-wavelength excitation andd#gtection of the photoswitching time-course, thgtpthrome-
based reporter AGP1 was detectethinivo 3-D PA images against the overwhelming contrashefendogenous tissue
chromophores and the presence of tissue motiortoBfmpmes combine a number of highly advantageoysepties: 1)
absorption in the near-infrared wavelength regiehich is essential for deep tissue imaging, 2) p$iaible optical
properties, 3) reversibly photoswitchable optidas@ption, which provides an unambiguous PA cohtm@echanism,
and 4) expression in mammalian cells, which sugges$tigh degree of biocompatibility.
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