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advant-dges i n%f‘ﬁguc]f‘%%%lidedggtﬁ?z%ﬁzﬁm nt o erg_y humans and ani nal s.
Specifically, use of non-linear excitation nethods facilitate
controll ed activation of diagnostic agents | n deep tissue using near
infrared to BACKGROV ONihi ch i s absorbed and scattered
to a | esser e’ﬁéﬂ%f’tﬁ@&;ﬁﬁﬁ&?ds 25 and radi ations currently used.
Conbi nation o €Se non-II near excitation nethods wi t h advanced
si gnal encodi ng and@hp peesentinventionirelotes senesally tp methodeandapparatusioyremotely
15 effecting spatially-selective photo-activation of one or more molecular agents and for
improving the detection of the diagnostic signals thereby produced. The method
taught for effecting photo-activation utilizes the speclaI properties of non-linear
optical excitation for promoting an agent from one molecular energy level to another
with a high degree of spatial and molecular specificity. The special features of this
20 method are applicable for activation of various endoge;ious and exogenous imaging
agents, and in particular afford distinct advantages in the diagnosis of diseases in
humails and animals. Specifically, use of non-linear excitation methods facilitate
controlled activation of diagnostic agents in deep ti_ssue using near infrared to
infrared radiation, which is absorbed and scattered tq_'ffa'lesser extent than methods
25 and radiations currently used. Combination of these non-linear excitation methods
with advanced signal encoding and processing methdds .greatly increases sensitivity
in the detection of diagnostic signals.

Description of the Prior Art: :
30 An urgent need exists in many fields, and espemally in the medical diagnostics

field, for a method that is capable of selectively controlhng the remote activation of
various molecular agents while producing few if any" sxde effects resulting from the

activation process. The desired improvements in actlv_atlon include enhancements in
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agent, 15 suc | aghosti ¢ agent a specific
phot o- cheni cal pmbephaﬁtlzeen known for many years. Specifically, linear optical excitation methods

have been used extensively as a means for acluevn;_g semi-selective activation of
molecular diagnostic agents. Linear optical excitation occurs when a target agent,
15 such as a molecul‘h‘r diagnostic agent, undergoes a specific photo-chemical or photo-
physical process-,: such as fluorescent emission, upon ':a':bsorption of energy provided
by a single photon. These processes can in many casé_s be very efficient, and use of
such processes is-attractive for numerous appﬁcaﬁoné. Unfortunately, performance
of these linear methods have not always been as successful as desired. For example,
20 ~ there is strong evidence that ultraviolet radiation used to excite some molecular
probes can produce disease in humans and animals, such as induced skin cancer,
along with other 'undesirable side effects. Furthermore, a less than desirable
penetration depth has plagued most efforts at linear. optlcal excitation of molecular
agents, primarily as a consequence of the effects of optlcal scatter and of absorbance
25 of the incident pmbe radiation at wavelengths nea_l_'_:.__tih_e linear absorption bands of
these agents. As an example,. Wachter and Fisher (E;A. Wachter and W.G. Fisher,
“Method and Apparatus for Evaluating Structural Weakness in Polymer Matrix
Composites,” U.S. Patent 5,483,338) teach of a rapid optical method capable of
sensitively imaging chemical transformations in probe molecular agents; however,
30 due to scatter and absorbance of the incident proﬁé‘radiation, the method is only
suitable for topical analysis. Vo-Dinh and co-workers (T. Vo-Dink, M. Panjehpour,
B.F. Overholt, C. Farris, F.P. Buckley III and R. Sneed, “In-Vivo Cancer-Diagnosis
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15 lack of suitable physical mechanisms for precise control of the extent and depth of
- activation. '_
Various non-linear optical excitation methods have been employed in an effort
to achieve specific improvements in the selectivity of—-_photo—activation for certain
applications, and to address many of the limitations posed by linear excitation
20 methods. In fact, the non-linear process consisting of sfﬁxultaneous absorption of two
photons of light by a molecule to effect excitation eqmvalent to that resulting from
absorption of a single photon having twice the energy of these two photons is very
well known, as are the specific. advantages of th:s process in terms of reduced
. absorption and scatter of excitation photons by the matnx enhanced spatial control
25 over the region of excitation, and reduced potential for photo-chemical and photo-

physical damage to the sample. Excitation sources_ ranging from single-mode,

continuous wave (CW) lasers to pulsed Q-smtched'__ﬂf_'asers having peak powers in
excess of 1 GW have been employed for numerous exaelp]es of two-photon excitation
methods. For example, Wirth and Lytle (M. Wn'tl.l_':and F.E. Lytle, “Two-Photon
30 Excited Molecular Fluorescence in Opucally Dense Med1a," Analytical Chemistry, 49
(1977) 2054-2057) teach use of nonm-linear optxcal ‘excitation as a means for

stxmulatmg target molecules present in optically dense mecha this method is shown




approach is also plagued by | ess than desirable penetration depth and is

imted to detection of superficial |esions due to scatter and
absorption of the incident probe radi ati on. Al so, because this

- type of excitation is linearly related to excitati on power 1/% - such
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energy of these two phot ns is very Known, as a

speci fi ¢ advamigrpseopig imaging §ys¢8kss in terns of reduced
absorption and scatter of excitation photons by the matrix, enhanced
spatial control 25 over the region of excitation, and reduced
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excess of 1 Gﬁ{dsams})awteaambﬂygici‘apépﬁuﬁmﬁau&n@esﬂaadleﬁseﬂicahm itilodtbpe
excitation met hods or. exanple, Wrth and, Lyt Wrth and
F.E Lytle, ' Piiizingdqogrtinggr laser excitation tapchisve dntrigsical} mﬁlsbstb&?dkmenﬂon
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2054-2057) teach use of "non-linear optical excitation‘as a neans for

stimulBting t o gub-celbilancsenles Denks boweves, is specifinally diresisd toverascopy véhesginhod
:DSéT/S [‘Jg‘é‘”; | 194 & Microscope is uid %048 aP&mples on a slide. This 'microscope is used to excite
molecular fluorophor agents added to biological speclmens which constitute an
optically dense medium. In Denk, light from a laser tra__v_e]s downward as a result of
being reflected by a mirror onto an object plane. Fluoréscent light then travels back
20 along that same optical path, through an objective l_éils, a series of mirrors and
ultimately a photomultiplier tube. Hence, lightis mere.lifocussed on the object plane
of a slide and reflected back. The special proper’ti‘eé' of non-linear two-photon
excitation are utilized to substantially limit excitation and subsequent detection of the
. fluorescent signal thus produced to a confocal regxon occumng at the focus of an
25 objective lens, thereby enhancing contrast in three-chmensmna] imaging by sharply
controlling the depth of focus. Emitted fluorescent hght is collected by the excitation
objective using an epi-illumination configuration. Control of photo-excitation for
generation of luminescence-based images at the cellular and sub-cellular level is
shown in target samples mounted on a stage. Furthermore, Denk teaches that
30 reduction in photo-induced necrosis of cells located at the focal plane is a primary
benefit of this microscopy approach, based on thg__-._ replacement of ultraviolet
excitation radiation with less damaging near infrared f?%citation radiation.



4 to be useful in limting undesirable direct interaction of the

probe radiation with the nedia itself, and provides a neans for
effectively exciting target nol ecul ar agents present in strongly
absorbing o ring matrices. Inproved spatial control -
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20 Detection of Sinusoidally Modulated Two-Photon Excited Fluorescence,” Analytical

Chemistry, 62 (1990) 2216-2219; and W.G. Fisher and F.E. Lytle, “Second Harmonic

Detection of Spatially Filtered Two-Photon Excited Fluorescence,” Analytical

Chemistry, 65 (1993) 631-635) teach sophisticated methods for rejection of scattered

laser excitation light by making use of second-harmonic detection methods: when

25 sinusoidal modulation of the excitation light is performed at one frequency, and
detection of the two-photon excited fluorescence is performed at twice that frequency
(which is the second harmonic of the excitation modulation frequency), interferences
from scattered excitation light are virtnally eliminated. And by proper selection of
the modulation frequency to avoid electronic and other noise frequencies, rejection

30 of instrumental and environmental interferences is extremely high.
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In later work by Denk et al. (W Denk, D.W Piston and WW Wbb, "Two-
Phot on Mol ecul ar Excitation in Laser-Scanning M croscopy,' _i ok of
é’gﬂ?%@ﬁ?s M croscopy, Second Edition, J.B. Paw efcqggwggg

Bi ol ogi cal _ enum
Press, New York, 1995, pp. 445-458) an external whole area
detection nethod is taught for 5 col l ection of mcroscopic inmaging
data produced from two-photon excited fluodfescent ’ tags. This

met hod, which the authors state as being "as yet untried," elimnates the
need to col | ect ba&lensdtiswell knpwa that dwerphotogiexcitationof Sppreseangeranbe wied( see
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to 15 fluorescence em_ssion. = Use of various nodul ation nethods for
reduction of Nonethejass while the enbstagtialbodyof prigr ast exemplifind by, these cited

well as fromi I At | ' Aok :
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coorker (e ' S Btk ) A, Ry puof im0, 6P ©
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scatt Sed for médica! diagnostic applications have not been previously taught.

It is, therefore, an object of the present invention to provide a general method
for achieving selective photo-activation of one or more molecular agents with a high
degree of spatial control.

It is another object of the present invention to provide such a method that is

20 capable of meeting the diverse needs of the medical diagnostic industry.

It is another object of the present invention to provide a practical method for
effecting such control on scales that are significant for medical diagnostic
applications.

25 SUMMARY OF THE INVENTION:

Having regard to the above and other objects and advantages, the present
invention generally provides for a method for the imaging of a particular volume of
plant or animal tiséue, wherein the plant or animal tissue contains at least one photo-
active molecular agent. The method comprises the steps of treating the particular

30 volume of the plant or animal tissue with light sufficient to promote a simultaneous
two-photon excitation of the photo-active molecular agent contained in the particular
volume of the plant or animal tissue, photo-activating at least one of the at Jeast one



| aser excitation |Iight by making use of second-harnonic detection nethods:
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~at one frequency, and _ detection of the two-photon excited
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- environnental interferences is extrenely i gh. VO 98/ 18398
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Nonet hel ess, while _the substantial body of prior art exeg& i ed by these

f
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met hodldf or acimelecular agentistlases light fbis alsoiprefierred thdt the dight sufficient to promote
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It is, therefore, amotkérgréfenredeidofingmeof the preésehi iveritionfiahérdacladgafistal
et h0d15 step of treating the material, plant tissue or animal tissue with at least one photo-
active molecular agent, wherein the particular volume of the material, plant tissue or

animal tissue retains at least a portion of the at least one photo-active molecular

agent. It is more preferred that the at least one photo-active molecular agent is

selected from the group consisting of psoralen, 5-methoxypsoralen (5-MOP), 8-

20 methoxypsoralen '(8-'MOP), 4,5',8-trimethylpsoralen (TMP), 4'-aminomethyl-4,5’,8-
trimethylpsoralen (AMT), S-chloromethyl-8-methoxypsoralen (HMT), angelicin
(isopsoralen), S-m_ethylangelicin_ (5-MIP), 3-carboxypsoralen, porphyrin,
haematoporphyrin derivative (EIPD), photofrin I, benzoporphyrin derivative (BPD),

_ protoporphyrin IX (PpIX), dye haematoporphyrin ether (DHE),
25 polyhaematoporphyrin esters (PHE), 13,17-N,N,N-dimethylethylethanolamine ester
of protoporphyﬁﬂ_ (PH1008), tetra(3-hydroxyphenyl)-porphyrin  (3-THPP),
tetraphenylporthriii monosulfonate (TPPS1), tetraphenylporphyrin disulfonate
(TPPS2a), dihaematoporphyrin e_igl_:ler, mesotetraphenylporphyrin, mesotetra(4N-
methylpyridyl)porphyrin (T4MpyP), octa-(4-ters-butylphenyl)tetrapyrazinoporphyrazine

30 (OPTP), phthalocyanine, tetra-(#fén-bntyl)phthalocyanine (t,-PcH,), tetra-(4-tert-
butyl)phthalocyanatomagnesium (t-PcMg), chloroaluminum sulfonated
phtbalocyanine (CASPc), chloroahimizum phthalocyanine tetrasulfate (AIPCTS),



for achieving sel ective photo-activation of one or nore nol ecul ar agents
with a high degree of spatial control. It is
anot her object of the present invention to provide such a nmethod that is 20

capabl e of neeti ng’ t he di verse needs of the nmedical diagnostic ipdu ;ry.
; Ry

It is anot hewoc?ﬁjl $ of the present invention to provide a met hod
for ef fecting such control on scales that are significant for

nmedi cal di agnostic appl i cati ons. 25 SUMVARY OF THE

| NVENTI ON: Havi ng regard8 o the above and other objects
and advant ages, the present . . | nvention eneral.lgllfoprovi des for a
met hod for t heloRe§niiopated ;alyminym  phthalosyanise ofAISPc), di-sulfongted,alymimym ny)|

- method for T TRy phfaly e of AR , j
SSUe: paner o PrhBofil (A7l Wloutordde oefifinih FhiRlods iRk (MRS Hefta-

active nol ecul e et conpri ses ep.
particul ar 30 sulfonatedaiymingmyhthalecyanimet(Al§4Pg)isilison phtbalocyanine(SiPgiV), zinc
sufficient to 5‘3&1‘ rﬁg@f_- MO excl |00 5

- the phot o- acti@rg%ﬁe u @Fz%ﬁéﬂt con g‘l’% : c|tar§1 e%lﬁe%{?ﬁaéxggg?&%{hﬂd@%é
vol ume 6f the (EicBOSINClRgeémainium B aetabythxypbthabd-cyaaine((eRt), Homaminel1¢{Rbt he
A east one o101), thodamine 110 {RuAb},°3amine 123 (R1-123), rhodamine 19 (Rh-19),
phot o active nilodamiies 5860e(Rh-560) hﬁo&ﬁﬁiﬁ;ﬁcmsar(miﬂm)’ﬂérhﬁdaﬁﬁl@e man(msig,

ani mal tissue, ) t pr.oduci ng east on of 0- act I vate

mol ecul ar agenthodfpne,;10; ‘2?8)’&3‘983“““_ 626 g pHEP gi §G £§h-6G),

nol ecul ar agenihdadidite ST qRh- ,eqhbaanfneesweggmgg%timamme B (Rb-B),the

at | east one photo-activated nol écul ar agent, a uci ng a detected

energyl8  sulfprhedamipgil@h snfoshedamine p4G; sniforhpdamine Jhicopwarin l, oenmarin of
plant or ani my (St 4,/@marin 6, couma?ﬁxeﬁ,ge u(&)x?!ifﬁl”ﬁ,' infir030, Rotiatie 472

met hod for the i magi n? of a particular vo
coumarin 102, coumarin 106, coumarin 120, coumarin 151, coumarin 152, coumarin

152A, coumarin 153, coumarin 311, coumarin 307, coumarin 314, coumarin 334,
coumarin 337, coumarin 343, coumarin 440, coumarin 450, coumarin 456, coumarin
15 460, coumarin 461, coumarin 466, coumarin 478, coumarin 480, coumarin 481,
coumarin 485, coumarin 490, coumarin 500, coumarin 503, coumarin 504, coumarin
510, coumarin 515, coumarin 519, couniarin 521, cc;_mmarin 522, coumarin 523,
coumarin 535, coumarin 540, coumarin 540A, coumarin 548, 5-ethylamino-9-
diethylamino-benzo[aJphenoxazinium (EtNBA), S-ethyl-amino-9-diethyl-
20 aminobenzo[a]phenothiaziniun(EtNBS)5-ethylamino-9-diethylaminobenzofajpheno-
selenazinium (EtNBSe), chlorpromazine, chlorpromazine derivatives, chlorophyll
derivatives, bacteriochlorophyll derivatives, metal-ligand complexes, tris(2,2-
bipyridine)ruthenium (I) dichloride (RuBPY), ﬁis:iz,z'-bipyﬁdine)rhodium (I
dichloride (RhBPY), tﬁs(Z,Z'-bij_i&ﬁdine)platinum s (I) dichloride (PtBPY),
25 pheophorbide a, merocyanine 540,‘---vitamin D, S-amiho-laeVuﬁnic acid, photosan,
chlorin €6, chlorin €6 ethyleneidiamiiié_, ;mono-L—asparfy_l chlorin €6, and phenoxazine
Nile blue derivatives, stilbene, sﬁfiiéne derivatives, and 4-(N-(2-hydroxyethyl)-N-
meﬂlyl)-aminqphenyl)-4'-(6-hydroxyh_exylsulfonyl)-sﬁ1§éhe (APSS). 1t is also more
preferred that the at least one pho r

-actlve molecul agent is at least one biogenic
30 photo-active molecular agent that is Téi)edﬁc toa partlcular material or tissue within
the particular volume of material, plant tissue or ammal tissue, even more preferred

that the at least one biogenic photo-active molecular agent includes a segment



material, wherein the material contains at |east one photo-active nol ecul ar

agent . In a preferred enbodi nent of the present invention,
the light sufficient to pronote a sinmultaneous two-photon
excitation of the at |east one photo-active 10 nol ecul ar _agent is

| aser |ight WPO8398, 5o preferred that the Iight suffici entPTEPBVERE: e

a sinmultaneous two-photon excitation of the photo-active nol ecul ar agent is
~a focused beam of |ight, and nore preferred that the focused beam
. of light is focused | aser light.9 Anot her

preferred enbodi ment of the present invention further includes a first 15
step of treatiedecteriremthe gequp qonaisting ofRNA, RNAyaminp acidspreteins; Antihodiesast

of “the et er | dligand ksl SafRbiiale?ecBpRRt or HISPRISg dEBEHNE IEBfOLE T
portion ?f thgc?nplb!aast agemds, ppmtgnaaewp@t:mbecedmplemng agents, ehépéatpm | and s
el ected from piaPEE Whiafdbs A0 Suehia siod Gretteelthdiite 31 Gle tiBesic,

8- 20 5 nphdto»a)tﬁwrxm!lwnla(r&gkﬁﬂunh@: 5nclﬂddsra a&g&ﬁaﬂtpﬂﬁc}ﬁiseﬂdﬁmvated

4' - am nonet hyl - trimeth

© 5-chl oronet hyl Wh""hﬂf"dﬁ%"b%‘ﬁ“‘aﬁ‘@ﬁ“ﬁ%\ﬁc’)l’m g":or'al‘ﬁtang"“s g”°'Ph‘{t?% §ERitgR e ) |

S-net hyl angelici n (- y¥ét Rnothér GRéR el REBcHiMEnt HOthepresdht invention, the step of
haemat opor phyrin derivative (HPD) photofrin _Il, benzoporphyrin derivative

(BPD), treatinzfhe partsnlarvalume.of thematgrial, plut hsa%?mueal tisspe with Light, o
(DHE), 25 suffidenot B%&ﬁpﬁﬁﬂm{%&u@ W& photoRditation of the at least one Fhoto-

13, 17- NNN- di et hyl et hyl'et hanol am ne ester of protoporphy

(PHL0089, tet ammglmubawmn;mmlpm pamﬂ(lg:vnlm of the material, plant tissue

t et raphenyl por

di sul f onat e B ¥t H%%i}ggg&ﬁe)%ﬂ%&%em g g/h?l?ﬁﬁ%‘}ﬁg%&?%gh{‘som with

mesot et r aphenya pertjeniaritype orfsnodﬂatla( dthereby producing amiddplaved light, pgudthehstep n

(T4MpyP), octa-f4-tert bu n et in ytai ne 30,

(CPTP) . pht hai BBt Ry iR PAIEE of 81 FARTHA B A aimal tissue with

E t 59 |r3r ]- ;DC H ﬁ Ir ﬂﬂe)m?dlﬁiﬂéd hglﬂtsrlfﬁtdient to promote a &M&héﬁhfﬁalmmifggfﬁ&h& m -

t C chl or oal unm nym sul f onat ed al.o e C

i of od u SR Bt ARG GRS AEAvE SoplacHlpt agept poqtpRodya the patboulsr valine afghe

98/ 18398 material, plant tissue or animal tissue. It is also preferred that the present/hifvéndi&iz 49
further include the steps of demodulating the dectected energy signal with the

particular type of modulation, and producing a demodulated energy signal which is
characteristic of the particular volume of the material, plant tissue or animal tissue.

20 It is more preferred that the step of demodulating the dectected energy signal
with the particular type of modulation includes demodulating the detected energy
signal at a frequency twice that of the particular type of modulation, thereby
detecting the second harmonic of the particular type of modulation. It is also more
preferred that the demodulated energj" signal which is characteristic of the particular

25 volume of the material, plant tissue or animal tissue represents a change in lifetime
of at least one photo-activated molecular agent presént in the particular volume of
the material, plant tissue or animal tissue. |

BRIEF DESCRIPTION OF THE DRAWINGS:

30 The above and other features and advantages of the invention will become
further known from the following detailed descnptnon of preferred embodiments of
the invention in conjunction with the drawings in which:



8 nono- sul f onat ed al um num pht hal ocyani ne (Al SPc), di-sulfonated

- al umi num pht hal ocyani ne (Al S2Pc), tri-sul fonated al um num

. pht hal ocyani ne (Al S3Pc), tetra- ' sul fonat ed al unm num

t pht hal ocyani pe (A S4Pc), silicon phthal ocyanine (SiPc |V), zi :

11 phthal ocy&’ﬁ’l’f‘f’ésiﬂinpc) bi s(di-i sobutyl octadecyl si | oxy) Sfefhisgrsnes
2, 3-napht hal ocyani ne 5 (i soBOSINC), germanium.lV

¢ oct abut oxypht hal o-cyani ne (GePc), rhodam ne_101 (Rh- 101),

. rhodam ne 110 (Rh-110), rhodam ne 123 ( Rh- 193) rhodam ne 19 (Rh-19),

: rhodam ne 560 (Rh-5 m ne 575 (Rh-575), hodam ne .590 590

~ rhodani ne 610 (Rh- 6?’&‘“ xagaple (engEy Jevel ﬂgfh ‘Zeaf

. rhodani ne 700 Q,E{%ajgg‘}ltaﬁbhodam ne 800 (Rh-800), rhodam ne B (Rh B) 10

: sul for hodam ne f o- r hodami ne 640, sul forhodanine B, counarin 1,

. coumarin IGURE showsithegslationshipssbetweemcident powetdistaibution and

- coumarin 30, c gqa 4 le- G‘cb?iaa{dd 58 hﬁ 106, coumarin

- 120, coumarin % Elggl?nacrl?nrfyf%r mn%el?gna“ n Qlﬁm %@{K coumarin 153,

. counmari 4 311, courraFIGURES shmsrmemmpleaabsomhmrspnctaﬂnfor animal tissue covening i n

- 337, coumarin coummr,in 440 ri.ny 450, coumarin 456, coumarin 15
460, counarin %elmq?&? t?r?e%l ‘tl Ff‘ﬁ‘ﬁ’%’" courmari n 480, coumarn 481,

counmarin 485, counaFIGUflm'M slwmaal stati€fing speummlrfoﬁailmﬂoﬁmei covefldg the

counmarin i n 515i Eounarln 519, “coumarin 521, coumarin

522, corumari n“gﬁlglet to near infrargd, spedtral 808i00; . oy rar i n 540, counmrin 540A,

counmarin 548, 5-et hﬂ@ms%ows the &eneraliltfe?nhyhﬁfﬂpﬁ@albﬂﬁéﬂ{tﬂhpﬁm\@émhﬁgum

(EtNBA), 5-ethyl -ani no 9-di et hy 2

ami nobd®zo[ a] pwm% %ﬁﬁ%tqztmm% sheryyaygiengthoand long waxelengfBdights[ a] pheno
sel enaz pPGURKE §Edinkes oﬁiﬂmf-ﬂfd%&?éx@ﬁau&ﬂeﬁbﬁﬂfiﬁﬁe%en single-

derlvatlves chIorophyII ' deri‘vatives, bacterriochl orophyll
derivatives, npheton| dangAwe-plisten excitation mesl(qslszre used; -

{1y e UG IR T bR IR of iR e ARk it ™

dichloride (Pt BPS()lutldn‘; pheophor bi de a, merocyani ne 540, vitamn D,

o o et  BROR AP i grompris SRR b BBl o7 gnoss

~ Nile bl Uﬁ geri \agéxht\msoluﬁbnj bene, stilbene derivatives, and

o 4-(N-(2- roxyet z .

et iyl ) - o nopﬁenyYﬁ@*&@W&memmBom'?’fce;sﬁél“ew of the;dye

- also nore moleculd tSiRariL 480 Bistritiubel élenlyedsdughoet P tissue phahions rml ecul ar
~ agent is at |east opn hot o- acti ve mpl ﬁc lar a hat

is specific to a pafﬁ}&ﬁ’gﬁgﬁh@&? p photnerg %ﬁfé"%"f‘ﬁ‘?‘h“ﬂw uoresce

par ti cylpar vol upsmﬁleéwé%dﬁdmmmwwmeﬁr ugBbutid BEHGH s mnnvre
preferred hat the at |east one bio enl C photo act i nol ecul ar

~agent includes a segﬁGHLRE 11 shows a diagram of a specific preferred embodlment of the

subject mventmn for imaging endogenous or exogenous diagnostic imaging agents;
FIGURE: 12 shows a diagram of an altemate _preferred embodiment of the
subject invention: for imaging endogenous or exogenous diagnostic imaging agents,
25 wherein modnlatmn is used to improve imaging performance, and
FIGURE 13 shows a diagram of a second altemate preferred embodiment of
the subject invention for videographic imaging of su_];erﬁcxal features.

DETAILED DES RIPTION OF S DRA G
30 The mvenﬁon described here u‘uhzes the umque physical properties of non-
linear optical exc]tatlon of molecular agents to effect lmproved spatial control over

the photo—actwa’gon of those agents. In addition, non-linear optical excitation is



WQ 98/ 18398

PCT/ US97/ 19249 9
selected fromthe group consisting of DNA, RNA, ami no acids, proteins,
. anti bodi es, | i gands, haptens, carbohydrate receptor [
. conpl exi ng a‘b’gr??'és,”‘f | pid receptors or conpl exi ng Pﬁi‘ﬁ?ﬂ”ﬁ’r otein
' receptors or conplexing agents, chelators, and encapsul ati ng

. vehicles and yet further nore preferred that the at |east one biogenic 5
. photo-active nol ecul ar agent further inclubles a segment which is

¢ photo-activated when subject to light sufficient to pronote a
. simul taneous tshewpHebare Sirther adyantages during photo-activation #wedw%fﬁmeshc and

preferred emo&h@?ghﬁ, fygﬁ%grﬂ;fger}?ﬁﬁi]&dﬂ'\bf rEBilé)t@Tal tt‘%ﬁtﬁcﬁ)‘) afid damage along the

" treating the partic € O e material, ant tissue of animal
~ tissue with | icyeitation path, reduetichfinexposure to karoful aptigalsvavelemgthsoans reductinmt on

excitation of e e - . actiV I Iy t
- contained int fgﬁlﬁg’& ?"{eggﬁs §°%oﬂb§§§’tn§fl %Igde sﬁ%ﬁegrn%ai’ %ocgfsgﬁt&@ﬁ@&éaggﬂl the
- or ani Ml ti ssenvironmiehesurraualdingethe telReitezk sgenndf nodul ating [ight froma |ight

. source with a,particul ar. type.gf nodyl ation, .thereb roducing a
. nodul ated |ight, ar?a’et%dg‘f‘%‘l}afs‘gm;‘ma&ég of ﬁ’fe ?Y%ﬁ'ﬁ@“&ﬁéngﬁ%&%‘ﬂgﬁ??\%%m
of the materi afhe Weabf nondinear, Osimﬁthﬁﬁdustmighbtdﬂ ioptical excitation prBeesses to
nodul ated |ight sufficient fo pronote a si{?rg"tan,eous two-phot.on_excitation
of the 15 remgtely pheto-atFatsiphereeTe moksylat dipghostig sgent gt ahieblsgrea he

particul ar vol 4epafil dofrol and improved'Béfth ot lpenétrAftn. ITIRSY SadlEculdY ﬁﬁ@htstﬂulf?ﬁue-
It is also preferred that the present 1nvention further I ncl udde

the stlbs of dearsaesearnnggents added dot the systemyymdexy avaminption,; pro they may be
particul ar typ&d&eﬁ&%ﬁggﬁhg Sfifle g,fozin“‘:]s,&%%ﬁe Qfﬂggﬂbﬂsﬁ% o Ytsh

which is arac Ic O € particul & vo 0 e nmaterial,
pl ant tissue ovarious pebralens dexivativ@s, while example endbgeniops mgenss (indfide meamaticat

the step of de l.atq th ectected s ' I, W L e

bar i cular yRDE R ABIR ST o FRSE iR s prrtopmed e P ekl

signal at. a frapprexinomteyitwicetthat obfcotrespondingi singlesphotopeatsbriunde | tandon, By

t hereb . detecting.the second. hatrnonic of the particular. type of

rodul o on. 1 tiopusingcs Tipph O ‘optiesl”Fadiatigto il 4. Specimn sydeh natHRiohs) e

energy signal digfiitic agedtahaf be lekéitddCatod 1ddatiow siibstAitiallj limited to the confocal
region of the focussed beam. The comfocal region, Z, is defined as the zone

extending a distance of 27+ w2 / A, where w, is the diameter of the minimum beam
waist and A is the wavelength of the optical radiation. In contrast, when linear
20 excitation methods are employed, excitation occurs substantially along the entire
optical path, making spatial localization of excitation considerably less defined. Thus,
use of the two-photon excitation process greatly increases the resolution of excitation
along the optical path. Further, since excitation is performed at long wavelengths
relative to corresponding linear excitation processes, scatter and absorption of the
25 excitation energy is greatly reduced. For thick, optically dense samples, such as
human tissue, this means that two-photon excitation is possible at depths considerably
greater than is possible using linear excitation methods. It is not necessary for the
light emitted from the diagnostic agent to be detected or imaged directly without
scatter, since spatial information concer;iing the origin of the emitted light is encoded
30 by and may be correlated to the excitation focus. By moving the location of this
focus relative to the specimen, a two- or three-dimensional image of the emitted light |
may be developed. Also, by modulating the excitation light and using an appropriate



25 volune of the material, plant tissue or animal tissue represents

a change in lifetine of at |east one photo-activated nol ecul ar
;. agent present in the particular volunme of the material, plant
' tissue or animal tissue. BRI EF DESCRI PTI ON OF THES%)RiA NGS: 30
 The above an¥OS¥HM features and advantages of the inventi OF TP 6Ecome
¢ further known fromthe follow ng detail ed description of preferred
enbodi ment s of the invention in_conjunction with the drawings in
whi ch: WO 98/ 18398 12 '

. PcT/ US97/ 19249

. . e 10 .
" FIGURE 1 showsdgRadnintion-mefhad on.the defectign apparafps, rejsgtion of seatisred exaation
- optical excitaffitind other interferences maydeQulfkedlySitipp6vedne rel ationshi ps
bet ween i ncident power distribution and . ., .excitation efficiency for
- single-photon and tHke presentinvertipn i intapded primanily for in vivo detactiomend imaging an
- exanpl e absor pg¢ &Qea%?%?ﬁrdiﬂg Qlarf¥pd s bf ASUEs, SAMELS Bfhcer in the hulgllwsreast.

~ultraviolet to near infrared spectral region; N GURE 4
"~ shows aSscat t eHomwgverp#ovill be: dlear anee the inventiovisdolhe diselgsad-that the methods and

ultraviolet to ' I Lo, e e
shows t he gene?&fea %trué?]gd{gﬂ{l @Sﬁﬁ‘%g‘ﬁa%d?@?’g‘fo‘f%" hg?l 5y t%ﬁdt%lra llc trlllges i@kﬁﬂﬁ?a&d
properties of appasatasican berappliedto tleofieldvaftaioephptdn laser Scangingawietasoopyh as
l'i ght; ' El 6 C are Jcally-induced excitation
eatons in tisEghtBE Pek g Al to Gchieve SubgBlG TmovemetnD: i RertiaFD .
nmet hods are usglhracteristics of such instrumehfsURE> e QlE fill [WiscRisuid, Qnetiewest dhie
i near excitation of a di'la nos&i f,aglent . in _s§l utiion; .

10 fundamental physics underlying linear and non-linear optical excitation will be useful.

Comparison of linear and non-linear excitation — energy level diagram formulation:

| FIGURE 1 shows typical molecular energy level diagrams for several linear

and non-linear optical excitation processes. In this representation, which consists of

15 simplified Jablonski diagranis, the vertical direction corresponds to a change in
energy, while the horizontal direction represents the sequence of events, progressing

from the left to right. Solid horizontal lines represent quantum mechanically allowed

molecular energy levels, while dashed horizontal lines represent disallowed, virtual

energy levels. Quantum mechanically allowed molecular energy levels are relatively

20 long lived and the probability of excitation of a molecule upon absorption of energy,
such as that provided by absorption of a photon of appropriate energy, is high.

Virtual energy levels may be reached through a variety of excitation processes, but

in contrast to allowed molecular transitions they have exceedingly short lifetimes (on

the order of 10™ s, as predicted by the Heisenberg uncertainty principle), making

25 them significant only under special excitation conditions. Straight arrows in Jablonski
diagrams represent radiative .energy transfer processes: upward arrows indicate
absorption of energy, while downward arrows represent radiative emission, such as
fluorescent or phosphorescent emission of a photon. Crooked arrows represent non-

radiative energy transfer processes, such as vibrational relaxation. The vertical

30 length of the straight or crooked arrows is ptoportional to energy absorbed or

| emitted in a given prdoess. |



15 FI GURE 8 shows typical properties of non-linear excitation
of a diagnostic agent in solution; FI GURE 9
shows a phot ograph of two-photon excited fluorescence of the dye

nol ecul e co rif 480 distributed evenly throughout a tIS
FI GURE 10 smlggﬁhot ograph of two-photon excited fl uorescence o&?he 20

dye nol ecul e counmarin 480 distributed evenly throughout a tunor specinen;
FI GURE 11 shows a diagram of a specific pg&ferred enbodi ment of the
subj ect invention for inaging endogenous exogenous di agnostic imaging

agents; ?GBJ‘?E sh a di | ternate.. .
preferred enbodi meher g fimpfa Mh%l ?‘&Pﬂ@‘gﬁﬁ’oﬁ“’# 5T P %t%‘gleﬁ%‘a“"“
endogenous or t@mgﬁaﬁw efiérgy level 2 emumgpmgabsgqmm of%photon 4 hawingrsafficient
nodul ation is used. t rove i

f
Fl GURE 13 shoﬁgewa? Pt B gridleBile Sh o dirsh AlBFA slectrnpis Amsist le

the subject ig ﬁﬁrlo%bﬁ%fl’ad’tx%ﬂiv @e:gaﬁvagopgmauaefafm me@btd‘dea%t&) tFa
DETAI LED DESCRI OF THE DRAW NGS: he i nvention

descriBed her equmm ﬂk@@dt nbcqmla@esay&vehﬁ brépea ilwéebfovmlll energy level
linear opti Ca'(m?%&bmhmege aé hﬂ?%%?d&f“N@&%&ﬁ}b&fh flafy %etmﬁmgr eOMRRked

control over activation of those agent In addiTi on
non-1 i near opelectionicxenersyt lﬂﬁls ke which excitation may oconn) @B} thag sigese are typically
PCT/ US97/ 1924

shown to have%Fﬁ?tfﬁésP %ﬁjvanf%glégs g?,lel’nl' ﬁ%er%g’fcreas et vaet ?%lﬁencflamre S,Cm]dmﬂes

di agnostic and singlet electronict éxetgyalpwel thaticonfortisng thedPadli exclodion qirinaipbs, al
o SRR 2RI oo e my AP RIS
i nterference oppsiRteGnRtdnotheAN Oneiri@titiiglep esited siesOl0 My alsb bg possibiet he
for some molecular systems, with the example here denoted as T,. Triplet states
differ from singlet states in that the spins of all electrons are paired except for two.
Each allowed electronic energy level (singlet or triplet) may be further subdivided
15 into an ensemble of discrete vibratioﬁa_l levels 12; each of these discrete vibrational
levels 12 may in turn be further subdivided into an ensemble of discrete rotational
energy levels. Hence, each allowed electronic energy level, S,, S,, T,, and so on,
constitutes a complex band of allowed energy levels due to the large number of
possible vibrational and rotational states possible. Upon absorption of energy from
20 a photon 4 the molecule is promoted to a particular unique electronic and vibrational
level 14, sometimes referred to as a vibronic level. From this excited state the
molecule can then undergo rapid internal conversion 16, for example to the lowest
allowed excited vibronic energy level 18 in the second allowed electronic energy level
8. This internal conversion 16 is typlcally very fast, occ}imng on a time scale on the
25 order of 10 to 10% sec. Finally, the excited molecule can undergo further
relaxation, such as through collisional-deactivation 20, .'t':o return to the initial, first
energy level 6. Alternative relaxatnon Jprocesses mclude fluorescent emission of a
photon 21, which occurs directly ﬂ'om S to S,, and phosphorescence, which occur
following intersystem crossing 22 from a singlet state t6. a triplet state 10. Note that
30 singlet to singlet electronic tranmtlons such as those. shown for S, — §,, constitute
quantum mechanically allowed transmons according to the Pauli exclusion principle.
In contrast, transitions from a singlet to a triplet state 10, such as S, — T,, are



S envi ronment surroundi ng the excited agent The
fundanental significance of the invention taught in this disclosure lies in
t he use of non-linear, simultaneous two-photon optical excitation processes

to Iy phot o-acti vate one or nore nol ecul ar
agent with a N gﬁ&éggree of spatial control and |"$p"?g depth

of penetration. These nol ecul ar agents may 10 ‘be exogenous agents
added to the system under exam nation, or they nay be endogenous
conponents of the system Exanple exogenous®di agnostic agents include

vari ous psor al en deri vat | ve exa| enous agents include
aromatic Gty Soshidach, Bk e, efeqon wrips i po TR, BTG | <

~ perforned at aHmeére e kprobablh of inteRil RshveRich )fis tgﬂ:ﬁer %haf zefo for some
correspondi ng Si ngl e- phot'on absor bance bands. By focussi ng a beam

of optical radmelecslarisystemy asFeemypqanenae of t@(ﬁ?‘h@ﬂy Iomg lifeigme of the S, state

di agnhosti c age osﬁxgga t he
comgocal J 8‘l;mﬁﬁ‘lé(rlte}gl‘gﬁ %?ﬁ%# ocus egﬁtge%gﬁ#%%?gh&% %Ste rg]e ?%ﬁglﬁd
. Z[err],Sis def frnndﬂmﬁr)tphé st’dqé(l back to a smglegmmmuglg as Tyl Sorcan @bmzfnarthq

/ he, di b
: &V[/a?;'[]and[ta(ra;]r I'S th vvavel en%t gz?sf[ éﬁgl Cal {alhg;@ aeagg% ras%A,'

when |inear 20Phosphoreseiceas |genenaﬂy hhdmmmébplwmmvegxmgahdﬁnvadrﬁeﬁme

substantially al on he .ent i at k| n atial
Cooal foet on” oforBREeds ffesker dup tn e disdBwsdmanBs of the Eroces. A txatuple, .
of the two- phobpginglecplichén @Rcifiion o Sar) AReWed) ehdify BABE2 frsfjﬁm&reﬁsﬁ \OF itRE d9é
excitation al ong the optical path._ Further, since excitation is

perforAfld at | m%e%sv%g%@m a ground electioniq sfate; {9 an exeitadoplartiopie istate
excitation proagsg ,thé%sélghoﬁrwt absﬁgwtﬂh%m 5208 5m, follow%ﬂcbi aﬁﬂea{m

energy is greatly Teduced or thick, optically dense saml e such
~ human’ ti ssue, pm@mmnmwsrmnpﬂmrsweekmaw oha: pbotsa%asﬂ%ﬂam cleﬁklhs
- consi derably
nmethods. It is nc??plﬁeﬂé% sary E&%ﬂaﬁ&ﬂ%hﬁ}?ﬁ%ﬁt erﬁ?‘tﬁl'gécf oér:n d&@

di agnosti c agenptitad ristiatiiot, ﬂntsemmphotmgenmdﬁmmdqalhwe&em%yleveler referred
scattens Si ncetdsgg%ilﬁleml &I{%ﬂgﬁ hp goncer ning the origin of the emtted

i ght 'S encoded may be correlated to the excitation focus.
By noving the | ocatFon thé s&:b:brﬁi Jablonski dragrhmsbaw:elrthKHJRE ﬂhesmghephotam a
two- or three-dinensional of .th mtted |i

devel oped. Al sSXCTBYIOM A AvEiSHH oeTra 1eVRL 28 Resish upon, fsorptipn, i ghott 28 hiving

appropriate  insufficient energy to directly promote the molecule to a higher allowed electronic

energy level 8. Instead, the molecule is promoted to avery short lived virtual energy
20 level 30. This vxrtual energy level 30 will typically have a lifetime on the order of 10
5 sec. Virtually instantaneous re-emission 32 of the ‘absorbed photon 28 from this
virtual level 30 wrll typically occur via processes such as celastic scatter. An important
example of this process is Rayleigh scatter at 800 nm from coumarin upon excitation
with: light at 800 am. Another example is Raman scatter, which occurs when the
25 molecule returns to the various vibrational levels assocrated with the ground state.
tion is also linearly related to the
power of the incident optical radiation, thus srngle-photon excitation to a virtual

energy level 26 is also referred to as a linear excrtanon process.
For the final Jablonski diagram shown in FIGURE 1, simultaneous two-photon
30 excitation to an allowed energy level 34 occurs upon simultaneous absorption of a
first of two photons 36 and a second of two photons'38. In this case the combined
energy of the first of two photons 36 and the second of two photons 38 is sufficient
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dermodul ation method on the detection apparatus, rejection of scattered
- excitation . light and other interferences may be rkegj‘i
. i nmproved. WO 98715398 The present invention is intende 'BP? %‘?y for
I in vivo detection and i magi ng of di sease and ot her

‘ characteristics of tissues, such as cancer in the human breast. 5
- However, it will be clear once the inventidf is fully disclosed that the

met hods and appar atus taught have nunerous additional
- applications, ipd®remgte theauplegule from 2 first allowed energy deyed 6408 second Allowed

- applied to the eBb&g‘ie&i V@EM E@ﬁﬂua‘i%ﬁ@féﬁé}%frﬂeﬁﬁ&sﬁﬁ%t d’ﬁwo photons

. taught by Denk tantive 1 nmprovenents I n
- performance 36 nor the secomd efdworphotang 38 wsxﬁﬁm@tmdmcﬂymmmotelﬁlmgnm others

- full disclosur f 0. |
| i near and non%?lloﬁegfeuﬁgfl% 5%2% ?%%adwtﬁﬁ[’]%e usﬂ# Eﬂé’é&%ﬁ%}g&&éﬁ e
- Conpari son of |molearle tonalverpshdnt lieedwﬂxm]_ énergydevel 30N Thipyis thevsamedtingl @mxergy
formul ati on:

. FI GU , S t VDI |
level diagrans 1§ 23thgtshopmip %aﬁewn%a}’l&hﬁvg%é%}lgﬁf?rgﬁﬁgﬁiﬁar gner Sour

. excitation progrmsaf vxirtﬂaltdinbﬁgyrlem 80,ah¢ 8dcofd of Whi plioteay 38 mixﬁediite%romotes

S|an|f|ed Jablonskl a tjcal direction esponds tq

change in the mol e@#eﬁ%ga/se%ﬁs Pﬁ"‘l" elegironip gnengy igve bg-t. ﬁfF%‘b‘r’é%ﬁ%m{lhe
sequence of evepitise ER%8 R4 achieved usin hﬂéa??ihél@%)ﬂo&fﬂ excilatiddflan abdwed
horizontal |ines repfesent quantum mechanl ca

mol ecul ¥ ener @yerw\l@reu \Mntqa thag ghe, Hrst nt)twczphnténs 36 mthe@pwslermtwo photons

di sal | d, I d
ToF ecul ar ener o s of equal or yiRGER el ik, b ARLAUEBEE BRlAGRI Yor WS
probability of ofth¢ incidenh enﬁtaaonﬁght:nﬂuet b ralativielyohigh ito melﬁ sigmificant efficiency
pian. o PR RaRadY oA TAP afond o a7 BeacRB e il Sa B0 05
- excitation pr ﬁamﬂegsas Paléxation 32 back to ithe loﬂgiﬁal&t;t sllowald elearbnioesagy kevel 6.

ot t t t N

o¥ ""28'[45‘)]”53 34 P50 il SE it ST bt o retep k1O e g

them g m&fMOmeWﬁEﬂngﬁ€? highepedk! powers frenebnimoily. used to
grams represent lativ

Stralght arro bl on
- ener gy I:NL alnsf gj ?’Eﬂay amﬁ‘?ﬁﬁéﬁ’&"‘&?*?v@c ?6’8%&@"" oftenprefera%fleaﬁgg%a,r NHE of
ener gy, ile I v

#Omgsphoy%’les e 1arge n%msépﬁh A/ il i@ motdalt dring the

fluorescent or p em ssi on of hot on. Crooked arrows
represent non- brieflifetime ofthadmmal\p@emdwﬂwf Smee dhe molgruleshas begn promated

\C"r ggﬁé' a?lr O\r,\g't?;iﬁé 5&Hdnd aﬁﬂﬁeil’ Slidctofc éixQ:r Jevel é Sln&tnhthgﬁ nfi€rgd rapia%ite il
proportironal to energ

conversion 16, followed by further relaxatlon, such as through collisional deactivation

20, fluorescent emission of a photo‘h 21, or intersys’tg;h-crossing 22 to a triplet state
10. In the last case, transition from the triplet: statelO back to the singlet ground |

state 6, can occur via phosphorescent emission of 'alt'::"{_.;'__)hoton 24. 1t is notable that

25 simultaneous two-photon excitation shares features of both single-photon excitation

to an allowed energy level 2 and single-photon excit'aﬁon to a virtual energy level 26,

specifically in that a virtual energy: level 30 plays a _key role in the promotion of the

molecule from the ground state to the excited state" and that once promoted to an

excited energy level the molecule can undergo ph__ chemical and photo-physical
30 processes that are identical to those resultmg 'from_smgle-photon excitation to an
allowed energy level 2. An example of the snnultaneous two-photon excitation

process is the promotion of the dye molecule coumarin from a ground electronic state
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For the first Jabl onski diagramshown in FIGURE 1, single-photon excitation
to an al |l owed ener | evel 2 occurs upon absorption of a phaton 4 having
suf fi ci ent WO 5/133987 energy to directly pronote the nol ecu?gwﬁ)"ﬁ%? 4%“ r st
al l oned el ectronic energy |evel 6 (generally the | owest

el ectronic energy level, or ground state, denoted as S[err]) to a 5

second al |l owed el ectronic energy |evel ing a higher overall energy

8
| evel (represented here as the Slerr] -state). Note that there
may be multipl% 2§ elﬁ?‘gﬁgPstatﬂhmgaﬂﬁeM B é%@ﬂgwﬁé%l’ otops 8 ch

excitation maygepcsh followed b BmissiciS6f A HAofe¥sdnt Phbion at 480 nm. DuéeiROhEvell
Slerr], S[err], and sg on aS their energy incréeases, The nanencl ature

S[err] indi catlpwn quadratic depgndgnge p instqndanecyrphotendrdiancey dmultapeous dfeor ns
to the Paul i e%ﬁ't&? g?d?tagﬁh 53R filowbd frergy 1e¥41 3055 Bisb Yefetid o & a Rbh-linear
alrea an ed e

el ectrons are these pair ctron spins are
opposi t® t o onexciativth@rocene Thensignificantpdifferemces betivesnalimear 1andrmpndinear be

possi bl e oerJ Or sone ml.ec r. syste wth the exanple here
denoted as T, .exﬂt?tqu%?rog? e 1dent1"’tjie%mstxafxra§5éﬁ; PBm si ngl et states in that

the spins of all elNstetigatsn additionto the examnpiptenépy lévebdiagrams shown in FEGURE
al | oned el ectrponic ener lL.evel (,.singlet or triplet) . my be further .
SUbdi vi ded” 15 1 many SR Possie anip on <atm el cqnalicRs ear apesibls, Spending
each of these gionCin@hérous HictbisOhiluding the charactbEdtRE of e MHoletnlaf bystbnk)Cits
further subdivided into an ensenbl e of discrete rotatignal

ener gyld evel s. envEREment A the) particnlar epsrgisiof thnAbggroed ARd, relpased formy ef | |
Tlerr], and sCefigy, along with their %ﬁ?}%ﬂéﬂdﬁﬁa&l%ﬁﬁ@iaﬁ&n&?w mBleIe8ds gé@f gy

| evel s due to the Targe -nunber o . )0ssSi bl e vi brational an
rotational staPtemolesLty a7 excitesh state iaswrigty of physical s chgmicabpaopesses may occug,
photon 4 the | 8. 1.8 .10 ' '

Uibrati onal . efatlyTubfaelli B ichbth BRUSH MMM SR SEh RN e
From thi s exciisexiesizatios ¢hexidation, or photosiosizatien.c almpdrtantly dieough, itjis the

I nter nfg Conveﬁxﬁhgﬁeﬂtﬁl plfo%rert?e)é%ﬁg e:ttc(ftea Ig?atel gnvﬁﬁg environment that determine the

ultimate fate of the molecule. Once excited, the mechanism responsible for

promoting the molecule to the excited state has no significant impact on this fate
since the excitation process itself does not directly impact the subsequent properties
of the excited molecule or its environment. Hence, a molecular diagnostic agent that
20 works well under single-photon excitation conditions may be expected to exhibit

similar behavior under two-photon excitation conditions.

Comparison of linear and non-linear excitation — power dependence and spatial
effects:

25 When light interacts with a molecular systém, it induces a polarization that is
proportional to the linear susceptibility multiplied b}f::the magnitude of the applied
electric field. When this electric field is very intén%se, the system cannot be described
as easily, and higher order interaction terms musf= bemcluded in the description of
the induced polarization. Simultaneous two-pho@ofn e;f;‘_éit’ation is referred to as a non-

30 linear process because it occurs when the electromagnetlc fields from two photons
combine via these higher order terms, speciﬁcally' the imaginaly portion of the third-
order susceptibility, ¥®, to induce an electronic transition. This is another way of



al l oned excited vibronic energy level 18 in the second all owed el ectronic
ehergy | evel 8. This internal conversion 16 is typically very
fast, occurring on a tinme scale on the 25 order of 10[err] to
10[err][ sec, Finally, the excited nolecule can undergo further

rel axation, WOME¥8through col lisional deactivation 20, to PCTUSHAOHY, ¢ he
initial, first : energy level 6. Alternative rel axation processes
. include fluorescent emnm ssion of a photon 21, which occurs
~directly fromsS[err] to S[err], and phosphd/escence, ~whi ch occur

. follow ng |ntersystem ossing 22 froma singlet state to a triplet st
10. Note that 9escribing &51@ rieapty of SgrltangpusctophQtoR PRJPPP’&nEm

- those shown f opoRl&ifdy] steﬁ[ﬁ%hung%nﬁé& § to the intense e]%ﬁ‘%ﬂéﬂe@i’%cﬁm' qal ly

- al | oned tranS|t|ons ac ord| ng to the Pauli“exclusion:princip
In contrast, tremast smglerphotom excifgfian precessesr webesd@mchb b}'sdbﬂ lingar

Slerr] - T[err
BCT/ US97/ 192 49Lusc§ﬁtﬂnhty and are linear mt\{\gx&au]&%en N_qte that the cross-sectmf 4for

. quant unsmechansinniltagedws: twodpleotos iexcitatidneis tiypicallyoabaypione hvmdred theusand:fold

' paired. el he abj f.internal conver i

| greater than z&Pglerd a’éﬁféﬁ”“e ki%ale érﬁﬂ’%%t?ﬁ ’r" %Fé’“%f%i‘h’?e’a@ﬁé% of

th te rel at i vel y theOlfw bi’cﬂftibﬂﬂiitlﬁt ttwtb fhﬁt@{s[]\}lﬂlsilﬁhk?neously Txnteractt@ﬁtmarmdeémt he

- intersystemcrqssin e.con or st ens ransiti

~fromthe tripl 888§ 3%‘%613’38“‘350‘#_ 8’“§‘F‘H§f¥§fl"'§t iftual engemy Jevely e%‘?"e"erS[tE?r]
can occur via h{?ﬁlabilit% of opucdlaéibﬁéﬁdﬁesdb‘fré&%%ﬁalh@%r@ﬁdﬁ@%iﬂ@ﬁfe&sﬁﬁﬁtpeak

em ssion of a photon 24 Phosphor eScence i s generall

charactlfiri zed Bgwers; sichrasypede-logkesd lagersqean substantiallyameliorate the mp@mirﬂ@a to
of 51 nal o- phot A SiReiqicy P BitreRl InfiFatliind indulia BBER G diordby Weindically
the dye 10 increasingdbe eHiciengyraf slnmﬂiianmla tgp@intpneaxemmmu Forsxample, when
orCl 10,1 0oL Shg &nbfos, oy, RO R S8 ) s8] Bl o
subsequent flu panmomm(ﬂemﬂaa‘l s;ustemfmay—hﬂmf smallk thin th@Dachisved withisimgle-photon
exampl gthe probapl)!tyof exGh Balj0n L3 ol L¥pduiledl Eirkdd &NVRe ANEGe 8
train of very short pulses, the shift in product of the peak and average powers can
change this ratio such that it is close to unity. :
The non-linear nature of simultaneous two-photon excitation can be exploited
to achieve an important difference in the spatial excitation properties of simultaneous
20 two-photon excitation compared to linear excitation. For example, FIGURE 2 shows
that the single-photon excitation efficiency profile 40 and the simultaneous two-
photon excitation efficiency profile 42 differ dramatiéhlly as a function of the beam
intensity profile 44 when a laser beam 46 is focused 48 into a material 50. This
material S0 might be a laser dye solution held betw en the walls of a cuvette 52.

25 Another example of this material 50 might be ]mmén tissue underneath skin.

Focussing 48 of the laser beam 46 w1th a lens 54 produces a beam intensity profile

44 that varies as a function of distance through the sample 50, reaching a maximum

level at the center of the focus 56 as predlcted by classncal Gaussian optical theory.

For a single-photon process, the lmear rclanonshlp:f. between beam intensity (or

30 incident power) and excitation efficiency results it
 efficiency profile 40 that linearly follows the beam intensity profile 44. In contrast,

for the simultaneous two-photon process, the non;liﬁéar relationship between beam

a single-photon excitation



optical radiation, thus single-photon excitation to an all owed energy |evel
2 is referred 15 to as: a linear excitation process.
For the second Jabl onski diagram shown in FI GURE 1, single-photon

excitation t*v\(r)ogs/ié%srst ual energy |level 26 occurs upon absor p%ﬁ@ﬁ%&wﬁgphoton

28 havi ng I nsufficient energy to directly prono ecul e
to a higher allowed el ectronic energy level 8. Instead, the

nol ecule is pronmoted to avery short lived yirtual energy 20 | evel 30.
This virtual energy level 30 will typically have a lifetine on the order of

Shoton 28 11 odpteRfE (oF indiadht phwor) Andlaxeita ethgien) IR Ip AR IRaYS Ny

processes suclphfortertitation effticney Br PRt tfolldws the square of th& beRhanRhsityhi S
process is Rayleigh scatter at 800 nm from counmrin upon excitation

with light at moblef HemsenfcussiagAf deilascrhnem 46can berused fo swbstrntials limiten
the 25 hat ed

W th the groursl SrapEof Gkt o bl Jehi DS, ot Qisdicabliflon, Wheh BnRibicsd

probabidity oftwemlmt@n exsitation igl exeplpyade din| opntrastawhen lineartexcitation is employgder

of the incide d I o] at

©virtual "Bxcithl nzdrcc‘hgl %@é@gg& 2_,“ ?ﬂi otﬂ?e Q-Q éﬁ{; cafxéétfx lhe(ﬂﬂn p%tlal

. -excitation prdoealization of excitation consideralilp less ﬂeﬁﬂethal Jabl onskl d| agram shown

in FIGURE 1, sinmultaneous two-photon 30 excitation to an all owed
energy | evel 34 occurs upon simnultaneous absorption of a first
of two phot 0nscﬁpﬁﬁyénaoﬁﬁewm)ﬁoﬁ-ﬁﬁeﬁ%n%abd_ggpﬁéﬂ and sattetin® effeitll ned
energy of the Tirs WO phot ons € Secon phot ons is
sufficl®nt While the \qrosssseqtigpdor simultaneous two-photon excitation may be

PCT/ US97/ 1924 .
to pronote th(gacoﬁo 8138} IW%rmt%anf |ﬂrlgtt ogﬁ owe energ%} Plé(\)/tgfl 8 tt(;mgn’sélg%n
al | oned simultaneogs gyﬁpbot;m excitation exdyl he faviovabledo \smgdmph@nn regigationf

neither the fir a5
photons 38 is su%efl o g@?m?a&t‘as reetiy Ofp}%ﬁ{){"gﬁ&%""a’r Ly oﬁ%n%ﬂo Jcabrtfing of
al | oned el ect rlonger wavalengthi aptical radiatiod, Fohexdmple; FiGFURED3 showsoas absorption

prormot fs the spectrum 58 for animal tissue, such as human dermis or liver, covering the ultraviolet
(UV) to near infrared (NIR) spectral region. FIGURE 4 shows a scattering
spectrum 66 for amimal tissue, such as human dermis or liver, under similar
conditions. Specifically, FIGURE 3 demonstrates how higher-energy photons 60,
such as those used for linear excitation of diagnostic agents, may experience
20 _considerably greater tissue absorption than lower-energy photons 62, such as those
used for non-linear excitation of diagnostic agents. For instance, human skin strongly
absorbs higher-energy photons 60 at 400 nm, but is relatively transparent to lower-
energy photons 62 at 800 nm. This isa consequence of the relatively high naturat
absorbance of higher-energy photons 60, having ultraviolet or visible wavelengths, by
25 pigments, proteins, and genetic materials, among other natural components, of skin.
Note also the relationship between excitation energies and the emission wavelength
64 of the diagnostic agent. Regardless of whether higher-energy photons 60 or lower-
energy photons 62 are used to excite_’_t_he agent, the emission wavelength 64 will occur
at an energy that is determined by the agent, not thef_'-e:':citaﬁon method applied to
30 the agent. FIGURE 4 further demonstrates how higher-energy photons 68 may
experience considerably greater tissue scatter than lower-energy photons 70. Any
optically dense medmm, such as human skin, will strongly scatter higher-energy



5 nol ecule to a very short lived virtual energy level 30. This is the
sane virtual energy | evel as that shown in the second Jabl onsk
dlagran1 Bef ore re-em ssion 32 can occur fromthe virtual energy
| evel d of two photons 38 inmmedi ately pronote : t he
nDIecuIe togﬁogg@g d al l owed el ectronic energy |evel 8. Thgc?%§ﬁW?m?s
excitation that is equivalent to that achi eved using |inear

si ngl e-photon excitation to an all owed 10 energy level 2. Note that

. the first of two photons 36 and the secon&gof tmo phot ons 38 may

'~ be of | | . th
Werr] M pnblbad IR ot SR on e Sioter Fare Rt Btcxitele AENERE B g

tO yl el d si gnlefdhbimhuﬂf fdvedrasatter for lower-energﬁpﬁbﬁﬁf [FOi ANIK o Hafrafdo(IR) of
wo phot ons 38 bef or e virtual qrblergy | eve under.goes

reI axation 32vgxelen s’t & exampieat 540 pgy lﬁpﬁeoﬁbéﬁaﬁlsm%ﬂ@réﬁ | 6.
15 In fa GIMW?;WﬁlaIt'tﬁ@térﬁ&lﬁ w‘a@ﬁeﬂ t'}i’.abf %@Hﬁ?ﬂbﬁ(&eﬁ ea® Wit On

t he order of 10[err] sec, pul sed ex0|tat|on sou |ng very
hi gh p&ak powéypi efaudnmmwth;s@d the hlgher-energy photans i0cand heslawerieacrgy

t hese processg, téﬁ'y sources are often preferable since they are
: capabl e of pr I'ng 1arge nunbers of photons to the excited nol ecul e
during the Thesetxhtfetenbcsfmtqplmakpropémewhm%rammwneceﬁseq&nc&zce

the mlecul o ki, NER RERTPUES: Srotensy 015G N o B

16, foll owed by uhdesirable ns‘duaminzrga Iucontrast, mbglﬁgiblh effebisl maprbelexpenenced
deactiyati on lflhuorescent em ss (ilf g(ig'%g Qk}glt

i nter s]éstem cmgdes H@‘W%W’é Qwerenersy; phatons 2, suc as ight, ¢veR wheathe g
transition frQptitdlSdwerIfthe NIR! BghtGs Baml-rb1d ﬁlﬁlﬁbr&hﬁ!ﬂhﬂﬁ dirtﬁé“UIV L ws1b1e

state 6, can occur via phosphor escent. em ssi on ' hot on

notabl e that 2%diation. Secand.t heciherently lpﬂbtabﬁpreteen taasiu %ﬁttemaf éggheé&pms of
bot h si ngl e- phabihs 8% b tidduk 2n resnltmverg shdlfy +Mu§ﬂﬁ&§%s,lvﬂﬁﬁllogeﬁnd

si ngl e-photon“excitation to a virtual energy eve

speci fical |y ienexgygphotony ﬂﬂeamraﬂhbawnummntewemmnaﬁw rSinee scattened
pr omotgison of _ oot n%xtg ed
stat e, and thglgﬁgﬁglele hotong‘H ﬁdﬁ&@%ﬁé@ﬁn%x |te%f°gé1§rg&t% eve hﬁ
nmol ecul e can amgmtlpﬂnglntmgmgyeﬁhom 6pHtbatonpiagei to gienSiPate tissue Wﬂbtﬁadstes

that are identical to,. oseresultln m si nal e-Phot citati.on .t
T owad enor oPridbiss s i SisSRk phde hat ERAAGK FHtbGAATA GhE ekdliaon da
excitation  but because afﬂaaﬁﬁdrwctdepeﬁmbnmwmphotdneexdixmom Iuesdihﬁomwnarl n

froma ground lgvlrtg'géx{eggnyl pcho%ons 692 will produce a more sharply ¢ deﬁned excitation pattern that

20 is not significantly blurred by the presence of scattered lower-energy photons 62.
Hence, illumination and subsequent detection of sube\j?'f'ace features is difficult or
impossible when using higher-energy photons 68, such: as those in the UV or visible
spectral regions; in contrast, illumination and subsequent detection of subsurface
features is much easier when using lower-energy photons 70, such as those in the NIR

25 or IR spectral reg;ons Note also that the emitted hght from the diagnostic agent
may be highly absorbed and scattered by the tissue or other optically dense medium

under examination. However, for satisfactory detecno of the emitted light, it is only
necessary that a small fraction of t]ns light make: its way to a detector. The large
 that sophisticated methods

extent to which this emitted light may be scattered i nnp
30 are needed to dlﬁerentlate emitted hght produced by :
light and other optlcal or instrumental noise sources. Thls latter consideration is the

excited agent from scattered

topic of a subseqnent section.
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to an excited electronic state through the sinultaneous absorption of two
- phot ons at 800 nm followed by em ssion of a fluyor hot on
-~ at 480 nm DM W3Mhe wel | known quadratic depe*%gﬁ%m"’p
' instantaneous photon irradiance, sinultaneous two- phot on
" excitation to an allowed energy level 50 is also referred to as a
: non-linear 5 excitation process. e significant differences

~ between |inear and_gon-linear ., . excitatio rocesse e .
identified in the rd%te ¥Bpqriap differences in .agsmPﬁ‘m apg pEnsFation, drph aFeReaties o
the exanpl e erngf QighleféRérefiand lowWer-EA licht Mle@Wdwn schematically ih FIGOREPS.her
possi bl e transitions and.pnenay | evel “condi tions are possible, depending
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| mpact the SuNaRAURA!CFRERREI Uaage is high for exdfatioh itk OVIdisiBll WM 7, Ghck S
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20 Furthermore, the salient properties of non-linear excitation shown in FIGURE
2 have additional implications when coupled with the inherent non-damaging nature
and high penetration depths possible with the use of NIR light. For example,
FIGURE 6 compares the penetration depth and spatial localization characteristics
expected for single-photon excitation 86 and simultaneous two-photon NIR excitation
25 88 of imaging agents present in a subcutaneous tumor'90. Single-photon excitation
86 produces an excitation zone 92 that extends substantially along the entire optical
path and has no significant specificity. Note that the efficiency of single-photon
excitation 86 will vary along the optical path due to absorption and scatter, being
highest 94 near the point of introduction of optical radiation and dropping off rapidly
30 96 along the optical path. Note also that the potential for induction of collateral
photodamage will follow this same trend. Hence, single-photon excitation produces
an extended excitation zone 92 that cannot be effecﬁvely limited to a finite volume,
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For exanpl e, Ehe si e- photon”exci tation
efficiency profile 40 and the sinultaneous two-

15 Examples of linear and non-linear excitation of typical diagnostic imaging agents:

Linear excitation of a diagnostic agent in solution is shown in FIGURE 7. In
this example, laser radiation at 442 nm was used to excite a dilute solution of the dye
molecule FITC in methanol. The laser beam emitted from a continuous wave
helium-cadmium laser was focused through a 20x microscope objective into a cuvette

20 containing the dye solution, and stimulates a diffuse, elongated emission pattern in
the dye. This example clearly shows that emission occurs along the entire optical
path, and that a diffuose halo attributable to stimulation of the dye by scattered laser
light surrounds the primary excitation path. In contrast, FIGURE 8 demonstrates
highly localized, remote photo-activation of a diaglt@sﬁc agent using simultaneous

25 two-photon excitation. In this example, laser radiatib;i ‘at 730 nm was used to excite
a dilute solution of the dye molecule coumarin 48051 methanol. Specifically, the
NIR output of a2 mode-locked titahium:sapphire laser, which emitted a continuous
train of 730 nm wavelength, <200 fs pulses of light at 2 78 MHz pulse repetition
frequency in a beam approximately 1 mm in diametef,' was focused through the same

30 20x microscope objective into a cuvette contalmng the dye solution. FIGURE 8
clearly shows that fluorescence response from the dye molecule is limited to the focus
of the NIR beam. Because of the quadratic relatlonshlp between two-photon



photon excitation efficiency profile 42 differ dramatically as a function
of the beam intensity profile 44 when a | aser beam 46 is focused
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using a 100 mm focal length, 50 mm diameter biconvex singlet glass lens. The gelatin
15 block was then positioned such-that the focus of this 100-mm £l. lens fell at a
position 40 mm into the block. FIGURE 9 clearly shows that fluorescence response
from the coumarin 480 is only stimulated at the focus of the NIR beam. Because of

the quadratic relationship between two-photon excitation and instantaneous laser
power, stimulation at positions along the excitation path prior to and following the

20 focus is negligible. Hence, little or no excitation or collateral photo-activation of
damage can occur outside the focus region. Also, because the NIR excitation light
is only weakly scattered by the gelatin, sharp focus is maintained at deep penetration
depths into the block. Note that the sharpness of the focus is determined by
Gaussian optical properties; hence, the length of the confocal region is easily

25 adjusted by changing the optical parameters used for beam expansion and subsequent
re-focusing.

Similar results are obtained if an equivalent excitation process is applied to a
labeled tumor specimen, as shown in FIGURE 10. This shows a photograph of two-
photon excited fluorescence of the dye molecule coumarin 480 distributed evenly

30 throughout a block of mouse carcinoma tissue. Asin FIGUREY, a tightly localized
site of activation is demonstrated, even for this sample having an extremely high
optical density.



si mul t aneous two- photon excitation may be favorable to single-photon
excitation under many conditions because of |[ower matrix
absorption and optical scattering of | onger wavel ength opti cal
radi ation. FQr FI GURE 3 shows an absorption 15 um 58
for ani mal \nggﬁés%"guch as human derms or liver, covering Pt%@%?ﬁﬁé?w ol et
(W) to near infrared (NIR) spectral region. FIGURE 4 shows a scattering
spectrum 66 for animal tissue, such as hu derm s or liver, under simlar
conditions. Specifically, FIGJRE 3 denonstfates how hi gher-energy photons

60, such as those used for |inear excitation of diagnostic
agents, may experience 20 consi derably greater tissue absorption

than | ower - eneEgitafibn soi@edHfor thdGholsh éxtftéion of diagnostic iaREing Qgeﬂth l'i near
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ene t.ons_.6
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to 30 the ,a t. FIGQURE 4 fur her denpnsirates, how hj er
bhotond0eg aymode Touked StRGPBHES ks oI jotPiig MOl GRsorts
than | ower - enesgpntPh0bptidally Bend¥ ¥pecimens, such a@ﬁiold‘g?éa'l mﬁﬁasespsamcﬂm st h
as human skin, wll strongly. scatter higher-energy
98/ 18398 lasers are capable of delivering NIR peak powers in excess of 10 kW, but in the form
photons 68 at ?/l s%lln repe torna{/al%Fet wa% élrllsg;trﬁgem%oélrme?a ae gt 00 nm

nmp
but will  pulse dmﬁpb), ﬂomnwy (el nf pex pdse)fpnises;o pertitionmgpf aversge daser7 O
at NI Rggr inf rﬁ&?& (o'npﬂze order of 10 mW to 2 W) into a high-frequency train of ultra-short

pulses yields an excitation beam that is extremely efficient for stimulating two-photon
excited fluorescence but is essentially harmless to biological materials. The quasi-
continuous output of mode-locked or other high-repetition rate lasers is also highly
compatible with various modulation methods, especially when the modulation is
20 performed at frequencies considerably below the pulse repetition frequency of the
laser, since the pulsed nature of the source can be ignored in the subsequent
demodulation process.
The speciﬁc example of the mode-locked titanium:sapphire laser is
continuously tunable over a wavelei;gth band extending from approximately 690 nm
25 to 1080 nm, whicﬁ- corresponds well to a region of minimal scatter and absorption for
biological specimens. Two-photon____?bsorpﬁon in this band also corresponds to an
important single-photon absorpﬁdé- region, from 345 nm to 540 nm, for many
possible diagnostic imaging ageni's; '-:'j'\:while two-photoﬁ selection rules are sometimes
quite different from correspondmg smgle-photon selection rules, strong absorption
30 for the single-photon process can be indicative of sagmﬁcant two-photon absorption
at wavelengths approximately twice that of the smgle-photon wavelength.
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20 be used, but with considerably lower efficiency than that achieved using pulsed lasers.

Detection of two-photon excited emission from diagnostic imaging agents:

Spatial information concerning the origin of the emitted light from a two-

photon excited diagnostic imaging agent is encoded by and may be correlated to the

25 excitation focus. This is in stark contrast with single-photon excited imaging methods,
including those based on photon migration, where the diagnostic imaging signal must

be carefully deconvolved from emiséion light generated along the entire excitation

path and from emission producedf’ﬁy scattered excitation light. Hence, it is not

necessary for the light emitted from the two-photon excited diagnostic agent to be

30 detected or imaged directly withor_x-t' scatter. In fact, it is only necessary that a
fraction of this emitted light be collected and detected in such a way that the
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opticap radiati on Hngh #ha&iePis"e B gedicRied! by moving or scanning the location of the
excitation focus relative to the specimen, the foregoing analysis implies that the

excitation point should not be moved more frequently than once every 10 ns. In fact,
practical limitations on scanning processes and mechanisms, combined with signal-to-
noise arguments concerning minimum dwell times and the additional possible use of
25 modulation methods, mandate that scanning be performed using dwell times in excess
of 1 us. Thus, for intensity based imaging with dwell times in excess of 1 us and
possible modulation frequencies of 1 MHz or less, it makes little difference where the
detector is located as long as it is situated such that it can collect a significant portion
of the ballistic and scattered emitted light (the choice of location of detector relative
30 to the emission point of origin, and hence the length of time introduced due to
optical delay, has little or no effect on the ability to correlate the detected signal with

its origin because of the short transit time relative to other measurement parameters).
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feasible using W or visible vvavel engt hs | es” of |inear

and ndf- | i neadssemblies thynarer indjyidually ap'agmétﬁoe coffaetiong o&g@nttsd light from

Li near excita | t SEMIQE,

I n rd% |gﬂe<(azx(§lﬁgwgﬂﬁot§%e e‘?g%?at]: @nﬁ’%ﬁﬁg4§'grgﬁfev%§ﬂ \ﬁgséécfﬂ to excite a

di | ut e sol uti dar fzémtthe spgoimen such that parallielosses af¢ Tdnimalnet hanol . The | aser

beamem tted from o] Sy d e

focused through a %g ‘?}n&%"rg%@%opﬁl\eeﬁcl)eb?cgg |?/fe emrﬁteé]eﬁglthg\%gﬁ %gm‘&t%i Exciféd
diagnostic imaging agents has focused to this point on intensity based methods,

15 wherein an image may be constructed by correlating detected intensity of emission
with location of excitation for multiple excitation points throughout a specimen.
However, intensity based methods are not always optimal, since they are susceptible

to a number of complicating factors, including:
e Variations in scatter and absorption of excitation light due to heterogeneities
20 in the specimen - heterogeneities, such as areas of abnormal optical density,
that are located between the excitation source and the intended point of
excitation can translate into unanticipated differences in effective excitation
level at the intended point of excitation. Artifacts caused by this phenomenon
. can be ameliorated by acquiring data along several excitation paths that are.
25 affected to different extents by this beterogeneity, followed by subsequent
deconvolution of the resultant multiple data sets, but this may be difficult or

impossible for some specimens.

*  Variations in scatter and absorption of emitted light due to heterogeneities in
the specimen - heterogeneities, such as areas of abnormal optical density, that
30 are located between the point of emission and the detection system can
translate into unanticipated differences in collection efficiency for light emitted
from the point of excitation. Artifacts caused by this phenomenon can be



20 containing the dye solution, and stinulates a diffuse, elongated
eni ssion pattern in the dye. This exanple clearly shows that

em ssion occurs along the entire optical path, and that a
diffuse halg attributable to stinulation of the dye by scatterg% Igﬁer
~light sur r oS BHE primary excitation path. In contrast

- denonstrates hi ghly | ocalized, renote photo-activation of a

di agnosti c agent using sinultaneous 25 t wo- photon excitation. In this
: exanpl e, laser radiation at 730 nm was uséll to excite a dilute

?solutlon of the dye | ecul.e counar i 0 in nme Spegcificall e
" NIR output of a rmﬁ‘@r??f@%éobyt rf{;?a R§ F¥C tiﬁe"t\ﬂﬂéﬁ’ é‘{}? “’E

~ conti nuous to diffefdnt ekter30 wmmavqiemagéneztf,ZQG}l&\semut»f eSubséqﬁeng ht
i at a 78 Mz pulse repetiti.on

uencylna eam appr tely 1
mmin di-aneter, wadeqoprelution Pﬁﬂl?u"ﬁﬁ"lﬁﬁ‘émﬂ e gigta sets, bup E’ sdg@ﬁ{ga

objective into a ¢ &Bl&ﬁ?%&h@'g&nﬁlgﬁs-dye sol ution.. Fl GURE 8
! clearly shows that f1uorescence response fromthe dye nolecule is limted

to theSfocus » Variationsfin comceniiritite enlocBiensirenmeit afidiagnostitrintaging agents
i rel ationship betwe
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. the excitation path_prior to and | owi ng the focus is

negligible. Al so, mmcéireihﬁe%mﬁm@ural orphymologlqgl organigation ofithe spegimery. act
ttributabl t
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t hi s phot ograph aroun
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counmarin 480 cannot He sorrelatedewlitie fom gr fulction itheasi it be¢ansesUmrddraotobrain
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15 susceptible to such factors, but this may be difficult or impossible for some

specimens.

A detection approach that is less susceptible to optical heterogeneity of the
specimen could 'be"-b'_"ased on measurement of change in excited state lifetime rather
than on intensity of ._emission. Excited state lifetimes are an intrinsic property of the

20 excited state of a molecular agent and its immediate environment, and fortuitously
the accurate measurement of lifetimes are immune toa]l but the grossest variations
in excitation level'._:und collection efficiency. A com___/j__e_uient means for measuring
excited state hfehmes uses phase’ photometric metheds to correlate phase shift
between a modulated excitation source and the resultant emission signal to lifetime.

25 . Specifically, the precedmg discussion on photon transxt times implies that phase
photometric methods are apphcable for imaging in opt1cally dense media, especially
for agents with hfetlmes in excess of 1-10 ns. Hence, 1f chagnostlc imaging agents are
used that have emission lifetimes that correlate with' form or function within the
specimen, such as tjuenching of fluorescence of an imagjng agent in the presence of

30 oxygen or concent__rution of an 1magmg agent within a structure, then imaging based
on change in lifet_i_’me rather than on emission intensity becomes practical. Such



repetition frequency in a beam approximately 1 mmin dianeter, was expanded
to produce a collimated beam approximately 50 nmin di aneter

?sing g beam ] expandi ng tel escope. This expanded beam was t hen
ocused into the gelatin block using a 100 mmfo 50 mMm
di amet er bi ¥PEP%8i ngl et glass lens. The gelgtin 15 gg%?%@ﬁgﬁgs t hen
positioned such that the focus of this 100-mmf.1. lens fell at a

position 40 mminto the block. FIGURE 9 clearly shows that fl uorescence

response fromthe counarin 480 % only sti'mul ated at the focus of

tthe NIR beam _Because of t he quadraj.ic . .relationship between
t wo- phot on ex difetime Based methads ﬂﬁﬂlgr@ﬂﬁwa@l’i“’ﬁ’mty to iaserb ng JCTOSCORY| on

at positions ghang rtAet Mgt Okttt dbidch, sich Anidr i Riind Subébe.

focus is negligible. Hence Iittle or no excitation or collateral
phot 0- acti vati on ofAppropriate collestion slevicas forceansdpetion abintensity o phasehassH.
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Simlar results are obtained if an equivalent excitation process is applied
to a | abel ed tumor specinmen, at shown in Fl GURE 10. This shows a
phot ogr aph of ﬂ&ﬁbreductxonmetho&i‘f&%bo@ :
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PCT/ US97/ 1924 %ranslate mto avery lugh ratio of scattered, unabsorbed excitation light to two-phgton

excited fluorescence €émission. Furthermore, the importance of other possible linear

interferences attributable to this very high excitation level, including single-photon

15 excited fluorescence of the agent or other species present in the specimen under

examination, Raman scatter, and other phenomena, along with the need to eliminate

interferences from ambient light and other optical or electronic noise sources, all

indicate that a mddﬁlated excitation method coupled with appropriate demodulation

of the detector sig"ﬁal should provide optimal discrimination against interferences and

20 enhanced recovery of the analytical signal. In fact, interferences from background

reported by Denk et al. (U.S. Patent No. 5,034,613) could be largely circumvented

if suitable modulation and demodulation methods were used, including demodulation

at the pulse rep_ci_iﬁon frequency of the laser; wuse of such methods would

dramatically improve signal-to-noise (SNR) performance of their microscope. In

25 general, modula_tidn can improve detection performance for virtually any
measurement in one or more- ways:

(1) Rejection of continuous background or noise sources - in the example of

Denk’s two-photon Iasér scanning inicroscope, modulation of the excitation source

with subsequent demodulation of the detector signal, using a device such as a lock-in

30 amplifier (LIA) or-a heterodyne 'demédulator, would limit detection system response

to a band of frequencles closely related to the modulation frequency. By controlling

the phase sens1t1v1ty of this demodulation, additional discrimination would be



Excitation sources for two-photon excitation of diagnostic inmging agents:
The relatively | ow cross-section for sinmultaneous two-photon excitation,

whi ch is typically about one hundred thousand-fold smaller than
that for an equivalent 5 si ngl e-photon excitation p ans

t hat speci aWOW(IB¥El excitation sources nust typ*"%ﬁ{ﬁ?’?’“ﬁe used to
efficiently excite diagnostic agents. Optical sources that provide

hi gh peak powers can be used to substantiglly anmeliorate the inpact of this
| ow efficiency by increasing inst’ant aneous’ i nci dent powers while

mai nt ai ni ng nodest . .ayerage r,levels.. | n fact.. .
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agents in optically dense speci mens, such as_biolo Iiﬂ‘ tissues.. o at
Speci fi cal |y, Bhaes interferences fyom; ppige spurcessugly as Eﬂ"%él % 8F PIRGUIRIR JR8362
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pul se dir at i ongejecteshy Bhissanpyodch is equallywalidfor semoteimssing of extended phierts,
I 15 . :) h d f 10 "Wto 2 i nt hi gh
aver age | aser ‘Pf%?‘m&‘?‘t‘?’afg#gé‘fg‘%e&' e order o 02 W into a hig

frequency trai pul ses yields an excitation beam
that is extremely qbjfiRdjedtion§ 6f bssadbunditorntpinkvmopbbisources ~ the measueinert

fluorescence but _is essentially haymess to, bjological erials. The
quasi - "0C “enviromenh A TR b EleSronSYEI SLRENFYRes BIP ROGREBERIGY on
rate |asers i Sccﬁnﬁﬁﬁ’utg ibEdidband noise, some RS @M bRk olss, ME duf e astrduient.i Tie
nmet hods, especially when the nodulation is 2 er f orned

o - t .
frequed@i es coimgpagh oty intdnsicneise canbe graatly aeduced ﬁhﬂ?‘% thenuse ‘bffabﬁq%’ldth'
laser, since the.pyl &Séej"#égh *&%ﬂmﬁg. t ?ﬁem iz given’ BPEEatGnbidutdifient, the

subsequent at1on process.”™ B The specific
exanpl e of t heobseted signibabliage, Mickis is peated tea detestor input current, inpyy, produced

ti ly t | . | . axtandi i mat
550 nm s by Presouti it R S BB O okl ARARRLE oo B
scatter and abggrgiin ofitHeodetection system, 5, atmyding to siefollowing: Two- phot on

absorption in this band al so corresponds to an | mport ant
si ngl elphot on absorption region, from345 nmto 540 nm for nany

possi bl e di agnosti cyj ;m?g% ?Tgm -@)i | e two-photon selection rules i
soneti nmes %w e different from correspondi ng singl e- phot on

sel ection rules,'strohg absorption 30 for the single-photon process
can be indicat g Qe &b B}eh'n%fk@tvoitﬂ%h', W&% Othag b Qppfdxfifiated by the produétof the
wavel engt hs approxinmately tw ce tha of 'the Si ngl e- phot chr; ve e,n%t h. .
noise current, iygysx, the input impedance, the square root of the electronic or optical
20 bandwidth, B, of the detection system, and the gain, according to following:
Vyosz = inoise * Zyveor ‘B"% - G. @

Hence SNR may be estimated from the ratio of these two voltages, (Vsiexar./ Vyoise)-

25 When a typical oﬁﬁcal detector, such as a photomultiplier tube (PMT), is used to
detect an unmo_dxﬂ'ated fluorescence signal, this detecfor will produce a certain signal
lével along with a noise current. Foran example PMT, such as the Hamamatsu R928
(7.4x10° A/W radiant anode sensitivity), an optical input at a level of 10 pW produces
7.4 YA tgenar Ifthls signal current is converted to voltage in a low noise amplifier

30 having a gain of 100, an input impedance of 50 (), an input noise level of S aVAV Hz,
and a bandwidth of 1 MHz, the following signals are produced:
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It will be clear that, in addition to the node-locked titanium sapphi re

| aser, various other optical sources are appli ca}p&

excitation SOWEPostic i magi ng agents. Especia ] or?ant are
di ode |l asers, Nd: YAG and Nd: YLF | asers, and opti cal par anetric

oscillators, anplifiers and generators. Pul sed diode |asers offer 5
attractive performance as a result of thei3P extremel’y high operational

efficiencies, and are avai) abl e_at a vari ety of wavel engths in
the NIR Mbde- | ock e =/Ad %dm& 100 = 37V LF | asers provi de ag
efficient, reliable means for generating NIR excitation |ight at
1064 nm and at 1047 or 1053 nm respectively. Mde-|ocked opti cal
paranmetric Vao@ssi 3 iz - (HHE)Y <109 dd wdherators are capabl e of
produci ng optical radiation 10 covering a band from approxi matel y
500 nmto greater than 3000 nm availability of wavel engt hs from

1000 nng to 18QQ,Rrma¢ U?ﬁtf@ IﬁwProiqu' = 3l. RERR e subMituted fbr noise current and
di agnosti c agents usi sg in a band of exce tlonally Iow tlsi%ue scatter
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argon n |la krypton i on.l asek.s; _
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and Ny Gs GG tha@@lation frefisdemat esal/in an overall loss afif0%fofeetages power ithtutSF
lasers; Er:YAG.|asers; F-center |as

| asers: and coi\gBging ppek exciation power). ﬁa&%@%&m&%&%‘%@@%b’“ﬁ So 20
be used, but VAdnoduPRfdnCR B hauey a Shhdvwidaney1 kil helyiik acke deadases ifag

pul sed Iasers Det ection of two-photon excited enission from
di agnosti ¢ i mefgstatthagethe signal: Spatial information concerning
the origin of the emtted |ight froma two- phot on excited

di agnostic inaging agent is encoded by and may be correlated to the 25
excitat§jon focus. TWioas Fs5 mVEHar-K1¥dde) as100w+t 16 gVngl e- phot on exci t ed
| magi ng met hods, I ncl udi ng those based on photon mgration,
where the diagnostic imging signal nust be carefully

deconvol ved frana el mmnsj\mghéremebapptbmhaalg 1200. &b, althemgh sk signal
ﬁﬁt h and from setlr.'gnztshl lgnlos%rvglgelflcl?sgngb S v tr}n%roef ci(\ﬁelttiioaﬁ[, Iﬂ? nmlrelr SncrERAGH SNE 1S

more than compensates for thls loss. Further, if there is any linear interference in

20 the detector response, for example from ambient light leakage into the detector, the

broadband detection scheme will detect this as an additional noise source, while the

modulated, bandwidth limited scheme will reject this interference. Assume that

ambient leakage produces a background signal of 1 4A on the PMT, which translates

' to 5 mV of background signal. For the unmodulated case, optical shot noise from

25 this background, B, is equal to the square root of the total photons detected, and

SNR = S/(S + B)'% this yields an estimated SNR of approximately 5.7. Notably, the

SNR for the modulated case is essentially unchanged. This analysis is equally

applicable to laser scanning microscopy and to remote imaging of extended objects,

such as a tumor in a human subject.
30 (3) Rejection of linear interferences at the modulation frequency - as a
consequence of the inherently low efficiency of the two-photon excitation, the ratio

of scattered, unabsorbed excitation light to two-photon excited fluorescence emission



necessary for the light emtted fromthe two-photon excited diagnostic

agent to be 30 detected or inmaged directly wi thout scatter. In fact,
it is only necessary that a fraction of this emtted Iight be
coll ected and detected in such a way that the WD 98/ 18398
PCT/ US97/ 19 m%118398 PCT/US97/19249 25

coll ection and detection process does not distort the correl ati on between
det ect ed signal and em ssion point of origin. To

understand the significance of the rel at i Hshi p between signal detection
and two-photon excited em ssion point of orjgin, it is useful to consider
what happens 38 gene.rallytqlgutp Il?!ﬁ’e ?ﬁ@%@@“ﬂ?ﬂ%ﬂ ’Iﬁ‘gﬁ{@ﬂrﬁ’?-‘@ﬁyt thg mentfﬁ‘&“%@t ant
of em ssion. MfigNaidPabRdelattic and inelastic sedite?Ps! &éﬂ_'ﬁ;ﬂ&p%.gfeg@fdta@ RycifedCh
as biol ogical tissue, Iltc?hg fromthe two-photon. excited |

di agnosti c i neijionepcenpentOntical filkeringis freguently used isanceffort to spectrally distinguish
manner . —ohotttl'& t4 hSa 80 ' ] t S‘l]tuﬂ%l ctly
to a detector “3’8 arat usmfjé:“ﬂ’q1 b ﬂg%&h?%mﬁéﬁﬁigﬁé%%%%é E%:fnt 0 &,

en ssi dn, whi Ithessointerferemeesfcanche exceadinglyt diffionlt 60 impossiblen t@ ielimindte usingout e
to the detectar arat us ;,as_a gonsequence of one.or re . .

scattering cvaRparldnams; st ALaR AlERative to SHoHnE Hhese Jrsidpal inferfireoe

i s made sources,! 6né GBMOA! approgd forofecdergrof pure fWocplRgos Fignab atilisen,
the transit tinme for a or balljstic, emtted,.

. nscatteredq, .0
photon (that iTEgresyign 95@&@%&?1’5%1@# mwwi frcitation power levels against gxcifations o

to exit from gowericver s@that Bt GAAstIERAD-photdn BBitEPMiCHésRRESLLAMPdN3nt\an HeOT
15 a highly scattered emitted photon, this transit tine could be as

hi gh al{ 3-10 re¥traqted gnathematically from dmeapinterfarenses; cthisfagkesise ipf o modelofe
It woul d be dgsgj ' E‘ﬁﬂh . the emtted |light for
a period of t%ﬁ@?ﬂ%ﬁ%@éﬁ? 0 ?ég’f girvgn st or all of the ballistic and

hi ghly scattered photons. This inplies that for imging at depths of 10 cm
or |ess, I gna'yng'_eﬂpation period of approximtely 10 ns woul gsbe
appropriate. 20 g L L1f an image is to be generated by novi or
scanning the | ocation of the

15 where I is the instantaneous excitation intensity, « is a proportionality constant for
various linear effects, and # is a proportionality constant for two-photon excited
fluorescence. While this regression-based method is appropriate for laboratory use
where the necessary number of measurements per unit of time is small, it is too time

. consuming, complicated, and impractical whenever total data acquisition time must

20 be minimized, such as in the case of multiple point scanned optical imaging. Far
faster results can be obtained through the use of temporal rejection methods, such
as second harmonic detection, which eliminates the need for performing multiple
measurements at several power levels. Freeman et al. (R.G. Freeman, D.L. Gilliland
and F.E. Lytle, “Second Harmonic Detection of Sinusoidally Modulated Two-Photon

25 Excited Fluorescence,” Analytical Chemistry, 62 (1990) 2216-2219) teach of second
harmonic detection methods useful for the analysis of chemical samples, wherein
sinusoidal modulation of the excitation source is used to generate a signal at twice
the modulation fréquency that is related only to two-photon excited fluorescence. A
lock-in amplifier referenced to the modulation freqﬁency is used to recover the pure

30 two-photon signal at the second harmonic of the modulation frequency. While the
second harmonic fluorescence signal is only approximately 12% of the total two-

photon fluorescence produced, the improved rejection of linear interferences more



excitation focus relative to the specinen, the foregoing analysis inplies
that the excitation point should not be noved nore frequently

t han once every 10 ns. In fact, practi cal Iinitations on

scanni ng processes and nechanlsns conbi ned with signal -

noi se argu Ro¥IBThcer ni ng mninmumdwell tinmes and the ad .%’%Sﬁg 92‘|1‘)9oss| bl e
use of 25 modul ati on net hods, mandate that scanning be perforned
using dwell tinmes in excess of [err]s. Thus, for intensity
based i magi ng mﬁth dwel |l times in excess Of 1 [err]s and

possi bl e nodulati g ”,é,‘;{lga% eggglﬂ, Slogg in b%%feoég'{agge%ﬁéd sgﬂﬁ*ﬁﬁ ah'ﬂ'léljeﬁse in the

di fference wh as It
situated suc hoidiﬂll SNR. (Hmcepﬂieesetoml Isdirgionici detertiop anéthiod is 1deally apphcabje te he
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time introducggndiyt 4 Ruman subject, as 28UnséqilensSbits m‘ﬁﬂﬁsni eﬂcieﬁcy)fn fejeoabiect on
the ability to correlate_ the det ect.ed. si ghal ,with

0
becaus® of thecaﬁhbra@ldtﬁt*‘ah!ﬂht datp rhandwidth | natential. o These r?éié(gﬁaé"r?em“n that’an

par anet ers) t Y6 PRdrifoniHetection can reliably obtain pure two- hoton
PCT/ US97/ 19245038108 system usmg se y b ;

Accor di ngly, exciteil| dmisson signals with minimal cweltimes 8l eah PejBhand W’rhé’é% H’f

way that it llm f@nf@ltt uration with the
excitation beg}ﬁﬂn&}mt %?‘m&%‘ r Eith lhéésg ocaat@g tg?nal ly to the
excitation beam |The reeeﬂmglenumhm‘ted hdvanfriges fdmhe m obmmulauon methods in
configuration (or, ot her ible.cq-linear exci t

conf i gﬁr ati on§‘§° -pljoton ex ﬁ?ﬂsﬁ‘}aﬂ%‘g ‘%?Bﬁtafgﬁ sses‘la?ﬁd mre? i on
of surface or bﬂﬁﬂgm%ﬁéis&ﬁ@n&hjoﬂéﬁl&sxon intensity or exdma stdwhfesnnmh In daxft;lifetime i ons
are nore susceptible to interfer e om el asticall catt.ered
or reflected BIEAFYIEMERH FegRpst IP%‘B@I ?nél; @3 Fé USing Hﬁ"‘z‘&&hf’g?me‘“

ext er nal methods thal A%é baébdceﬂfdemamsdopmetshm betweeﬂrﬂ iogulaitien
detection system such t hat mai n; al ns copsi st%u{ ggs r WI th
the point of avefomn & ﬁlf‘yd%%ﬁﬁ@ signal.| Hencgettds (s o

that gise indi Yﬂ&ﬁkﬁ%%%&@tﬂa@dz 8 séwndqpirheﬁfcl dwedafonemet drtaahmtmfyom the

differ ent zone i'n the specinmen, or by l|ocati ng t he detection_system
sufficiently efficient detection of two-photon excited fluorescence, where they serve to eliminate
interferences from: amblent and instrumental noise sources as well as from scattering
and other phenomena occurring within the specimen undergoing examination. For
optically dense medla, such as human tissue, the extremely high ratio of scattered,
20 unabsorbed excltatmn light to two-photon excited fluorescence emission makes use
of such methods v;gal. Hence, for clinical imaging applications or for two-photon

laser scanning microscopy, employment of modulation methods as described here will

always be advantaggbus.

25
The foregomg discussion has shown that non-hnear two-photon excitation can
be used to effect 1mportant improvements in the speclﬁclty and depth of penetration
for optically excltable molecular agents present in optically dense media, and that
detection performance can be improved by use of encodmg and decoding methods
30 on the respective excitation and detection processes. The exceptional spatial

localization of excitation possible when using two-photon methods can be harnessed

to significantly nnprove contrast in the point of excitation. Once this localized



far fromthe speci men such-that parallax |osses are m ninmal.
The di scussion on detection of emtted Iight from two-photon excited
di agnosti c i nagi ng agents has focused to this point on intensity based

nmet hods, 15 wherein an i mage nay be constructed by
det ect ed [ nt%‘?\g”ts??sof em ssi on wi th | ocation of Sgi‘@?%@??g% for

mul tiple excitation points throughout a speci rren. However ,
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to a nunber of conplicating factors, incl 8| ng ' * Variations
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are. 25 focus, then a Mq-et!‘ttbt}et(bménﬁlﬂéﬂéﬁﬁg%ﬂf thespegimen (opn be geperg ity,
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arel i orat ed byrcﬁéemek@%ﬂﬂsia ﬂ@ﬂlﬁ@ﬂ’ﬁﬁé’dr Erlodd ingigipat hs that are
affected ferent extents by this l%gt efu(i)g[ene
foll owed by subsequ¥amious endogenous chromophoric agents may be use cilagvnostlc

15 imaging, particularly of diseased fissue. Because of structural or physiological
differences between diseased and non-diseased tissues, between various internal
substructures and organs in higher animals, or between different ranges of healthy or
sub-healthy tissues, the concentration or Jocal environment of natural chromophoric
agents, such as aromatic amino acids, proteins, nucleic acids, cellular energy exchange

20 stores (such as adenosine triphosphate), enzymes, hormones, or other agents, can vary
in ways that are useful for probing structural or functional heterogeneity. Thus, these
endogenous indicators of heterogeneity can be probed non-invasively using two-
photon excitation.

Unfortunately, in many cases the specificity possible with such agents is

25 inadequate to achieve meaningful diagnostic imaging, and so exogenous agents must
be added to the specimen. Traditio‘_iml exogenous agents semi-selectively partition
into specific tissues, orgams, or o.tﬁer structural units of a specimen following
administration. The route for administration of these agents is typically topical
application or via systemic administration. Under ideal conditions, these agents will

30 partition into or otherwise become Eonéentrated on or in the structures of interest,
or may be excluded preferentially from these structures. This concentration may be

a consequence of isolated topical application directly onto a superficial structure, or



deconvolution of the resultant nmultiple data sets, but this nmay be
difficult or | npossi ble for sone specinens. 5
Variations in concentration or |ocal environment of diagnostic imging
agents _ that are not directly correl ated '%p r
function - WOP&SEs ned in intensity ba\é\% ’P‘%’r@é@ﬁg t hat
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than on i nt enspdrymefer=of theicontrasbageniechnsheavsed| dsfthe basis forreontrasti intimagingc
property of the 20 xci t.ed state of nol.ecuyl ar_a t o0

i mredi ate envi r onmeBRCAUSEHES CORSIAN, RFQRFLHCS of a mdec“lt?rh%gcc vg{}fr%etqg&r%%@u e nt
of lifetines apAGAHEMAE pidpeitids SRihel HRited Gfute ahd ity éxvilonnient, the mechanism
excitation | evel and coPI ection efficiency. A conveni‘ent means f

] ar
nmeasur lbhg responsible fqripsemeting the| 3gent tothe excited stits bas py g8 HIPAEh Mo ds

to correl ate pRasgnfilibh troperties o t}(xg%&mstﬁte[mqgﬂn%,eﬂ Balebilal dfignosticr 6€

and the resultant em ssi‘on signa Ifetinme. 2 Speci f i cal lnYa’y t he

precedi ng di scemntiashagsnt that warks el under singlephgtoncexcitatien sandigions be
phot onetri ¢ ne L CoR | iok WAL Grd- BhiBh | Gitatond BRRBLGRI] T
especially tl"H'ggéda‘f)oﬁ?&gﬁg:jg{en S \l}‘ﬁ)te%gfl?* gtﬁlam?s ‘?-Ehexcess: of 1-10 ns. Hence,
i f di agnosti c gememilyapyagotrast agend that is useful fon single-pheton exsitationican bp psed with
lifetinpges that,correlate th ' it hin s station will
Speci i, sucHEPAIER SRRy VPHE SR chiilth Spnd' b she Bt excitation will gerve
presence of 30to improvexegshitict of ahe dmagat iAppropriste dombgstnageatseincludet many a
structure, then |nmagi ng based oy '1_ n _change in 'iéﬁ"tais o;gtugg& gpan
on eni ssi on i nmolesuiay 3geptsieed,ps biglogica hoT stains, as Wi
photodynamic therapy (PDT). Standard PDT agents have tissue specificities that in
general are based on the combined chemical and physical properties of the agent and

20 the tissue, such as a cancerous lesion. These agents are efficient absorbers of optical
energy, and in many cases are luminescent. For example,

e psoralen and its derivatives ‘(including 5-methoxypsoralen [or 5-MOP]; 8-

methoxypsoralen [8-MOP]; 4,5’ 8-trimethylpsoralen [TMP]; #-aminomethyl-

4,5’ 8-trimethylpsoralen [AMT]; 4’-hydroxym‘ethyl-4,5’,8-trimethylpsoralen

25 [HMT]; 5-chloromethyl-8.-methoxy-psoralen,'.':- Angelicin [isopsoralen]; 5-
methlyangelicin [5-MIP); andf:3-carbethoxypsq‘r_-alen);

e various porphyrin and hematopomhyﬁn derivatives  (including

haematoporphyrin derivative [HPD}; Photofrin II; benzoporphyrin derivative

[BPD}; protoporphyrin IX [Pp IX]; dye hél:_natoporphyrin ether [DHE};

30 polyhematoporphyrin esters [PHE]; 13,17-N,N;—_N-dimeﬂxylethy]ethanolamine

esterofprotoporphyﬁn[PHlOOS];tetra(3-hydrquphenyl)—porphyrin[3-THPP];

tetraphenylporphyrin monosulfonate [TPPS1]; tetraphenylporphyrin
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lifetime based nmethods would have equal applicability to |aser scanning

m cr oscopy and to renote i mgi ng of extended objects, :such as a
tumor in a MMM ect . Appropri ate col FERPPBA%Ri ces
for transduction of intensity or phase based em ssi on data

i nclude, but are not limted to, photonultiplier tubes, mcrochannel 5

pl at e devi ces, photodi odes, aval anche pho?édiodes charge coupl ed devices

and charge coupl ed device ar charge injection devices and
charge injection ddisnignate [ERES2 a]i,q!ghematoﬁlorphymbﬁgﬁ,gp Bﬁ?‘éal?heln -porpﬁynn,

Noi se reduction ne r;fh?ﬂh du@Mm
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excitation process Bﬁg e[leTﬂft tetra-(ht%ﬂ t%t? 38%1%%8%%{%&6 w P@H?]t," aﬁ&%ﬁ‘a-‘(ﬁ-tem

scattered, unabsorbe I on _ exci't ed
fl uorescence eni ssbutyl)phihaldepanato-magnésinm fpdcMg]se of ot her possible |inear

Singl o-phot on 18 | vanow pitefieyeine, deelaBiedc(BRSRE PR RolRE o

present in the speghiiiy th&m dﬁ&%mmﬁﬁﬂn,phm@aﬁﬁet tétrasulliie

ot her phenonena, al ong need to elimnate I nt erferences
from anbi ent | i ght [ARETS}; maoncopdi-cli- and tetrasulphanated aluninym phtbalocyguines

dormodal ation | CHUEY QSR ByPE ARSPOin AUIES sitcol BRIAH AL fiPo
g |n :1 f:r |t l:ﬂc 2 ?t |S Ionng?aiﬁﬂsmnc(iﬁ)sph’tbaleq@nmedﬂdl’ﬁ]ﬂbls(dl-lsobntyhmtc@!:ylsé@v)@lqpn&3-t he
repo%/t ed by Dgnk epaé}tﬁﬁ?é’agﬂlﬂg{oﬁﬁﬁgﬁf Sﬁ‘ 83‘?’@%?%@%%’%%@a%e’

circunve gt ed | .d vamzjus rhéadatls:uné am@ﬁmnmmmhaaﬁnﬁemmmzmprmm
were used, includin enodul at i on attep titio
frequency of the |& 2@9 Rh-{1H; @Pd%‘ﬁ@ﬁ L?é{%ammdamme-ﬂ’ [ﬁ {93P§P9Wniec5§pl y

I nprove signal -to- \(?ﬂﬂmﬁﬁé-ﬁ%{ﬂﬂ 75]CtholdRfmire-S90 RS symp%ohanﬁé -610
general , nodul ati o rove detectl erfornmance Tor rtuall
measurdnent in one[Bh- %]5 odapine-640 [Rh-640 thodamine-6G) [Ria=p @btﬁheﬁarsme-’?
conti nuous backgro Hﬁgﬁ%aﬁrﬁf

Denk' s two-phot on | nge?r%]ééﬁ;iurﬁ?ﬁég%é&c 80d[l‘q’hbm) ul at ontf 1(3]0(‘3‘?(%‘|n}tea6t4|0on
source mtlﬂlsalidm&fadmdadmmlﬂzl ation of the det ect or signal,

usi ng a device such as a | ock-i

ous coumarin (iérivatives (including coumarin 1, 2, 4, 6, 6H, 7, 30, 47, 102,
106, 120, 151, 152, 152A, 153, 311, 307, 314, 334, 337, 343, 440, 450, 456, 460,
20 461, 466, 478, 480, 481, 485, 490, 500, 503, 504, 510, 515, 519, 521, 522, 523,
535, 540, 540A, 548);
s various benzophenoxazine derivatives '(includ:ing 5-ethylamino-9-
| diethylaminobenzo[a]-phenoxazinium [EtNBA]; 5-ethylamino-9-
. diethylaminobenzo[a]phenothiazinium [EfNBS]; and S-ethylamino-9-
25 diethylaminobenzo[a]phenose_ienazinium [EtNBSe]);
e chlorpromazine and its derivatives;
e various chlorophyll and "Bacteriochlorophyll derivatives (including
bacteriochlorin a [BCA]);
e various metal-ligand complé_xgs; such as tris(2,2’-bipyridine)ruthenium (II)
30 dichloride (RuBPY);



30 anplifier (LIA) or a heterodyne denodulator, would limt

detecti on systemresponse to a band of frequencies closely
related to the nodul ation frequency. By controlling t he phase
sensitivit denodul ati on, additional discrimnatio

sensttivity ibokdiss bt ol
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achi eved agai nst signals that are not Ii nk to or closely matched with the
nodul ati on pattern. Hence, by s abl e sel ection of nodul ation

frequency and denoduyl atj on phase, .interferences from noise
sources such as * odiepphgybidga @b@etqlom@%m@iq [MC 540]; Vitamin.b; ramino-

frequencies, for emhgwf?{ Iﬂlﬂg %%Mncegrgmg{meg f@? Mglé{mﬁ

rejected. This approach Is eq for remdte | nagi n ext ended
obj ects, such mono-bvaparwltomnm 23 phelqphmblm jBh-a}; phenoxazine Nile blue

(2) Rejection of br ﬂgﬂﬁﬁpg t he nmeasur enent

envi ronnment, along w 48{‘4 dﬂ*&#@éiﬁ %%m ces used for any
measur esrent , e  various ¢lige trimsfer ahﬂeedhﬁmtmﬁtaeagem nsath aestilbalel silbgienk
noi se, into any neasurenent. The 10 of this intrinsic noise can

be greatly reduced demivatives t padysd- (N—(%hy@mmthyl)-N-methyl) -amingphengh)-4'-(6-
det ection et hods. h?gg‘%&ﬂ%ﬂdfgﬁyl)g%e& ?Aygéc}’ ?gﬁl cal neasurenent, the

observed signal vol I'gna I's re a detector input current,
[ erre] | NPUT prodnucedlmerous other phditp-getiod agemts,nt er acting wi th a detector,

mul tiplied by e i pedance [. NPUT, and ai n,of
. the detection ?@s‘ éﬁg “{ ‘Hf@‘eF 3f PHUFH  point of applxcauonogr semi-

Clerr] SiGNAL = iechhlré Mm a S}ﬁmﬁc tissue due to differences in the physical or chemical
(1) e the observed n0| se vol tage, Jerr ! SE, ma be
" appr oxi mat ed W@?@%Pﬁ&fcﬂs%‘? which lead to partitioniggjof ghie. B nt fntp

 the input i mpegaRGehilfealéith SeéROilPhe $ldbepthbRif"tRB! hofin SRIthfaH, and then-

luminescent or other emission properties can used for acquisition of imagery data.

Other photoactive agents that absorb light and are capable of subsequent energy
15 transfer to one or more other agents may also be used, either alone or in conjunction
with one or more responsive agents that are capable of accepting this transferred

energy and transforming it into a radiative emission.

Biogenic contrast agents in two-photon excited imagi

20 Underideal conditions, standard contrast agents derive target specificity based
on chemical or physical affinity for specific tissnues. In this way, contrast agents
partition into or otherwise become concentrated on or in tissues of interest.
Unfortunately, this target specificity is usually not perfect. In fact, it is desirable to
have an improved method for increasing specificity in the targeting of agent

25 destination. A means for achieving such improvement in specificity is based on
utilization of specific biological signatares of structure, function, or disease. For
example, by coupling anti-sense oligonucleotide agent_é to one or more photo-active
moieties, such as FITC, new biogenic contrast agents are created that are capable of
selectively tagging only specific cells, such as cancerous cells, that contain

30 complementary genetic encoding. Moreover, the basic approach is easily extended
to numerous genetic-based diseases or other disorders by changing the oligomeric

code used for the biogenic probe. Employment of two-photon activation enables this



20 bandw dth, B, of the detection system and the gain, according to

f ol | owi ng: [err]NOSE = [err]NOSE . [err]INPUT .
Blerr] G (2) Hence SNR may
be esti mat f he ratio of these two voltages, [err]si

[[err] NO SE .()'9%599& When a typical optical detector, m%g'”é””

phot orul ti plier tube (PMI), is used to det ect an unnodul at ed
fluorescence signal, this detector wll péiduce a certain signal

| evel along with a noise current. For anpl e PMI, such as the Hanmanmat su

R928 4x10 Al W.r adi an ano Sitivi | cal

i nput at a | eE%Ye’%?l af@“b%&ﬁ ?k’&ﬂ?mé ‘i‘usmg l?e H’e’fﬁ"{%l’#% %%ﬁimcl f
this signal cprdberﬁnd ﬂxeChigh@phﬁﬂ Ioeamhbﬂgﬂmrenﬁtd ﬂw siﬁmuanamsl two-pli

havi ng a gai npgo 1%8 I nput i npedance, 0 erl’B’ m t .noi se Ievel
of 5 nV/[err]PBoto-a vation Process, o T s, yRgxh rpoa % deriptiop imaging
signal s are ph&sfedPossible at the genetic ledtPulids h3SMS that are specifically targeted for
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[err] ST GNAL= 4p4rt[@ehqmgan,5@s1{eepr}esmo =37 nv;

'E ﬁ;'[ | CNJnOI isE —ng’nvgg{l/r(lﬁ-%’ a"l(%gigﬁas bee% otb%? q'[tmééﬁ‘ gng%gl Igggc ]rl?tgmmggn)ée

i npedance shomoigties that have monfpmpnhes tltat chatige mpon camplexatiodBetwees .the f

ELh:\/Is-lz With a ngéﬁég;géxhoﬁdetﬂg Q&et Site. gpec?fr[ ?iﬁ'y, cirgxrlge%)gg%ssmn wave eng?lll | of &
lifetime upon complexation can be used to increase sensxtmty of the general method,

10 since such changes wﬂ] help to increase contrast between areas containing complexed
agent and those celitaining uncomplexed agent. An -e:fremple is a biogenic agent
based on a photo-é’i’:tive moiety that is quenched until COmplexation occurs, upon
which occurrence emlssxon becomes unquenched. Another example is an agent based
on an intercalating photo-actrve moiety, such as psoralen, that is tethered to an anti-

15 sense genetic sequence; upon complexation between the anti-sense sequence and its
target sequence, in't'ercalation of the photo-active moiet'y' is enabled that leads to a
chromatic shift in 'eliiission properties of the photo-active moiety.

It will be clear from the foregoing discussion that targeting methods based on
other bio-specific means, such as immunological means; rether than solely on genetic

20 means, are also covered within the scope of the invéntion. Specifically, agent
specificity based on "-fa;n'_tigen-antibody methods, where an antibody probe is coupled
to a photo-active group, provides a powerful new means. for diagnosis of disease and
infection. Additioriafineans for achieving biospecificity in ‘agent targeting include, but
are not limited to use of ligands, haptens, carbohydrate, llpld or protein receptors

25 or complexing agents chelators, and encapsulating vehlcles, such as liposomes,

fullerenes, crown ethers,and cyclodextrins.

FIRST EXEMPLARY EMBODIMENT OF THE INVENTION
Hence, it is a specific preferred embodiment of the subject invention to
30 - employ the output of a NIR source to induce s1mu1taneous two-photon photo-
activation of endogenous or exogenous diagnostic lmagmg agents present in a

specimen using hght -at a wavelength approximately’ twice that necessary for



of nodul ation, the value of VSIGNAL wi ||l decrease to approximtely -18.5 nV
(‘assum ng that this nodulation is introduced by cyclic
attenuation or other |oss-based 10 nodul ati on method that results in
~an overall 0% of average power w t hout %ﬁﬁ eak

- excitation powersg&3 ut if the detection system uses bandw df ?MP

. denpdul ation at 1 Mz having a bandwi dth of 1 kHz, the pink noise decreases

far faster than the signal: 3 _ [err]NOSE = 5
nV/[elrlr]HzNR(lo[err] Hz)[err] . 100 = 16 [28 ?]\T/ . and the |
f overa i ncre 0. Xl a u i gna
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-any linear interference in he det ect or. f.or exanple_ from
~anbient |ight ceBwstng ofarapi H%“‘Efé&fé‘&&%cﬂeagﬁ’ﬁ?“l’ ulses of NIR ; 13131@ tign. Fer i on
- schene wi || dekfaHatidbommércally &ﬁHlableQﬁéde—I&@k&ﬁuﬁﬁﬂhﬁﬁ phité IReishife capable of
modul at ed, bandwi dth Iim ted Scheme w, II re ect this |nterference Assune

" that 5 oumm ode-decked pyisss with k§2Q0f5and; nplse ensrgies phabont: he
- PMT, which trapglgt ‘Eﬁﬁzs

unm)dul at ed case o%m% reg ﬁ%?onnglkguélf lﬁ)%ﬁ‘%&gg?? 'S ltt)'g?: E&FSE%O&%& P

. equal to the squw@onmomfbeﬁnieofﬂ@ahammdguwéxhm wramppwer (up to SeVﬁf@NR

o, Lk, Ao T TR0 PGS g e
* unchanged. Thi svenalYER waveleagiichdnd from approximatefyp 69@-2080cnin0 ’l[heqmls&ctamm ng
| TCTOSSRPY A LSk ERRS Al T ShSHST bSO rygatgn 10 EE B °
interferences gbcustd uship\statidaflopticaliviestysuch asreflective or refractive @pEeSILIN TheOf
thelnherentlylow ffIC ency f th hoton excitatjon e ratio
of scattered, 0o eamgld Et%rfg?”? gét %tﬁrﬁ)mﬂgw be jmaged.
L'C_‘IJ_;) [Jg S g /928248'Siﬁ§1tﬂ{bous two-photon photo-m&%ﬂ%'f Yfe diagnostic imaging agent will be
substantially lnm_ted to the confocal region 118 of the focused beam 114 due to the
15 high instantaneous irradiance level that is only present at the focus. Excitation light
that is scattered 120 by the specimen 116 will not have a sufficient instantaneous
irradiance level for significant excitation of any diagnostic imaging agent that may be
present in areas outside of the confocal region 118. Light emitted 122 by diagnostic
imaging agent molecules present in the confocal region 118 will exit the confocal
20 region 118 in a substantially isotropic manner. A portion of the emitted light 124 is
captured by a detéction means 126, such as a photomultiplier tube, that is mounted
at a position inside or outside of the specimen 116. This detection means 126 is
fitted with a wavelength selection means 128, such as an optical bandpass filter, that
serves to pre-process the captured portion of the emitted light 124 in such a way that
25 the selection means 128 rejects a major fraction of the elasucally scattered light while
passing a major fractlon of light at the wavelength or wavelengths corresponding to
that which is principally characteristic of emission from the diagnostic agent. The
signal thus issued 130 from the detection means_: 126 is captured by a processor means
132, the primary purpose of which is to record eipjséion response from diagnostic
30 imaging agent as a function of location of the conf@cai region 118. By causing the
location of the --cﬁnfo_cal region 118 to be scanned throughout the volume of the

specimen 116, a complete image of the specimen 116 may be obtained by examining



31 Is generally quite high. This includes linear interferences

at the nodul ati on frequency that arise fromelastic and inelastic
scatter as well as from singl e-photon excited fl uorescence.
Optical filtering is frequently used in an effort to spect padphiéoffiosdol NQUi sh
t wo- phot on 8%?%“4%% fromthese optical background phenonena. Un?ortunatel Y,
5 these interferences can be exceedingly difficult or inpossible to
el i m nat e using spectral mneans 3q)l one. As an alternative to

i gnoring these residual interference sources, one conmmon _
approach for recovery of, pure two-photon,signal. utdli .

regressi on of ‘ﬁﬁé”ﬂf Lok esﬁ’@ﬁ?FO’pa‘L’leglés\/@a% %M‘%‘gﬁoﬁﬁ&ﬁ)&g‘v% o the qopfocal
agai nst excit ylepioll 118. This imageomay becuseld, tosidentifyt zdnke of intirest i134f swchpamt on
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fl uorescence response, I[err] given by: [[err]
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2216-2219) t eacfINBR radistioni110 emitted by the\NiRsonree 408 eanhegmed i srypde M { or

the anglysis ofe QPR §dlion iﬂplvgg’a MB&h&Lish pattern that is r&idieieaitd The BRxgt af 4 on

of the™@xcitatron source 1§ used to generate a S|3nal at tw.ce
t he nodul at i onmiodelntendryver 138 that previdescaiduve signad 140iée theomednlation megns 136.

frequency 1 ulba meelaed bepRigraTk il £ SF(CE) PRAFECHE: BAE dEHdio"
second har moni eheddpetincenTidlisalesaibefirpreviousty for WIGURE14. The two-photon excited
emitted light 144 thereby produced will exit the confocal region 118 in an essentially
20 isotropic manner. However, in contrast to the similar emitted light 122 described
previously for FIGURE 11, this emitted light 144 will exhibit a modulation that is
essentially synchronous with the modulation of the modulated beam of NIR radiation
142, which in turn is synchronous with the drive signal 140 issued by the modulator
driver 138. A portion of the modulated emitted light 146 is captured by a detection
25 means 126, such as a photomultiplier tube, that is mounted at a position inside or
outside of the specimen 116. . This detection means 126 is fitted with a wavelength
selection means 128, such as an optical bandpass filter, that serves to process the
captured portion of the modulated emiti:ed light 146 in such a way that the selection
means 128 rejects a major fraction of the elastically scattered light while passing a
30 major fraction of light at the wavelgn'g_ﬂi or wavelengths corresponding to that which
is principally characteristic of emission from the diagnostic agent. The modulated
signal thus issued 148 from the detection means 126 is captured by a processor means



second harnonic fluorescence signal is only approxi mately 12% of the total
f wo- phot on fl uorescence produced, the inproved rejection of

| i near interferences nore WD 98/ 18398
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than conpen¥®48¥8, the |oss in absol ute signal |evel, re%ﬂ'??%%% an

I ncrease in the overall SNR Hence, the second harnonic detection
nmethod is ideally applicable to | aser scanning mcroscopy and to
renote i magi ng of extended objects, such 48 a ) tumor in a human
subj ect, as a _consequence of its intrinsic efficiency in rejecti of .5
scatter and i 30nThnPERSPHOLMSANS LP0ReTySt B Pripary ARERRseS, dirstiyta demofuiate the
an IGHRIAtEd Si¥RAleRhs iSued 188 EBMANE AERBHG I mERCIZb hefg @t nicAlulatidhy
obtai n pure two-photon excited em ssion signals wth_m ni nal

dwel | tines atrefezenee poitput 12nissugihy theemedulator driver 138y 3nd sacpndlyite recesd

power for eac e . int . . . Ffﬁﬁ}ﬁ&ﬁ!i
enuner at ed ad\h/"'la" ggie%&#%rms?ﬁg rg%ggts#)%n%du adtl?ggr?s?r%ltnh%sg ?%?n{g@a oF
t wo- phdt on ex dodation oif dhe cstfocal region h18. aHiehse, by walsiyg the! lbcationt ¢fdhe ¢anfacals

acquired . e n_neassrenent. of em ssi I nt |t I lhiied
st gt e |ifetimd®&PR lﬁgiﬁel%ﬁgﬁmﬁﬁm fhe 5 esﬂ? g‘r%"es egﬂ‘iér“eilln"gé‘t%é‘éﬁgl y
gnd Zensi 1a i velimageaﬁuheckfpuﬁmg' Mﬁﬁ?yrﬁwbblmeﬂiby examining theresitents o¢fhthe ar e
ased on determ nation o ase,shi.fts, betywee nodul ati on ..

wavef orm and {RIRCERArRGADY 15&@?1%?“.“‘4‘%8 ocgtjon ‘gtﬁ? @‘§§°ﬁié‘?g‘%ycﬁ‘ ayig jmage

net hods, 15  may bd'ideddodertiTp S6hel BF BiftefRBt T3S QA R3ubBNATe IS hafibis®T othaV e
inportant utiljty in, the ef ficient detection of two-photon

exci t elf f | uor dlise@spdearegher e they serve to elininate

interferences from anbi ent and i nstrunental noise sources as well as from

scattering and ot her phenonena occurring within the specinen
under goi ng exatk A BODIMENT OX THEBNYENIEONY  such as human

tissue, the extr e e ra‘i’t%i‘ﬁt@h gg?ﬁe%ﬁéh emBodiment, an'BABEREE $am of

excitation light to two-photon exc uorescence em'ssion nmakes use
of such met hodSIR rddidtion-rmclee, used to illuminate superficialfigatapgsi df aspéecimen ¢o prayide

two-p hPSt on a direct imaging means of detection. This is shown in FIGURE 13. Specifically, the

output of a NIR source, such as the mode-locked titanium:sapphire laser, can be used
to induce simultaneous two-photon photo-activation of endogenous or exogenous
diagnostic imaging agents present on or near the surface of a specimen using light at
a wavelength approximately twice that necessary for conventional single-photon
20 photo-activation. The NIR Source 108 produces a beam of NIR radiation 110
consisting of a rapid series of high peak power pulses of NIR radiation. This beam
is modulated using a modulator means 136 located so as to interact with the beam
of NIR radiation 110 emitted by the NIR source 108. This modulator means 136
encodes the beam of NIR radiation 110 with a modulation pattern that is registered
25 to the output of a modulator driver 138 that provides a drive signal 140 to the
modulation means 136. The modulated beam of NIR radiation 142 thereby produced
is then defocused using standard optical means, such as reflective or refractive optics
154, to produce a divergent excitation beam 156 that is directed onto a specimen 116
to be imaged. Simultaneous two-photon photo-activation of diagnostic imaging agent
30 present on or near the surface of the specimen 116 produces modulated two-photon
excited emitted light 144 having a modulation that is essentially synchronous with the
modulation of the modulated beam of NIR radiation 142, which in tumn is



| aser scanni ng m croscopy, enploynent of nodul ati on net hods as descri bed
here will al ways be advant ageous. 25 Contrast agents in
t wo- phot on excited i magi ng - endogenous and exogenous agents:

The foregO|Q9 di scussi on has shown that non-linear two-photon excitation

can §183%sed to effect inportant inprovenents i nPERESEHERPricity
and depth of penetration for optically excitable nol ecul ar
agents present in optically dense nedia, and that det ection

performance can be inproved by use of encdﬂl ng and décodi ng net hods 30
on the respectlve excitation and detection processes. The exce tlonal

spati al synchroneys arith, the dsive signal [0 issupd hy ghesmpdnlatopdaives kidn oA portion

t wo- phot on MetdjqHS nfodilAed BRAIBIRAN 146 is captured bp%slhﬁ@mg detdtition memfsqss
contrast in the point of excitation. Once this localiZe

08/ 18398 such as a charge coupled device array, that is mounted at a position outside of the
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exci tation | s BPRESPALS. Thisimaging detection means 158 iy ited with o yavelenggh sefélion
using & meansVi28j sﬂo}l asfaniephw |bandpmmﬁ$ter,lﬂxa1t tumsemcpmatssdhe papinted s
xanpl e by oo ey of e oatBfeg emjeed fighy JAE 3t Neh 41055 et SR AR ey
fhcus. then gmﬁo"‘?’“ﬁ"‘r‘?m‘% ”f‘?@‘e?'s‘ff?hefd‘sﬁw“?“ﬁg e mor car o or
generét ed by é'a"ﬁ‘m fhgq’é dﬂe yeuelepgh A1 B db% g‘ﬁ‘td'(bl“%és
excitation poigncitly lgragieiibacist emission from thd cﬁﬁéno%ﬁ@ig%ﬂi/ ThOHEEAGked SEakL!

contrast in thls I'mage, however, al so depends on exi stence of

di 11 erMhces i fhumisseesh 160 fpom tbGrﬁnamgo%eévct@nvmpw@& is sAptured Hp RRTQPAssOr
agent or agent S S Ngal d O. or
9 geNlnedrsS P6Y) "ﬁ{eegge essof MeAR dlslzmggr?%g%?‘g%?n%d}? feg BAROtS

10 exogenous to t cl men, an ‘ased” on
contrasts in tdesiodulate the modulatesgignab thus issued 460 fromythe fmaging deteciemmisans

correlated to B%t&{nﬁgfﬂ%&ulh@of fsehtd SutBht 152 issued by the modulator driver 138,

-and secondly to record demodulated emission response from the diagnostic imaging
15 agent as a functi_én of location of emission. Hence, this alternate embodiment
enables direct vi_ééqgraphic imaging of surface features 164, such as skin cancer
lesions, to be petf_é’rmed based on spatial differences in two-photon excited emission
across the illuminated surface of the specimen 116.
It will be -alinderstood that each of the elements described above, or two or
20 more: together, ni‘__ay also find useful application in other types of constructions or
applications differing from the types described above.

While thc?-invention has been illustrated and described as embodied in a
general method for.improved selectivity in photo-activation of molecular diagnostic
imaging agents, iifis not intended to be limited to the details shown, since it will be

25 understood that various omissions, modifications, substitutions and changes in the
forms and details of the method illustrated and in its operation can be made by those
skilled in the art without departing in any way from the spirit of the present
invention. For e:kample, in the third exemplary embodiment, the modulation and
demodulation details may be omitted to produce a more simple imaging apparatus,

30 although this exémple modification would yield an overall reduction in imaging

performance.



function within the specinmen. Hence, it is inportant to also carefully
consi der the role of these contrast agents in non-I|inear
di agnosti c i nagi ng. Vari ous endogenous chronophoric agents

may be usef i agnostic 15 i mgi ng, particul ar] eased
tissue. ’gﬁggg%wgstructural or physi ol ogi cal 6%?&??@%
bet ween dlseased and non-di seased tissues, between various internal

substructures and organs in higher animal s, or between different ranges of
heal t hy or sub-heal thy tissues] 42t he concentration or I|oca

envi ronment of nat C nophoyri c ents, such, as aro tic
am no acids, prot \%ﬁgou &E'ﬁ@Fé‘“&[i’F’d thec@'?&ﬂ%“’élgé?gfynlé%%‘f?éh £ of the
stores (such ﬁ%s&ﬂ%hﬂﬁmdtbm%ﬁbﬁg{» piing LiRent RAWIRHE Srealily &Hiﬁitfor

agents, can vary ~in ways t are useful for problng structura
or functional vmmg@m@ymﬂmrsomtmf@amres that, from Mg&mm of paioE attor s

of het erogenegfy, E%u%e%s%ﬁqb@ﬁ }{t@i‘iﬁf&g@' %eﬁg%hgﬂc to‘P% cific aspects of gton

exci tation. una many cas specificity
possi bfe wi t hinvemtiommgents i s 25 i nadequate to achleve meani ngf u

peci mon. Tr adh ¢ | OWHR i AmRA 8 TG Lk 118 roteried py ftteR PARRES of 11

i nto speci fi cfdrthsinuthe appemtedsclaifis. ot her structural units of a specinmen

foll ow ng adm ni stration. The route for adm nistration of these
agents is typically topical application or via systemc

adm ni stration. Under ideal conditions, these agents will 30

partition into or otherw se beconme concentrated on or in the structures of
i nterest, or may be excluded preferentially fromthese
structures. This concentration may be a consequence of isolated

topical application directly onto a superficial structure, or
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through intrinsic differences in the physical or chem cal properties of the
structure which lead to partitioning of the agent into the

structure. Contrast between areas of



hi gh concentration and Tow concent+ation_can thereby be used as a basis for
pr obi ng str uct si ol ogi cal heterogeneity. Alternatively,
exogenous agents may 5 'i/ ”@” ﬁwm, hr oughout a specinen; if their

em ssion pr I‘él es, su shift, quenchi g{g or
lifetinme, a @838%Pti ve to physiol ogi dal heterogeneity, tHeFFPHEAR49
paraneters of the contrast agent can be used as the basis for contrast in

i magi ng. Because the em Zil on properties of a nol ecul ar
agent are determ ned by the fun@anmental properties of the excited
state and itseR mechani sm 10 responsi bl e for
pronoting the-ag Pted state has no significant inpact on

the enission propeQiimsl. of thenelied f@0thetif{a@ing e PartiuliP vORuth bf Plad@BPSt i C
or cont rast ag nt .t hat wor ks wel | under Si ngl e-photon_eXxcitation

condi tions naftiRgal tissue, whereip the-plantiox apimahtissue continszat leash aue photonarsive
t wo- phot on exﬁiél&ﬁdé}rhgﬁﬂf)%éin‘éﬁﬁd dofyprising the stexgggeral any contrast agent

that is useful for single-photon exci'tation can be used with 15
t wo- ph8t on exci t at (@n, tnpating the particular veltumeof thel planteor aiimel tidsue xitht light on

|
\(,:Mont rzg'[ V:gent S i nC\}fﬁané 'B%;&M&e a%ﬁﬂlx 8Pec1ﬂ ]zgir %%%é%ﬁgn?éggﬂlgg)ﬁ%fo?cgﬁ?cal
dyes or stains, asnmlﬂchlaasagettomtamexﬂlﬁ tire particular volupteodbthenplantcot hmhﬁpy :

(PDT). St andard PDE_a ents have tissue specificities that in
general are based 8?15 e conbi ned chenical and physi cal properties of the

agent and 20 (b)t heplidts.acmana ableast ohe o AiecitQeiist bRSphdto-atheSRoREARAL S
are ef.ficient absorbers energy,. and in many cases are

| umi né¥cent. For e8I "?’e Pa’p“"“far volume qf the plantiarAninal fissugy thqrsbm@va{ls ves

(including 5-nethoxylgas bﬂb%of&ictﬁa&@ﬂole&ﬂar ent, wherem the at least one photo-
nmet hoxypsoral en [8 8-trinet h%l psor 4' - am nonet hyl -

4,5',8-trinethyl psU?t’XPl?ﬁ ‘PM‘}I*“' ageng, gaxl WWhyl 4 5 8 tri met hyl psoral en

[ZFSOpsor Al en] icLE déemk%gﬁsﬁé%{ h?%, angg}%"gaﬂ%ﬁ? "Bhgblatiitated

3- car bet hoxypmwﬂlm)agent and . various porphyrin and
h t h ' [
emat ggor phyrin - ot géfloﬁﬁcﬁ?g (Jbg%ew g%ygx signal which, is chardASHRICBPREYT 1 N

derivative [HPD]; Fvati ve

(BPD] ; pr ot opor phyparticklxr f/ﬂpme)(}f;plat;tmﬂmmalapssn@hyrl n ether [DHE]; 30
pol yhemat opor phyrin esters [PHE]; 13, 17-N, NN-di net hyl et hyl et hanol am ne
est er of pr ot opor phyri n[ PHL008] ; t et r a( 3- hydr oxyphenyl ) - por phyri n[ 3- THPP] ;
t et r aphenyl por phyr Chaim®os ulTherméthofl BPEHi 1 whereap i lighp euffibint tb promote

a simultaneous two-photon excitation of the at least one photo-active molecular agent
20 is laser light.

Claim 3. The method of Claim 1 wherein the light sufficient to promote

a simultaneous two-photon excitation of the photo-active molecular ageat is a focused

beam of light.
25
Claim 4. The method of Claim 4 wherein the focused beam of light is
focused laser light.
Claim S. The method of Claim 1 further including a first step of treating
30 the plant or animal tissue with at least one photo-active molecular agent, wherein the

particular volume of the plant or animal tissue retains at least a portion of the at

least one photo-active molecular agent.
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di sul fonate [ TPPS2a] ; wam t her; neso-tetraphenyl - porphyrin;
and nesot et ra(4N— nmet hyI ’mm” [T4|\/PyP aI on S
t et raazapor BYRIYIE¥8( i ncl udi ng mf R 9 VebodhbiY

octa-(4-tert-butyl phenyl)-tetrapyrazi noporphyr - : azi ne
[OPTP]; tetra-(4-tert-butyl)phthalocyanine [t[err]-PcHerr]]; and
tetra-(4-tert- 5 butyl) pht hé‘l40cyanato magnesi um

[t[err]-Pc ; ' .
(incl u!ji nglvg]hl) or oalHambm suﬁ%ﬁﬁ%‘ﬂffuPCB‘ ' S WREE e ﬂ?rgérgltgly‘é‘??%%'gmve

[ CASPc];  chl Qﬁ&%\ﬂﬂi apént isRelebrRl %)&ﬁﬂie@oﬁ;ﬁédh@iﬁﬂﬁg éfigoralen, S-methoxypsoralen

[ Al PcTS] mono-, di-, tri-_and tetra-sul onat ed alu num a ani nes
[. ncl udi ng Al SPMOR)s2®anethpgpasalsnd (Bt 4,3}8-tripethyigsor; %cyé‘m [%Si Pc

oct adecyl si | om%g'gﬁhgcé Me&p}l’g&lﬁ?&ym[ %}i%,mf'@‘%% méﬁlﬁ%é[ﬂalen

ni ne

[i soBOY NC ) ; f t(@opécraleny) hsmmmmm (5-MIP), 3-carboxypsomaan,| ous
|

rhodam ne deri vat i ves ncl ud| n rho am ne-1 01
110 [Rh-11Q; OP‘P!E’ m%B‘&%thP%‘Piﬁhﬁ]rﬁogwm hy

%%gig% :Eg am ne 6§§P m%m%odamm%ﬁﬁwo ]f)dam ne- ﬁgy 15

[ Rh-700] ; r hodealybsenatep

o 0L, 2nd SU¢ LRGP errne) i iy s dm‘l’aves

120, 181, 152, tetrsphenyip®sphysinl magrulicmte (TPPS1B3 tetraphenylporphyrs odisulfomates 50,

515, 510, 521, (P8I ARGemdiborphitin Sdhdr, fidaretiihe I@ggﬁ’h@gﬂ aidtetratiN-

* various benzapgf Dpﬁmhﬁ'ﬁﬁ i(T4MpyR)s Wé*mﬂbwpﬁeml)tbﬁaamwhyrme

di et hyl am nobe oxazj ni BA am no

di et hyl ani nobée ?‘F-’(PB’?FT\?%H E@fﬂ?&fﬁ) &W@Wﬂyl(&g@%}gm%mm'
di et hyl am nobepgg hﬂkmamh%magﬂasmm[ E¢tNBSR ), chloroalummum [ esulfonated
chl or pr omazi ne an |ts derivatives; é var i S

chl or ophyl | alggranine (CASBE AHqrpaluminym phthalecyaping %@F‘ﬂgﬂe (AIPCTS),
bact eri ochl ori ﬁxoﬁo-&ﬁ@ﬁla}ed aluminum phthald@f4dine vemspbys defdfonhtedauminum
conpl exes, such as tris(2,2' -bipyri d| ne) r ut heni um

phthalocyanine (AlSZPc), tri-sulfonated aluminum p(hthalocyanme (AlS3Pc), tetra-
sulfonated aluminum phthalocyanine (AlS4Pc), silicon phthalocyamne (SiPcIV), zinc
11 phthalocyanine (ZnPc), bis(di-isobutyl octadecylsiloxj?)silicon 2,3-naphthalocyanine
20 (isoBOSINC), germanium IV octabutoxyphthalocyanine (GePc), rthodamine 101 (Rh-
101), rhodamine 110 (Rb-110), thodamine 123 (Rh-123), rhodamine 19 (Rh-19),
thodamine 560 (Rh-560), rhodamine 575 (Rh-575), rhodamine 590 (Rh-590),
thodamine 610 (Rh-610), thodamine 640 (Rh-640), thodamine 6G (Rh-6G),
rhodamine 700 (Rh-700), rhodamine 800 (Rh-SOO), rhodamine B (Rh-B),
25 sulforhodamine 101, su]forhodamme 640, sulforhodamme B, coumarin 1, coumarin
2, coumarin 4, coumarin 6, coumarin 6H, coumarin’ 7 coumarin 30, coumarin 47,
coumarin 102, coumarin 106, coumarin 120 coumarm 151 coumarin 152, coumarin
152A, coumarin 153, coumarin 311, coumarin 307, coumann 314, coumarin 334,
coumarin 337, coumarin 343, coumarin 440, coumarin 450, coumarin 456, coumarin
30 460, coumarin 461, coumarin 466, coumarin 478, coumarin 480, coumarin 481,
coumarin 485, coumarin 490, coumarin 500, coumarin 503, coumarin 504, coumarin

510, coumarin 515, coumarin 519, coumarin 521, coumann 522, coumarin 523,
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transfer to "nor e ot h 0 be used
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agents and stains.

Claim 7. The method of Claim 5 wherein the at least one photo-active

15 molecular agent is at least one biogenic photo-active molecular agent that is specific

to a particular tissue within the particular volume of plant or animal tissue.

Claim 8. The method of Claim 7 wherein the at least one biogenic photo-

active molecular agent includes a segment selected from the group consisting of
20 DNA, RNA, amino acids, proteins, antibodies, ligands, haptens, carbohydrate
receptors or complexing agents, lipid receptors or complexing agents, protein

receptors or complexing agents, chelators, and encapsulating vehicles.

] Claim 9. The method of Claim 8 wherein the at least one biogenic photo-
25 active molecular agent further includes a segment which is photo-activated when

subject to light sufficient to promote a simultaneous two-photon excitation.

Claim 10. The method of Claim 1 wherein the step of treating the

particular volume of the plant or animal tissue with light sufficient to promote a

30 simultaneous two-photon excitation of the at least one photo-active molecular agent
contained in the particular volume of the plant or animal tissue includes the steps of:



partition into or otherwi se becone concentrated on or in tissues of
Fnterest. Unfortunately, this target specificity is usually not

perfect. In fact, it is dam fﬂm have an i nproved nethod for
i ncreasing specificity mﬂ“‘“ : ﬂmﬂmﬂ“m agent 25 destination. A
means for aghtevi such i nprovenedt ©n Specificity is basggrpgyrise
utilizati on%%ﬁ%@i fic biological signatures of struct ure,s ?unct I on, or -

di sease. For exanpl e, by coupling anti-sense oligonucl eotide
agents to one or nore photo-active 46 noi eties, such as FITC, new
bi ogeni ¢ contrast agents are created that are capabl e of ,

sel ectively taggi @ﬂ)onhﬂédﬁlaﬁﬁgfﬁghtcﬁbhsa §ipleth séurce awitkr @ Upartiedlhs  typen adf
contain 30 conpl enent ary_geneti ¢ encodi ng. )reover, the basic
approach i s easi | yodulatiege thereby producingiamgdwla !l\ﬁ‘éeﬁ@[ i c- based di seases
or other di sorder?ﬁﬁy ﬁgm é{%ﬁctﬂﬁx‘&ﬁﬁﬁ@&me plant or anifRf0Gssié Qakh{ e t he

bi ogeni ¢ probe. EnplFoynent “of t photon activation.enables this _ |
WO 98/ 18398 modulated light sufficient to promote a simultaneous two-photon excitation
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o{ (t)heb%t least one CPhOtO active molecular agent contained in the p

power ful approach- appli usi ng the conbi bro-specificity of the
bi ogeni ¢ volupreodfcthe rpdianit logr ainimgad tisses;i al | ocal i zation i nherent to the
si mul t aneous twa- phot o . )hot 0- acti vati on process. Thus, very

hi gh cont rasta,n\é(\a‘Lé ‘}BW&?WS%?ﬁfepﬁﬁgi nagi ng becomes possi bl e at
the genetic |evel (gsi Ndempdilating tir! detetabendry sighdlywitlatigepaticélar typs of

a particular organ, tissue, é)r | esi on. An optimal design
for biogenic probdodmatan;aad one or nore photo-active noi et i es

that fiave enissioggpro %dubﬁ?' 4 Bethodllaed *neRe Hignalivhithdk icharabretiveeof thee
bi ogeni ¢ agent angt)t heBt arget site. S‘E)eci f i,cgal_glsbﬁchanges I n em ssion

wavel engt h or particular|vofwpe pE theRjAnt-ofgnimaLt can be used to increase

sensitivity of the general nethod, 10 si nce-such changes will help
to increase contrast between areas contai ni ng _conpl exed

and those cont ai niGlaimuit.onpThs metheskef Clapn 10whepria t_h%’“&l’l?fég’@ﬁ#@aﬁ%?ﬁleem
Sgiﬁd on a PhilficAd dnkfgy Mokl ith Bt parfcdis s Snbfilitiof HERYES dhaTulAGEI S,
15 the detected energy signal at a frequency twice thafi'-‘bf the particular type of
modulation, thereby detecting the second harmonic of the particular type of

modulation.

Claim 12.  The method of Claim 10 wherein the demodulated energy signal
20 which is characteristic of the particular volume of- the plant or animal tissue
represents a change in lifetime of at least one photo-activated molecular agent

present in the particular volume of the plant or animaltissue.

Claim 13. A method for the imaging of a partlcular volume of material,
25 wherein the material contains at least one photo-active_-;ihdlbcular agent, the method
comprising the steps of: _' | |

(a) treating the particular volume of the matenal with light sufficient to

promote a simultaneous two-photon excitation ofat least one of the at least

one photo-active molecular agent contained m -

30 material; | £

' (b)  photo-activating the at least one phom;qéﬁve molecular agent in the
particular volume of the material, thereby pr:c;_'éhlcing at least one photo-

e particular volume of the




whi ch occurrence em SSI onm-beecones._unquenched. Another exanple is an agent
based Mcal ating photo-active noiety, such as psoral en,

that is tethered to an E"I Im ense genetic sequence; upon
conpl exati on between th Hmence and its t-arget

sequence, | Rf@osabaat | on of t he pflot &-attive moiety is enabhegdytdAbabeads to
a chromatic shift in em ssion properties of the p oto active

noi ety. It will be clear fromthe foregoing discussion
that targeting nethods based on 47 ot her bio-specific neans, such
as immunol ogi cal means, rather than solely on genetic 20 nmeans, are
al so covered wi t hativated molepardgent; svhiereim tie; a;trieas&m:pliotoabﬁmtechgml&cular

specificity baseda&ét%ﬂﬁ%%@@rggm' body net hods, where an anti body probe is

coupl ed Sattive group, pr ovi des a powerful new neans
for diagnosis of (H)seodatecting the energy emitttddiyl dre af\delist icieabhotoartivited
achi evi ng bi ooie%qflc t‘i\é i A agent targeting include, but are not
limted to, ac hapt ens, carbohydrate, lipid, or protein
recepsors 25 @ orpmﬂﬁahgm detec@dNése fsghat Whioh &N ehAAERASEY JF ithe
vehi cl es, such as I'ipaoso ful'l erenes, crown et hersand

cycl odextrins.  parti ar volujneref fhemmptishRy EVBOD! MENT OF THE | NVENTI O\
Hence, it is a specific preferred enbodi nent of the subject invention to 30
enpl oy the output _of a N R sour ce to i nduce sinul taneous two-photon phot o-

activation of endeiddds orThexaelind of Gaiaykbowherein thegnatgriabisselectod dwamt i n
a ﬂ{éeéﬂo{lﬁ'&oﬁk‘iéﬁ?@ Afl%t§§§ fg%%g%g}ngpggsgeapprom mately tw ce that

necessary for
PCT/ 1897/ 19249

conventional sing t on o lNi.S odi rre S
shown Tb‘IEE&%RE 1o % 8&&( %o]usuﬁ? Sheped Blﬁ) %eﬂgg ! F“Rﬁ R
radi ation 110 SImultaneous two-photon excitation of the at least one photo-actlve molecular agent

is laser light.

15 ~ Claim 16.  The method of Claim 13 wherein the light sufficient to promote
a simultaneous two-photon excitation of the atleast one photo-active molecular agent
is a focused beam of light.

Claim 17.  The method of Claim 16 wherein the focused beam of light is
20 - focused laser light.

Claim 18.  The method of Claim 13 further including a first step of treating
the material with at least one photo-active molecular agent, wherein the particular
volume of the material retains at least a portion of the at least one photo-active

25 molecular agent.

Claim 19.  The method of Claim 18 wherein the at least one photo-active

molecular agent is selected from the group consisting of psoralen, S-methoxypsoralen

(5-MOP), 8-methoxypsoralen (8-MOP), 4,5 8-trimethylpsoralen (TMP), 4'-

30 aminomethyl-4,5’,8-trimethylpsoralen (AMT), . 5-chloromethyl-8-methoxypsoralen
(HMT), angelicin (isopsoralen), S-methylangelicin (5-MIP), 3-carboxypsoralen,
porphyrin, haematoporphyrin derivative (HPD), photofrin II, benzoporphyrin



For exanpl e, St rci-ally avail abl e node- | ocked

titani um sapphire | asers , HM?%? I”BL out putti ng node-| ocked

pul ses with durations <20C-fs a ergi es of about 20 nJ
at pul se repgdbdsisass frequencies in excess of 75 MHz; this sewwsenpieduces a
quasi -.conti nuous beam of |ight having a relatively | ow average power (up to
sever al Watts) but high peak power (on the order of 100 kW t hat
i s continuously tunable over a48 R wavel ength band from

approxi mately 690-1080 nm The pulse train 10 : emtte,daé)g the NIR
source 108 calesivative (B3PD), ipeetopoiphiitiR IKA(@pEX), slye haematoporphyriasthen(DHE),

f d [ d J | ' '
ocussed el el O NN,
Dot aet 1 vat Lan o et Lo Y 1m0t et | b (STHEE
gubst anti al | YRR °Mg%ﬁ?‘g@é\a gé@%ﬁﬂn WLWZP%M@%%WTM

due tg the 13TPPS2a), dih&einatBpdrphjritbér, imés%@étﬁphenjlp&@hyﬂﬂaheb&eﬁﬁg% )
y
(+]

present at the focus, Excitation |ligh

th d
the speci men methylpyridyl)pepphyrin, €T ftPEtP'éfrFmi"?ﬁYl ; ] félggysfgz?ltlgp%;ﬁmm
71 adi ance | QUpT)O phBialihife et A b Ab O NpRaRYarihe GORLY oG ageN!

that may be ; preSent 'in areas ou de of“the confocal region 118.
Li ght emi t t edutpllphthaipcygnatomagnesium - (t,-PeMg)i nghlasealunippe ysefopatedent

e ‘ y 1 - | | . ;
subst ant i al [ Y8 s%édgp. ¢ fChtto, @%ﬁﬁ%ﬁ?ﬁ*ﬁﬁ?ﬁﬁ d ﬁ%"ﬁ?@?ﬁﬁ e
capt ut®ed by anoks-sudfonatedredwpinbfs, p cyaping (Ad8R0)u| dirsulfonated ulplymintmyt | s
t ed __at. i$ion. insi { S ' :
This det ect i ditalan@hind (1520, th niftnaia SpBliil BRoflocind RERAPR) ol
means 128, Slmlfomedahmgﬂﬁm@hﬂfw ?ﬁtﬂﬁ (ABM’G)E silitquil : hri_]:halicyani_ne (SiPsﬁV)f,ezinct o}
- t Pt I . em tted.l | ghi. I n a_wa
Phat "26°°°° ' Bafhalesmogie E4Fc) b nomtn aPlane §honditivon 2 napiirAnie
F! aﬁ E ic ?I ItK S(mBCrSINd:t)Jhgeﬁﬁhnm ll\Boct?butoxyphthaHﬁﬁaﬁm(GetBﬁ)\,jmbdémheUOD(Rbf
| e vel e (0] e S, carr (o) | .
whichids pri dibertegaminer b0 Gii0l: hpamming 328 (R DAl thodaming, 1 (R Bhen:
The rholstiibe 560'RbS5605,d ictintin® '575h ERELSYSY; t hedariien 590 IRh-590),

captured by a_processor neans . 132, ‘the BI’I mai y purpose of i ch
is to record thadamingn 61@s@RINEW)s Thedaming néAll j(Rhaff0), rhodamine AGio(BEM: as a
function of | ' t [ OcRldanfifd 0800l -$90) C Fsitineh B -B),

| ocati on of t'ﬁga%:ﬂc}ﬁ%og’g? ?ggie’g ’118 to be scanhed t.r)]roughout .the g/%lllu.r)re of
the sulforhadamine 1015 sulforbodasnioe $40,swiferhsidamine Bpeoumasin 1,10umafinge
obt ai i3 d by X Wduttialifl 4, coumarin 6, coumarin 6H, coumarin 7, coumarin 30, cpumarin 47,

coumarin 102, coumarin 106, coumarin 120, coumarin 151, coumarin 152, coumarin

152A, coumarin 153, coumarin 311, coumarin 307, coumarin 314, coumarin 334,
coumatin 337, coumarin 343, coumarin 440, coumarin 450, coumarin 456, coumarin
460, coumarin 461, coumarin 466, coumarin 478, coumann 480, coumarin 481,
25 ' coumarin 485, coumarin 490, coumarin 500, coumarin 503, coumarin 504, coumarin
510, coumarin 515, coumarin 519, coumarin 521, coumarin 522, coumarin 523,
coumarin 535, coumarin 540, coumarin 540A, coumann 548, 5-ethylamino-9-
diethylaminobenzo[a]phenoxazinium (EtNBA), | __ -'35'5 -ethyl-amino-9-diethyl-
aminobenzo[ajphenothiazinium (ELNBS); 5-ethylamﬁib?g#ﬂiethylaminobenzo[a]pheno-
30 selenazinium (EtNBSe), chlorpromaziﬁe,_chlorptomazfi#e derivatives, chlorophyll
derivatives, bacteriochlorophyll derivatives, metal-ﬁgé,nd complexes, tris(2,2-
bipyridine)ruthenium (II) -dichloride (RuBPY), tris(2,2™-bipyridine)rhodium (1)



WO 98/ 18398

PCT/ US97/ 19249 39
the contents of the pr &mwk“m‘]‘m as a function of location of the
conf ocal regl on d ge may be used to i nes of
interest 13 ,Q%stljlc subcut aneous tunors or ot hgf%%gég@g

ar eas. 5 SECCND EXEMPLARY EMBODI MENT OF THE | NVENTI ON:

As an alternate to this preferred enbodi ngnt, a nodul ati on neans nay be

i ncorporated into the general enbodi ment 'Shown in FI'GURE 11; such

rodul at o0 gekjorite PRSPl A355 RS, DL RS I BRER o o
or instr unenphéophmrbldesa)lmezesyanﬁne s403bliami D, 5-am1nd-lﬁ@0Mﬁf ¥ aéid, pH6®san,
t wo- phot on ex ted erﬂlssl second har'moni c,.or to facilitate

det ecti on of © d“Yoghe Ylﬁﬁecgﬁ‘éédé PRBEdntsparty ‘éb{é”ff’cﬁé@ﬂb@%wne Nile
Speci fical |l yblue derivatives,Fstitblle, 1ilSdiR\VaetitiRived fo>. 21\?—?}& uch as

an el ectro-optic or acoust o- opti c noddl a per r’ ot her
means? | ocat é@lwhﬁg}’lﬂ'é (ﬁﬁ)@f@vhewlmﬁfonﬂknﬂuaa(APSS) andstandildlﬁidlngéaiﬂﬁkl on
110 emitted BXd4 TanI R source 108 can be used to encode the beam 15

of NI R radi atlon 0O with a nodul ation pattern that is registered to the
out put of a nodul at or driver. 138 that provi des a drive signal

- 140 to the nodul aj4 on 136. ated beam of NI R
radi ati on 142 theM M?glc‘firfgrgﬁl‘i"? é%t”gﬂr%f at least one phpteeactiveci nen
116 as descr infeétupireigemis by leh&r onelHidiaiclphotd- B@uJeVBoEBﬂEPEge%%ﬁiaE pegific
gl on

emttsd i ght 144 th rebé produced wll ‘exit the confocal re

essertt)j al | y a2 particular; substangs; withinthe partiqyleswelume of materiahst to the sim I ar
emtted |i ght 122 descri bed previously for FIGURE 11, this
emtted light 144 wll exhibit a nodulation that is essentlally

synchronous with Eeéimpdldul stheomegfod hé Giuduﬂ&t\mtrbﬂahe(ﬁt IR qsrmdbmgema
142, which i [ e driv 40 issued.

nodul at or Bubtdldieive gﬁﬁ %Wr%gﬁﬁﬂ DoFt #nbefm fﬁg"s‘ﬁggﬁffﬁ%‘g&%‘ﬁﬁ’ ERnsty ?4? ght
146 i s capt upéle‘lMt KN#st aminiooacids protems aﬂﬂa?diﬁeleiﬁand%whhpﬁﬁs acarbohydrate
phot qgultl pl | §cré g & }':ohatl .S m)unﬁﬁ (i ?Fp05|t| on |nls de or

out side of t e 6 NG R85 e P (TEFFPRUS N FOBPICXING; REEIES, WPIOLFIR
wavel engt h receptors or catplegiing @pents,adhelalds, afdledtapsulaihgORhidal bandpass
filter, that serves to process the captured portion of the

nodul ated emtted light 146 in such a way that the sel ectl on
Claim 22. The method of Claim 21 wherein the at least one biogenic

photo-active molecular agent further includes a segment which is photo-activated

20 when subject to light sufficient to promote a simultaneous two-photon excitation.



means 128 rejects a major _fract ion of the elasticall y scattered light while

passing a 30 maj;t m ﬁﬂ mmlml“"ght at the wavel ength or
wavel engt hs correspondi ) iy ? is principally

characteristic of emssion from the °di dgnostic agent. The nodul at ed
signal thus YREE¥8148 fromthe detection neans 126 is capFGFEF B4
processor neans WO 98/ 18398

PCT/ US97/ 19249 40
150. The processor nmeans 150 serves two Bpi mary purposes, firstly to

denodul ate the . | at [ .t Lssued, 148 frgmthe

det ection means 1%g%e eﬁﬁ?cth?g@laxmhﬂswherelp épﬁrsé?fbégotﬁ?% the )
i ssued by t hgardmildr&blimelsf te maledthl w?ﬂhdig_ﬁﬁﬁﬂﬁkﬁéﬁ/t tb PréB&Ra%imultaneous two-
denodul at ed eg1033| on, responéle fromthe diagnaostic_ inaging agent as a

function of Bhoton excitaon,of the abdeast ang ghotgrastive mplesnlar pgentpantainedin thausi ng

the |OCati0nF>thidiﬂth%ﬁihf1@6ﬂ{he material inclid89¥ stdpsSoft O b€ scanned throughout
the vaol une of the specinen 116, a conplete i mage of the specinen

116 mey be obt ai néal) bymedulating rlight homoat dights sotrce heith a particulaprigpe sefor
reans 150 s 3 | Uai ol hOEB) bR Bog o SHA0he/ 9 0D 118. Thi s 1 mage
) Srest TRy ey

may be used to identify zones I nt aS subcut aneous tunors
or other 10 (a2)i sweating the pagicular volume of the Fidtdial kithvire. AtOd uFMH BEHYENT
OF THE | NVENTI ON: . . a second.alternate to . this preferred
embodi nent, an unf%fgﬁgg%ltolf’égﬁoﬁefaSlmﬁtancws‘i\\'ﬁ’ﬁhf’gﬁﬂ “&‘F’i‘ﬂf?nrwi’ﬁét hggdm’?o

i || umi nat e super f photalactieatmslesulaf agerpesitaaed tig m&oifhﬁeul&? volume ofathdi I ect
I magi means of detection. This is shown in FIGURE 13. Specifically, the
out put’ of a NI R sBEEEE such as the node-1ocked titani um sapphire |aser,

can be used and further inél@din@dR€ Stepé BRI t aneous two- phot on phot o-activation of
endogenous or exogenous . di agnosti c imagi ng agents present on or
near the surface & a %@gdq}g;pgugqen@etpcptgql“engugy signal with the particular type of

modulation; and
(®  producing a demodulated energy signal which is characteristic of the

15 particular volume of the material.

Claim 24.  The method of Claim 23 wherein the step of demodulating the
detected energy signal with the particular type of modulation includes demodulating
the detected energy signal at a frequency twice that of the particular type of

20 modulation, thereby detecting the second harmonic of the particular type of

modulation.

Claim 25.  The method of Claim 23 wherein the demodulated energy signal
which is characteristic of the particular volume of the material represents a change
25 in lifetime of at least one photo-activated molecular agent 'present in the particular

volume of the material.

Claim 26.  The imaging method of Claim 1 wherein the treating step
30 includes:
focusing a beam of light over a range of focal lengths so that a focal plane of

the light beam extends to a location between a surface of the tissue and a point



a wavel engt h approxi mately tw cé That - necessary for conventi onal

si ngl e- phot on 20 Ill mm ; LONn. The NIR Source 108 produces a
beam of NI R radiation 0 Lm”ﬂ mesti ng of a rapid series of high
peak power I f N R raditat #ons S .beam i s_nodul at ed using
a nodul at or%iﬁgw 36 located so as to interact with the pEGHPS?19249 of
NIR radiation 110 emtted by the NIR source 108. This nodul ator neans 136
encodes the beam of NIR radiation 110 with a nodul ation pattern that is
regi stered 25 to the output of a Abdul at or driver 138 that provi des
a drive signal tion ans 136. The nodul at ed

40, t h . dul
beam of N R ?‘ébc#aftqﬂahg bfﬁ‘gnq ther Hispe p‘?"%ﬁﬁlzj ereby the treating giep mak e¥end dg

usi ng st andapenetpite detp WRANStheSisske.as reflective or refractive optics
154, to produce a divergent excitation beam 156 that is directed onto a
speci men 116 to be imaged. Simultaneous two-photon
phot o-acti vati on Rl BONOSHS [ SOst : apear
the surface of thgj%%e—?;?neﬁmf%giag?gﬁgs m(}ﬂtz‘seg’r%h\?\{)]-n%@% xﬁﬁg,@.’inl@
excitéd em t thegbe¢qnylef lightiisrextantcthe foead déugth pnsitibatwithin Eestissue,add that said

' e i.on qf th I m of N R
synchronous Webl ok BRoto-activating, defiRfllh Al "Prodleih {5 ERAYER LSS TP bodh
PCT/ US97/ 1924lng positions between the tissue surface and a position located substantially beyédd
synchr onous m’ct{:s {Ihe rci Ve, Si %n?{é 140.i ssugd by. the madul ator driver 138. A
portion ssug puriace. NORIFCY heimdging Sdbrse fimensignals captured by an
i magi ng detection nmeans 158, such as a charge coupl ed devi ce

array t hat is noypted at ra;l’gnposition outside of the ] speci nen 116.
Thi s Pmagi ng det e&dal andieimathod of Claim 2 wherpinustid) tseaiing sten éncludss 5
means 128, sy t4 %gsg fd I hadk v : the
captured ﬁ&aﬁﬁg %g] ra%i& oﬂr?clgr?d?%gg duldadtdé%ﬁelm‘ﬁhgg q%?srgehlﬁﬁ?[%fgm?ﬁggﬁc a way
that the sel abevecrbobdf negahertz and a sp-napgsecend pulsmpwratibpact i on of 't he

el astically scattered |light while passing a major fraction of
light at the wavel ength or wavel engths corresponding to that which is
principal |y chara€laimid i c Bfe methed pHElaim d8rircheling cppnativtgithe hgartd produee

modubated si goalinfrared light.

Claim 30.  The method of Claim 29 wherein the laser produces pulse

energies of about 20 nanojoules.

20 Claim 31. The method of Claim 29 wherein the photoactivating step

includes performing a simultaneous two-photon excitation of the at least one photo-

active molecular agent.

Claim 32.  The method of Claim 31 wherein said detecting step comprises

25 detecting emitted light that does not retrace an optical path of the incident light from
the laser.

Claim 33.  The method of Claim 31 wherein said treating step further
includes modulating the laser beam;
30 and wherein a selected one of the detecting step and the producing steps

includes using a wavelength selection step.



10 t hus i ssued 160 fromtheimaging—detecti on neans 158 is captured by

‘a processor I pcessor nmeans 162 serves two primary
pur poses, firstly to rrﬂ"m” :;rrﬂ ﬁme t he nodul at ed signal thus issued
160 fromthe inmagi ng detectdon naa Ta ' 158 usi ng ﬁgg.gﬁ tion

ref erence a’ﬂ?ﬂﬂ{”gﬁ%z i'ssued by the nodul ator driver 138, i %and
secondly to record denodul ated em ssion response fromthe diagnostic

i magi ng 15 agent as a function of#ocation of em ssion. Hence, this

al ternat e enbodi nent enabl es drfect videographic imaging of
surface features 164 uch.as skj,n .ca I . lesions, to,b
per f or ned based o@%&é\'al Ff’iné{hgﬂcggﬁﬂmt %-"ﬁ‘r%?%hsaé‘iéfetagagearﬁds&‘%ﬂ'
across the ijdiwnfisppéteps st drdfifye0fto tpredic &EittBd lighBwhich is from the moleculat t
wi || be understood that eac

h of the elenents described abov r two or 20
mor e t oget hedgentinthg tissperandds E%Sé?tﬂﬁ%lyéﬁ‘ﬁﬂhi’%né’t"ﬁ Jth; 3mgdation 9§@§?§r—r light.
constructions or ~applications differing fromthe types descri bed
above. Whi'l e the invention has been illustrated and

described as enbddiaim 35n almaging apparagusifer ithagieg A@articytar e efiplant or
selectivity J - kMead | AL 6] ' ' i ng
agents, it idsﬁﬁ(%?%%%f en géc'ai:ngoﬁelgﬁt mrm% 3%’%%5%"&36%%2%1?2 aé%ngi/quh,e asl?pr?(&:%ﬁigt
will be 25 comprisingader stood that vari ous oni ssions, nodifications,
substitutions and chan n the,. ‘s farns.and detgil.s of the nethod
i [lustrated and i3 %&%BP‘&H‘%@‘%%S%I’%B%“B%z“ Fikflepcy eftective Y peathaty |
the art wt hﬁ:btstadﬁﬂ&slr initd ¢he ﬁss&a,yshaﬂmydgﬁtﬂﬁmglt i&psqa]'n%)i %romfoté Eimxﬁlfaﬂ&ﬂ{jstt?wo-

i nvention. Faqr exanple, i e third exenpl ary enhodj ment, the nodul ation
and 1 lg)h‘ﬁ%ﬁ ‘?aé.‘PP({ﬂ-PﬂPéiq‘%mr?é%F“gé a&ﬁ‘l"t@é&fmﬂ"fd Yﬂ#ﬁ‘&d@% Usifore sinple
| magi ng appar at Usfocidfng apparafis 8P fsisindithe RURERE] BBKH fir&@dhoan aVv%Hgég oyi el d

an overall reduction in 1 naging per f or mance. . /18398
PCT/ US97/ 1926pgal lengths extending from a surface of said tissue to a depth substantigily beyond

:/\Ltehout FUrt el saley $4id light'Soulr® 8@ (SMlsitk abp@AtdstobYeraB¥ 8 phdifotd THE Of

of the molecular agent,
15 wherein a focal point or focal plane is adjustable with respect to said tissue;
and
a detector located proximate to the tissue and positioned to detect said light
emitted by the molecular agent and which travels along a path that does not retrace
an optical path of the light incident on the tissue, said detector configured to produce
20 a detected signal characteristic of the particular volume at which the light source has

been focused.

Claim 36.  The apparatus of Claim 35 wherein said light source produces
a pulsed output having a pulse repetition frequency above about 75 megahertz and

25 a sub-nanosecond pulse duration.

Claim 37.  The apparatus of Claim 36 wherein said light source produces
near-infrared light.

30 Claim 38.  The apparatus of Claim 37 wherein said light source produces

pulse energies of about 20 nanojoules.



present invention that others can, iMIiLh) ying current know edge, readily

adapt it for vari ous m“'”"m“m ﬂ gut omtting features that, from
t he standpoint of prior nstitute essential characteristics

of the generic or speC|f|c aspects of this i nventi on. at is
clai med as MEWPBAEWBdesired to be protected by Letters Pat elr)l(t:Tllngwslgzt“w
forth in the appended cl ai ns. WO 98/ 18398
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WHAT |'S CLAIMED I S: adaPm1. A rethod for the imaging
of a particular v ant_or I he
pl ant or ani nal Mon%%@ppﬂawég&g% 37‘?1]&{% sa{dl@‘t’?@r\?@@&ﬁbﬂsg

mol ecul ar aggnksert he nethod conprising the steps of: 5 (a) -

treating the particular volune of the plant or animal tissue with |ight
sufficient to pronote a si rrultaneous t wo- phot on excitation of the

phot o-active Claim 40. Aculsabf TR 36 Ok @Gmiphisingea pacdessoul ar
vol une of the plan falor ani rra b tissue; (b)

phot o~'5act|vatt"foln!gieéttoIS@lésﬂcﬁﬂ%ﬁlﬁfier of the at |east one photo-active nol ecular 10
agent in the particular volunme of the plant or animal tissue, thereby
produci ng at | east one photo-activated nol ecul ar agent,
wherein the at | e@@timpéke phBhe-apparatus of Claim 40 furtI&Ct@Wgnﬁ)MﬂE’émnagent

emts ener gy’sﬁ%lfloaség??t\?gt ‘é’ﬁh saxcf %)ght sgx?xlcg CEJiHQ%JoQ&s&DEEigé %getde% Ryjat he

at | east one
(d) pr oducim@hdatitai §eteat] ener gy signal which is characterl stic of the

part |1c0ul ar volume of plant or animal tissue.
Claim 42. A method for medical diagnostic imaging comprising the steps
of: '
introducing' a photo-active molecular agent into a tissue, said agent being
selected for specificity of the tissue of interest, said agent being susceptible of two-
15 photon excitation (TPE),
allowing said agent to accumulate in specific tissue of interest;
directing light to specific regions of interest within the tissue, including regions
substantially below a-tissue surface, said light being selected in frequency and energy
to penetrate the tissue and to promote TPE substantially only at a confocal region;
20 controlling the location of a confocal region over a range of depths within said
tissue;
using TPE, photoactivating said agent over said range of depth within the
tissue, thereby producing photo-activated agents at the :ﬁ_confocal region, wherein the
photo-activated molecular agent emits energy;
25 detecting the emitted energy; and
producing a detected energy signal that is charactenstlc of tissue at the

confocal region.

Claim 43. The method of Claim 42 wherein said step of directing light
30 includes generating near infra-red light using a pulsed ;i__aser operating at short pulse

widths and a high_ph‘lse repetition rate, and focusing said laser into said tissue.



Claim 2. The net hod '“dT"""'CI""éii m I wheretrn—-the |ight sufficient to pronote

a sinultaneous two-phot he at | east one photo-active
mol ecul ar agent 20 (ﬂ"f"n i m', H L Cl ai m 3.

The nethod of Claim 1 whereien thesl | uff|C|ent to pro a
si nul t aneouV WMot on excitation of t he photo-active nol ecu gsrmglzétg t is a

focused beam of light. 25 CI aim 4. The
nmet hod of C aim4 wherein the focused be%g] of light i f ocused
| aser |ight. Claim5. The rrethod of Claim1l further

including a first _step tyeati 0 . ant..o lSSEWIth
at | east one phot M rrﬁf%ﬁ\frflg?fafgg}?t‘m ﬁ%‘pﬂl p4id s Step cptl'x’mmhﬁ’&r Ccul ar
vol ume of t heodatisilcompriedy viying itles pesitici of the cdhfdcePrdgion relitive ao thd tifshe at

| east one photo-active nol ecul ar agent WO 98/,18398
PCT/ US97/ 192ander examination or varying the position of the tissue under examinatiop relative

Gaimb6. - The"BleAnRicalFegion 5 Wherein the at |east one photo-active
nol ecul ar agent 1s selected fromthe group consisting of psoralen,

5- met Boxypsor al en (5-MOP), 8-nethoxypsoral en (8-MOP),
4,5, 8-trinet hyl p
am nomet hyl - 4, 5' | St hyﬁs%ireglfoc‘ of((Rmﬁl 42 wherein said method further includes

5- cbl or onet h)dlecBﬂamtghmyxghnbeﬂomxtﬁs incident on MM }issue ragd|depiadulating phosighaln) |
S-met hyl angelf}o% I;ieéec’cmg El?e emlt&%rng fypsor al en,

10 Claim 46.  Apparatus for medical diagnostic imaging comprising:
light source means for directing a confined light at and into deep tissue to be
imaged, said light being selected in frequency and energy to penetrate below a tissue
surface and to promote TPE substantially only at a confocal region;
means for varying a position of a confocal region of the light within a range
15 " of depths in the tissue to be imaged; and
detector means positioned to receive and detect isotropic radiation emitted by
a photo-activated molecular agent within the tissue after said agent has been excited

using two-photon excitation.

20 Claim 47.  The apparatus of Claim 46:
wherein the light source means includes means for producing a collimated light
beam; and
wherein the light source means includes focu_sirig means for focusing the
collimated light beam to a confocal region located with tissue at a point below the

25 ' tissue surface.

Claim 48.  The apparatus of Claim 47 wherein the means for producing 2
collimated light beam comprises a pulsed laser operating in the near infra-red
spectrum.

30
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45 coumarin 535, coumarin 540, coumarin 540A, coumarin 548,

5- et hyl am no- 9- di et hyl am nobenzo[ a] phenoxazi ni um (Et NBA) ,

5- et hyl - am no- 9-di et hyl - _ am nobenzo[ al phenot hi azi ni um ( Et.NBS) ,

5- et hyl am n@Srlk&k Nyl am nobenzo[ a] pheno- sel enazi ni. um ((Et NBSe) ,
chl oxpr orraz?’r?(gag,ﬂg For promazi ne derivatives, chlorophyll 5 PCTfU§57/1;249
derivatives, bacteriochlorophyll derivatives, netal -ligand conpl exes,
tris(2,2' - bi pyri di ne)ruthenium (11) dichlorlde (RuBPY),

tris(2,2 -bipyridine)rhodium(ll) y3dichloritde (RhBPY),

tris(2,2' -bipyridine)platinum (11) di cﬁ(ori de (PtBPY),

pheophor bi de a, nerocyani ne ‘540, vitamn D, 5-am no-|aevulinic acid,

phot osan, chlorin e6, chlorin e6 ethyl enedi am de, nono-L-aspartyl
chlorin e6, phenoxazine Nile 10 bl ue derivatives, stilbene, stilbene
derivatives, 4-(N-(2-hydroxyethyl)-Nnethyl)-

am nophenyl ) -4' - (6-hydrocyhexyl sul fonyl )stil bene (APSS), and standard

bi ol ogi cal dyes and st ai ns. Claim?7. The
met hod of Claim5 wherein the at | east one photo-active 15 nmol ecul ar
agent is at | east one biogenic photo-active nolecular agent that is
specific to a particular tissue within the particul ar vol une of

pl ant or animal tissue. Cl aim 8. The nethod of Caim
7 wherein the at | east one bi ogenic photo- active nol ecul ar agent
i ncl udes a segnent selected fromthe group consisting of 20 DINA,

RNA, ami no acids, proteins, antibodies, |igands, hapt Q,[]g_h__“gg[.,b_phydrat-ﬁ
receptors or conplexing agents, lipid receptors or cdnpl exing ggent is-
protein receptors or conpl exing agents, ghd
encapsul ati ng vehicl es. Claim 9» amet flod of aim
8 wherein the at | east one biogenic photo- 25 act iglg mokecd afP agent
further includes a segnment which is photo-acti vatgﬂ
to light sufficient to pronote a sinultaneous two-Yyh

Cl ai m 10. The nethod of Gaim1l wherein the sje o
I ) N )
Excitation Excitation Beam
Efficiency Efficiency Intensity 1
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particular volune of the plant or animal tissue with |ight sufficient to

pronote a 30 si mul t aneous two-photon excitation of the at |east one
phot o- acti ve nol ecul ar agent contained in the particular vol une
of the pla mal tissue includes the steps of err] - W
o8/ 10508 - woSkne RSERIBEOHS 0240

46 (al) nodulating light froma light source with a
particul ar type of m)d_y) ion, thereby producing a

nodul ated |ight; and (a2 treating ‘the particul ar vol une
of the plant or aninmal tissue with the nodul ated |i ght

sufficient to pronote a sinultaneous two-photon excitation 5
of the at |east one photo-active nol ecul ar agent contained in the

parti cul ar vol une of the plant or aninmal tissue;

and further including the steps of : (e) denodul ati ng the
dectected energy signal with the particular type of

nodul ati on; and 10 () produci ng a denodul at ed energy signal
which is characteristic of the particul ar volunme of the

pl ant or animal tissue. Claim1l. The nmethod of Caim 10

wherein the step of denodul atin ectected energy signal with
the particular type of nodul atl g%é'%ﬁé’f%‘a?@e% | ating 15 he

detected energy si@nal B a @queng/ tvv@e thg of ghe p@tl cul ag-t ype of

nodul ati on, t her eby-redetepirrgy-ersgaand 3 > ul type of
nodul ati on. 2 10 erein
the denodul ated eng 2 5 ©
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20 which is characteristic of the particular volune of the plant or

ani mal tissue represents a change in lifetinme of at |east one
phot o- acti vat ed nol ecul ar agent present in the particular volune
of the planty@bgaiégm@l tissue. Claim 13E fﬁ thod for
the imaging o ‘? a particular volune of material, 25 &nﬁ

mat erial contains at | east one photo- agpige nDIecuIar agent, the nethod
conprising the steps of: (a) treatlng the particul ar
volume of the material with light sufficient to pronote a
si mul t aneous two-photon excitation of at |east one of the at |east

one phot o-active nol ecul ar agent contained in the particular volunme of the
30 mat eri al ; (b) phot o-activating the at

| east one photo-active nol ecul ar agent in the particul ar
vol une of the material, thereby producing at |east one photo-

WD 98/ 18398

PCT/ US97/ 19249 47
activated nol ecul ar agent, wherein the at |east one photo-activated
nmol ecul ar agent emts energy; (c)

detecting the energy emtted by thﬁ ?t Ie%s ne photo-acti vated
nol ecul ar agent; and 5 ducing a detectgd emgrgy

signal which is characteristigiof the v particupar | ume of
the material . o o C:Ialml‘ziJ The me‘Phod of CIamel wher ei n
the material is selpec'ted fromt " PP PR ) "s
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the group consisting of plant tissue and aninmal tissue. 10
Cl ai m 15. The method of Claim 13 wherein the light sufficient to pronote
a simultaneous two-photon excitation of the at | east one photo-active

nmol ecul ar %g@_?éassss is laser light. 15. 2 @99'/1 L 16.

The net hod alm 13 wherein the light sufficient to pr a
si mul t aneous two-photon excitation of the at | east one photo-active

nol ecul ar agent is a focuse eam of |ight.

Claim17. The method of Caim 16 whe % the focuséd beamof light is 20

focused | aser |ight. Cl ai m 18. The nethod of C aim 13
further including a first step of treating the material wth at

| east one photo-active nol ecul ar agent, wherein the particular

vol une of the material retains at |least a portion of the at |east one
phot o-active 25 nol ecul ar agent. Claim19. The
nmet hod of Claim 18 wherein the at | east one photo-active

nol ecul ar agent is selected fromthe group consisting of psoralen,

5- met hoxypsor al en (5-MOP), 8-nethoxypsoral en (8-MOP),

4,5 ,8-trinethyl psoralen (TMP), 4'- 30 )

am nonet hyl -4,5"' , 8-tri nmet hyl psoral en (AM),

5- chl or onet hyl - 8- met hoxypsor al en (HMI), angelicin (isopsoralen),
5-met hyl angelicin (5-MP), 3-carboxypsoral en, por phyrin,
haemat opor phyrin derivative (HPD), photofrin IL benzoporphyrin
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WO 98/ 18398 48
derivative (BPD), protoporphyrin I X (PplX), dye haematoporphyrin ether

(DHE) , pol yhaenat opor phyrin esters (PHE)

13, 17- NNN- di 43 hyl et hanol am ne ester of protcg hyrin

( PH1008), &a}%/ ydr oxyphenyl ) - por phyrin (3-THPP), US7/19249

t et raphenyl por phyrin nonosul fonate (TPPS1), tetraphenyl porphyrin

di sul fonate 5 (TPPS2a), di haematgpoy phyrin ether,

mesot et r aphenyl por phyri n, nesotetra(4N nethylpyrldyl)porphyrln

(T4AMpyP), octa-(4-tert-butyl phenyl)tetrapyrazi noporphyrazi ne
(OPTP), phthal ocyani ne, tetra-(4-tert-butyl)phthal ocyani ne
(t[err]-PcB[err]), tetra-(4-tert- but yl ) pht hal ocyanat onagnesi um
(t[err]-PcMy), chloroal um num sul f onat ed pht hal ocyani ne ( CASPc),
chl or oal um num pht hal ocyani ne tetrasulfate (A PcTS), 10 ,
nono- sul fonat ed al um num pht hal ocyani ne (Al SPc), di-sulfonated al um num
pht hal ocyani ne (Al S2Pc), tri-sulfonated al um num pht hal ocyani ne (Al S3Pc),
tetra- sul fonat ed al um num pht hal ocyani ne (Al S4Pc), silicon
pht hal ocyanine (SiPc 1V), zinc 1 phthal ocyani ne (ZnPc),
bi s(di -isobutyl octadecylsiloxy)silicon 2,3-naphthal ocyani ne
(i soBCsI NC), gernmani um |V oct abut oxypht hal ocyani ne (GePc), rhodam ne 101
(Rh- 15 101), rhodam ne 110 (Rh-110), rhodam ne 123 (Rh-123),
rhodam ne 19 (Rh-19), rhodam ne 560 (Rh-560), rhodam ne 575
(Rh-575), rhodam ne 590 (Fh Sgp) rhodam ne 610 (Rh-610),
rhodam ne 640 (Rh-640), rhodama ne 6G (I%GG) r hodam ne 700
(Rh-700), rhodami ne 800 (Rh- 8%0) rhodawrne B (Rh-B),

S

sul f orhodam ne 101, sul f orhodam ne 640, lsul forhodam ne B, counmarin 1,
coumarin 20 S 2, cou 1.4, COURL LA,
coumarin 30, c&nmrin 47, i
120, counarin 1C’counar|n

, coumarin 6H, cou in 7,
10g§ co rin 106 ¢rounarin
2A, cou n 153,

R

courmarin 311, cu nrln 307 coumarin
337, counarin ' a4 p 456, coﬁharln

460, coumarin m —h y <480, coBarin 481,
25 cou [ 90 e i coudarin 503, coumarin
504, counarin on SR [ coumarin 521
counarin 522, [ i ! % i , coupmrin 540, counmarin
540A, counari {

di et hyl am nob am no- 9- di et hyl

am nobenzo[ a] phgnot hi az

5- et hyl am no- 9- d\et h sel endzi ni um ( Et NBSe)

derivati ves,
tris(2,2 - 8
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bi pyridine)ruthenium (11) dichloride (RuBPY), tris(2,2"-bipyridine)rhodium

(rn) [err] WD 98/ 18398

PCT/ US97/ 19249 49
dichloridea‘;mﬁ , tris(2,2" -bipyridine)platinum (I1) dichloride (PtBPY),
pheophor bi.de a,gﬁérocyanine 540, vitam n D, 5-anino-|aevuP¢ﬂP%”ﬁ%¥é,

phot osan. chlorin e6, chlorin e6 ethyl enedi am de, nono-L-aspartyl
chiorin e6, phenoxazine N le bl ue derivatives, stilbene, stilbene

derivatives, 4-(N-(2-hydroxyethyl)-N#fthyl)- 5

am nophenyl ) -4' - (6- hydr oxyhexyl sul fonyl ) sti |l bene( APSS), andst andar dbi ol ogi ca
| dyes and st ai ns. C ai m 20. The met hod of
Claim 18 wherein the at | east one photo-active nol ecul ar agent is
at | east one biogenic photo-active nolecular agent that is specific 10

to a particular substance within the particular volune of material.

C aim 21. The nmethod of Claim20 wherein the at | east one biogenic
phot o- active nol ecul ar agent includes a segnent selected fromthe group
consi sting of DNA, RNA, ami no acids, proteins, antibodies,

| i gands, haptens, carbohydrate 15 receptors or conpl exi ng agents,

| ipid receptors or conpl exing agents, protein receptors or

conpl exi ng agents, tﬁzgzkaﬁg ﬁ?ﬂ encapsul ati ng vehicl es.
Claim 22. The netho im21 wherein the at | east one biogenic
phot o-acti ve nol ecul ar jagent—fur-ther—rnctodes—a—segment which is

phot o- acti vated 20 when subject to light suffilcient to pronote a
si mul t aneous two- phot or] excitati omnf

SUBSTITUTE SHEET (RULE 26)



[err] WD 98/ 18398

PCT/ US97/ 19249 ' 50
Cl aim 23. The nethod of Claim 13 wherein the step of treating the
particul ar the material with light sufficient to pronote a
si mul taneou\ég{)\%%fsagg photon excitation of the at | eXST/USH#L249

phot o-acti ve nol ecul ar agent contained in the particul ar vol une
of the material includes the steps of: 5 (al) nodul ating
light from a light source with a partBZuBar type of-

nodul ation , thereby producing a nodulated |ight; and (a2)

treating the particular volunme of the naterial with the nodul ated |i ght
sufficient to pronote a sinmultaneous two-photon excitation of the at | east

one phot o- active nol ecul ar agent contained in the
particul ar volume of the 10 mat eri al ; and further

i ncludi ng the steps of: (e) denodul ati ng the detected
energy signal with the particular type of nodul ati on; and
(1) produci ng a denodul at ed energy signal which is characteristic of the
15 particular volume of the material. Claim

24. The nmethod of Claim 23 wherein the step of denodul ating the

detected energy sign i e rticular type of nodul ation includes
denodul ati ng 7372?@§H§E%c2§d energy signal at a frequency tw ce that
of the particular type o220 podul-ation—thereby detecting the
second harnonic of the phrticular type of rodul ati on.

SUBSTITUTE SHEET (RULE 26)



G ai m 25. The nethod of C aim 23 wherein the denodul ated energy signal
which is characteristic of the particular volunme of the material represents
a change 25 inlifetine of at | east one photo-activated nol ecul ar
agent prese mmg&e parti cul ar vol une of the material.

Cl ai m 26. ie | magi ng nmethod of Caim1 wherein the treaPFHYS%(1844930

i ncl udes: focusing a beamof |ight over a range of focal

| engt hs so that a focal plane of 9/13 the light beam extends to a

| ocation between a surface of the tissée and a point- [err]

WD 98/ 18398 PCT/ US97/ 19249
51 substantially beyond the tissue surface, whereby the treating
step may extend to penetrate deep within the tissue.

C aim 27. The i magi ng nethod of Claim 26 further including varying, while
5 the beamof light is extant, the focal length position within the
tissue, so that said steps of photo-activating, detecting, and
produci ng a detected energy signal occur al ong positions between
the tissue surface and a position |ocated substantially beyond

the tissue surface, whereby the imaging is three dinensional.

Figure 9
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10 | Cl ai m 28. The met hod of C aim 27 wherein said treating
step includes operating a laser to produce a pul sed out put having
a pulse repetition frequency above about 75 negahertz and a

sub-nanosecqﬁp, g€ duration. Cl ai m 29. The- nmet hod of
O ai m 28 i nol lidi Ry operating the | aser to produce 15 PCHESYAP 24P 1 ar ed
l'ight. C ai m 30. The nmethod of Cl aim 29 wherein the

| aser produces pul se energi es of about 20 nanoj oul es. 20

Cl aim 31. The nethod of C aim 29 whd/i3h the photoactivating step

i ncludes performng a sinultaneous two-photon excitation of the at |east
one phot o- active nol ecul ar agent. C ai m 32.
The nethod of Cl aim 31 wherein said detecting step conprises 25

detecting emtted |ight that does not retrace an optical path of the

incident |ight from t he | aser. Cl ai m 33. The
nmet hod of Caim 31 wherein said treating step further i ncl udes
nodul ating the | aser beam 30 and wherein a sel ected one of
the detecting step and the producing steps i ncl udes using a
wavel ength sel ection step. [err] WO 98/ 18398

PCT/ US97/ 19249

Figure 10
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© 52 d ai m 34. The met hod of C aim 31 wherein said

.- treating and phot o- activating steps are arranged to produce
semsbed light which is fromthe nol ecul ar agent in the tissue and’
is essentially synchronous with a nodul ati on of the laser light. 5
Claim35. WO apparatus for imaging a particul ar volRGHESS1%#%nt or
ani mal tissue containing at | east one photo-active nol ecul ar agent, the
appar at us conpri si ng: 11/ a source of collimted
l'isght, said |ight having a frequency e}?ective to penetrate

substantially into the tissue, said |light -being adapted to pronote
si-mul t aneous two- 10 photon excitation (TPE) of the nol ecul ar agent
contained within the tissue® E focusi ng apparatus for
focusing the collinmated |igkd & hroughout .a range of focal |engths
extendi.-ng froma surface of B® d tissue to a depth substantially beyond
said surface, said light sourge and focusing apparatus cooperating to
pronote TPE o of t\ie ol gcul ar @ent, 15 wherein a
focal point or fogtal plane\is adfustable-with respect to said tissue;

and © adetecy or Wocated/proximte to the tissue and

posi tioned t30-det€Ct i emtted by the nol ecul ar agent
and which travejs al ong\a pa at/ goes Not retrace an optica
path of the Iidht incideé J)e tyssueg jsaid detector configured to

produce 20 a<dete gng chgfgtteristic of the particular volune
at which t §ht source Dagd > -~ -ge{n focused.
Cl ai m 36. &_qppar g# s« eBei h said |ight source produces

a pul sed out putjlavi n~a.pnol 39 e i & f{equency above about 75

megahertz and 2p - ~ A sufgnanqgecond~pulfse duration

C ai m 37. The} appar at s,6t Ql.al m 3§ wherein said Igﬁht sour ce produces
-® e q_ -—

near-infrared | gt \
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30 Cl ai m 38. The apparatus of Caim 37 wherein said |ight

sowkce produces pul se energi es of about 20 nanoj oul es.

53 Cl ai m 39. The apparatus of O aim 37 wherein said

i ght sour ﬁ cbg{&)rl ses a |l aser. Cl ai m 40.

The appar at VS 015 ai m 35 further conpri si ng a processor 5"CT’US97’1”“9coupl ‘ed
to said detector. f%;ﬂjn The apparatus of C aim40
further conprising a nodul ation ysten1a3300|ated with said Iight
source, said processor being coupled to said : nodul ati on system
10 Claim42. é? met hod for nedical diagnostic imaging
conprising the steps i ntroducing a

phot o- acti ve nol ecul ar agent |n8Qna ti ssue, said agent being

sel ected for specificity of thé~tyssue of interest, said agent being
susceptible of two- 15 phékﬁﬁ excit gi on (TPE)

al  owi ng said agent %8 accunul.te iy speci fNc tissue of interest;

' [ grest within the tlssue,

gel ow a tissue surface, said
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faz enetrate the tissue and to pronote TPE substantially only at a confocal

regton; 20 controlling the I ocation of a confocal region
over a range of depths within said tissue;

usi ng TPE, Qgﬁk Livating said agent over said range of .thin the
tissue, there yﬂg%%ducing phot o-activated agents at the cgﬁﬁ%ggphiagion,
wher.ei n t he : phot o- acti vat ed nol ecul ar agent emts energy; 25
detecting the em tted energy; and produci ng a detected
enerigy signal that is characteristic &/¥3ssue at the conf oca
regi-on. ' Cl ai m 43. The nethod of C aim 42 wherein said
step of directing:light 30 i ncl udes generating near infra-red |ight
usi ng a pul sed | aser operatingé%t short pul se wi dt hs and a hi gh

ing said laser into said tissue.

PCT/ US97/ 19249

of Claim42 wherein said step

es varying the position of the
under exam nation or

ination relative to

ai m 45. The nethod of O aim

nodul ating the |ight

deflodul ati ng the signa

pul se repetition rate, and foc
WD 98/ 18398 '
54 " -—
of controlling the
confocal region relfative to th
varying the positiqn of the ti
a fixed confocal region. 5

42 wherein said netgod f ur trer-t-
before it is incidept on the tiss € an
fromdetecting the gp?ﬁteg~ i ght.

cation conpri
ti ssue c
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© 10 | Cl ai m 46. Appar at us for nedi cal diagnostic imging Pos cor»g
conpri si ng: . l'ight source neans for directing a confined
light at and into deep tissue to be i maged, said |igissbei ng

sel ected in frequency and energy to penetrate bel ow a tissue gH
surface and to POt e TPE. swketeratisetu '?"SI'ZFR arbarnazamionf Ocal I EEeIn;
nmeans for var n a_ position of a cof8CR r*8qyi on of thellﬁhtwthlna

range 15 INTER AAHPRICATION RUBLISHED NDER (JHE, BAJHNT COORRRATION TREATY (PCT)

det ect {q#1) m&mn@mmmdmi 6: recei Ve anifiSkSsionat RBEEORNanbeadi 2Ll WO 98183981
by AG1B fogot 0-activated nol ecyhdr agent within the tissue after said
agent lhas been ‘excited us g mumpmmmm«mam on. 71¢4y 1998 (07.05.98)
Claim@r: The™ apparatus, of darm T . wherern the Iignt

Sour Cel (blarpafors hpmtistiooembrs f-o‘FPWW“?I (51 Desigpated Simtess L) AM AT, AU, AZ, BA, BB, BG, BR,

b ht g E%
oo Pt pan s <~ BB G |00 ST, BT %%m%ﬁ%%%ié

regi onl | ())lgrat ed with t| ssue at a p0| nt be ow tﬁ%ﬁ!‘o RU, 5D, 'S4 8K, Sh P,k TR,
H OX°Il
a ai m (¥ qsﬁl?ﬁmapw % Ul Lo WhIEr €l 1 %&&fﬁc
col l'i mat ed t beam corrprl ses a pul sed| | asegc,ozamRUTY Biirdp@n PURRKAT, BE, CH,
i nfra-t 30 DB,DKESFIFR,GBGRIEITLUMCNL,PI‘
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(S7) Abstract

A method for the imaging of a- ‘particular volume of plant or animal tissue, wherem the plant or animal tissue contains at least one
photo-active molecular agent. The miethod comprises the steps of treating the partxcu]ar ‘yolume of the plant or anima} tissue with light
sufficient to promote a simultaneous two-photon excitation of the photo-active molecular. agent contained in the particular volume of the
plant or animal tissue, photo-activating ‘at least one of the photo-active molecular agents in the particular volume of the plant or animal
tissue, thereby producing at least one’ photo-activated molecular agent, wherein the at least one photo-activated molecular agent emits
energy, defecting the energy emitted by. the at least one photo—acuvated molecular agent, and producing a detected energy slgnal which
is characteristic of the particular volume of plant or animal tissue. The present invention also provides a method for the imaging of a
particular volume of mateml wherein the material contains at least onc photo-active molecular agent.




