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DESCRIPTION

DIFFERENTIAL LASER-INDUCED PERTURBATION (DLIP)
FOR BIOIMAGING AND CHEMICAL SENSING

CROSS-REFERENCE TO RELATED APPLICATION
The present application claims the benefit of U.S. Provisional Application Serial No.
61/090,670, filed August 21, 2008, which is hereby incorporated by reference herein in its

entirety, including any figures, tables, or drawings.

BACKGROUND OF INVENTION

In general, fluorescence involves the absorption of light (i.e., a photon or photons) by
a molecule (i.e., a chromophore), thereby promoting the absorbing chromophore to an excited
electronic state. After excitation by the incident photon, the chromophore typically
undergoes an internal redistribution of energy, followed by a radiative decay back to the
ground state. The internal redistribution of energy can be via a number of processes, such as,
vibrational relaxation. Because energy is lost during the internal relaxation processes, the
light released during the final radiative decay process is red-shifted to longer wavelengths.

The fluorescence process is an inelastic process characterized by a difference in the
incident and the emitted wavelengths. The incident wavelength can be that of excitation or
input light, and the emitted wavelength can be that of fluorescence or output light. Figure 1A
depicts an absorption and relaxation process of fluorescence.

Fluorescence techniques have been used as a method of cancer screening. Cancer
remains one of the most lethal diseases in the world, and cancer screening and early
interdiction are very important tools in reducing cancer-related deaths. Cervical cancer,
colorectal cancer, oral cancer, and skin cancers strike millions each year. S.E. Waggoner,
Cervical Cancer, Lancet, 361:2217-2225 (2003). With these cancer types in particular, the
potential benefits of improved screening are enormous. These cancers are invariably
preceded by dysplastic precancerous cellular changes, in which histological changes
associated with malignancy are often confined to the epithelial layer. C.S. Herrington, M.
Wells, Premalignant and malignant squamous lesions of the cervix, In H. Fox, M. Wells
(eds), Haines and Taylor obstetrical and gynecological pathology, 5% edition, Edinburgh:
Churchill Livingstone, pp. 297-338 (2002). Dysplasia, i.e., unequivocal neoplastic

epithelium, is commonly relied on as a biomarker of malignancy. R.H. Riddell et al.,
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Dysplasia in inflammatory bowel disease: standardized classification with provisional
clinical implications, Hum. Pathol., 14:931-968 (1983).

While cancer screening is very important for early detection and treatment, many
biologic processes exist that cannot be easily or directly monitored with visible microscopy.
Additionally, these processes also cannot be easily or directly monitored using advanced
analysis/imaging tools such as magnetic resonance imaging (MRI), computer tomography
(CT), or nuclear imaging, due to the fact that key molecules in these processes are not
distinguishable from each other via these methodologies. Due to these factors, direct visual
observation, both externally and endoscopically, is generally used, including colorectal
screening, gastric and dermatological applications. However, while the human eye can
process many visual cues, several of the early molecular changes associated with cancer are
simply not discernable by even the most skilled practitioners. For example, routine
endoscopy for colorectal cancer screening has a miss rate of up to 24%, with substantially
higher figures when the lesions are flat. D.K. Rex et al., Colonoscopic miss rates of
adenomas determined by back-to-back colonoscopies. Gastroenterology, 112:24-28 (1997);
B.J. Rembacken et al. Flat and depressed colonic neoplasms: a prospective study of 1000
colonoscopies in the UK, Lancet, 355:1211-1214 (2000).

In response to these shortcomings, several other techniques have been developed for
cancer and precancerous evaluation. D. Benaron, D. Stevenson, Optical time-of-flight and
absorbance imaging of biologic media, Science, 259:1463-1466 (1993); B. Chance, Near-
infrared images using continuous, phase-modulated, and pulse light with quantitation of
blood and blood oxygenation. Ann. NY Acad. Sci., 838:29-45 (1993); R. Alfano ef al.,
Advances in optical imaging of biomedical media, Ann. NY Acad. Sci., 820:248-270 (1997);
S. Andersson-Engels et al., In vivo fluorescence imaging for tissue diagnostics, Phys. Med.
Biol., 42:815-824 (1997); P. Contag et al., Bioluminescent indicators in living mammals,
Nature Med., 4:245-247 (1998); J.C. Hebden, D.T. Delpy, Diagnostic imaging with light, Br.
J. Radiol., 70:5206-S214 (1997); R. Manoharan et al., Raman spectroscopy and fluorescence
photon migration for breast cancer diagnosis and imaging, Photochem. Photobiol., 67:15-22
(1998); G. Tearny et al., In vivo endoscopic optical biopsy with optical coherence
tomography, Science, 276:2037-2039 (1997).

Fluorescence-based cancer imaging and detection makes use of the fluorescence
characteristics of naturally occurring molecules such as collagen, nicotinamide adenine
dinucleotide, flavins, and porphyrins, that is, the study of natural fluorescent compounds.

Such systems are said to be characterized by auto-fluorescence. In contrast, the addition of
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compounds to the tissue or cellular system (i.e., exogenous fluorophores) may be performed
with a goal of preferential accumulation in the neoplastic tissue. C. Arens et al., Indirect
Sluorescence laryngoscopy in the diagnosis of precancerous and cancerous laryngeal lesions,
Eur. Arch. Otorhinolaryngol, 264:621-626 (2007). It is known that malignant tumors can
accumulate endogenous fluorophores (i.e., auto-fluorescence). A. Policard, Etude sur les
aspects offerts par des tumours experimentales examinees a la lumiere de Wood, CR Soc.
Biol., 91:742-743 (1924). Additionally, benign and malignant tumors may have differences
that can be detected by fluorescence techniques. R. Alfano et al., Laser induced fluorescence
spectroscopy from native cancerous and normal tissue, 1EEE J. Quantum Electron, 20:284-
291 (1984).

Fluorescence spectroscopy has been used to attempt to diagnose cervical
intraepithelial neoplasia (CIN), an important dysplastic precancerous change in which
histological changes are confined to the epithelial layer. A. Mahadevan ef al., Study of the
Sluorescence properties of normal and neoplastic human cervical tissue, Lasers Surg. Med.,
13:647-655 (1993). In addition, endoscopic detection of gastrointestinal cancers and diseases
is an excellent example of a clinical application of fluorescence spectroscopy for real-time,
non-invasive detection of dysplasia and early cancer. C. Arens ef al., Indirect fluorescence
laryngoscopy in the diagnosis of precancerous and cancerous laryngeal lesions, supra.Eur.
Arch. Otorhinolaryngol, 264:621-626 (2007); J. Haringsma, G.N.J. Tytgat, Fluorescence and
autofluorescence, Bailliere’s Clinical Gastroenterology, 13:1-10 (1999). Other important
applications for auto-fluorescence techniques include colorectal cancer screening, oral
oncology, and in vivo imaging of enzyme activity. D.P. Hurlstone, S. Brown, Techniques for
targeting screening in ulcerative colitis, Postgrad. Med. J., 83:451-460 (2007); B.W. Chwirot
et al., Spectrally resolved fluorescence imaging of human colonic adenomas, J. Photochem.
Photobiol. B: Biol.,, 50:174-183 (1999); D.C.G. De Veld et al., The status of in vivo
autofluorescence spectroscopy and imaging for oral oncology, Oral Oncology, 41:117-131
(2005); M.A. Funovics et al., Catheter-based in vivo imaging of enzyme activity and gene
expression: feasibility study in mice, Radiology, 231:659-666 (2004).

In addition to fluorescence as described above, other optical techniques include
Raman spectroscopy and multi-photon fluorescence. Raman spectroscopy is a inelastic light
scattering procesé in which incident photons either add (Stokes shift) or subtract (Anti-Stokes
shift) energy to the vibrational energy of the host material, resulting in an energy shift of the
subsequently scattered photon. Because Raman scattering (i.e., Raman spectroscopy) is

sensitive to the local molecular structure, it has been used as an optical sensing technique,
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including for cancer detection. K. Sokolov et al., Optical systems for in vivo molecular
imaging of cancer, Tech. in Cancer Res. & Treatment, 2:491-504 (2003); U. Utzinger et al.,
Near-infrared Raman spectroscopy for in vivo detection of cervical percancers, Appl.
Spectroscopy, 55:955-959 (2001). Multi-photon fluorescence uses a combination of two or
more photons to excite the target molecular structure, after which typical fluorescence
processes, as discussed above, occur. By using multiple photons of longer wavelength, better
imaging (notably biological imaging) can be obtained by eliminating problems such as matrix
attenuation of light related to, for example, shorter wavelength, single-photon fluorescence,
out-of-plane fluorescence, and/or photobleaching. D.J. Stephens, et al., Light microscopy
techniques for live cell imaging, Science, 300:82-86 (2003).

Clinical applicability of fluorescence, and other optical techniques described above,
has been limited by large patient-to-patient variations in fluorescence properties, as well as
non-uniform uptake and distribution of exogenous fluorescence agents and biomarkers. C.
Arens et al., Indirect fluorescence laryngoscopy in the diagnosis of precancerous and
cancerous laryngeal lesions, supra.Eur. Arch. Otorhinolaryngol, 264:621-626 (2007); S.F.
Martin et al., Fluorescence spectroscopy of an in vitro model of human cervical precancer
identifies neoplastic phenotype, Int. J. Cancer, 120:1964-1970 (2007); C. Brookner ef al.,
Effects of biographical variables on cervical fluorescence emission spectra, J. Biomed.
Optics., 8:479-43 (2003). While fluorescence and Raman techniques have been a valuable
source of diagnostic information for detecting precancerous tumors, many drawbacks still
exist in the art. The development of improved methods for cancer screening could help
increase the percentage df early detection and curable cancer cases. Similarly, the addition of
further functionality to biological imaging schemes (e.g., fluorescence and multi-photon) is

also desirable.

BRIEF SUMMARY

Embodiments of the present invention provide a method and apparatus for imaging or
sensing a material. In one embodiment, a first image or signal (e.g., fluorescent or Raman
spectroscopy) of a material can be recorded, the material can then be perturbed, and then a
second image or signal (e.g., fluorescent or Raman spectroscopy) of the material can be
recorded. The two images or signals can be subtracted to give a differential image or signal.
In a specific embodiment, the first image or signal and the second image or signal can be
fluorescent images. In further embodiments, the first and second images or signals can be

other optical images or signals, such as Raman spectroscopy images or signals. The optical
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signals can be, for example, a spectrum, a single channel photo multiplier tube signal, and/or
a signal at a single wavelength or two or more wavelengths.

In an embodiment, a method in accordance with the present invention involves
exciting a material with radiation having a first wavelength; recording a first fluorescent
image or signal from the material; perturbing the material with radiation having a second
wavelength; exciting the material with radiation having the first wavelength; recording a
second fluorescent image or signal from the material; and subtracting the first fluorescent
image or signal from the second fluorescent image or signal to give a differential fluorescent
image or signal. In yet a further embodiment, the material can be perturbed by a multi-
photon process, such as a series of femtosecond or other ultrashort laser pulses. The
femtosecond laser pulses can each be at the same wavelength, or a combination of
wavelengths.

In embodiments where a material is perturbed with irradiation from a laser, the laser
can have a wavelength in the ultraviolet (UV) range. For example, the laser can havé a
wavelength of about 193 nm or about 213 nm. In a specific embodiment, the material can be
perturbed with irradiation from an ArF laser at a wavelength of about 193 nm. In an
alternative embodiment, the material can be perturbed with irradiation from a quintupled
Nd:YAG laser at a wavelength of about 213 nm. In other alternative embodiments, the
material can be perturbed with a KrF laser at the wavelength of about 248 nm, or with
radiation from a tunable light source such as an OPO laser or a Ti:Sapphire laser in which the
laser output is tuned to a specific wavelength or wavelength region to optimize the
perturbation process for a specific material or targeted feature. In a specific embodiment, the
perturbation can involve targeting labeled or artificial chromophores, such és fluorescent
tags.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A shows an absorption and relaxation of a fluorescent process.

Figure 1B shows fluorescence emission from bovine corneal tissue following
perturbation with radiation at a wavelength of about 193 nm.

Figure 2 shows a photochemical interaction of light with a biological tissue matrix.

Figures 3A and 3B show a white light visible image and a 355-nm fluorescent image
of the seal of a U.S. $5 bill, respectively.

Figures 4A-4C show a pre-treatment fluorescent image of white card stock, a post-
treatment fluorescence image, and a Differential Laser-Induced Fluorescence (DLIF) image,

respectively.
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Figures 5A-5C show DLIF images for thin collagen film exposed to 20 shots, 60
shots and 120 shots, respectively, of a 100 uJ/pulse excimer laser delivered to each point in
the grid.

Figures 6A-6B show images of an amino acid film taken with optical microscopy
before and after excimer laser treatment with 600 193-nm laser shots, respectively.

Figures TA-T7C show DLIF images for thin amino acid films exposed to 120 shots,
240 shots, and 600 shots, respectively, of a 50 uJ/pulse excimer laser delivered to each point
in the grid. | \

Figures 8A-8C show a pre-treatment fluorescent image of a bovine cornea, a post-
treatment fluorescence image, and a DLIF image, respectively.

Figure 9A shows a 355-nm excitation laser fluorescence spectrum of the unperturbed,
two-dye mixture (the first spectrum), with spectral bands labeled A, B, and C, where bands A
and B correspond to the compound BBQ, and band C corresponds to the compound
Coumarin 450.

Figure 9B shows a difference spectrum, with spectral bands Iabeled A, B, and C,
which shows the pre-perturbation spectrum of Figure 9A (the first spectrum) subtracted from
a second spectrum recorded after perturbation of the two-dye mixture with a 193-nm
perturbation laser (250 laser pulses at 100 pJ/pulse).

Figure 9C shows the average perturbation (expressed as the percent decrease) to the

fluorescence signal for each of the three spectral bands, A, B, and C.

DETAILED DISCLOSURE

Embodiments of the present invention provide a method and apparatus for
Differential Laser-Induced Perturbation (DLIP). Specific embodiments can be referred to as
Differential Laser-Induced Fluorescence (DLIF), where the sensing metric is via a
fluorescence process. Fluorescence techniques, or other suitable optical techniques such as
Raman spectroscopy, can be combined with the use of a perturbing laser pulse. The
perturbing laser pulse can disrupt the targeted optical response (e.g., fluorescence or Raman
scattering) of the material, thereby altering the fluorescence or Raman scattering image or
signal.

According to embodiments of the present invention, a first fluorescent image or signal
of a material can be recorded, the material can then be perturbed with one or more laser

pulses, and then a second fluorescent image or signal of the material can be recorded. The
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two fluorescent images or optical signals can be subtracted one from the other to give a
differential image or optical signal. Because the perturbation is related to the material
properties, the differential fluorescent image or optical signal can reveal information
unavailable with normal fluorescence or optical techniques.

In an embodiment, a method of the present invention involves exciting a material with
radiation having a first wavelength; recording a first fluorescent image or signal from the
material; perturbing the material with radiation having a second wavelength; exciting the
material with radiation having the first wavelength; recording a second fluorescent image or
signal from the material; and subtracting the first fluorescent image or signal from the second
fluorescent image or signal to give a differential fluorescent image or signal. In a further
embodiment, the material can be perturbed by a multi-photon process, for example, a series
of femtosecond or other ultrashort laser pulses. The femtosecond laser pulses can each be at
the same wavelength or a combination of wavelengths.

Specific embodiments can involve perturbing the material, after recording a first
image or signal, with radiation having the same wavelength as the radiation used to excite the
material for recording the first image or signal. In a specific embodiment, the material can be
perturbed with radiation having the same wavelength as the excitation radiation, but with a
greater intensity. The radiation for the perturbation can be produced by, for example, a diode
or flashlamp.

In embodiments where a material is perturbed with irradiation from a laser, the laser
can have a wavelength in the ultraviolet (UV) range. In an embodiment, the laser can have a
wavelength of from about 10 nm to about 400 nm. In a further embodiment, the laser can
have a wavelength of from about 100 nm to about 400 nm. In yet a further embodiment, the
laser can have a wavelength of from about 100 nm to about 280 nm. In yet a further
embodiment, the laser can have a wavelength of from about 150 nm to about 250 nm. In yet
a further embodiment, the laser can have a wavelength of from about 175 nm to about 225
nm. In yet a further embodiment, the laser can h‘ave a wavelength of from about 193 nm to
about 213 nm. In yet a further embodiment, the laser can have a wavelength of about 193
nm. In yet a further embodiment, the laser can have a wavelength of about 213 nm.

In a specific embodiment, the material can be perturbed with irradiation from an ArF
laser at a wavelength of about 193 nm. In an alternative embodiment, the material can be
perturbed with irradiation from a quintupled Nd:YAG laser at a wavelength of about 213 nm.
In other alternative embodiments, the material can be perturbed with a KtF laser at the

wavelength of about 248 nm, or with radiation from a tunable light source such as an OPO
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laser or a Ti:Sapphire laser in which the laser output is tuned to a specific wavelength or
wavelength region to optimize the perturbation process for a specific material or targeted
feature.

In one embodiment, the first wavelength for exciting the material can be from about
10 nm to about 400 nm. In a further embodiment, the first wavelength for exciting the
material can be from about 100 nm to about 400 nm. In yet a further embodiment, the first
wavelength for exciting the material can be from about 200 nm to about 400 nm. In yet a
further embodiment, the first wavelength for exciting the material can be from about 300 nm
to about 400 nm. In yet a further embodiment, the first wavelength for exciting the material
can be about 355 nm.

Methods of the present invention are not limited to a fluorescent probe. In an
embodiment, Raman spectroscopy can be used as a differential probe. In a further
embodiment, fluorescence lifetime, which probes time-dependence of a fluorescence signal,
can be used as a differential probe. In a further embodiment, a multi-photon fluorescence
signal can be used as a differential probe. In a further embodiment, a Raman scattering probe
can be used as a differential probe. In a further embodiment, a photofragmentation signal can
be used as a differential probe. In a further embodiment, a light scattering or reflectivity
signal can be used as a differential probe. In a further embodiment, combinations of the
above (i.e., fluorescence, fluorescence lifetime, multi-photon fluorescence, Raman scattering,
photofragmentation and/or light scattering or reflectivity) can be used as a differential probe.

Methods of the present invention provide improved specificity in detecting material
properties. The detection and analysis of fluorescent light can provide discrimination among
emitting materials because the excitation/emission wavelength pair are a combination of both
the molecular structure and the overall molecular and material environment (e.g., the tissue
matrix and/or chemical sample).

Embodiments of the present invention take advantage of interactions of excitation
radiation, such as incident photons and perturbing photons, with material properties. The
mechanisms of photon coupling to particular molecular bonds, which include induced
photochemistry, bond cleaving, the role of internal relaxation processes, and/or the
subsequent fluorescent radiative decay, can lead to accurate sensitivity and selectivity of
material properties.

In certain embodiments, methods of the present invention can be used to detect

material properties of biological tissues. Descriptions and models of the interaction between
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visible and ultraviolet radiation, for example, laser radiation, and biological tissue can be

formulated in terms of the Beer-Lambert law, as described in Equation (1).
I(x) = 1, exp(-a x). (1)

In Equation 1, I(x) is the radiation intensity after penetrating to depth x (cm) in a
biological tissue, Jj is the light intensity incident on the biological tissue surface (x = 0), and
a (cm™) is the tissue absorption coefficient for the wavelength of interest. For example,
corneal tissue has a static tissue absorption coefficient of about 16,000 cm™ at a wavelength
of about 193 nm, based on direct measurement of the absorption cross-sections of peptide
bonds and amino acids characteristic of corneal collagen, and the overall composition of
comneal tissue. B.T. Fisher and D.W. Hahn, Measurement of Small-Signal Absorption
Coefficient and Absorption Cross-Section of Collagen for 193-nm Excimer Laser Light and
the Role of Collagen in Tissue Ablation, Applied Optics., 43:5443-5451 (2004).

While the formulation of the Beer-Lambert law is straightforward, it in actuality can
be considered a first-order approximation based on an average and static value of the
absorption coefficient. When dealing with pulsed laser irradiation of a wavelength in the
ultraviolet (UV) range, or with intense photon fluxes from ultrafast laser pulses (e.g.,
femtosecond pulses), the interaction of photons and chromophores can be a dynamic process
during which the absorption coefficient can change as electronic states are altered via
absorption, and chemical bonds in the biomolecular matrix can be altered in real-time. For
example, with 193-nm excitation, such as that from an ArF excimer laser, the photon energy
is about 6.4 eV, which exceeds the bond energy of many molecular structures since C-C and
C-O bonds have bond energies of about 3.6 ¢V, and C=C bonds have a bond energy less than
about 6.4 ¢V. Bond breakage in biological tissues can lead to intermediate product
formation. B.T. Fisher and D.W. Hahn, Development and Numerical Solution of a
Mechanistic Model for Corneal Tissue Ablation with the 193-nm Argon Fluoride Excimer
Laser, J. Optical Society of America B: Optics, Image Science & Vision, 24:265-277 (2007).

A biological matrix can be altered by radiation, and the fluorescent properties of the
biological matrix can be perturbed. In an embodiment of the present invention, the radiation
can be low intensity or sub-ablative radiation. In a further embodiment, the radiation can be
UV radiation. In yet a further embodiment, the radiation can be UV radiation with a
wavelength of from about 150 nm to about 250 nm. In yet a further embodiment, the
radiation can be UV radiation with a wavelength of from about 175 nm to about 225 nm. In

yet a further embodiment, the radiation can be UV radiation with a wavelength of from about
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193 nm to about 213 nm. In yet a further embodiment, the radiation can be UV radiation
with a wavelength of about 193 nm. In other alternative embodiments, the material can be
perturbed with a KrF laser at the wavelength of about 248 nm, or with radiation from a
tunable light source such as an OPO laser or a Ti:Sapphire laser in which the laser output is
tuned to a specific wavelength or wavelength region to optimize the perturbation process for
a specific material or targeted feature.

Figure 1B shows a fluorescence emission spectrum from bovine corneal tissue following
perturbation with radiation at a wavelength of about 193 nm.

Probing biological tissue or other targeted materials (e.g., hazardous chemicals) with
fluorescent monitoring, such as auto-fluorescence or pharmacologically induced fluorescence
(PIF), before and after perturbation can provide a differential response in a fluorescence
image. For example, because of the intimate coupling of the perturbing source to the
biological matrix, molecular structures of abnormal tissue, such as dysplastic precancerous
regions, can manifest differently than normal tissue structure. The differential laser-induced
perturbation (DLIP) and differential laser-induced fluorescence (DLIF) methods of the
present invention examine differences in fluorescence images (or other optical sensing
scheme such as Raman scattering), so many variations in the absolute fluorescence or optical
sensing properties as generally observed in patient-to-patient populations can be mitigated.
When performed on biological tissue, the DLIP techniques of the subject invention take
advantage of the specificity of laser-tissue coupling with difference spéctroscopy to form
sensitive biodetection and/or bioimaging scheme.

In an embodiment, the DLIF techniques of the present invention can be performed on
biological tissue with a deep UV laser used for perturbing the tissue. Deep UV laser
irradiation (with photon energy of at least about 6 e¢V) can be strongly absorbed by biological
tissues and can photochemically cleave molecular bonds within a cellular matrix. In a
specific embodiment, photon energy of 6eV or greater is used. Figure 2 illustrates the
photochemical interaction of light with a biological tissue matrix.

The combination of probing, perturbation and repeat probing can add a new spectral
dimension strongly coupled to the tested material, thereby providing enhanced sensitivity and
specificity. In addition, when performed on biological tissue, the DILF techniques according
to embodiments of the present invention can help mitigate patient-to-patient variation.

Embodiments of the present invention can be used to provide improved detection
methods in a wide variety of areas. For example, cancer detection and screening, both in vivo

and in a pathology laboratory, and fluorescence microscopy can each benefit from the
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exceptional sensitivity and specificity of the methods of the present invention (i.e.,
information power or orthogonal sensing) over traditional fluorescence. By perturbing the
tested material and taking a differential image, a high level of specificity can be realized.
Other embodiments may be used for determination or identification of biological
contaminants (e.g., Escherichia coli or Staphylococcus), or determination of biological
weapons (e.g., Bacillus anthracis), or chemical munitions, both remotely or locally, (e.g.,
explosive compounds such as TNT or RDX).

Aspects of the invention, such as subtraction of one image or signal from another
image or signal, can be accomplished via many techniques known in the art and may be
described in the general context of computer-executable instructions, such as program
modules, being executed by a computer. In specific embodiments, subtraction of one image
or signal from another image or signal, as well as other elements of the invention, can be
performed using a computer program module, which can include software, hardware,
firmware, circuits, and/or computer programs. Generally, program modules include routines,
programs, objects, components, data structures, etc., that perform particular tasks or
implement particular abstract data types. Moreover, those skilled in the art will appreciate
that the invention may be practiced with a variety of computer-system configurations,
including multiprocessor systems, microprocessor-based or programmable-consumer
electronics, minicomputers, mainframe computers, and the like. Any number of computer-
systenis and computer networks are acceptable for use with the present invention.

Specific hardware devices, programming languages, components, processes,
protocols, and numerous details including operating environments and the like can be used
with embodiments of the present invention. In certain instances, structures, devices, and
processes are described by the function performed, rather than in detail, to avoid obscuring
the present invention. But an ordinary-skilled artisan would understand that the present
invention may be practiced without these specific details. Computer systems, servers, work
stations, and other machines may be connected to one another across a communication
medium including, for example, a network or networks.

As one skilled in the art will appreciate, embodiments of the present invention may be
embodied as, among other things: a method, system, or computer-program product.
Accordingly, the embodiments may take the form of a hardware embodiment, a software
embodiment, or an embodiment combining software and hardware. In an embodiment, the
present invention takes the form of a computer-program product that includes computer-

useable instructions embodied on one or more computer-readable media.
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Computer-readable media include both volatile and nonvolatile media, removable and
nonremovable media, and contemplate media readable by a database, a switch, and various
other network devices. By way of example, and not limitation, computer-readable media
comprise media implemented in any method or technology for storing information. Examples
of stored ihformation include computer-useable instructions, data structures, program
modules, and other data representations. Media examples include, but are not limited to,
information-delivery media, RAM, ROM, EEPROM, flash memory or other memory
technology, CD-ROM, digital versatile discs (DVD), holographic media or other optical disc
storage, magnetic cassettes, magnetic tape, magnetic disk storage, and other magnetic storage
devices. These technologies can store data momentarily, temporarily, or permanently.

The invention may be practiced in distributed-computing environments where tasks
are performed by remote-processing devices that are linked through a communications
network. In a distributed-computing environment, program modules may be located in both
local and remote computer-storage media including memory storage devices. The computer-
useable instructions form an interface to allow a computer to react according to a source of
input. The instructions cooperate with other code segments to initiate a variety of tasks in
response to data received in conjunction with the source of the received data.

The present invention may be practiced in a network environment such as a
communications network. Such networks are widely used to connect various types of
network elements, such as routers, servers, gateways, and so forth. Further, the invention may
be practiced in a multi-network environment having various, connected public and/or private
networks.

Communication between network elements may be wireless or wireline (wired). As
will be appreciated by those skilled in the art, communication networks may take several
different forms and may use several different communication protocols. And the present

invention is not limited by the forms and communication protocols described herein.

EXEMPLARY EMBODIMENTS
The following exemplary embodiments are provided for illustration and are not

intended to be limiting.

Embodiment 1. A method for imaging or sensing a material, comprising:
exciting a material with radiation having a first wavelength;

recording a first image or signal from the material;



10

15

20

25

30

WO 2010/022330 PCT/US2009/054611

13

perturbing the material;

exciting the material with radiation having the first wavelength;

recording a second image or signal from the material; and

subtracting the first image or signal from the second image or signal to give a

differential image or signal.

Embodiment 2. The method according to embodiment 1, wherein the first image or
signal is a first fluorescent image and the second image or signal is a second fluorescent

image.

Embodiment 3. The method according to embodiment 1, wherein the first image or

signal is a first optical signal and the second image or signal is a second optical signal.

Embodiment 4. The method according to embodiment 1, wherein perturbing the
material comprises perturbing the material with irradiation from a laser at a second

wavelength.

-Embodiment 5. The method according to any of embodiments 1-4, wherein the

irradiation is ultraviolet (UV) irradiation.

Embodiment 6. The method according to any of embodiments 4-5, wherein the

second wavelength is from about 150 nm to about 250 nm.

Embodiment 7. The method according to any of embodiments 4-5, wherein the

second wavelength is from about 193 nm to about 213 nm.

Embodiment 86. The method according to any of embodiments 4-5, wherein the

second wavelength is about 193 nm.

Embodiment 9. The method according to any of embodiments 4-5, wherein the

second wavelength is about 213 nm.

Embodiment 10. The method according to embodiment 4, wherein the second

wavelength is about 248 nm.
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Embodiment 11. The method according to embodiment 4, wherein the laser is a KrF

laser.

Embodiment 12. The method according to embodiment 4, wherein the laser is a

tunable OPO laser.

Embodiment 13. The method according to embodiment 4, wherein the laser is

tunable Ti:Sapphire laser.

Embodiment 14. The method according to embodiment 4, wherein perturbing the
material comprises perturbing the material with irradiation from a light source at a second

wavelength.

Embodiment 15. The method according to any of embodiments 1-14, wherein the first

wavelength is about 355 nm.

Embodiment 16. The method according to embodiment 4, wherein the laser is an ArF

excimer laser.

Embodiment 17. The method according to embodiment 4, wherein the radiation

having a first wavelength is produced by a quintupled Nd:YAG laser.

Embodiment 18. The method according to any of embodiments 1-17, wherein

perturbing the material comprises perturbing the material with a multi-photon process.

Embodiment 19. The method according to embodiment 18, wherein the multi-photon
process comprises subjecting the material to irradiation from a series of pulses from a

femtosecond laser or other ultrashort laser pulses.

Embodiment 20. The method according to any of embodiments 1-19, wherein the

material comprises a biological tissue and/or chemical sample.
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Embodiment 21. The method according to embodiment 4, wherein the second

wavelength is the same as the first wavelength.

EXAMPLES

For all examples, the fluorescent imaging was performed using the output of a tripled
Nd:YAG laser operating at a wavelength of 355 nm, with a pulse width of 8 ns, and a pulse
energy between 50 pJ/pulse and 1 ml/pulse. The laser beam was expanded to a beam
diameter of approximately 1 cm. The 355-nm laser was directly downward toward the
horizontal sample plane at an angle of incidence of about 60 degrees to the surface normal. A
UV-grade achromatic lens was used to image the target surface onto an intensified CCD
(ICCD) array detector with near unity magnification. An additional sharp-edge filter was
used to reject with 10° opacity any 355-nm radiation reflected from the target surface. The
Q-switch of the laser was used to trigger the ICCD and a 400-ns detection gate was then used
to record the image. An ArF excimer laser operating at a wavelength of 193 nm was used for
the perturbation laser. The laser was able to deliver a grid of points, each with a nominally 1-
mm diameter beam, by scanning over the surface at a fixed laser repetition rate of 60 Hz.
The 1-mm ArF beam diameter was approximately Gaussian. The pulse width of the ArF
laser was about 9 ns, and the pulse energy was varied between 50 and 250 uJ/pulse. The
laser fluence of both the 355-nm fluorescent excitation laser and the 193-nm activation laser
were well below the typical thresholds for material ablation. It is noted that all results were
stable with time, hence these perturbations were to the material matrix and not some
temporary photobleaching effect.

For all examples, the overall procedure was: (1) The target was secured at the fixed
imaging plane, and a fluorescent image was recorded using an average of 25 laser shots for
the 355-nm excitation laser, (2) the sample was treated with an array of laser shots from the
193-nm excimer laser, and (3) a second fluorescent image was recorded using an average of
25 laser shots for the 355-nm excitation laser. The final DLIF image was taken to be the

difference of the final fluorescent image and the initial fluorescent image.

EXAMPLE 1: U.S. CURRENCY
Figure 3A shows a white light visible image of the seal of a U.S. $5 bill, and Figure
3B shows a 355-nm fluorescent image of the seal of the bill. Both images have similar false-
color intensity scales, and the full frame is approximately equal to 1 cm. Both images were

recorded with the ICCD system. The white light visible image is a simple visual image
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recorded with a broadband white light illumination source and a wide detection gate (500 us),

and the fluorescent image was recorded using the 355-nm excitation laser.

EXAMPLE 2: WHITE CARD STOCK

White card stock (standard business card) was used to provide an organic matrix
characterized by significant endogenous fluorescence. In this example, the 355-nm
fluorescent excitation laser energy was set to about 1 ml/pulse, and the 193-nm treatment
laser was set to about 100 pJ/pulse. For 193-nm perturbation, a 3x3 grid was applied with
each point on the grid receiving 100 excimer laser shots. Figure 4A shows the pre-treatment
fluorescent image, Figure 4B shows the post-treatment fluorescence image, and Figures 4C
shows the DLIF image. The full frame for each image is approximately equal to 1 cm.
Though the overall beam homogeneity of the 355-nm excitation beam was not high quality,
the difference spectrum revealed excellent sensitivity to the induced photochemical
perturbations to the fluorescence. The excimer laser treatment reduced the fluorescence

intensity of the treated spots.

EXAMPLE 3: COLLAGEN FILMS

Collagen films were used to provide an organic matrix representative of skin and
other tissue matrices. For preparation, type III calfskin collagen was dissolved in 0.5 N acetic
acid to create a solution with concentration of 1 mg/mL. The collagen solution was
completely dissolved, and approximately 5 mL of solution was deposited on a 50-mm
diameter quartz flat and allowed to dry for 48 hours. The average film thickness, as measured
by white-light interferometry, was 3.2 £ 0.5 pm (15% RSD). For these experiments, the 355-
nm fluorescent excitation laser energy was set to about 50 uJ/pulse, and the 193-nm treatment
laser was set to about 100 pl/pulse. For 193-nm perturbation, a 3x3 grid was applied, with
each point on the grid receiving from 20 to 120 excimer laser shots. Figure 5A shows the
DLIF image for 20 193-nm laser shots, Figure 5B shows the DLIF image for 60 193-nm laser
shots, and Figure 5C shows the DLIF image for 120 193-nm laser shots. For each image, the
full frame 1s approximately equal to 1 cm. The perturbation of the collagen films produced a
net increase in fluorescence upon excitation at 355-nm. This suggested that photochemical
bond cleavage also reduced fluorescence quenching and fluorescence was enhanced as
chromophores were released from the tight collagen matrix and/or the optical properties of

the film were modified such that the reflectivity was enhanced. The fluorescent and
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scattering changes can be decoupled from each other, if desired. In addition, the
enhancement scales with the number of laser shots, implying an additive effect. The process

was observed to saturate at about 120-150 shots.

EXAMPLE 4: AMINO ACID FILMS

Amino acid films were used to provide an organic matrix representative of skin and
other tissue matrices with some peptide bonds missing. These amino acid solutions were
created by dissolving appropriate amounts of solid powders of glycine (Sigma Chemical
product G7403), L-proline (Fluka product 81709), and cis-4-Hydroxy-L-proline (Fluka
product 56248) in 0.5 N acetic acid solution. The ratios were selected to mimic the
equivalent concentrations of amino acids in collagen without the peptide bonds. The solution
was completely dissolved, and approximately 5 mL of solution was deposited on 50-mm
diameter quartz flat and allowed to dry for 48 hours. For this example, the 355-nm
fluorescent excitation laser energy was set to about 50 pl/pulse, and the 193-nm treatment
laser was set to about 50 pJ/pulse. For 193-nm perturbation, a 3x3 grid was applied, with
each point on the grid receiving from 100 to 600 excimer laser shots. To explore the effects
of the 193-nm on the film topography, visible microscopy was used to assess the film surface
at the same spot before and after the treatment laser. Figure 6A shows an optical microscopy
image of the amino acid film spot before laser treatment, and Figure 6B shows an optical
microscopy image of the same amino acid film spot after laser treatment with 600 193-nm
laser shots. For each image, the full frame is approximately equal to 100 microns. The
mmages in Figures 6A and 6B reveal no significant changes in the film structure. Figure 7A
shows the DLIF image for 120 193-nm laser shots, Figure 7B shows the DLIF image for 240
193-nm laser shots, and Figure 7C shows the DLIF image for 600 193-nm laser shots. For
each image, the full frame is approximately equal to 1 em. The perturbation of the amino
acid films produced a net increase in fluorescence upon excitation at 355-nm, similar to the
collagen films. This suggested that photochemical bond cleavage also reduced fluorescence
quenching and fluorescence was enhanced as chromophores were released from the tight
collagen matrix and/or the optical properties of the film were modified such that the
reflectivity was enhanced. The fluorescent and scattering changes can be decoupled from
each other, if desired. The dosage was increased to several hundred shots, noting the very

low laser fluence for this example of about 50 pJ/pulse.

EXAMPLE 5: BOVINE EYES
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Bovine eyes were used to provide an actual tissue matrix. The experimental
conditions are given in: B.T. Fisher and D.W. Hahn, Development and Numerical Solution of
a Mechanistic Model for Corneal Tissue Ablation with the 193-nm Argon Fluoride Excimer
Laser, J. Optical Society of America B: Optics, Image Science & Vision, 24:265-277 (2007).
For this example, the 355-nm fluorescent excitation laser energy was set to about 100
pl/pulse, and the 193-nm treatment laser was set to about 130 pJ/pulse. For 193-nm
perturbation, a 3x3 grid was applied with each point on the grid receiving 750 excimer laser
shots. Figure 8A shows the pre-treatment fluorescent image of the bovine cornea, Figure 8B
shows the post-treatment fluorescence image of the bovine cornea, and Figure 8C shows the
DLIF image of the bovine cornea. For each image, the full frame is approximately equal to 1
cm. Due to the curvature of the cornea surface, the 355-nm illumination was not uniform and
the image plane was somewhat distorted. However, the difference spectrum reveals excellent
sensitivity to the induced photochemical perturbations to the fluorescence of actual living
tissue. Similar to the collagen films, fluorescence was enhanced with 193-nm perturbation of
the collagen matrix. The excimer laser fluence was more than 50 times below the clinical

fluence used for typical refractive surgery.

EXAMPLE 6: ORGANIC FILMS

Thin organic films were used to provide an organic matrix representative of multiple-
species, complex systems. These films were created by dissolving 30 mg of Coumarin 450
(CAS no. 26078-25-1) and 30 mg of BBQ (CAS no. 18434-08-7) into 60 ml of reagent grade
ethanol. Coumarin 450 (C;3H;5NO») is a two-ring structure that contains C-N bonds in
addition to a range of C-C, H-C and C-O bonds, while BBQ (Cs3H¢sO2) has a four-ring
backbone structure and contains a range of C-C, H-C and C-O bonds but no C-N bonds.
These two molecules were selected to provide a complex, bi-molecular system. The solution
was dissolved for more than 24 hours, and approximately 3 mL of solution was then
deposited on a 50-mm diameter quartz flat and allowed to dry for 48 hours. For this example,
the 355-nm fluorescence excitation laser energy was set to about 50 uJ/pulse, and the 193-nm
perturbation laser energy was set to about 100 uJ/pulse. For the 193-nm perturbation, an
approximately 3-mm diameter spot was directly irradiated for a total of 250 shots. To
quantify the effects of the 193-nm perturbation, the 355-nm excitation fluorescence was
recorded by collecting the fluorescence from an approximately 1.5-mm diameter spot of 355-
nm irradiation centered in the middle of the 193-nm treatment spot. Fluorescence emission

was collected using a collection lens and fiber-coupled to a 0.3-m spectrometer and then
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recorded using an intensified CCD array detector synchronized to the 355-nm laser pulse
using a 200-ns integration time per pulse. All spectra collected were an ensemble-average of
200 excitation laser pulses. In addition to the spectrometer, a 364-nm sharp edge filter was
used to block residual 355-nm light from entering the spectrometer, and a 450-nm low-pass
filter was used to remove residual laser light at the wavelength 532 nm. The low-pass filter
partially overlapped with the Coumarin 450 fluorescence spectrum. Figure 9A shows the
355-nm excitation laser fluorescence spectrum of the unperturbed, two-dye mixture, with
spectral bands labeled A, B, C; with bands A and B corresponding to the compound BBQ,
and the band C corresponding to the compound Coumarin 450, as determined through
measurements of the individual compounds. The mixture was then perturbed with the 193-
nm as defined above (250 laser pulses at 100 pJ/pulse), and a second fluorescence spectrum
was then recorded in the identical manner as the Figure 9A spectrum. The first spectrum
(pre-perturbation) was then subtracted from the second spectrum (post-perturbation) to
produce the difference spectrum, which is shown in Figure 9B. Figure 9B also shows the
same three spectral bands, denoted A, B and C, as depicted in Figure 9A. Using an
approximately 1.7-nm bandwidth about each individual band, the average decrease in
fluorescence intensity was then calculated and normalized as a percentage of the original
fluorescence intensity of each respective band. This was performed for 10 individual spots,
with the results averaged. The average perturbation (expressed as the percent decrease) to the
fluorescence signal is presented in Figure 9C for each of the three spectral bands. The
corresponding error bars represent the standard deviation over all 10 measurements. The data
reveal a laser-induced perturbation to the fluorescence signals, with a greater perturbation to
band C as compared to bands A and B, revealing a selective, differential response of the
Coumarin 450 fluorescence signal (band C), as compared to the response of BBQ (bands A
and B) to the 193-nm perturbation laser.

All patents, patent applications, provisional applications, and publications referred to
or cited herein are incorporated by reference in their entirety, including all figures and tables,
to the extent they are not inconsistent with the explicit teachings of this specification.

It should be understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of

this application.
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CLAIMS
What is claimed is:
1. A method for imaging or sensing a material, comprising:

exciting a material with radiation having a first wavelength;

recording a first image or signal from the material;

perturbing the material,

exciting the material with radiation having the first wavelength;

recording a second image or signal from the material; and

determining a difference between the first image or signal and the second

image or signal to give a differential image or optical signal.

2. The method according to claim 1, wherein perturbing the material comprises

perturbing the material with additional irradiation.

3. The method according to claim 1, wherein perturbing the material comprises

perturbing the material with additional irradiation from a light source at the first wavelength.

4. The method according to claim 2, wherein perturbing the material comprises

perturbing the material with additional irradiation from a light source at a second wavelength.

5. The method according to claim 2, wherein the first image or signal is a first

fluorescent image and the second image or signal is a second fluorescent image.

6. The method according to claim 2, wherein the first image or signal is a first

optical signal and the second image or signal is a second optical signal.

7. The method according to claim 4, wherein the light source is a laser.

8. The method according to claim 4, wherein the irradiation is ultraviolet (UV)

irradiation.
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9. The method according to claim 4, wherein the second wavelength is in the
range150 nm to 250 nm.

10. The method according to claim 4, wherein the second wavelength is in the
range 193 nm to 213 nm.

11. The method according to claim 7, wherein the laser is an ArF excimer laser.

12. The method according to claim 11, wherein the second wavelength is about
193 nm.

13, The method according to claim 7, wherein the laser is a KrF excimer laser.

14. The method according to claim 4, wherein the second wavelength is about 248
nm.

15. The method according to claim 5, wherein the laser is a tunable Ti-Sapphire
laser.

16. The method according to claim 5, wherein the laser is a tunable OPO laser.

17.  The method according to claim 15, wherein the Ti-Sapphire laser is tuned to a
wavelength that couples to the material.

18. The method according to claim 16, wherein the OPO laser is tuned to a
wavelength that couples to the material.

19. The method according to claim 4, wherein the first wavelength is about 355

20. The method according to claim 7, wherein the laser is a quintupled Nd:YAG

laser.
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21. The method according to claim 20, wherein the second wavelength is about
213 nm.

22, The method according to claim 2, wherein the material comprises a biological
tissue.

23. The method according to claim 2, wherein the material comprises a chemical
sample.

24. The method according to claim 5, wherein the material comprises a biological
tissue.

25. The method according to claim 5, wherein the material comprises a chemical
sample.

26. The method according to claim 2, wherein perturbing the material comprises

perturbing the material with a multi-photon process.

27.  The method according to claim 26, wherein the multi-photon process
comprises subjecting the material to irradiation from at least one pulse from a femtosecond

laser or ultrashort laser pulse.

28. The method according to claim 6, wherein the first optical signal comprises a

series of fluorescence signals.

29. The method according to claim 6, wherein the first optical signal comprises at

least one fluorescence lifetime signal.
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30.  The method according to claim 6, wherein the first optical signal comprises at
least one Raman scattering signal.
31.  The method according to claim 6, wherein the first optical signal comprises as

at least one multi-photon fluorescent signal.

32. The method according to claim 6, wherein the first optical signal comprises at

least one photofragmentation signal.

33. The method according to claim 6, wherein the first optical signal comprises at

least one light scattering or reflectivity signal.

34.  The method according to claim 6, wherein the first optical signal comprises a
plurality of fluorescence signals, wherein at least two of the plurality of fluorescence signals

comprise different fluorescence spectral bandwidths.

35. The method according to claim 6, wherein first optical signal is a combination

of two or more of the following:

a fluorescence signal;

a series of fluorescence signals;

a fluorescence lifetime signal;

a series of fluorescence lifetime signals;

a Raman scattering signal;

a series of Raman scattering signals;

a multi-photon fluorescent signal;

a series of multi-photon fluorescent signals;

a photofragmentation signal;

a series of photofragmentation signals;

a light scattering or reflectivity signal; and

a series of light scattering or reflectivity signals.
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36.  The method according to claim 2, wherein perturbing the material comprises

perturbing labeled or artificial chromophores.

37. The method according to claim 24, further comprising:
utilizing the differential image or optical signal to detect material properties of

the biological tissue.

38. The method according to claim 24, further comprising:
utilizing the differential image or optical signal to detect cancer in the

biological tissue.

39. The method according to claim 24, further comprising:
utilizing the differential image or optical signal to detect biological

contaminants.

40. The method according to claim 2, further comprising:
utilizing the differential image or optical signal to detect explosive

compounds.

41. A system for imaging or sensing a material, comprising:

a variation source, wherein the radiation source is adapted to excite a material
with radiation having a first wavelength;

a detector, wherein the detector records a first image or signal from the
material after the material is excited with the radiation having the first wavelength;

a perturbing mechanism, wherein the perturbing mechanism perturbs the
material;

wherein the radiation source is adapted to excite the material after the material
is perturbed;

wherein the detector is adapted to record a second image or signal from the
material after the material is excited with the radiation having the first wavelength after the

material is perturbed; and
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a means for determining a difference between the first image or signal and the

second image or signal to give a differential image or optical signal.
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