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(57) Abstract: Incorporation of deuterium into the lipids, proteins, and/or genetic material in cells, tissues, organs, or organisms,
including animals, such as humans, and plants, by administration of heavy water, allows for the spectral determination of levels of
lipids, proteins, and/or genetic material using Raman spectroscopy, such as stimulated Raman spectroscopy. Following administration
of a drug, changes in the relative amounts of lipid, protein, and/or genetic materials can be determined, and the efficacy, or lack thereof,
of the administered drug can be determined.
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SYSTEM, METHOD AND COMPUTER-ACCESSIBLE MEDIUM
FOR USE OF HEAVY WATER AS A PROBE FOR IMAGING
METABOLIC ACTIVITIES

CROSS-REFERENCE TO RELATED APPLICATION(S

{6001]  This application relates to and ¢laims priority from 1.8, Patent Application Nos,
62/711,197, filed on July 27, 2018 and 62/819,192, filed on March 15, 2019, the entire

disclosure of which is incorporated herein by reference.

STATEMENT REGARDING FEDERABLY SPONSORED RESEARCH

[6002]  This imvention was made with government support under Grant No. EBO20892 and
EB0O16573, awarded by the National Institutes of Healh. The government has certain rights
i the mwmvention.

FIELD OF THE DISCLOSURE

[6003]  In one aspect, the present disclosure relates generaily to heavy water, and more
specifically, to exemplary embodiments of an exemplary system, method and computer-
accessible medium for use of heavy water as a probe for imaging metabolic activities, both in
vivo and in vitrao,

BACKGROUND INFORMATION

[8004]  Understanding the dynamics of metabolism in multicellular organisms can be
beneficial to unraveling the mechanistic basis of many biological processes, Although
metabolomic technelogies can catalog thousands of metabolites residing in celis,
nondestructive tools are lunited for in site visualization of metabolic activitics, such as
protein and fipid synthesis and degradation, at subceilular resolution in living organisms.
Magnetic resonance spectroscopic imaging (“MRSI7) and positron emission tomography
("PET”) can provide metabolic information nontnvasively and have wide oncological
application but lack sufficient spatial resolation. (See, e.g., Reference 1),
Micreautoradiography and fluorescence microscopy can visualize metabolism at the single-
cell level but utilizes radioactive and flyorescent labeling of the substrate, respectively; these
labeling are often toxic to cells and often perturb the native metabolic processes. {See, e.g.,
Reference2). Nanoscale Secondary Ion Mass Spectrometry (“"NanoSIMS™) and the more
recent multi-isotope imaging mass spectromelry (“MIMS™} can measure the incorporation of

nontoxic stable isotopes, like N and VC, at submicrometer resolution and spatially track the
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labeling of biomelecules; but both methods are destructive to fiving tissues and have Hmited
resolvability for macromolecules. (See, e.g., Refercnces 3 and 4).

[6005]  Thus, it may also be beneficial to provide an exemplary system, method and
computer-accessible mediom for use of heavy water as a probe, for use in Raman
spectroscopy, bioorthoganol IR imaging, or other analytical methods, for imaging metabolic

activities, which can overcome at least some of the deficiencies described herein above,

SUMMARY OF EXEMPLARY EMBOBIMENTS

{60H06]  To that end, exemplary system, method and computer-accessible medium for using
heavy water (i.e., D:0) as a probe for imaging metabolic activities, both in vivo and ia vitro,
can be provided.

|8007]  For example, when heavy water is administered fo cells {e.g., whether in vivo, or in
vigro), it can be incorporated into lipids, protems, and/or genetic material produced by the
cells during their normal lite eycle,

[8008]  The new proteins, fipids, DNA, and other macromolecules which ncorporate
heavy water-derived dentertum can have their own witigue Raman spectrum, and the Raman
spectrure can be detected and clustered in order to generate a “map” of newly syuthesized
macromolecules,

{8009]  When subjected to Raman spectroscopic procedures, and using appropriate
mathematical formalas, as disclosed herein, it can be possible to produce spectra where peaks
associated with lipids, proteius, and genetic material can be separated. The relative volume
in cach peak {measured, for example, by calculating the arca under the corve) can be
determined.

{0018]  Is some aspects, lipid molecules can be separated into different subtypes of lipids,
such as saturated and unsaturated lipids, or further identity the exact type of lipids, for
example, cholesterot and phospholipids.

{6011]  In one exemplary embodiment of the present disclosure, a computer-implemented
procedure can be used, in some aspects, with software and/or computer programs, for
clustering out varions macromolecules (e g, lipids, proteins, and/or genetic material) in living
organisins, including virus, bacteria, nermatodes, fungus, yeast, plants, ammals, and buman
beings, including whole organisms, and isolated celisitissue derived from these organisms.
{8012]  For example, when organisms, or cells/tissue derived from the organisius, can be

first admuinistered heavy water, so as to produce lipids, proteins, and/or genetic material
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which incorporate deuterium, baseline measurement of the amounts of lipids, proteins, andfor
genetic roaterial can be determined.

[6013]  Foliowing exposure of the organisms, or cells/tissue derived from the erganisms,
to one or more compounds (¢.g., while continoeing to administer heavy water), a second
roeasurement can be taken to determine whether the relative amounts of lipids, proteins
and‘or genetic material have changed relative to the baseline amounts. Differcoces in the
amount of lipids, proteins, and/or genetic material can be used in a variety of diagnostic
and/or theravostic methods.

[B014]  In some exemplary embodiments, additional measurements can be measured over
time, for example, affer repeated exposure, as might be the case when a patient cas be treated
for a diseass using one or more compounds, In other exermplary embodiments, rising dosage
studies can be performed to determine, for example, an optimal range of drug concentrations
to bring about a desired therapeutic effect, while avoiding toxicity.

{8015]  According to certain additional exemplary emibodiments of the present disclosure,
the information on differcnces it the relative amounts of lipids, proteins, and/or genetic
material before and after administration of the one or more compounds can be used to
determine whether a particular therapeutic regimen can be effective i treating an individual
patient, and/or whether a putative drug candidate has efficacy and/or toxicity.

[8016]  In some exemplary embodiments of the present disclosore, the effectiveness of a
putative freatment for a given discase can be determined. Representative diseases mchude
cancer, heart disease, stroke, neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease, neurotropic viral infections, stroke, parancoplastic disorders, traumatic
bratn mjury and multiple sclerosis, and nfections by viruses, bacteria, fusgt, prions or
nematodes, endocrinology and metabolic diseases such as diabetes and diabetic
complications, gout, type 1 & type 2 diabetes, obesity, metabolic syndrome, growth
disorders, dyslipidentia hypogonadism, rare metabolic diseases. For example, biological
samples contabung bacteria, fungi, virus, or nenmatode can be subjected to one or a plurality
of putative treatment regimens, and, where the levels of lipids, proteins and/or genetic
reaterial after treatment can be substantially different than baseline, an effective treatment
regimen can be identified, and, s some embodiments, administered to a patient. The
deternnation can be performed stepwise, or m parallel, for example, using high-throughput
screening methods,

[6017]  According to a further exemplary embodiment of the present disclosure, a method

can be used to determine whether a patient has viral or bacterial meningitis, Administration
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of an antibiotic to a patient with viral meningitis nmay not be expected to result in any
significant change i relative amounts of lipid, protein, or genetic material in a biological
sample, such as a sample of cercbrospinal fluid, in a patient. However, it the patient has
bacterial meningitis, 8 significant change can be expected to be observed. In this manner, the
roethod provides a rapid screening method to determune whether a patient has viral or
bacterial meningitis, and facilitates timely and effective treatment fo be administered.

{8018]  In another exemplary embodiments of the present disclosure, for example, with
respect to drug resistant microbial ntections, it can be possible 1o follow various treatment
regimens real-time, and determine whether they can be effective in treating the infections,
This can provide an altermative, for example, to genetically screening a virus, such as HIV,

-

HBYV or HCV, present in a patient’s bloed or other biological tiuid, to determine specifi

<

mutations assoctated with drug resistance, or to administering an antibiotic to a patient
hoping it can be effective, only fo find out the bacteria can be resistant 1o this particular
antibiotic.

{B019]  In another aspect, when used in cancer diagnostics, an evaluation can be performed
to determine whether a given therapy can be effective against a tumor by administering heavy
water to a patient, facilitating time for deuterivm in the heavy water to become incorporated
in lipids, proteins, and/or genetic material, and taking a baseline Raman spectra of the tumor.
Following freatment with a putative chemotherapeutic agent, or combination of agents,
further spectra can be uitlized, and determination can be made as to whether the relative
amounts of one or more of the lipid, protein and/or genetic material have changed. Changes
in these relative amounts of one of more of the lipid, protein, and’or genetic material can be
ndicative that the chemotherapeutic method can be working, Repeated additional spectra
can be obtamed over the course of the treatment,

[6026]  In still another exemplary embodiments of the present disclosure, the
neasurements of the relative levels of lipid, protein and/or genetic material can be obtained
using surface enhanced Raman spectroscopy (“SERS™}. In some aspects of this embodiment,
the spectra can be obtained in vivo. In other aspects of this embodiment, the specira can be
obtained in vitro, by taking samples of one or more biological fluids after administration of
beavy water to the patient, and both before and after exposure to a putative chemotherapeutic
agent or combination of agents.

[8021]  For example, drugs can be evaluated for their ability to inhib#t tumor growth.

Using heavy water and vibrational imaging and spectroscopy, the metabolic changes of tumor
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cells can be detected before and after the treatment and find out which drug can be the most
effective one for inhibiting tumor growth.

[6022]  In one exemplary embodiment of the present disclosure, such exemplary
evaluation can be performed in vive, where it can be possible 1o also use the spectroscopic
roethod to determine the size of the tursor, and note whether the tumor can be growing,
shrinking, or staving approximately the same size, throughout the duration of the
chemotherapy.

[8023]  This exceryplary method can also be applied for detecting and diagnosing various
types of cancers and separating subtypes of a certaint cancer, based on #s capability of
detecting the mietabolisi differences between various cancer and normal cells and tissues.
For example: breast cancer has many subtypes such as fuminal A breast cancer {e.g.,
gstrogen-receptor andf/or progesterone-receptor positive, HER2 negative), and luminal B
breast cancer {e.g., estrogen-receptor andf/or progesterong-receptor positive, either HER2
positive or HERZ negative with high levels of Ki-67, generally grow slightly faster than
fuminal A), and triple negative breast cancer {e.g.. all estrogen-recepior, progesterone
receptor, and HER2 can be negative), efc,

[8024]  According to a further exemplary embodiments of the present disclosure, the
method can be used to detect diffevences in metabolism between cancer and normal healthy
cells and tissoes. In another exemplary aspect, a pationt has more than one type of breast
cancer cell types, where the metabolic activities of the different types of cancer can also be
different, and the effectiveness of therapy against each of these breast cancer cell types can be
determined.

[8025]  In sowme embodiroents, physicians can select appropriate freatment methods based
on detecting a subtype of breast cancer, or other cancers, Applying the heavy water labeling
and vibrational imaging of the cancer patient’s tissue sample, it can be possible to determine
which subtypes of cancer can be present. This can assist a physician to perforn a proper
diagnosis, and determine which treatment method to adninister.

{6026]  In other exemplary embodiments of the present disclosure, the safety of a
compound can be determined. For example, it can be possible to expose a patient, such as, a
buman or son-hurman animal patient, cells/tissoe obtained from a patient, a plant, or plant
matter obtained from the plant, or a microbial organism, such as bacteria, fungi, or virus, to
heavy water for a sufficient time that heavy water can be incorporated into the lipids, protein,

and/or genetic material,
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[8027]  Some initial spectra can be obtained to determine a baseline value of the relative
amounts of lipids, proteins and/or genetic material, either in vive or in vitro. Following
adminstration of a compound of interest, a second spectra can be obtained, and a sccond
value of the relative amounts of lipids, proteins and/or genctic material, gither in vivo or in
vifro, can be obtained. There can be a correlation between the levels of lipids, proteins and/or
genetic nuaterial and the toxieity of the compound to the patient, cells/tissue obtained from
the patient, plant, plant matter, or nyicrobial organisms.

[8028]  Corspounds which do not appear to adversely affect the relative amounts of lipids,
proteing and/or genetic material can be deemed relatively non-toxic. In some aspects, the
tests can be continued for a predetermined period of time while the compound ¢an be
continuously administered, either at the same dose, or at different doses {e.g., rising dosage
studies). In other aspects, once an initial screen has identified compounds which appear to be
non-toxic, and, optionally, other compoands which appear to be toxic, confirmatory
toxicology studies can be performed on those compounds which appear to be non-toxic.
{B029]  Toxicology studies can be performed, for example, in in vivo or in vitro models,
plant models, animal models, and huran studies, such as Phase 1, 11, and 11l clinical trials.
[8036]  Where a patient may not be suffering from a discase, and the interest in the
evaluation can be to determine drug toxicity, changes from bascline can indicate that the drug
has some toxicity, Where the second sample has minimal changes from baseline, such can
mdicate that the drug can be relatively nos-toxic.

{6031] A formal toxicology study using other methods of determining drug toxicity can
optionally then be performed on one or more drugs that appear to be relatively non-toxic
based on this preliminary screen. This approach can be relatively beveficial when screening
combinatorial libraries of compounds, as it can facilitate a guick identification of compounds
which can be relatively non-toxic.

{6032  According to stifl other exemplary embodiments of the present disclosure, this
approach can be contbined with a binding assay, where the drug can be screened for its
ability to bind, as a ligand, to a particular biological target, such as a receptor. I{'a compound
can be relatively non-foxic, buf has poor binding o a desired biological target, or vice versa,
a determination can be made as to whether the compound can be a good casdidate to advance
to further studies.

[8033]  In another exemplary embodiment of the present disclosure, such approach can be
combined with an assay to determine whether the compound has desired activity once bound

to the receptor. For example, a compound can bind to a receptor and function as an agonist, a
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partial agonist, an mverse agonist, an aagowmst, or an aliosteric mhibitor. Using a
combination of assays, it can be possible to wdentify compounds which have relatively low
toxicity, bind to the proper receptors, and have the desired activity once bound to the
receptors.

{6034]  According to a still further exerplary embodiments of the present disclosure, it
can also be to perform an additional assay to determine a compound’s selectivity for a desired
receptor over other less desired receptors, This combination of assays can deterniine relative
toxicity of putative therapeutic compounds, the ability of the corapounds to bind to desired
receptors, the activity of the compounds once bound, and the sefectivity of the compound tor
the desired receptor versus other recepiors, such as those which can cause unwanted side
effects.

[6035]  One or more of these aspects can be applied for drug screening. For various
diseases, the drug treatment can alter the metabolic activities of cells and tissues. The heavy
water labeling with vibrational imaging and spectroscopy can tell the metabolic activities of
newly synthesized deuterium labeled Hipids, protein, DNA and carbohydrates. It can be used
in both in vizro cell culture and in vivo experiments on animals, even human beings, cells or
tissue derived [rom the asimals or human beings, or biological fluids derived from the
antmals or human beings.

[8036]  Where the biological organism can be a bacteria, one aspect of this method
mvolves screening putative antibiotics to determine whether the bacteria has autibiotic
tolerance/resistance to a particular antibiotic, and can be used to help a {reating physician
deternsine the most effective antibiotic, or combination of antibiotics, to treat a bacterial
nfection.

[B037] A biofilm can be any group of microorganisms in which cells stick to each other,
and these cells often adhere to a surface, which can be a biclogical surface, such as the inside
of a patient’s lungs, Lung infection can be the main canse of morbidity and mortality in
patients with cystic fibrosis and can be mamnly donunated by Pseudomonas acruginosa, The
biofilm mode of growth makes eradication of the infection extremely difficult, and it causes a
chronic inflammation i the atrways. In addition to the difficuliy of treating biotilms with
conventional antibiotic therapy, treating biotihms can also be hindered by the rising antibiotic
resistance among pathogens. The methods described herein can be useful in studying the
metabolic heterogeneity in biofilms, or other microbiota, for example, as a way to determmine

effective trestment methods,
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[6038]  In an exemplary embodiments of the present disclosure, photosynthesis can be
evaluated by following the relative amounts of lipids, proteias, andfor genetic material in
various plants and algae. For example, plants and/or algae can be exposed to heavy water for
a sufficient amount of time for deuterium to be incorpoerated into plant or algal Hpids,
proteins, and/or genetic material. A bascline value of the relative amounts of lipids, proteins
and‘or genetic material in the plants and/or algae can be measured. Then, the plants and/or
algae can be exposed to one or more conditions, such as exposure to different light sources
andfor different light duration, and for plant growth regulators which either accelerate plant
growth, or can be herbicidal in nature. Following exposure to these conditions, a second
vatue of the relative amounts of Hipids, proteins, and/or genetic material in the plants andfor
algae can be measured, Differences in the levels of ipids, profeins, and/or genetic material
betore and after exposure to the one or more conditions can show, for example, whether plant
or algal growth can be accelerated or diminished.

{8039 By separately visualizing the newly synthesized protein, lipids, and carbohydrates,
the conditions for photosynthesis can be optimized. This information can be used to optimize
production of algal oil, which can be ased directly as a fuel, or converted to biodiesel fuel, an
alternative to liguid fossi fuels, and/or to commonty known biofuel sources such as corn and
sugarcane. in one exemplary embodiment of the present disclosure, the method can be
performed 1t & high throughpot manner, and can be used to study which compartment of an
algac cell can be producing lipids {e.g., oil}, and under what conditious oil production can be
optimized, In another exemplary embodiment of the present disclosure, in addition to or in
place of SERS, photosynthesis can be studied vsing beavy water combined with vibrational
wmaging and spectroscopy.

[B048]  In some exemplary cmbodiments of the present disclosure, rather thas using
SERS, the spectra can be obtained using other vibrational imaging procedures, including, but
net linited to, tip-enhanced Raman microscopy ("TERS”), Fourter-Transform Infrared
Imaging, AFM-IR, Optical Photothermal IR microscopy, Infrared Photo Induced Force
Microscopy, and Peak Force Infrared Microscopy, particularly where the procedure can be
used to study metabolic activity.

[B041]  Additionally, with as exemplary system, method and computer-accessible medium
according to an exemplary embodiment of the present disclosure, i s possible to, for
example, receive a Raman imaging signat obtained from the skin of a patient(s), separating
the Raman mmaging signal mto a lipid signal and a protein signal, and determine a metabolic

activity of the skin based on the lipid signal and the protein signal. The Raman imaging
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signal can be a stimwulated Raman scattering imaging sigaal. The Raman imaging signal from
the skin can be based on 2 consusuption of heavy water by the patient(s}). The Raman
imaging signal can be based on a vibrational tag(s).

[6042]  Further, with a further exemplary method for determining information regarding a
biological structure of a patient(s) according to an exemplary embodiment of the present
disclosure, it is possible to, for example, administer a vibrational probe(s) to a patient(s},
imaging the biological structure of the patient(s} using a stimulated Raman scattering (SRS)
imaging procedure, teceive a SRS signal from the biological structure of the patiest(s),
separate the SRS signal o a fipid signal and a protein signai, and determine the information
based on the lipid signal and the protein signal. The imaging of the biological structure can
be performed using a handheld SRS device. The vibrational probe(s) can include (i} heavy
water or (it} glucose. The biological structure can be (1) skin of the patient(s), (1) skin cells
of the patient(s), or (it} a bodily fluid of the patient{s). The bodily fluid can inchude (i) blood
or (if) plasniz. A drug(s) can be administered to the patient(s), and the infornwmtion can
include an efficacy of the drug(s) on the bicological structure.

[B043]  In addition, an exemplary handheld device according to an exemplary embodiment
of the present disclosure can be provided, which can inchude, for example, an optical emilter
configured {o generate {i) 8 Raman tmaging signal or {i1) an infrared {IR) imaging signal, an
optical detector configured to receive a resultant signal that can be based on the Raman
mmaging signal or the infrared iroaging signal, and a hardware corpputing arrangement
configured to split the resultant signal into a protein signal and a lipid signal, and determine
information regarding a biological structure(s) based on the protein signal and the hipid
signal. The Raman imaging signal can be a stinulated Raman scattering imaging signal.
[8044]  Further, with vet another exemplary method for determining the efficacy of
chemotherapy according to an exemplary embodiment of the present disclosure, i is possible
to, for example: a) administer an effective amount of D0 10 a patient who has & tumor,
where a brain of the patient can be visualizable ustng SRS Raman timaging procedures, and
allow a predetermined period of time for the D20 to become incorporated into the tumor, b)
obtain a first SRS Raman spectrum of the tumor, where first signals associated with the first
spectrum can be acquired, at least, from 2135 cm', 2183 em?, and 2210 em'!, which signals
can correspond to Hpids, proteing, and DNA, respectively, ¢) un-mix the first signals so as to
form separate spectral peaks for the lipids, proteins, and DNA i the tumor, d) administer
chemotherapy to the patient for & suitable time such that, if the chemotherapy is effective,

changes in levels of the lipid, protein or DNA in the tumor can be expected to vary from the

9



10

15

20

WO 2020/023966 PCT/US2019/043935

respective evels before chemotherapy is administered, o) continuously adnunister an
effective amoust of D20 to the patient while the patiest is treated with the cherotherapy, so
as to allow deuferium to become incorporated into one or mote of the lipid, protein, or DNA
found in the tumor, ) obtain a second SRS Raman spectrum of the tamor, where second
signals associated with the second spectrum are acquired, at least, from 2135 e, 2185 ey,
and 2210 em'!, and where the second signals cotrespond to the lipids, proteins, and DNA,
respectively, and g) compare the first and second SRS Raman spectra, where significant
changes in the amoust of at feast one of the lipid, protein or DNA can be mdicative of the
success of the chemotherapy, and where insignificant changes in the amount of {ipid, protein
or DNA can be indicative of the lack of success of the chemotherapy.

[8045]  In some exemplary embodiments of the present disclosure, the comparison of the
fivst and second SRS Raman spectra show that the chemotherapy is etfective, the method
further comprises continging to treat the patient with the chemotherapy, and where the
comparison of the first and second SRS Raman spectra show that the chemotherapy is
ineffective, the method further comprises discontinuing treatiment with the chemotherapy.
Treatment with the chemotherapy can be discontinued, steps a-f are repeated with a differemt
chemotherapy. The cancer can be breast cancer.

{6046]  With an exemplary method for determining the efficacy of a putative therapy for
Alzhetmer’s disease according to an exemplary embodiment of the present disclosure, it is
possibie to, for example, 1) administer an effective amount of D20 1o a paticnt who has
Alzheimer’s disease, where a brain of the patient is visualizable using SRS Raman imaging
procedures, and allow a predetermined period of time for the D20 to become incorporated
nto a tissue of the brain, b} obtain a first SRS Raman spectrum of the brain, where tirst
signals associated with the first spectram are acquired, at feast, from 2135 omy!, 2185 eyl
and 2210 ¢y, and wherein the signals correspond to lipids, proteins, and DNA, respectively,
¢) an-1ux the first signals so as to form separate spectral peaks for the lipids, proteins, and
DINA i the tissue, d) administer a putative therapy to the patient for a particular time period
such that, if the therapy is effective, changes in levels of at least one of the lipid, protein or
DNA levels in the brain are expected fo vary from the respective levels before therapy is
administered, e) continuously adnunister an effective amount of D20 to the patient while the
patient is treated with the therapy, so as to allow deuterium to becorse incorporated into one
or more of the lipid, protein, and DNA found in the bram tissue, f) obtain a second SRS
Raman spectrum of the brain tissue, where second signals associated with the second

spectrum are acquired, from 2135 em¥, 2183 cm™!, and 2210 cm¥, where the second signals
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correspond to the lipids, proteins, and DNA, respectively, and g) compare the first and second
SRS Raman spectra, wherein sigaificant changes o the amount of at least one of the Hpid,
protein or DNA provide information relative to whether the therapy has decreased the
severity of the disease, decelerated or stopped the progression of the disease, or has not
slowed down ot decreased the sevenity of the disease.

{8047]  In some exemplary embodiments of the present disclosure, the protein Jevels can
compwrise proteins associated with beta-amyloid plague, where a decrease in the amount of
beta~-amyloid plague is indicative that the therapy is decreasing the severity of the discase,
refatively unchanged amounts of beta-amyloid plaque are indicative that the therapy has
decelerated or stopped the progression of the disease, and increased amounts of beta-amyloid
plaque are indicative that the therapy has not decelerated or decreased the severity of the
disease.

{6048]  Additionally, with still a further exemplary method for determining the efficacy of
a putative therapy for a metabolic disease according to an exemplary embediment of the
present disclosare, it is possible fo, for example, a) administer an effective amount of D20 to
a patient who has a metabolic discase, where lipid levels of the patient are visualizable over
time using SRS Raman imaging procedures, and allow a predetermined amount of time for
the 120 to become ingorporated nto lipids of the patient, by obtain a first SRS Raman
specirom of a biological fluid comprising lipids, where first signals associated with the first
spectruin ave acquired, at least, from 2135 crw?, 2185 el and 2210 em!, which signals
correspond to Hpids, proteins, and BNA, respectively, ¢} un-mix the first signals so as to form
separate spectral peaks for the lipids, proteins, and DNA in the biological sample, d)
adainister a putative therapy to the patient for a suitable time such that, if the therapy is
effective, changes in levels of at least one of the lipid, protein or DNA levels in one or more
bictogical samples of the patient are expected to vary from the respective levels before
therapy is administered, ) continvously adnunister an effective amount of DO to the patient
while the patient is treated with the therapy, so as o allow deuterium to become ncorporated
into one or more of the lipid, protein or DNA found in one or more of the biological samples,
1} obtain & second SRS Raman spectrum of the brain tissue, where second signals associated
with the second spectram are acquired, at least, from 2135 e, 2185 cov', and 2210 cm™,
and where the second signals correspond to lipids, proteins, and DNA, respectively, and g3
compare the first and second SRS Raman specira, where significant changes in the amount of

lipid, protein and/or DNA provide information relative to whether the thevapy bas decreased
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the severity of the disease, decelerated or stopped the progression of the disease, or has not
decelerated or decreased the severity of the disease.

[6049]  In certain exemplary embodiments of the present disclosure, the treatment, if
suceessid, increases HDL levels, decreases LDL levels, or both, and differences in the
bascline values of HDL and LDL in the SRS Raman spectra are coropared with values of
HDL and LDL in one or more of the biclogical sample taken after a treatment is
administered. The biological fluid can be blood plasma.

[8056]  Further, with yet apother exemplary method for determining the efficacy of an
antimicrobial compound according to an excmplary embodiment of the present disclosure, it
is possible to, tor example, a) administer an effective amount of P20 to a patient who has a
microbial infection, and allowing a predetermined amount of time for the D20 to become
meorporated into the biological organism, b) obtamn a sample of a biological fluid comprising
a microbe responsible for the microbial infection, and obtain a first SRS Raman spectrum of
the fluid, where first signals associated with the first spectrunt are acguired, at least, from
2133 em!, 2185 em’, and 2210 env'!, and where the first signals correspond to lipids,
proteins, and DNA, respectively, ¢) un-mix the second signals so as to form separate spectral
peaks for the lipids, proteins, and DNA in the biological fluid, d) administier a putative
antimicrobial therapy o the patient for a particular time such that, if the therapy is effective,
changes in levels of at least one of the lipid, protein or DNA in the microbe i the biological
flutd are expected to vary from the respective levels before therapy is admeinistered, ¢)
continuously administer an effective amount of D2() to the patient while the patient is treated
with the therapy, so as to aliow deuterivm to become incorporated into one or more of the
lipid, protein or DNA found in the microbe present in the fluid, ) obtaiu a second sarple of
the biclogical fluid from the patient, g} obtain a second SRS Raman spectrum of the fluid,
where second signals associated with the second spectrum are acquired, at least, from 2135
e, 2183 ey, and 2210 ol and where the second signals correspond to the ipids,
proteins, and DNA, respectively, and h} comparing the first and second SRS Raman spectra,
where significant changes in the amount of at least one of the lipid, protein or DNA are
indicative of the success of the therapy, and where insignificant changes in the amount of at
least one of the lipid, protein or DNA are ndicative of the lack of success of the therapy.
{B051]  In some exemplary embodiments of the present disclosure, the microbe can be a
virus selected from the group consisting of HIV, HBV, and HCV, The microbe can be a
bacteria. The bacteria can be a drug-resistant bacteria. Two or more putative antimicrobial

therapies can be evaloated in paralicl. 3t can be unclear whether the microbe is a virus,
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bacteria, or fungus, and one or more putative therapies selected from the group cousisting of
antivirals, antibacterials, and antifungals are administered to determine the type of infection,
and wherein the type of intection is bacterial when an antibacterial therapy is successful, the
type of infection is viral when an antiviral therapy is successful, and the type of infection is
fungal when an antitungal therapy is successful. A patient being evaluated has cither virad or
bacterial meningitis, and an antibacterial therapy is administered, where if the therapy is
successfol, the patient is diagnosed as having bacterial meningitis and is treated with the
antibacterial therapy, and if the therapy is unsuccesstul, the patient s diagnosed as having
viral meningitis.

[6052]  In addition, using another exemplary method for determising the efficacy of a
putative therapy for multiple sclerosis according to an exemplary embodiment of the present
disclosure, 1t is possible fo, for example, a) admignister an effective amount ot D20 to a
patieat who has multiple sclerosis, where myelin levels of the patient are visualizable over
tinte using SRS Raman imaging procedurcs, and allow a predetermined amount of time for
the D20 to beconte incorporated into myelin of the patient, b) obtain a first SRS Rantan
spectrum of the patient’s brain or nerve tissue, where first signals assoctated with the first
spectrum are acquired, at least, from 2135 oy, 2185 em!, and 2210 cm!, and wherein the
first signals correspongd to lipids, proteins, and DNA, respectively, ¢) un-mix the first signals
s0 as to form separate spectral peaks for the pids, proteins, and DNA in the biological
sample, d) administer a putative therapy to the patient for a predetermined tiroe such that, if
the therapy is effective, changes in levels of at least one of the lipid, proteit or DNA ina
brain or nerve tissue of the patient are expected to vary from the respective levels betore
therapy s admunistered, ¢) continuously admimster an effective argount of D10 to the patient
while the patient is treated with the therapy, so as to allow deuterivm to become incorporated
nto one or more of the dipid, protein, and DNA found in the brain or nerve tissue, 1)
obtaining a second SRS Raman spectrum of the brain or nerve tissue, where second signals
associated with the second spectruin are acquired, at feast, from 2135 om™, 2185 em!, and
2210 cml, and where the second signals correspond to lipids, proteins, and DNA|
respectively, and g) compare the first and second SRS Raman spectra, where significant
changes in the amount of at feast one of the lipid, protein or DNA provide information
refative fo whether the therapy has decreased the severity of the disease, decelerated or
stopped the progression of the disease, or has not decelerated or decreased the severity ot the

disease,



10

15

20

WO 2020/023966 PCT/US2019/043935

[0053]  [In addition, with a further exemplary method for evaluating the effectiveness of a
compound on a plant according to an exemplary ersbodimsent of the presest disclosure, it is
possible to, for example, a) administer an effective amount of D0 to a plant which has fevels
of at least one of lipids, proteins or genetic material which is visualizable using one or more
SRS Raman jmaging procedures, and allow a predetermuned arsount of time for the 1.0 to
become incorporated into the plant, b) obtain a first SRS Raman spectrum of the plant, where
first signals associated with the first spectrum are acquired, at least, from 2133 cm?, 2183
e, and 2210 ey, and wherein the first signals correspond to lipids, proteins, and DNA,
respectively, ¢) ui-mix the tirst signals so as to form separate spectral peaks tor the lipids,
proteins, and BPNA in the plant, d) administer & compound to the plant which can assist the
plant grow, or inhibit the plant growth, for a particutar period of time such that, if the
compound is effective, changes in levels of at least one of the lipid, protein or DNA in the
tumor are expected to vary from their levels before the compound is administered, ¢)
continuously administer an effective amount of D0 to the plant while the plant is treated
with the compound, so as 1o allow deuterium to become incorporated into one or more of the
fipid, protein, and DNA found in the plant, f) obtain a second SRS Raman spectrum of the
plant, where second signals associated with the second spectrum are acquired, at least, from
2135 !, 2185 eml, and 2210 e, and wherein the second signals correspond to lipids,
proteins, and DNA, respectively, and g) compare the first and second SRS Raman spectra,
where significant changes in the amount of at least one of the lipid, protein or DNA are
indicative of the success of the compound in helping the plant grow, or inhibiting plant
growth, and where insignificant changes in the amount of at lcast one of the lipid, protein or
DNA are indicative of the lack of success of the compound a3 inhibiting or promoting plant
growth,

[6054]  Further, using still another exemplary method for monttoring plant growth or
frthibition with monitoring the protein andfor lipids content, and their turnover, in plant
feaves, where the protetn andfor lipids content is monitored by procedures according to an
exenyplary embodiment of the present disclosure, it is possible to, for example, a} administer
heavy water to the plants; b) facilitate sufficient time for the plant feaves to incorporate B0
nto proteins and/or Hpids in the plant feaves; ¢) obtain a first SRS Raman spectrum of the
plant feaves to obtain baseline values for protein and/or lipid levels; d) administer to the plant
a compound which may inhibit or promete plant growth, while continuously administering
heavy water to the plant; and e} obtain a second SRS Raman spectnum of the plant leaves to

obtain subsequent values for protein and/or ipid levels, where a negative change in the levels
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of at least one of proteins or lipids is indicative that the plast growth 18 being inhubited, and
where a positive change in the levels of at least one of proteins or ipids is indicative that the
plant growth is being promoted.

[8055]  Additionally, with additional exemplary system, method and computer-accessible
roedium for geperating (i) an irsage(s) of a target molecule(s), or (i) a plurality of spectra
refated to the target molecula(s) according to an exemplary embodiment of the present
disclosure, it is possible to, for example, receive digital mformation refated to a fabelling of
the target mwolecule(s), and generate the (1) the tmage(s) of the labelled target molecule(s) or
(i} the spectra related to the labelled target(s) molecule using (i) an infrared (IR) imaging
procedure, or (i) an IR spectroseapic procedure. A further image(s) of the labelled target
moiecule(s) can be generated using a stimulated Raman imaging procedure, or (i) a further
plurality of spectra velated to the labelled target moleculefs) can be generated using the
stimyulated Raman imaging procedure.

{8056]  In somc exemplary embodiments of the present disclosure, the digital information
can relate to a labelling of the target molecule(s) using (1) carbon-deuteriuny, (1) carbon 13,
(ii1) nitrile, (v) azide, or (iv) fuorine. The image(s) can include an image of a tumor. A
metabolic contrast associated with the target molecule(s) can be determined based on the
image(s) or the spectra. The digital information can inchide information related to the target
molecule(s) vibrating in a cell-silent spectral region. The cell-silent spectral region can be
about 1800-2300 ey

{60571  Further, with another exemplary methed for generating an image(s) of a
molecule{s) or a plurality of spectra related to the target molecule(s) according to an
exemplary embodiment of the present disclosure, it is possible to, for example, administer a
composition{s} to a patient{s}, where the composttion(s) can include a vibrational chemical
tag{s) configured to label the target molecule(s), and generate the image(s) of the labelled
target molecule(s) or the spectra refated 1o the labelied target moleculeds) using an infrared
(IR} tmaging procedure based on the vibrational chemical tag(s) or an IR spectroscopic
procedure based on the vibrational chemical tag(s).

{6038]  These and other objects, features and advantages of the cxemplary embodiments of
the present disclosure will become apparent upon reading the following detailed description
of the exemplary embodiments of the present disclosure, when taken in conjunction with the

appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[8059]  Further objects, teatures and advanfages of the present discloswre will become
apparent from the following detailed description taken in conjunction with the accompanying
Figures showing illustrative embodiments of the present disclosure, in which:

{8066]  Figure 1A is an exemplary molecular dingram according to an exemplary
embodiment of the present disclosure;

[8061]  Figure 1B is a set of exemplary images of various X-D bonds and associated
graphs of peaks according to an exemplary embodiment of the present disclosure;

[B062]  Figure 1C is a set of exemplary images and an associated graph illustrating the
signal-to-noise ratio for SRS microscopic signals according to an exemplary embodiment of
the present disclosure;

[6063]  Figure 1D is a set of exemplary tmages of live sebaceous glands from under the ear
skint of intact mice according fo an exemplary embodiment of the present disclosure;

|6064]  Figure 1E is a set of exemplary tmages of five C efegans larvae according o an
exemplary embodiment of the present disclosure.

[B063]  Figure 2A is a set of SRS microscopic images of various cells and tissues treated
with DO according to an exemplary embodiment of the present disclosure;

[B066]  Figurc 2B is an exemplary graph of high wavenamber Raman spectra of Hela
cells according to an exemplary embediment of the present disclosure;

{8067  Figure 2C is an exemplary graph of high wavemumber Raman spectra of
deutersumi-tabeled xenograft colon tissue tamors according to an exemplary embodiment of
the present disclosure;

{0068]  Figure 2D is an exemplary graph of the normalized Raman spectra of tissue after a
24-hour Methanol wash according to an exemplary embodiment of the present disclosuze;
[B069]  Figure 2F is an exemplary graph of the comparison of Raman spectra of 12-D1-
paimitic acid, D3 1-palmitic acid and in sty D-labeled standards according to as exemplary
embodiment of the present disclosure;

{6076]  Figure 2F is an exemplary graph of the conyparison of Raman spectra of D4-
alanine and D-labeled protein standards according to an exemplary embodiment of the

present disclosure;
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[007%]  Figure 2G is an excruplary graph of Raman spectra of biochemically extracted
lipids, proteins and DNA from Hela cells according to an exemplary embodiment of the
present disclosure;

[8072]  Figure 3A is a set of exemplary images of the separation of CD protein and DNA
signals according to an exemplary embodiment of the present disclosure;

{8073]  Figure 3B is a set of exemplary SRS microscopic #mages collected from the CDL
and CDP channel of COS-7 cells according to an exemplary embodiment of the present
disclosure;

[B074]  Figure 3C is an exemplary chart of CDL intensity before and after un-mixing
according to an exemplary embodiment of the present disclosure;

[8075]  Figurc 3D is an exemplary chart of CDP intensity before and after un-mixing
according to an exemplary embodiment of the present disclosure;

{6076]  Figure 3E is a set of exemplary images of xenograft colon tumor tissues from mice
drinking D20 according to an exemplary embodiment of the present disclosure;

{B077]  Figure 3F is a set of exemplary images of sebaceous gland tissues from mice
drinking D-0 according to an exemplary embodiment of the present disclosure;

[8078]  Figure 3G is a set of exemplary images of CHL/CHP un-mixing according to an
exemplary embodiment of the present disclosure;

{8079  Figurc 4A is a set of exemplary images and an exemplary chart of SRS
roicroscopic signals of Hela cells according to an exeraplary embodiment of the present
disclosure;

{8080]  Figure 4B is an exemplary chart of SRS microscopic signal intensity ratios
according to an exemplary embodiment of the present disclosure;

[B081]  Figure 4C is a set of exemplary images of normal fourth-stage larva and daver
larva according to an exemptlary embodiment of the present disclosure;

[6082]  Figure 4D is an exemplary chart of the quantification of the mean intensity over
the entire worm body according to an exemplary embodiment of the present disclosure;
{6083]  Figure 4E is an exemplary chart of the CDL intensity according to an exemplary
embodiment of the present disclosure;

[B084]  Figure SA is a sef of exemplary images of ear skin harvested from adult nuce
according to an exemplary embodiment of the present disclosure;

[8085]  Figure 5B is an exemplary chart of CDL/CHL % for Figure 5A according 1o an

exemplary embodiment of the present disclosure;
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[6086]  Figure 5C is a set of exemiplary images of the internal capsule of a mouse brain
according to an exemplary embodiment of the present disclosure;

[6087]  Figure 5D is an exemplary chart illustrating the guantification of myelination
gctivities in different brain regions according to an exemplary embodiment of the present
disclosure;

{8088]  Figure SE is a sef of exemplary images of white and brown adipose tissue from
javenile SB and adult SD mice according to an exemplary embodiment of the present
disclosure.

[B089]  Figure SF is an exemplary chart of the CDL/CHL %% for Figure 3E according to an
exemplary embodiment of the present disclosure;

[8096]  Figure 3G is a set of exemplary images of adipose tissue from wild-type and oh/ob
acdult mice according to an exemplary embodiment of the presest disclosure;

{6091  Figure 5H is an exemplary chan of the CDL/CHL %4 for Figure 3G according to an
exemplary embodiment of the present disclosure;

{B092]  Figure 6 is a set of DO-SRS microscopy images of the fracking of in vive protein
synthesis according to an exemplary embodiment of the present disclosure;

[8093]  Figure 7A is an exemplary diagram illystrating germiine development according to
an exemplary embodiment of the present disclosure;

[6094]  Figurc 7B is a set of exemplary images of L4 animals and day 0 adults grown on
;0 plates according to an exerplary embodiment of the present disclosure;

{6095]  Figure 7C is an exemplary chart of mean mitensity ratios according to an exemplary
embodiment of the present disclosure;

[B096]  Figure 7D is an exeruplary chart of CD signals according 1o an exemplary
embodiment of the present disclosure;

[6097]  Figure 7E is a set of exemplary SRS microscopic images of adults after B0
probing according o an exemplary embodiment of the present disclosure;

{6098]  Tigures BA-BC is a set of exermplary SRS nmuicroscopic signal images and the
colocalization with a fluorescence reporter according to an exemplary entbodinent of the
present disclosure;

[8099]  Figures 8D and 8E are exemplary charts of intensity profiles according to an
exemplary embodiment of the present disclosure;

[801604] Figure 9A is a set of exemplary images of miracranial xenograft glioblastoma i &

mouse brain according to an exemplary emabodiment of the present disclosure;
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[80161] Figure 98 is a st of exemiplary images of the tumor-skin boundary according to an
exemplary embodiment of the present disclosure;

[60162] Figure 9C is a set of exemplary images of the mterior of the colon fumor xenogratt
gccording to an exemplary embodiment of the present disclosure;

{80163]  Figure 9D is a set of charts lustrating intensity profile quantities according to an
exemplary embodiment of the present disclosure;

{80104] Figure 10A is an exemplary chart of CellTiter-Glo Luminescent Cell Viability
Assay according to an exenmplary embodiment of the present disclosure;

[B0185] Figure 10B is an exemplary chart of the lethality of ochlorite-prepared eggs onto
NGM plates made of ditferent concentration of DO acconding to an exemplary embedimest
of the present disclosure;

[60166] Figure 10C 1s an exemplary chart of the sterility as the percentage of fourth stage
larva (“L47) that became sterile after being transferred to DO plates according to an
exemplary embodiment of the present disclosure;

{B0107] Figure 10D is an exemplary chart of the brood size which shows the effects on
meiosis determined by counting the total mumber of viable progeny one animal produced
according to an exemplary embodiment of the present disclosure;

{60198] Figure 10E Is a set of exemplary images of the gonad at 60% D20 concentration
gccording to an exemplary embodiment of the present disclosure;

{80169]  Figure 11A is an exemplary chart of spontancous Raman signal of extracted lipids,
proteins, and DNA from D20 -treated Hela cells aceording to an exemplary embodiment of
the present disclosure;

[B011] Figure 11B is an exemplary chart of normalized intensity of colon tumor tissues
(e.g.. from mice that drank 25% D:0 for 13 days) before and after methanol wash according
to an exemplary embodiment of the present disclosure;

{80111 Figure 11C 15 an exemplary chart of normakbized intensity for a methanol wash and
signal normalization applied to mouse brain and pancreas tissucs, in addition to tumor fissues
according to an exemplary embodiment of the present disclosure;

{60112] Figure 11D is a set of exemnplary SRS images of methanol-washed colon tumor
tissues according to an exemplary embodinment of the present disclosure;

{80133]  Figure 11E is a set of exemplary images of Hela cells grown i 70% D20 DMEM
according to an exemplary embodiment of the present disclosure;

[60184] Figure 11F is a set of exemplary tmages of Hel.a anisomyein according o an

exenyplary embodiment of the present disclosure:
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[00115] Figure 124 is a set of exemplary images of hypochlorite-prepared eggs of C.
elegans according to an exemplary embodiment of the present disclosure;

[601%6] Figure 12B is a set of exemplary images of OPS0 bacterial culture mixed with
4 mM D3 i-pabmitic acid and then seeded onto NGM plates that contains 100% MO
according to an exemplary embodiment of the present disclosure;

{80117]  Figure 12C is an exemplary chart of the comparison of the CDL/CHL ratio for
animals fed with D31-PA and the ones grown on D20 plates gccording to an exemplary
embodiment of the present disclosure;

[B0118] Figure 13A is a set of exemplary images of various protein- rich tissues according
to an exemplary embodiment of the present disclosure;

[80119] Figure 13B is a sef of exemplary images of the CDL signal of the pancreas
collected from mice that were intraperitoneally mjected with 0.16 mi of 600 M D-PA
emulsion according to an exemplary embodiment of the present disclosure;

{80120] Figure 13C is a set of cxemplary images of CDP signals of various organs from
mice that were injected with D-labeled amine acids (*d-AAs™) via carotid artery and mice
that drank 25% D0 for 8 days according to an exemplary embodiment of the present
disclosure;

[60121] Figure 14 is a set of exemplary SRS images of CDP and CDL signals of g
traumatic injured brain and a nafve brain from mice that drank 25% D20 for 4 days
according to an exemplary embodiment of the present disclosure;

{80122] Figure 15 is a st of exemplary images of CD signals of plant leaves from
origanum vulgare that were growing with 5% heavy water in noymal water for 3 days and
the Raman spectrum of the newly synthesized roetabolites in the plant feaf according o an
exemplary embodiment of the present disclosure;

[60123] Figure 16A is an exemplary schematic diagram of clearing-enhanced SRS
ncroscopy &ccording to an exemplary embodiment of the present disclosure;

{60124] Figure 168 is an exemplary graph tliustrating the spontaneous Raman specira
according to an exemplary embodiment of the present disclosure;

{80125] Figure 16C is a set of exemplary photograps of 1-mm-thick brain slices in PBS
according to an exemplary embodiment of the present disclosure;

{B0126] Figure 16D is an exemplary immage of clearing-enhanced volumetric chernical
imaging of mouse brain tissues according to an exemplary embodiment of the present

disciosure;
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[80127] Figure 16E is a set of exemplary metabolic volumetric chemical images of
glioblastoma in & mouse bramm according to an exemplary embodiment of the present
disclosure;

[60128] Figure 16F is a set of exemplary graphs showing the intensities of CDP, CDL,
CHP, and CHL of tumor vasculature and sormal vasculature according to an exemplary
embodiment of the present disclosure;

{80129] Figure 16G is a set of exemplary graphs illustrating the volume and CDL
ntensities of clusters of newly synthesized Hpids in the tumor and those in the normal tissue
according to an exemplary embodiment of the present disclosure;

[60130] Figure 17 is a set of exeruplary FTIR images of CDP and CDL signals of a brain
from a miouse pup that was fed milk by a dam that drank 25% D20 for 34 days since it was
born i accordance with certain exemplary embodiments of the present disclosure;

{60131] Figure L8A is a set of exemplary SRS images of clustered CD signals of a brain
according to an exemplary embodiment of the present disclosure:

[B0132] Figure 18B is an exemplary graph ilhustrating Hierarchical Clustering Analysis of
metabolic activities according to an exemplary embodiment of the present disclosure;

[80133] Figure 18C 1s an exemplary graph iltusirating exemplary Raman spectrum of each
cluster of macromolecules according fo an exemplary embodiment of the present disclosure;
{80134 Figure 19 is an exemplary graph itlustrating absorbance vs. wavenumber according
to an exemplary embodiment of the present disclosure;

{60135] Figure 20 is an exemplary diagram illustrating an exemplary microscope according
to ar exemplary embodiment of the present disclosure;

[80136] Figure 21 is an exemplary flow diagram of an exemplary method for determining a
metabolic activity of a skin of a patient according to an exemplary embodiment of the present
disclosure;

{80137 Figure 22 is an exemplary flow diagram of an exemplary method for deternyning
nformation regarding a biological structure of at least one patient according o an exemplary
embodiment of the present disclosure;

{60138] Figure 23 is an exemplary fiow diagram of an exemplary method for determining a
metabolic activity of a skin of & patient according to an exemplary embodiment of the present
disclosure;

[80139] Figure 24 is an exemplary flow diagram of an exemplary method for deternining
the efficacy of a putative therapy for Alzheimer’s Discase according to an exemplary

embodiment of the present disclosure;
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[00144 Figure 25 is an exemplary flow diagram of an exemplary method for determining
the efficacy of a putative therapy for a 1oetabolic disease according to an exemplary
embodiment of the present disclosure;

{80141 Figure 26 is an exemplary flow diagram of an exemplary method for deternyning
the efficacy of an antintcrobial compound according to an exemplary embodinest of the
present disclosure;

{00142] Figure 27 is an exemplary flow diagram of an exemplary method for determining
the efficacy of a putative therapy for multiple sclerosis according to an exemplary
embodiment of the present disclosure;

[60143] Figure 28 is an exemplary flow diagram of an exemyplary method 2300 for
evaluating the effectiveness of a compound on a plant according to an exemplary
embodiment of the present discloswure;

{60144 Figure 29 is an excmplary flow diagram of an exemplary method 2400 for
monitoring plant growth or inhibition according to an exermplary embodiment of the present
disclosure:

[BO145] Figure 30 is an exemplary flow diagram of an exemplary method for generating an
tmage of a target molecule or a plurality of spectra related to the targel molecule aceording to
an exemplary embodiment of the present disclosure;

[80146] Figure 31 is an exemplary flow diagram of an exemplary method for generating an
mmage of a target molecule or a plorality of spectra related to the target melecule according to
an exemplary embodiment of the present disclosure; and

{80147] Figure 32 is an illustration of an exemplary block diagram of an exemplary system
in accordance with certain exeaplary embodiments of the present disclosure.

[80148] Throughout the drawings, the same reference mumerals and characters, unless
otherwise stated, are used to denote like features, clements, components or pottions of the
iltustrated embodiments. Moreover, while the present disclosure will now be described in
detail with referonce to the figures, # is done so in comection with the iltustrative
embadiments and is not Himited by the particular embodinents itlustrated in the figures and

the appended claims.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

{B0149] The exemplary system, miethod, and computer-accessible medivm, according to an

exemplary embodiment of the present disclosure, can combinie deutertum oxide probing and
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stinulated Raman scattering microscopy {“DO-SRS”) to provide mmaging contrast for
visualizing metabolic dynamics in siti.

[60150] Through systematic investigation of the carbon-deuterivm (*C-D) vibrational
spectrom, Raman shifts assoctated with C-D boad-containing lipids, proteins, and genetic
material, such as DNA and RNA, respectively, can be determined. By applying DO-SRS to
Hiving cells, tissue, antmals, and plants, i can be possible to provide high sensitivity,
nontvasiveness, subeellular resolution, conpatibility with other imaging modality, and
saitability for {n vive live imaging in mammals, plants, and microorganism, as well as in vitro
fmaging.

{60151] The exemplary DO-SKRS can therefore offer a nopdestructive, noninvasive, and
background-free imaging method that can be used to visualize metabolic dynamics of
proteins, lipids, and DNA stimultancousty in a variety of model] organisms and aninals,
without tissue bias.

{80152] Representative advantages can mclude s broad utility, high sensitivity,
noninvasiveness, subceliular resolution, compatibility with other imaging modality, and
suitability for in vive live imaging in live cells, plants, microbes, animals, and humans, as
well as in vitro imaging.

{601153] The exemplary DO-SRS can facilitate in sitye visualization of de nove lipogenesis
and protein synthesis in animals without @issue bias, represesting a beueficial techaical
advance. In particular, the ability to simultancously image newly synthesized lipids and
proteins can tacilitate new insights into the metabolie basis of several biological processes.
[80154] The exersplary system, method, and computer-accessible niediurg, according to an
exemplary embodiment of the present disclosure, can utilize D202, which can be a superior
probe to deuterium-labeled carbon substrates, in monitoring and imaging metabolic activities,
because D20 does not perturb vative metabolism, can freely diffuse into cells, and can be a
nosn-carbon tracer that can probe de nove biosynthesis. For visualizing lipogenic activitics,
12:0 can be superior than deuterated fatty acids ("D-FAs”) as well as D-glucose (see, e.g.
Reference 32), which can create hvperglycemia when used at high concentration and may not
tabel newly synthesized lipids as efficient as D20 treatment.

[BO1S5]  The exemplary DO-SRS can be used to address a variety of biological questions.
For example, when applied to heterogeneous tumor tissues, the exemplary DO-SRS can aid
m identifying cancer stem cells that have particular patterns of metabolic activities, such as

high lipogenic activities,

.
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[80156] Label-free SRS was previously used to find that ovarian cancer stem cells had
significantly increased levels of unsaturated lipids than non-stem cancer cells (see, e.g.,
Reference 53}, and the exemplary DO-SRS provides higher sensitivity, and the ability to
track metabolic dynaniics.

{80157]  The exemplary DO-SRS can be used with fluorescent labeling to monitor the
metabolic activity of specific cells and fincages ia sita. Ove particudarly imteresting problem
can be the metabolic cooperation between glial cells and neurons. {See, e.g., Reference 54).
In addition fo the synthesis of lipids and protetns, the exemplary DO-SRS can also be used to
maonifor protein turmover, lipid consumption, and macromolecule degradation,

[60158] Although the exemplary DO-SRS can bave relatively fower molecular specificity
and sensitivity compared (0 mass spectrometry imaging (“MST™) methods (see, 2.2,
References 55-37), it can be used in conjunction with MSI methods because it can oftfer
several advantages. The exemplary DO-SRS can provide straightforward and guantitative
interpretation of total metabelic activities n three-dimensional living tissucs, whereas MST
procedures can include destructive surface analysis, can involve more complicated
computation than SRS imaging, and may not capture all D-labeled molecules cqually due to
cerlain bias towards easily ionized and desorbed analytes.

{60159] A major challenge for in vivo metabolic imaging can be the accessibility of tissues
deep inside the body. Using devices similar to the coherent Raman scattering endoscopes
(see, e.g., Reference 58), the exemplary DO-SRS can be applied to visuahize metabotic
patterns of internal organs and to evaluate tumor metabolism through optical biopsy.
Additionally, volumetric stimulated Raman projection ("SRP”) microscopy and tomography
(see, e.g., Reference 59) can facilitate in deep-tissue, large-volurue, in vivo tmaging (e.g.,
imaging cortical metabolism}. The sensitivity of the exemplary system, method and
computer-accessible medium can be high enough to operate in the range of low D0
enrichment that can be safe for humans. Given that SRS imaging has been demonsirated in
husnans before (see, e.g., Reference 60) the exemplary DO-SRS ¢an have clinical application
in tracking metabolic activities in humans,

{80160] The tollowing detailed descriplion is presented to enable any person skilied in the
art to make and use the present disclosure. For purposes of explanation, specific
nomenclature is set forth to provide a thorough understanding of the present invention.
However, if can be apparent o one skifled in the art that these specific details are not required
to practice the invention- Descriptions of specific applications are provided only as

representative examples. The present disclosure is not intended to be limited to the
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exemplary embodiments shown, but 1s to be accorded the widest possible scope consistent

with the principles and features disclosed herein.

Exemplary Raman Speclroscopy

[60161] Raman spectroscopy is a spectroscopic procedure used to study vibrational,
rotational, and other low-frequency modes in molecular systers. In Ramas spectroscopy, an
approximately monochrontatic beam of light of a particular wavelength range passes through
a sample of molecules and a spectrum of scattered light can be emitted. The spectrum of
wavelengths emgtted from the molecnle 15 called a “Raman spectrum™ and the emitted light is
catled “Raman scattered hight.” A Raman spectrum can reveal electronic, vibrational, and
rotational energy levels of a molecule, Different molecules can produce different Raman
spectruns that can be used like a fingerprint to ideatify molecuies and even deterniine the
structure of the molecules.

{60162]  As used herein, the term “Raman scattering” refers 1o a spectroscopic procedure
used to observe vibrational, rotational, and other low-frequency modes in a system, It relies
on inelastic scattering, or Raman scattering, of monochromatic light, for example, from a
laser in the visible, near infrared, or near ultraviolet range. The laser light can interact with
molecular vibrations, phouoss or other excitations in the system, which can result in the
energy of the laser photoms being shifted up or down, The shift in energy can provide
mformation about the vibrational modes in the system. A variety of optical processes, both
linear and nonfinear in light mtensity dependence, can be fundamentally related to Raman
scattering. As used herein, the term “Raman scattering” mcludes, but is not himited to,
“stimulated Raman scattering” ("SRS”), “spontancous Raman scattering”, “coherent anti-
Stakes Raman scattering” ("CARS”), SERS, TERS or “vibrational photoacoustic
torgography™.

{80163] The exemplary SRS can be a sensitive vibratinnal imaging microscopy. By
harnessing Einstein’s stimulated emission process, the exemplary SRS can employ two-laser
excitation {e.g., temporally and spatially overlapped Pamp and Stokes lasers), boosting up the
transition rate about 7 orders of magnitude as compared fo the traditional spontaneous Raman
microscopy, the transition process of which can be intrinsically weak (e.g., about 1.0 to about
12 orders of magsitude slower than fluorescence). The exemplary SRS can be a bond-
selective procedure with high specificity, in contrast with the spontancous Raman imaging

which can be a spectrun-based method, instead of spreading the energy to the whole

.
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spectrunt as in the spontaneous Raman iinaging, the exeruplary narrow-band SRS can focus
its encrgy to the vibrational transition of a specific bond. The exemplary SRS signal can
provide linear concentration dependence to the analyte without non-specific background.
Compared to & previously known nonlinear vibrational imaging procedore such CARS
roicroscopy, which can suffer from spectral distortion, unwanted son-resonant background,
nen-straightforward concentration dependence and cohkerent image artifact, the exemplary
SRS can exhibit straightforward image interpretation and quantification without
complications from nou-resonant background and phase-matching conditions. Besides the
above-mentioned advantages, SRS can also have its own distinctive characters as an imaging
procedure. For example, SRS can be immune to fluorescence background ag compared to
spontancous Raman microscopy that can suffer from farge fluorescence background, In
addition, SRS, as a nonlinear process, can offer intrinsic 3D sectioning capability. Moreover,
by adopting near-infrared excitation, SRS can offer deeper penctration depth and less
phototoxicity, which can be well suited for imaging live cells, tissues and animals. Recently,
narrow-band SRS has achieved unprecedented sensitivity down to approximately 1000
retinoic actd molecules and up 1o video rate imaging speed in vivo.

[80164] All of the above applications can show the universal and distinet advantage of the
exemplary SRS to image lipids, proteing and genetic material in five cells, tissues, organisms
and argmals with minimuam perturbation and high specificity and sensitivity, extending the
repertoire of teporters for biological imsaging beyond fluorophores.

{80165] To that end, an exemplary system, method and computer-accessible medium for
using heavy water (1.e., D:0) as a probe for imaging metabolic activities, both in vive and i

vitro, can be provided.

Exemplary Incorporation of D20 Into Cells

[80166] When heavy water is administered to cells (whether i viveo or in vitre), it can be
incorporated st lipids, proteins, and/or genctic material produced by the cells during thesr
normal Life cyele. In various embodiments described herein, heavy water can be
administered either to cefls, ex vive and/or in vitro, or admimstered in vivo to an organisin,
such as a4 human or other animal.

{80167]  In order to monitor the levels of lipids, protems and/or genetic material, such as
DNA or RNA over time, it can be beneficial to have a baseline measurement of the lipids,
proteins and/or genetic material in the cells, tissue, organ, or orgamsm being monitored. To

obtain a baseline value, an effective amount of heavy water can be adntinistered fo the cells,
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tissue, organ, of organism, for a sufficient amount of time to facilitate incorporation of
deuterium into the hipids, proteivs, and/or genetic material produced during the normal
tifecvele of the cell, tissue, organ, or organism. Those of skill in the art understand the
lifecycle of the cell, tissue, organ, andfor organisms they can be mownitoring, so understand
how much time can be utilized, after administration of heavy water has begun, to establish a
baseline measurement,

{80168] By way of example, adding between about 2% and 100% (v/v) heavy water info
the water consumed by the cells, Hissue, organ, or organism, tor a time ranging from between
about 20 min and 192 hours can tyvpically be suitable to establish baseline levels of lipid,
protein and/or genetic nwaterial,

[80169] The new proteins, fipids, DNA, and other macromolecules which ncorporate
heavy water-derived deuterium can bave their own umique Raman spectrum, and the Raman
spectrom can be detected and clustered in order to generate a "map” of newly synthesized
macromolecuies.

{BO170]  When subjected to Raman spectroscopic procedures, such as SRS and using
appropriate mathematical formulas, as disclosed herein, it can be possible to produce spectra
where peaks associated with lipids, proteins, and genetic material can be separated, The
refative vohume in cach peak (e g, measured by calculating the area under the curve) can be
determined.

{80171]  Is some aspects, lipid molecules can be separated into different subtypes of lipids,
such as saturated and unsaturated lipids, or further identify the exact type of lipids, for

example, cholesterot and phospholipids.

Exemplary Procedure for Detecting Lipids, Proteins and/or Genetic Material

{60172] In one exemplary embodiment of the present disclosure, a computer-implemented
procedure can be used, in some aspects, with software and/or computer programs, tor
clustering out various macromeolecules (e.g., lipids, proteins, and/or genetic material) in living
orgamsms, including virus, bacteria, nematodes, fungas, veast, plants, animals, and human
beings, including whole organisms, and isolated celis/tissue derived from these organisms.
[80173] Three-component un-mixing of CH U Hp CHpna signals were previously reported,
(See, e.g., Reference 24). SRS signals can be acquired from cells, tissue, organs, or
organisrus in the regions of 2135 cra!, 2185 e, and 2210 ent?, which regions bear the

mtrinsic features of lipids, proteins, and DNA, respectively,
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[60174] A lincar corubination of the three signals can be used with coefticients to
determuine the relative amounts of the three macromolecules. The signals af 2135 e (fass),
2185 oo {T2wes), and 2210 e (Izxio) can be a linear combination of lipid, protein, and DNA
concentrations (CEy, CDp, and CDpxa} with coefficients ag, ap, apxa, b, be, bona, ¢, ¢p, and

cimia as shown, for example, in Eq. 1

‘bss\ /A @ apnay / CDy
bass J=[bL bp bpnal CDp ()
k210 €L Cr  Cona/ \CBpng

[60175] Un-mixing coefficients can be obfained from: the spectra of D-labeled cellular
extracts from D2O-treated Mela cells. (See e.g., graph shown in Figure 11A). ar, be, and
Cona can be set to 1, and the rest coefficients can be scaled to their relative values. The

coefficients can be substituted with their values, Eqg. 2, for example, as the following.

briss 1038 029\ /7 D
bags 1=1048 1 1.08}] CDp (2)
k210 0.24 071 1 CDpwa

[60176] From Eq. 2, CDr, CDp, and CDpxa can be derived as the ummixed D-labeled tipid,

protein, and DNA signal ntensity, respectively, using, for example, Eqg. 3.

- ChyL 131 098 0.67 Faias
CPp j={-124 521 ~527}Ikwms| (3)
CDYJNA (,156 “347 458 122'1{}

{80177] The unmixed CDDNA signal can be very weak in non-dividing cells. When
monioring non-dividing cells, or in other conditions when sufficient information can be
obtained by evaluating only lipid and protein sigrals, a relatively simplified w-mixing
procedure can be used which can focus primsarily on separating CDr. and CDp signals. The
threc-component un-mixing cquation can thus be simplified, and the CDpxa variabie
removed to obtamn Egs. 4 and 3, from which the unmixed D-labeled lipid and protem signals
can be derived using Egs. 6 and 7. Thus, for exanple:

bggs =ap - (DL +ap - CBp  (4)

bares = by, - €D, +bp-CDp  (5)

. dplaygg—hplagag o
CDL - ap-hy ~aph {6}
ap -y =ay, op

~ b dapas—ardoigs
(Dp = ~Lzias ol 2 7
P ay-bi“»a{.-bp ( }

{60178] For CDy/CDp un-mixing, the spectra of in sity CD lipid and protein signals can be
used to measure the coetficients. From the spontaneous Raman spectra of pure D-labeled

protein signal {e.g., signals after a methanol wash, sach as a 24-hour methanol wash) and
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pure D-labeled lipid signal (e g, signals removed by methanol wash-subtracting methanol-
resistant signal from total signal).
{60179] All signals can first be normalized to the phenylalanine peak at 1004 cm, which
stays constant doring a methanol wash, and then normalized to the peaks of pure protein and
Hpid signals, respectively. {(See e.g, Figures 11A-11F).
{80180] Thus, ar and be were set to 1; the refative intensity of protein bleed-through signal
in the lipid channel {ap) and the relative intensity of lipid bleed-through signal in the protein
chaunel (b} can be measured on the spectra. For example, in xevograft tumor Hssues (see
e.g.. graph shown in Figure 11C), ar = 1, ap =040, b~ 0.5, and bp = L,
[601R1] Using this information, the following exemplary un-nuixing equations (Eqgs. 8 and
@) can be used for tumor tissues,

CDy = 1.25 - I35 = 0.50 - Iyyps (8}

CDp = 1.25 - 1485 — 064 - 135 {(9)
[60182] Using the samie method, pure D-labeled protein and lipid signals can be obtained
from the mouse pancreas and brain tissues and calculated thetr specific un-mixing
cocfficients, Data from the three tvpes of tissues were combined to generate a set of average
coefficients: ar =1, ap =048 =017, by =042 = 0.07, and bp = L.
{60183] The CD lipid spectrum shows a consistent shape, but CD protein can have varying
fevels of biced-through into CDr channel across ditferent tissue types. {See e.g., images
shown in Figure 13C). Additionally, it can be possible that this results from tissue-specific
ncorporatton of deuteriunt into various nos-essential aminoe acids ("NEAAs") and/or
different NEAA composition of D-labeled proteins,
[60184] One representative example can be the pyramidal neurons: their cell body shows
almost no SRS signal at about 21335 ¢, but shows a strong signal at 2185 cny'!, suggesting
almost no protein bleed-through into CD¢ chamnel. Thus, when applying the un-mixing
procedure to cells and tissues previously uncharacterized, ar can be tested from 0.31-0.65
uadil the nucleus can be deprived of CDy signal after un-mixing,

{BO185] The following equations can be used for CDr/CDp signal un-mixing of different

tissues.
Dy un-mixing CDp un-mixing
(305"7 ﬂnd Hal;ﬁ CGHS CDL = }.25 " 12135 - 039 - lzj_gs CDP = 1.25 h !2185 - 0.52 h 12135

Glioblastoma and Colon LDy = 1.25 1y = 0.50 - Lhygs | CDp = 1.25 - 13105 ~ 0.64

) 121.35
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tumor xenograft

Zebrafish tissues

€Dy, = 1.25

“laas — 0.50

IZilSS

Chp = 1.25 -

12’1,85 - 0.52- I2’1,35

C. elegans

€D = 1.25 -

I2135 ~ 0.70

: IZIE‘S

Chp = 1.25 -

Tzies = 0.52 - Iaq35

Mouse schaceous glands

and adipose tissyes

€Dy, = 1.25

“laas — 039

IZilSS

Chp = 1.25 -

12’1,85 - 0.81- I2’1,35

Mouse internal capsule

and cortex

€Dy = 1.25

1935 — 0.39

“Trans

Chp = 1.25

* !2135 - 07{} * !;3_135

Muouse liver, pancreas,

and muscle tissues

ey = 1.25

“lagas ~ 035

' 12’1 85

CDp = 1.25 -

12185 - 0.60- 12135

[B0186]

To anmix CH: lipids and CHp protein signals, a previously reported spectral linear

combination procedure can be adapted. {See, e.g., Reference 22). The SRS signals can be

acquired at 2845 et and 2940 covl, which bear the vibrational features of C-H bonds in

lipids and proteins, respectively.

100187]

The arsount of lipids and proteins can then be determined by a linear combination

of the signals at those two wavenumbers, with coefficients predetermined by pure substances.

{See, e.g., Reference 22). Egs. 10 and 11 can be used to calcolate unmixed CHy and CHp

-

Thus, for example:

[80188]

CHp, = 1040 — Logas

{10}
CHp = 5 Izgas — 0.4 - yogo (1)

signals, Tze4s and lose can be SRS signal intensities at 2845 cm ¥ and 2940 cme, respectively.

Suitable scanning software, such as Olympus FhuoView 4.1, can be used to acquire
Suitable scanning software, such as Olympes FluoView 4.1, can be used to acquir

fmages to assign color, calculate ratiometric values, and overlay images. SRS image can be

generated by subtracting non-resonance background from the resonance signal,

{60189

In one embodiment, where sebaceous glands in living mice can be isaged in vivo,

(see e.g., images shown in Figore 1D), the two-photon absorption by blood cells can be

independent of the resonance state, and the fast dynamics of the signal in the blood flow

distinguishes it from the more static SRS signal.
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{80190 CDy/CHy and CDp/CHp ratios can be used to show the proportion of newly
synthesized lipids and proteiss to total macromolecules, as an jndication of relative metabolic

rate. For example, CDu/CHy ratio can be calcnlated using Eq. 12,

D 20D N inid] <G
€Dy av 1 s+ | new lipid) (12)

CHy  BoC=HE | b+l inewlipld+(1~ G+ old lipld] }

[80191] [C - D} and [C - H} can be the concentration of D-labeled and H-labeled lipids,
respectively: « and b can be converting factors from lipid concentrations to SRS signals
atensity; [old lipid] can be the amount of lipids that pre-existed before D:0 probing and
remained at the time of imaging {e.g., not being degraded); {new lipid} can be the amount of
newly synthesized lipids and G can be the proportion of D-fabeled lipids to the newly
synthesized lipids.

[80192] By defining ftotal lipid] as the amount of total lipid after the probing period and at
the time of imaging, [total lipid] = [sew lipid] + {old lipid]. Then Eq. 10 can be rewritten as

Eq. 13. Thus, for example:

{60193]  Since the upper limit of & can be approximately 0.2 (D20 enrichment) in all the
exemplary experiments described herein, much smaltler than {total liptd¥{new lipid}, the
CDp/CHe can be approxintated using Eq. 14. Thus, for examyple:

TG (14)
{00194]  Thus, CDL/CHL can be linear to the proportion of the amount of newly synthesized
fipids to total lipids and therefore a ratiometric measurement of liptd synthesis rate,
{80195] Using the equations discussed above, in one aspect, spectra of ¢cells, tissue, organs,
or organisms, can be utilized 1w order fo calculate the relative amounts of proteins, lipids and
genctic material, In another aspect, for example, where cells may not be rapidly dividing, the
refative amounts of proteins and lipids can be calculated.
[80196] The equations described herein can be used in a procedure, where data from the
spectra can be obtained, calculations can be pevformed, and signals can be wnmixed to
provide information on the relative anounts of protein, Hpid, and genetic materials in a
sample.
{60197] Exemplary procedures for un-mixing newly synthesized C-D protein, C-D lipids
and C-D DNA can be used in computer programs (software) - which can be executed on a

corzputer or another processor, and stored on & hard drive, floppy drive, memory stick, RAM,



10

15

20

WO 2020/023966 PCT/US2019/043935

ROM or any other computer-aceessibie storage medium - to detenuine and quantify
metabolism in live cells, plasts, microbes, antaals, and hursans.

[60198] The data can then be stored, for example, in a computer database. By storing
baseline values, as well as additional values taken over time, the relative levels of protein,
Hpid and genetic materials can be monitored, or, in one aspect, the relative levels of protein

and ipid, over time.

Exemplary In vive versus In vitro Assays

[B0199] In some embodiments, assays can be performed in vivo on a living animal, such as
a buman. In some aspects of these embodiments, it can be desirable te tollow the growth of a
turnor, to follow the fevels of amyloid plague formation in a brain, to monitor the thickening
of a lumen, for example, to evaluate the risk of stroke or atherosclerosis, to monitor the body
fhiids on body such as blood, plasma for metabolic diseases progression, for example, fo
evalyate the risk of diabetes, gout, and dyslipidemia to monitor the lipids and proteis on the
retina tissue and blood vessel for neurodegencrative discases such as Alzheimer’s disease. In
some aspects of these embodiments, an animal, such as a human, can be monitored without
administering therapy, merely to follow the progression of the disease. In other aspect of
these embodiments, an animai, such as a human, can be monitored while administering
therapy, to follow the progression of the disease, and determine whether the therapy is or is
not working adequately.

{602600] In other embodinents, rather than being performed i vive on tissues or organs
withint a living organism, the method involves the i vitro evaluation of one or move body
thuids to detect metabolic changes in the body of the human or animal frors which the body
fluids can be derived. Representative body fluids include, but are not Himited to, amniotic
thiid, aqueous humor, vitreous bumor, bile, blood, blood plasma, blood seram, cercbrospinal
fhad, ceromen (e g., carwax), chyle, chyme, endolymph, perilymph, exodates, feces, female
etaculate, gastric acid, gastric juice, lymph, nwcas (e.g., including nasal drainage and
phlegm), pericardial fluid, peritoneal fluid, pleural fluid, pus, rectal discharge, rheum, saliva,
sebum {e.g., skin oif}, scrous tiuid, semen, serum, smegina, sputem, synovial fhid, sweat,
tears, urine, vaginal secretions, vaginal discharge, vomit, and exosomes contained in one or
more of these fhads, Drugs can be screened for their efficacy and/or foxicity by measuring
netabolic changes in a patient $o whom the drug can be adninistered, where the metabolic

changes involve changes in the relatively amounts of lipids, proteins, and/or genetic materials
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present in smmples of one or more of these body fluids, before and after the drug can be
adiuinistered.

[60261] In one aspeet, a first sampie of a body luid can be taken from a patient, and
evaluated to create a baseline value. A drog can then be adnunistered to the patient, and after
waiting unfil the drug can be expected to exert a physiological effect, a second sample of a
body fluid can be obtained from the patient. The samiple can be evaluated to create a second
value, and the second value can be compared to the baseline value, Changes in the
concentration of lipids, proteins and/or genetic material front the baseline values can be
presumed to relate to the admuustration of the drag.

[60282] Biological assays using the in vive and in vitro methods described above are

discussed in more datail below.

Exemplary Use of Information on the Relative Levels of Protein, Lipid andsor Genetic

Material in Biological Assays

[80203] When organisms, or cells/tissue derived from the organisms, can be first
administered beavy water, so as to produce lipids, proteins, andfor genetic material which
mcorporate devterium, baseline measurement of the amounts of lipids, proteins, and/or
genetic material can be determined.

[60204] Accordingly, in still other exemplary embodiments of the present disclosure, the
neasurements of the relative levels of lipid, protein and/or genetic material can be obtained
using SRS microscopy.

{60208]  One or more of these exemplary aspects can be applied for drug screening. For
various diseases, the drug treatment can alter the metabolic activities of cells and tissues. The
heavy water labeling with vibrational imaging and spectroscopy cau tell the metabolic
activities of newly synthesized deuterium-fabeled Hpids, protein, DNA andsor carbohydrates.
For carbohydrates measgrement on andimals and hurman beings, one organ is the liver, since
the liver is the place where glycogen, a carbohydrate polymer, is synthesized. In one
exemplary embodiment, newly syathesized carbohydrates can be extracted, and the Raman
peak can be measured on puritied glycogen. The liver synthesizes glycogens in a relatively
short period of time after fasting, while lipids, protein and genctic materials typically take
fonger to form. Accordingly, glvcogen can be measured divectly without using any
procedures for separation. For example, in mice, the fasting #ime can be about 18 hours, at

which time heavy water and food can be provided for about 8 hours, at which time the newly

L
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formed Hver glveogen can be measured at a Raman peak of around 2160 ey, Carbohydrate
measurements can be used in both in virre cell culture and in vive experiments on animals,
even human beings, cells or tissue derived from the animals or human beings, or biologicat
fhuds derived from the animals or human beings.

{80266] Whether the evaluation can be perforroed in vive, or in vitro, by taking samples of
one or more biological thads after adnsinistration of heavy water to the patient, and both
before and after exposure to a putative chemotherapeutic agent or combination of agents, a
baseline determaination of the levels of proteis, lipid, and/or genetic moaterial can be made.
[80287] Folliowing exposure of the organisms, or cells/tissue derived from the organisms,
to one or more cormspounds {e.g., while continuing to administer heavy water), a second
measgrement can be taken to determine whether the relative amounts of lipids, proteins
and/or genetic material have changed relative to the baseline amounts. Differences in the
amoupnt of lipids, proteins, and/or genetic material can be used in a variety of diagnostic
and/or theranostic methods.

[B0268] In some exemplary embodiments, additional measarements can be measured over
time, for example, after repeated exposure, as might be the case when a patient is treated for a
disease using one or more compounds. In other exemplary embodiments, rising dosage
studies can be performed fo determine, for example, an optimal range of drug concentrations
to bring about a desired therapeutic offect, while avoiding toxieity.

{80269]  According fo certain additioval exemplary erabodiments of the present disclosure,
the information en differences in the refative amounts of lipids, proteins, and/or genetic
material before and after administration of the ene or more compounds can be used to
deternune whether a particular therapeutic regimen can be effective in treating an individuat

patient, and/or whether a putative drug candidate has efficacy and/or texicity.

Exemplary Determining the Efficacy of a Therapeutic Regimen

{80210] In some exemplary embodiments of the present disclosure, the effectiveness ot a
putative treatment for a given disease can be dotermined. Representative diseases include
cancer, heart disease, stroke, neurodegerative diseases such as Alzheimer’s disease and
Parkinson’s disease, neurotropic viral infections, parancoplastic disorders, traumatic brain
miury and muitiple sclerosis, and infections by viruses, bacteria, fungi, prions or nematodes,
eadocrinology and metabolic diseases such as diabetes and diabetic complications, gout, type
1 & type 2 diabetes, obesity, metabolic syndrome, growth disorders, dysiipidemia

bypogonadism, rare metabolic diseases,
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Exemplary Determination of Effective Anti-Cancer Treatments

[602%1] In another exemplary aspect, when used 8 cancer diagnostics, whether a given
therapy can be effective against a tumor cant be evaluated by administering heavy water to a
patient, facilitating time for deuterium in the heavy water to become incorporated 1n Hpids,
proteins, and/or genetic material in the tumor, and taking a bascline Raman spectra of the
temor. The determination of an effective anti-~cancer freatment can be performed in vifro, in
vive, or a combination of both approaches.

{80212] When a particular therapy can be successful, the cancer cells die. There can be
several potential mechanisms by which cancer therapies work, and many of these function by
inhibiting various biological pathways that a cancer cell needs o survive, Inhibition of these
pathways results in changes v the relative levels of one or more of protein levels, lipid levels,
and/or levels of genctic material. Thus, by evaluating the relative levels of protein, lipid
and/or genetic material in the tmor over time, the course of a putative therapy can be
foliowed, and a determination can be made as to whether it can be effective in treating a
patiest’s particular type of cancer,

[80213] Using the exemplary methods and systems described herein, drugs can be
evaluated for their ghility to inhibit tumor growth, Using heavy water and vibrational
fmaging and spectroscopy, the metabolic changes of tamor cells can be detected before and
after the treatment and tind out which drug cas be the most effective ope for inhibiting tumor
growth. The determination of an effective anti-cancer treatment can be performed in vitro, in
vive, or a combination of both approaches.

[80214] This excraplary method and system can also be applied for detecting and
diagnosing vartous types of cancers and separate subtypes of a certain cancer, based on ity
capability of detecting the metabolism differences between various cancer and normal cells
and tissues.

{60215] In some aspects, the exemplary method and system can also be applied for tumor
detection, tumor boundary detection, degree of tumor aggressiveness, tumor progression, and
wmtra-tumor metabolic heterogeneity study.

[B0216] Representative types of cancer that can be evalosted using the methods deseribed
herein include skin cancer, breast cancer, mouth cancer, throat cancer, bladder cancer, bone
cancer, brain tumors, bronchial tumors, burkilty lymphoma, prosiate cancer, recial cancer,
hang cancer, ovarian cancer, pancreatic cancer, stomach cancer, esophagus cancer, and cervix

Cancet,

Lad
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[00217] Using in vitro methods, biological fluids, such as blood, plasma, and the like, can
be evaluated for cancers such as blood-related cancers, including leukemia and cavcers
associated with the ymph, such as ymphoma.

{60218 Leukemia is a term used to define a group of cancers that usnally begin in the bone
roarrow and tesult i high nuabers of abuormal white blood cells. These white blood cells
may sot be fully developed and can be called blasts or leukemia cells. Diagnosis is typically
made using blood tests or bone marrow biopsy. There can be four main types of leukemia,
including acute lvmphoblastic feukemia ("ALL™), acute myeloid leukemia ("AML™), chronic
tymphocytic leukemia (“CLL") and chrosnic myeloid leukemia {("CML™). Leukemias and
tyraphomas both belong to a broader group of tumors that affect the blood, bone marrow, and
tymphoid system, known as fumors of the hematopoietic and fvmphoid tissyes. Serum
cholesterol, HDL. & LDL cholesterol can be inversely associated with incidence of
feukemias, whereas triglycerides can be significantly elevated in leukemia patients, The
iverse association between cancer and serum cholesterol can retlect a physiological response
to earty-undiagnosed stages of cancer.

{B0219] Lymphoma is a cancer that begins in infection-fighting cells of the immyune
system, cailed tymphocytes, which celis can be i the lymph nodes, spleen, thymus, bone
marrow, and other parts of the body. There can be two main types of lymphoma, non-
Hodgkin tymphoma, and Hodgkin iymphoma. Lymphatic fieid can be evaluated for the
presence of lymphocytes. Maay studies suggest a role for cholesterol in lyvmphoma
development., Serum cholesterol levels have been observed to be low in newly diagnosed
fymaphoma cases. Lvmphoma cases can have statistically significantly lower estimated total
serum cholesterol, high-density lipoprotein, and low-density lipoprotein levels than controls
in the years prior to diagnosis/index date {reference: Alford et al Serum cholestero!
trajectories in the ten years prior to ymphoma diagnosis, Cancer Causes Control. 2018 Jan;
29(1y 143-156. ). So after the heavy water labeling, newly formed subtypes of C-D labeled
fipids can be detected by SRS hyper-spectral imaging combined with clustering procedures,
{60220] In some aspects of this exemplary embodiment, genetic information about the tvpe
of cancer can be obtained first, to identify potential therapeutic regimens for the patient’s
particular type of cancer.

{B0221] For example, in the case of breast cancer, there can be many types ol breast cancer.,
The most common types can be dactal carcinoma in sivy, mvasive ductal carcinoms, and

nvasive lobular carcinoma.
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[80222] The type of breast cancer can be determined by the specific cells in the breast that
can be affected. Most breast cavcers can be carcinomas, such as adevocarcinomas, and these
that start in the epithelial cells that line organs and tissues throughout the body. Less
common types of breast cancers include sarcomas, phyliodes, Paget discase, and
apgiosarcomas. Occasionally, a single breast tumor can juclude a combination of different
types.

{#0223] Breast cancer also has many subtypes such as luminal A breast cancer {e.g.,
estrogen-receptor and/or progesterone-receptor positive, HER2 negative), luminal B breast
cancer {e.g., estrogen-receptor andfor progesterone-receptor positive, either HERZ2 positive or
HERZ pegative with high levels of Ki-67, geaerally grow slightly faster than luminal A), and
triple negative breast cancer {all estrogen-receptor, progesicrone receptor, and HER2 can be
negative), etc.

{60224] In one exemplary aspect of the exemplary embodiments of the present disclosure,
putative therapeutic regimens can be determined based on the initial genetic information, and
cancer cells can be cultured {e.g., with heavy water being part of the cell culture medium)
while a chentotherapy is being administered. By following the levels of protein, Hipid, and/or
genctic material over time, a determination can be made as to whether the therapy is
successtul, Using a high-throughput screening approach, the cells can be subjected, in
parallel, 10 a manber of putative chemotherapeutic approaches. Once a saccesstul therapy
has been determined, for example, as a result of changes in one or more of the levels of
protein, lipid, and genetic material, the patient can be administered the therapy most likely to
result m effective treatment.

[80225] In another exemplary aspect of the exemplary ersbodiments of the present
disclosure, putative therapeutic regimens can be determined without first evaluating the
genetic information on the type(s) of cancer, and, rather, a serics of putative treatments can be
evaluated, and the selection of an appropriate therapeutic regimen can be determined based
ont the actual efficacy observed in culture.

{60226] According to another exenplary embodiment of the present disclosure, such
exemplary evaluation can be performed iz vitro, where cancer cells, for example, cells taken
from a biopsy, can be cultured, and subjected to putative anti-cancer treatments. The anti-
cancer freatments can be evaluated one at a time, or in parallel, and when evaluated in
paraliel, can be evaluated in a high throughput manner,

[60227] In still another exemplary embodiment of the present disclosare, such exemplary

evaluation can be performed in vive, where it can be possible to also use the spectroscopic
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method o determine the size of the tumor, and note whether the tumor is growing, shrinking,
of staying approximately the same size, throughout the duration of the chemotherapy.

[60228] According to a further exemplary embodiment of the present disclosure, the
method and system can be used to detect differences in metabolism between cancer and
novmal healthy cells and tissues. In another exemplary aspect, a patient has nmore than one
type of breast cancer cell types, where the metabolic activities of the different types of cancer
can also be different, and the effectiveness of therapy against each of these breast cancer cell
types can be determined.

[80229] In some exemplary embodiments, physicians can select appropriate treatment
methods based on detecting a subtvpe of breast cancet, or other cancers. Appiying the heavy
water fabeling and vibrational imaging of the cancer patient’s tissue sample, # can be
possible to determine which subtypes of cancer can be present. This can assist a physician fo
perform a proper diagoosis, and deternune which treatment method to administer.

{80230] Following the treatment with a putative chemotherapeutic agent, or combination of
agents, a further spectrum can be obtained, which can be used to determine whether the
refative amounts of one or more of the lipid, protein and/or genetic material have changed.
Changes in these relative amounts of one of more of the lipid, protein, andfor genctic material
can be indicative that the chemotherapeuatic method is working, Repeated additional spectra

can be obtained over the course of the treatment.

Exemplary Determining the Efficacy of Therapy for Alcheimer’s Disease

{80231]  Amyloid beta (AP or Abeta) denotes peptides of 36-43 amino acids that can be
nvolved in Alzheimer’s disease as the main component of the amyloid plaques found in the
brains of Alzheimer patients. The peptides can be derived from the amyvloid precursor
protein {APP), which can be cleaved by beta secretase and gamnia secretase to yield AR, AP
molecules can aggregate to form flexible soluble oligomers which can exist i several forms,
1t is now believed that certain nusfolded oligonters {e.2., known as “seeds™) can induce other
Af molecules to also take the misfolded oligomeric form, leading to a chain reaction akintto a
prion infection. The oligomers can be toxic {o nerve celis. The other protein implicated in
Alzhetmer's disease, tau protein, also forms such prion-like misfolded oligomers, and
misfolded AP can induce tan 1o misfold.

[80232] In one exemplary aspect, an exemplary method and system for determining the
gfficacy of a putative therapy for Alzheimer’s discase can involve administering an effective

amount of DO to a patient, which patient has Alzheimer’s disease, where the patient’s brain
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can be visnalized using SRS Raman imtaging procedures, and facilitating a sutficient amount
of time for the 1.0 to become incorporated into the patient’s braju tissue. Then, a first
Raman spectram, such as an SRS Raman spectrum of the brain can be obtained, where
signals can be acquired, at feast, from 2135 cm™’, 2183 em!, and 22190 cm™, which signals
correspond to lipids, proteias, and DNA, respectively.

{60233] The signals can be up-mixed so as to form separate spectral peaks for the lipids,
proteing, and PNA in the brain tissue, and baseline values for the refative amounts of lipids,
proteins, and PNA can be measured.

[80234] Then, a putative therapy for treating Alzheimer’s disease can be administered to
the patient for a suitabie tirme such that, it the therapy can be effective, changes in the lipid,
protein and/or DNA levels i the brain can be expected to vary from their levels before
therapy can be administered.

{60235 An effective amount of D0 can be comtinuously administered to the patient while
the patieat is treated with the therapy, so as to facilitate deuterium to become incorporated
into one or more of the lipid, protein, and DNA found in the brain tissue, After a suitable
time period, a second Raman spectruny, sach as an SRS Raman spectrum, of the brain tissue
can be obtained, where signals can be acquired, at least, from 2133 e, 2185 em, and 2210
e, which signals correspond to lipids, proteins, and DNA, respectively.

[60236] The first and second Raman spectra can be compared. Where significant changes
i the amount of lipid, protein and/or DNA can be observed, this can be judicative of the
success of the therapy. Insignificant changes in the amount of lipid, protein, and/or DNA can
be indicative of the lack of success of the therapy in improving the patient’s condition,
although it can also be indicative that the patient’s Alzbeimer’s disease is not progressing,
whicl can ordinarily occur in the absence of therapy. However, if peaks associated with
beta-amyloid protein increase, this can be indicative that the patient’s condition is worsening.
For this reason, in one aspect of this embodiment, the method particularly looks for changes

in the relative amouts of beta-amyloid plaque in the patient’s brain.

Exemplary Determining the Efficacy of Therapy for Metabolic Diseases

[80237] Metabolic syndrome is a cluster of conditions, increased blood pressure, high
blood sugar, excess body fat around the waist, and abnormal cholesterol or riglyceride levels.
One or more of these conditions can increase a patient’s risk of heart disease, stroke, diabetes,

obesity, and other disorders.
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[60238] Beneficial fats (lipids) tound in the biood include cholesterel and trigiycerides.
Cholesterol is an essential component of cell membranes, of brain and nerve cells, and of
bife, which helps the body absorb fats and fat-soluble vitamins. The body vses cholesterol to
make vitamin D and various hormones, such as estrogen, testosterone, and cortisol.

{60239]  Triglycerides, which can be contaived n fat cells, can be broken down, then used
to provide energy for the body's metabolic processes, including growth, Triglycerides can be
prodoced in the intestine and liver from smaller fats called fatty acids.

{80240 Fats, such as cholesterol and triglycerides, cannot circulate freely 1 the blood,
because blood is mostly water. To be able to circulate in blood, cholesterol and triglveerides
can be packaged with proteins and other substances to form particles called lipoproteius.
There can be different types of lipoproteins, Each type has a different purpose and is broken
down and excreted in a slightly different way. Lipoproteins inclade chylonucrons, very low
density lipoproteins ("VLDL™), low-density lipoproteins (“"LDL”), and high-density
fipoproteins ("HDL™). Cholesterol transported by LDL is calied LDL cholesterol, and
cholesterol transported by HDL is called HDL cholesterol.

{B0241] There can be several complications associated with abnormal lipid fevels,
atherosclerosis, Generally, a high total cholesterol level (e.g., which includes LDL, HDE,
and VLDL cholesterol), particalarly a high level of LDL {e.g., the “bad™) cholesterol,
increases the risk of atherosclerosis and thos the risk of heart attack or siroke. Howoever, not
all types of cholesterol increase this visk. A high level of HDL (e.g, the “good™) cholesterol
can decrease risk, and conversely, a low level of HDL cholesterol can increase risk.

{80242]  Very high levels of triglveerides (e g, higher than 500 milligrams per deciliter of
blood, or mg/dL) can increase the risk of pancreatitis.

[B0243] Traditional methods for measuring lipid levels involve taking a “fasting lipid
protile,” wherein the levels of total cholesterol, triglycerides, LDL cholesterol, and HDL
cholesterol measured after a person fasts for 12 hours. Levels of cholestero! and triglycerides
typically vary considerably from day to day. For example, cholesterol fevels can vary by
about 10%, and triglyceride fevels can vary by up to 23%. However, trends cant be observed
by monitoring the relative levels over time,

[B0244] When lipid levels can be high, this is referved to as dyslipidemia, and when they
can be too low, this is referred to as hypolipidemia, and hyperlipidensa s an example of a
metabolic disease.

[60245] Consuming high-fat food, inherited disorder, medicat conditions like

hypothyroidism, diabetes, kidney discase, alcoholism, stress, and liver disease can be a few of
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the reasons behind increasing the fipid levels in the bioed. Certain medicines, such as biood
pressure medicines, sterowds, and birth control pills can also increase lipid levels.

[60246] There can be a varicty of treatments avaitable for the vanous disorders associated
with metabolic diseases. These include medications o control blood sugar levels,
roedications to treat liver disecases, medications o lower cholesterol levels, and changes in
diet and exercise.

{80247] In one aspect of the exemplary embodiments described herein, the effectiveness of
these trestments can be evaluated, for example, by measuring the levels of Hipids, and,
optionally, proteins and/or genctic material, in patients being treated for metabolic disorders.
As the levels of lipids change, the relative success of a given therapy can be evaluated. For
example, HDL and LBL have separate peaks in Raman spectroscopy, so an increase in HDL,
and/or a decrease in LDL following administration of & putative therapy, relative to baseline
values, can be indicative that a patient is being successfully treated.

|00248] In one aspect of the exeniplary embodiments described herein, the eftectiveness of
these treatments can be evaluated, For example, in overweight paticnts or obesity patiends,
triglyceride-to-HDL-cholesterol ratio and metabolic syndrome can be contributors to
cardiovascular risk. Triglyceride to high-density lipoprotein cholesterof ratio (TG/HDL)Y » or
=30 {in mg/d}) is a marker of insulin resistance in overweight persons. For instance, if a
patient’s totat cholesterol is 180 and their HDL is 82, the cholesterol ratio is 2.2, According
to the Arserican Heart Association {AHA), patients can aim to keep their ratio below 3, with
the ideal cholesterol ratio being 3.5,

Exemplary Determination of Effective Antimicrobial Treatments

[B0249] In another exemplary embodiment of the present disclosure, biological samples
coutaining a bacteria, fungi, virus, or nematode can be subjected to one or a plurality of
putative freatment regimens, and, where the levels of lipids, proteins andfor genetic material
after treatment can be substantially different than baseline, an effective treatment regimen can
be identified, and, in some embodiments, administered to a patient. The determination can be
performed stepwise, or in parallel, for example, using high-throughput screening methods.
[80250]  In another exemplary embodiment of the present disclosure, for example, with
respect to drug resistant microbial fnfections, it can be possible to follow various treatrment
regimens real-time, and determine whether they can be effective in treating the infections,
This can provide an alternative, for example, to genetically screening a virus, such as HIV,

HBV or HCV, present inn a patient’s blood or other biological flaid, to determining specific
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mutations assoctated with drug resistance, or to administering an antibiotic to a patient
hoping it can be effective, only 1o find out the bacteria can be resistant to this particular
antibiotic,

{80281 In one exemplary aspect of the exemplary embodiments of the present disclosure,
high-throughput methods can be used to evaluate putative treatments for viral intections.
Many viral intections, such as HEV, HBV, and HCV, result from vivuses which can be
resistant to ong or more antiviral treatments, as a result of prior exposure of the viros to these
treatments, which results in the development of resistance to the treatments. One way 1o
deternune whether a particular therapy can be efficacious in sach patients can be to use
genetic sereening to determine the presence of genetic variations associated with mutations in
the virus, which mutations can be associated with resistance o a particular treatment, This
mformation, while useful, s not guaranteed to idestify all mutations fn all viruses present in
the patient. For example, patients often have more than one type of HIV virus, as a resalt of
repeated exposure, so a therapy that works to treat a major HIV variant may not treat a minor
HIV variant.

{P0252] Rather than relying solely on genetic information, patient samples can be obtained,
and, in in vifro assays, i a high throughput manner, sabject samples containing HIV to a
variety of potential treatments. Whether or not the treatment is effective can be defermined
by taking bascline measarements, as well as forther measurements over time, of the relative
levels of protein, lipid and genetic material in cells exposed to HIV, and subsequenty, to
putative therapies for treating the HIV infection,

{80253] A determination can be made as to whether a therapy that can otherwise be
effective, based ou the detection of major HIV vaniants, also treats moinor HIV variants that
might not be detected using a genetic screen, by following the course of treatment over time.
Thus, rather than subjecting a patient to a single course of therapy for an extended period of
time, only to discover that the major variant was freated, bat the minor variant was resistant
to the treatment, a series of potential freatment regiimens can be evalaated to deternune a
treatment regimen that can be most effective for a given patient,

|60234] Where the biological organism is a bacteria, one aspect of this method mvolves
screcning putative antibiotics to determine whether the bacteria has antibiotic
tolerance/resistance to a particular antibiotic, and can be used to help & treating physician
determine the most effective antibiotic, or combination of antibiotics, 1o treat a bacterial

mfection. A biclogical fluid comprising bacteria can be evaluated for putative anti-bacterial
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therapics, and, based on resistance to one or more of the therapies, and successful anti-
bacterial efficacy in one or more therapics, a course of therapy can be decuded.

[60255] This can be useful, for example, 1n the freatment of drug-resistant bacterial
nfections, where one or more treatmenis can be commonly used in an effort to treat the
disorder, and when one treatment is neftective, the fofection can worsen until an effective
treatment Is discovered.

{80236] A biofibm is any group of microorganisms in which cells stick to each other, and
these cells often adhere to a surface, which can be a biological surface, such as the inside of 8
patient’s lungs. Lung infection is the main cause of morbidity and mortality in patients with
cystic fibrosis and is mainly dominated by Pseudononas acruginesa. The biofilnmt mode of
growth makes eradication of the infection extremely difficult, and it causes a chronic
mftammation in the atrways. Is addition to the difficulty of treating biofitras with
conventional antibiotic therapy, treating biofitms can also be hindered by the rising antibiotic
resistance antong pathogens. The methods described herein can be usetul in studying the
metabolic heterogeneity in biofilms, or other microbiota, for example, as a way to determine
effective treatment methods.

[80257] According to a further exemplary embodiment of the present disclosure, a method
can be used to determing what type of infection a patient has, for example, viral, bacterial, or
fungal. For example, where #f is clear that & patient hag an infection, but it is wiclear whether
the infection has been caused by a virus, bacteria, or fungus, samples can be subjected to one
or more anti-viral, anti-bacterial, and‘or anti-fungal agents, and determine which can be
suceessful in treating the infection. 1t an infection is susceptibie to an anti-bacterial agent,
then the mfection is most likely a bactenial jufection,

[B0258] In one aspect of the exemplary embodiment of the present disclosure, a
determination can be made as to whether a patient has viral or bacterial meningitis.
Administration of an antibiotic o a patient with viral meningitis may not be expected to
result in any significant change in relative amounts of lipid, profein, or genefic material in a
biological sammple, such as a sample of cerebrospinal fluid, in a patient. However, 1f the
patient has bacterial meningiis, a significant change can be expected {0 be observed. In this
mamuer, the method provides a vapid sereening method to determine whether a patient has

viral or bacterial meningitis, and facilitates timely and effective treatment to be administered.

Exemplary Determinarion of the Safety of a Therapeutic Agent
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[00259] In other exeraplary embodiments of the present disclosure, the safety of a
compound can be defermined. For examaple, it can be possible to expose a patient, such as, a
human or non-luman animal patient, cellsfissues obtained from a patient, a plant, or plant
matter obiained from the plant, or a microbial organism, such as a bacteria, fungi, or virgs, to
heavy water for a sufticient time that heavy water can be incorporated 1ufo the lipids, protein,
and‘or genetic material,

{80260] It can then be possible to obtain an initial spectrum to obtain a baseline value of the
relative amousnts of lipids, proteins and/or gevetic material, either in vive oy in vitro.
Following administration of a compound of interest, a second spectrum can be obtained, and
a second value of the relative amwounts of lipids, proteing and/or genetic material, either in
vivo OF i vifro, can be obtamned. There can be & correlation between the fevels of lipids,
proteins andf/or genetic material and the toxicity of the compound {o the patient, cells/tissue
obtained from the patient, plant, plant matter, or microbial organisms.

{80261] Compounds which do not appear to adversely affect the relative amounts of lipids,
proteing and/or genetic material can be decmed relatively non-toxic. In some aspects, the
tests can be continued for a predetermined period of time while the compound is contiiuously
administered, cither at the same dose, or at different doses (for example, rising dosage
studies). Tn other aspects, once an initial screen has identified compounds which appear to be
nen-toxic, and, optionaily, other compounds which appear to be toxic, confirmatory
toxicology studies can be performed on those compounds which appear to be nos-toxic.
{60262] Toxicology studies can be performed, for example, in in vive or in vitre models,
plant medels, animal models, and human studies, such as Phase 1, 31, and T clinical trials.
[80263] Where a patient is not suffering from a discase, and the interest in the evaluation s
to determine drog toxicity, changes trom baseline can mdicate that the drug has some
toxicity. Where the second sample has mintmal changes from baseline, such can indicate that
the drug is relatively non-toxic.

{80264] A fornsal toxicology study using other methods of determining drug toxicity can
optionally then be perfornied on one or more drugs that appear to be relatively non-toxic
based on this preliminary screen. This approach can be relatively beneficial when screening
combinatorial libraries of compounds, as it can facilitate a quick identificatios of compouands
which can be relatively non-toxic.

[80265] According to still other exemplary embodiments of the present disclosuare, this
approach can be combined with a binding assay, where the drug cas be screened for its

ability to bind, as a ligand, to a particular biological target, such as a receptor. I{'a compound

44



10

15

20

WO 2020/023966 PCT/US2019/043935

is relatively non-toxic, but has poor binding to a desired biological target, or vice versa, a
determunation can be made as to whether the compound can be a good candidate to advance
to further studies.

[80266] In another exemplary embodiment of the present disclosure, such approach can be
combined with an assay to determine whether the compound has desired activity once bound
to the receptor. For example, a8 compound can bind to a receptor and function as an agonist, a
partial agonist, an inverse agonist, an antagonist, or an allosteric inhibitor. Using a
combination of assays, it can be possible to wdentify compounds which have relatively low
toxicity, bind to the proper receptors, and have the destred activity once bound to the
receptors.

[80267] According to a still further exemplary embodiments of the present disclosare, it
can also be to perform an additional assay to determaine a compound’s selectivity for a desired
receptor over other less desired receptors, This combination of assays can defermine relative
toxicity of putative therapeutic compounds, the ability of the compounds to bind to desired
receptors, the activity of the compounds once bound, and the selectivity of the compound for
the desired receptor versus other receptors, such as those which can cause unwanted side

eftacts,

Exemplary Evaluation of the Activity of Compounds Against Plants

{80268] s av exemplary erobodiments of the present disclosure, photosynthesis can be
evaluated by following the relative amounts of lipids, proteins, and/or genetic matertal in
various plants and algae. For example, plants and/or algae can be exposed to heavy water for
a sufficient amount of tie for deuteriunt to be incorporated into plant or algal lipids,
proteins, and‘or genetic material. A baseline value of the relative amounts of lipids, proteins
and/or genetic materiat in the plants and/or algae can be measured. Then, the plants and/or
algae can be exposed to one or more conditions, such as exposure to different light sources
and/or different hight duration, and Jor plant growth regulators which either accelerate plant
growth, or can be herbicidal in nature. Following exposure to these conditions, a second
value of the relative amounts of Hipids, proteins, and/or genetic material in the plants and/or
algae can be measured. Differences m the levels of lipids, proteins, and/or genctic material
before and after exposure to the one or more conditions can show, Tor example, whether plant
or algal growth can be accelerated or diminished.

[60269] By separately visualizing the newly synthesized protein, lipids, and carbohydrates,

the conditions for photosynthesis can be optimized. In one aspect of this embodiment, this
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information can be used fo optimize production of algal oil, which can be used directly as &
tuel, or converted fo biodiesel fuel, an alfernative fo Hquid fossil fuels, andfor to commonty
known biofie! sources such as corn and sugarcane. In one exemplary embodiment of the
present disclosure, the method can be performed in & high throughput manner, and can be
used to study which compartment of an algae cell is producing lipids {011}, and under what
conditions oil production can be optimized. in another exemplary embodiment of the present
disclosure, in addition to or in place of SERS, photosynthesis can be studied using heavy
water combined with vibrational ivaging and spectroscopy.

[B0270] It can also be possible to determine whether compounds can be effective plant
growth regulators, for example, compounds whichk promote or inhibit plant growth. For
example, whether a compound promotes or inhibits plant growth can be evaluated by
montoring the proteins and/or lipids content, and their turnover, in plant leaves. In
exenyplary embodiments of the present disclosure, the protein and/or lipids comtent can be
monitored by adntinistering heavy water to the plants, facilitating sufficient time for the plant
feaves to incorporate D20 into proteins and/or lipids in the plant feaves, taking a first SRS
Raman spectrum of the plant leaves to obtain baseline values for protein and/or lipid levels,
administering to the plant a compound which cas ishibit or promote plant growth, while
continuously administering heavy water to the plang, and taking a second SRS Raman
spectram of the plant leaves {o obtain subsequent values for protein andfor Hpid fevels. A
negative change in the levels of proteins and/or lipids can be mdicative that the plant growth
is being inhibited, and a positive change in the levels of proteins and/or fipids can be
indicative that the plant growth is being promoted.

[B0271] Proteins can be a bighly evolved aund diverse class of molecules performing endless
tasks and functions within plants, They can be benetficial in the biosyntheses of enzymes, and
membrane channels and pumps. The chilorophyll number molecules can be specifically
arranged in and around pigment protein complexes called photosystems, which can be
embedded in the thylakoid menibranes of chloroplasts. 1f a plast is lacking of protein in its
leaves, it can reduce numbers of chlorophyll, and, accordingly, growth slows dows.

160272]  On the other hand, monitoring the protein to lipids ratio in cortain plants can
follow & constant to keep the healthy status. Lipids play & beneficial role as membrane
cormponents, during signaling, and for the movement of vesicles, lipids® function relates fo

plant development,
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Exemplary Methods of Medical Imaging of Injury and Injury Recovery

[60273] In some exemplary embodiments of the present disclosure, the methods can be
provided for imaging injuries, and a recovery from injories.

{80274]  While patients can be unlikely to know when they can be about to be tmjured, so a
baseline value for protein, lipid, andfor genetic material at the site of the injury may not be
available, a proxy for a baseline value can be obtaimed from the patient from another site that
is not igjured, where it is likely that the relative levels of profein, lipid and/or genetic material
can be the same or similar to the ijured site,

[60275] While a patient is recovering, the patient can be administered heavy water, the
levels of protein, lipid and/or genetic material can be measured over time, and compared to
the "“proxy” baseline. As the levels of protem, lipid, and/or genetic matertal approach that of
the bascline, the patient can be seen as recovering front the injary. When the levels of
protein, lipid, and/or genetic material continue to diverge from that of the bascline, the patient
can be seen as not successfully recovering from the injury.

{B0276] Representative imjuries that can be followed using the methods described herein
inctade, but are not imited to, brain trauma, spinal cord injury, small vesset diseases, bone

injury, traumatic brain injury, strokes, and brain tumsor.

Exemplary Methods for Following Prenatal or Postnatal Development and Cell Lineagey
{60277] Representative postnatal developments that can be followed using the methods
describied herein include, but are not Hmited to, myelination. There is a time window for
myelination in postratal development, which is extrersely hard 1o be detected by other
procedures. Myelin is lipids enriched tissue, which can be detected backgroond free by
choosing C-D labeled lipids peak after heavy water labeling.

{60278 Representative cell lineage can be detected vsing the exemplary DO-SRS
microscopy in conjunction with fluorescent microscopy can track the metabolic activity of
specific cell lineages during development. For example, hemangioblast cells labeled by
Te(kdri:EGFP) had the strongest CD protein signal, those cells originate from lateral plate
mesoderm and give rise to endothetial and bematopoietic tineages. Their strong CDP signal
indicates active protein biosynthests, possibly due to fast proliferation, during the 0-24 hpf

period,
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Exemplary Methods for Detecting Metabolic Heterogeneity of Microbes or Other Living

Organisms

[60279] In yet another exenplary aspect of the present disclosure, exemplary methods or
procedures can be used to detect metabolic heterogenceity of microbes or other Hiving

organisms, as well as for screening genes, for example, for detecting mutations.

Exemplary Methods for Detecting Myelin Formation

[80280] In vet another exemplary aspect of the present disclosure, the exemplary methods
and svstenss can be used to detect changes in myelin, including nryelin formation and
destruction. This can be particularly relevant i connection with multiple sclerosts, and
determining the effectiveness of & particular treatment.

[60281]  Multiple sclerosis ("MS7) is a demyelinating disease in which the insulating covers
of nerve cells in the brain and spinal cord can be damaged. This distupts the ability of parts
of the nervous system fo communicate, resulting in a range of signs and symptoms, including
physical, mental, and sometimes psychiatric problems. MS fakes several forms, with new
symptoms cither occurring (8 isolated attacks {relapsing forms) or building up over time
(progressive forms). Patients can go into remission. Patients can also have permanent
neurelogical problems, particularly as the disease advances.

{60282 While the cause is not clear, the underlying mechanism is believed to mvolve
destruction by the immune systers or tatlure of the myelis-producing cells.

{60283] There can be a variety of treatments for relapsing-remitting multiple sclerosis
(“"RRMS™), including interferon beta-1a, interferon beta-1b, glatiramer acetate, mitoxantrone,
natalizumab, fingolimod, teriffunomide, dimethyl fumarate, alemtuzumab, and ocrelizumab.
These treatments can be modestly effective at decreasing the number of attacks. Progressive
rmniple sclerosis has been treated with ritaximab, ocrelizumab, and mitoxantrone. The goal
of MS treatments can be o at least slow the progression of the discase, and decrease rates of
refapses.

{80284] When evaluating a patient to deterntine the efficacy of a given treatment regimen,
the patient can be administered heavy waler, and, afier deuterium has been incorporated into
the patient’s protein, Hpid, and/or genetic material, a baseline value of these levels in brain
tissue can be determined. Imaging of C-D protein and C-P lipids by heavy water labeling

can defect changes in myelin formation and destruction,
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[602B5] Where mivelin levels increase relative to baseline, this is indicative that & freatruent
is effective at treating MS. Where myelin levels stay relatively constant relative to baseline,
this is indicative that a treatment is effective at slowing or stopping the progression of the
disease. Where myelin levels can be decreased relative to baseline, this is ndicative that a
treatment is fueffective at slowing the progression of the disease. Based on the exemplary
results, a treating physician can consider whether ot not to change the course of freatment

once it becomes apparent that a current course of treatment 1s ineffective.

Exemplary Methods for Evaluating Changes to Skin

[602R6] In yet another exemplary aspect of the present disclosure, the exemplary methods
and systems can be used to detect changes in a patient’s skin, including skin thickening,
mmprovement i scarring, changes in eczema and/or psoriasis, and the like. This can be
particularly relevamt in connection with osteogenesis imperfect, Ehlers-Danlos, Syadrome,
Infantile cortical hyperostosis aka, Catley’s disease, and defermining the effectiveness of a
particudar treatment. For example, psoriasis is commonty treated using topical and orally
administered treatments, such as conticosteroids {e.g., betamethasone, clobetasol,
flyocinonide, desoximetasone, hydrocortisone, fluticasone, others), Aathralin (ZithranoiTM—
RR; Elorac), Calcipotriene (Dovonex®; Leod, and Caleitriol (Vectical ®; Galderma). The
skin of a patient suffering from psoriasis can be monitored, for example, by looking at the
skin’s lipids and protein metabolism, to deternyine which treatment is effective.

|00287]  One exemplary way to determine the efficacy of a tremtment being applied to skin,
or being administered systemically to treat a skin disorder, is to track the levels of various
proteins, such as collagen, which can be present wside the skin. For example, the discase
scleroderma is associated with excessive deposition of collagen, so baseline levels of
cotlagen before treatment, and subsequent fevels of collagen after treatment, can be used to
foltow the course of treatiment and deternsine whether or not the treatment is effective. For
exanyple, collagen type 1 is the nrost abundant collagen of the human body. It is present in
scar tissue, the end product when tissue heals by repair. It is found in tendons, skin, artery
walls, the endomyvsium of myefibrils, fibrocartilage, and the organic part of bones and teeth,
It 1s related to the COLIAT and COL1AZ genes. Representative disorders associated with
collagen 1 include osteogenesis tnperfect, Ehlers-Danlos, Syndrome, Infantile cortical

hyperostosis aka, and Cafley’s disease. The course of treatment can be foliowed by

%

montoring collagen type 1 to determine whether or not the treatment is effectiv
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[0028B8] The exemplary system, method and computer-accessible medium, according o an
exemplary embodiment of the present disclosure, can utilize an optical imaging procedure to
deteymine mtormation about the skin of a patient. For example, the information can include
metabolic activity of the skin or skin celt of the patient. For example, the metabolic activity
can include, but is not limited to, how the skin or skin cells geverate lipids and proteins. In
order to determine the metabolic activity, 8 compound can be administered to a patient, which
can include a vibrational probe. Exemplary compounds can inclode, but are not limited to,
heavy water and glucose. After a certain amount of titae bas lapsed since the compound is
admintstered, the skin can be imaged using an optical imaging procedure. Exemplary optical
imaging procedures include, but are not limited to, an iafrared imaging procedure and a SRS
imaging procedure.

[60289] The exemplary results of the imaging procedure can mclude a signal that includes
the combined signals from lipids and proteins, The exemplary system, method and
computer-accessible medium, according to an exemplary cnibodinient of the present
disclosure, can be used to sphit or separate the combined signal mnto a separate lipid signal and
a separate protein signal. These separate signals can be used to analyze the metabolic activity
of the skin, Additionally, the metabolic activity can be used {o determine the efficacy of a
drug. For example, a drug can also be admisistered to the patient (e.g., orally or topicaily).
After a certain amount of time has lapsed for the drug to take effect, the compound can be
adminstered to the patiend, the imaging procedure can be performed, and the protein and
fipid signals can be separated in order to be analyzed,

{80290] The exenplary system, method and computer-accessible medium, according to an
exemplary embodiment of the present disclosure, can be incorporated or included into a
handheld device that can provide the metabolic activity, For example, the handheld device
can include an optical emiter and an optical detector (e.2., for infraved imaging or SRS
fmaging). The information obiagined can be analyzed vsing a computing device stored locally
ont the handheld device, and the metabolic activity can be provided to the aser. Alernatively
or in addition, the handheld device may only include the optical emitter and detector, and the
mformation is provided to an external computing device using a connection to the handheld
device. The connection can be any suitable wired or wireless connection. Additionally, the
handheld device can be battery powered (e.g., using rechargeable or non-rechargeable
batleries) or # can be connected or coupled to an external power supply.

[60291] The exemplary handheld device can be used to analyze metabolic activity in or on

various suitable biological structures. Exemplary biological structures inchude skin, skin
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cells, or bodily fluids of a patient. Bodily fluids can include, but are not limited to, biood,
plasiaa, saliva, tears, semen, or agy other bodily tluid that can be measured for metabolic
activity.

[60292] The Skin’s metabolic activities or regeneration can include protein synthesis (e.g.,
collagen), lipids synthesis, carbohydrates synthesis, protein degradation etc., different layers
of skin contains ditferent cell tvpes. The metabolic activities of each cell type can be related
to its function fo the skin. For example, sebaceous glands are actively synthesizing lipids for
moisturizing skin and hair. The lipids syuthesis inside the glands cells can be visvalized to
examine the metabolic changes under certain diseases or treatment, Heavy water labeling
corzbining with vibrational imaging can provide the information of metabolic changes with

subceliular resolution, and can be used to quastify the changes through imaging analysis.

Exemplary Other Spectroscopic Methods Which Can Be Used

160293]  In some exemplary embodiments of the present disclosure, rather than using
SERS, the spectra can be obtained using other vibrational imaging procedures, including, but
not Hmited o, TERS, Fourier-Transform Infrared Inmaging, AFM-IR, Optical Photothermal
IR microscopy, Infrared Photo Induced Force Microscopy, and Peak Force Infrared
Microscopy, particularly where the procedure is used to study metabolic activity.

[60294] To use these other spectroscopic procedures, as with SRS, peaks associated with
Hpids, proteins, and genetic material, which peaks can be associated with C-D bonds rather
than C-H bonds, cas be determined. Appropriate procedures for spliting the peaks into
peaks associated with lipids, proteins, andf/or genctic material can be used, based oo the
degree of separation of the peaks of inferest in a given spectroscopic procedure. For
exammple, Fourier-transform infrared spectroscopy (“FTIR™} or FTIR imaging svstem and its
dertvatives, Fourter transform infrared spectro-microtomography.

[60295] Exemplary embodiments of the present invention can be further understood with

reference to the following non-fimiting examples:

Example {: Exemplary D20 As A Contrast Agent For Metabolic Activities

[80296] Water ("H207) ditfuses frecly across cell and organelle membranes and
participates in the vast magority of binchemical reactions. As an isotopologue of water, heavy
water (D20} can rapidly equilibrate with total body water i all cells within an organism
and label cellular biomolecules with deaterium (¥D7) by forming a variety of X-D bonds

through non-enzymatic H/D exchange and enzymatic incorporation. {See e.g., diagram
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shown in Figure 1A}, The former can be sponfancous and reversibly forms oxygen-
deuterium (“0-D7), attrogen-deuterium (“N-D7), and sulfur-deuterizm (*S-D7") bonds on
existing molecules, whereas the latter depends on enzyme-cataiyzed chemical fransformation
that irreversibly breaks the O-D bond and forms C-D bonds on newly synthesized molecules.
(See, e.g., Reference 5). Through such transformation, deuterium quickly labels the
metabolic precursors, such as non-cssential amine acids ("NEAAS”), acetyl-CoA, and
deoxyribose, which can then be slowly incorporated into proteins, lipids, and DNA,
respectively. (See e.g., References 6-8; and dingram shown in Figure 1A). As often the rate-
limiting step, the synthesis of C-D bond-containing macromolecules from the precursors can
be governed by celiular metabolic activities. Therefore, D20 can be used as a universal probe
to frack metabolic rate through the emergence of C-D bond-containing macromolecules
(hereinafter referred to as D-labeled macromolecules).

{60297 Raman spectroscopy provides a noninvasive, optical approach to distinguish
metabolic incorporation front non-enzyniatic exchange in siry, because various X-D bonds
have intrinsically distinct stretching vibrational features. The Raman spectrum of C-D bond
was clearly separated from those of C-H, O-D in D20, and the non-enzymatically formed O-
D, S-D and N-D bonds (se¢ ¢.g., graph shown in Figure 1B}, which facilitates the direct
detection of biosynthetic incorporation of deuterium through the amount of C-D bouds.
Spontancous Raman microspectroscopy has recently been employed to identify metabolic
activity in bacteria after D20 treatment (see, e.g., References 9 and 10), although this
approach can have difficyltics in generating spatially resolved snages due to low sensitivity
and slow imaging speed. Compared to spontancous Raman spectroscopy, SRS microscopy
can be provided as an emerging non-linear Raman insaging technology with substantial
sensitivity boost through quantum amplification by stimolated emission, which facilitates at
icast three orders of magnitude faster acquisition time, fine spectral resolution, compatibility
with fluorescence, and 3D optical sectioning capability in tissues and even Hiving animals,
(See, e.g., References 11-14). These advantages of SRS microscopy, combined with the
exemplary new discoveries of the chemical features of the C-D vibrational spectrum
{described below), led to the development of the exemplary DO-SRS, which vses IhQO as a
tmaging contrast agent to specifically trace lipid, protem, and DNA metabolism in cells and
tissues.

[80298] The exemplary DO-SRS imaging of mefabolism in cultured celis was
demonstrated. By treating Hel.a cells with medium containing 70%% D20 for 24 houss {(e.g.,

oxtcity only arises when DsO concentration exceeded 80% (see ez, graphs and images
toxicity only arises when D20 concentration exceeded 80% (see e.g., graphs and imag
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shown in Figure 10}) and thes tuning SRS to target the C-D frequency, i was found that that
C-D signal was undetectable at the beginning of the freatment but increased dramatically in
all cells at 24 hours. (See e.g., graph shown i Figure 1B). This resuit confirms that C-D
signal specifically and effectively reports newly synthesized molecules, whereas C-H signal
represents pre-existing pool of molecules. Beneficially, the separation between the O-D peak
and the C-D peak means that C-D signal can be free of interference from the overwhelming

0-D background, thus washing off the DxO probe before imaging can be unnecessary.

Example 2: Exemplary Sensitivity And In vive Live Imaging Capacity Of DO-SRS

[60299] In humass, deuterisn can be widely used as a stable isotope to measure body
composition and metabolic rate. {See, ¢.g., References 15-17), Daily intake of 60 to 70 mi
D-0, which can result in approximately 2% body water envichment, does not cause any
adverse symptoms {see, e.g., References 18 and 19), and can be considered to be safe. It was
tound that a comparable level (e.g., approximately 2.4 to approximately 2.8%) of enrichment
in mice by administration of 4%% D0 as drinking water (e.g., the dilution of body water
refative to drinking water can typically be approximately 30 to approximately 40% in rodents
(see, e.g., Reference 19) produced casily detectable C-D signals in sebaceous glands. (See
e.g., images and graph shown in Figure 1C).

[60360]  Inmice, DO envichiment below 20% did not cause any effect on physiotogical
processes, mcluding no acute adverse events, no eftects on cell division 1n all major cell
renewal systems, no perturbation on physiology, growth, appetite, and reproduction, and no
teratogenic effects, even in multigenerational stadies. {See, e.g, References 17, 20 and 21).
Thus, nice were given 25% D20 as drinking water to achieve a safe level {e.g.,
approximately 15 to approximately 17.3%%) of enrichment in body water and obtained a 6-fold
merease i C-D signal compared to that from mice drinking 4% 0. {See e.g., image and
graph shown m Figure 1C). The nearly linear relationship between D20 enrichment and
signal intensity facifitated the extrapolation of the detection himit {See e.g., image and graph
shown in Figure 1C). Administration of 1.4% D:0 {e.g., approximately 0.9% enrichment)
can be sufficient to achieve a signal-to-noise ratio ("S/N™} of 10, and for S/N higher than 2,
administration of 0.3% D20 can be needed. Although detectable signal can be generated at
tow -0 earichment, approximately 16% D0 enrichment was chosen {e.g., from oral
administration of 253% D20} in the following mouse studies in order to achieve large dynamic

range and also reveal low biosynthetic activity within a short time frame.
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[80361] The wash-free aspect of the exemplary DO-SRS facilttates the iimaging of real-time
C-D signal dysamics of live cells and intact animals in the preseuce of 1020, I vivo hive
mmaging of the sebaceous glands was performed under the car skin of ancsthetized mice that
drank 25% D:0 for 9 days. Leveraging the 3D optical sectioning and substantial imaging
depth of noulinear excitation of SRS (e g.. about hundreds of wicrons), clear C-D signal in
sebocytes were observed in living mice. (See e.g., images shown in Figure 1D). At a whole-
orgamism level, C-D signals in moving C. elegans larva growing in a 209 D20 environment
(see e.g., images shows in Figure 1E) were monitored. In C. elegans, < 60% D0
concentration had no observable toxicity and did not affect cell division, (See e.g., graphs
and wnages shown in Figure 10). With the above proof of concept, the satesess of D20 asa
probe, combined with the sensitivity and penetration of SRS as a delection mechanism, can

Facilitate long-term i vive tracking of metabolic activities.

Example 3: Exemplary Macromelecide-specific C-D Vibrational Frequencies

{B0302] Because D20 can be a umiversal probe and facilitates the labeling of different types
of macromolecules, the C-D signal generated from D20 probing can be considered to report
the total metabolic activity, Whether sufficiently distinet C-D vibrational frequencies exist to
facilitate the separation of different types of D-labeled macromolecules can be unaddressed.
{60363 To address this matter, the spectral knowledge of C-H region can be translated to
the C-D region. However, this transiation may not apply. C-H stretching vibrational spectea
contain a main peak at 2940 cm (e.g., denoted as CHp channel) originating from protein-
related CH; strefching, a main peak at 2845 ey’ {e.g., CHy channel) from lipid-related CH:
stretching, and a shoulder peak at 2967 e {(e.g., CHona channel) from DNA-related C-H
streiching. {See, e.g., References 22-24). However, the C-H spectral distinction (e.g., based
on the number of covalent hydrogen atoms) canpot be simply trassiated to C-D stretching,
because CDq2 and CDs groups can rarely exist under refatively low B:0 enrichment (e.g.,
approximately 13 to approximately 17.5%) in bedy water, Such low ERQ concentration
means that deuterium could only sparsely label the newly synthesized macromolecules (see
¢.g., diagram shows in Figure 1A}, and the C-D vibrational signal can be dominated by CD
mode {e.g., only one carbon-bonded H aton can be replaced by D atom).

{00304] To dissect the spectral features of C-D vibrational modes upon DO treatment, the
C-D region {e.g., 2109-2210 om') was scanned, 5 Raman shifts with squal infervals were
tested, and identifiable difference among the 5 images (see e.g., images shown in Figure 2A)

were found. C-D intages acquired at lower wavenambers (.., especially 2133 enr!
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resembled the ceflular distribution patterns of lipids from: the CHi channel, and images
acquired at higher wavenumbers (e.g., especially 2185 cm ') resembled the protein signal
from CHp channel in all tissues tested, including fibroblast-like COS7 cells, C. elegans larva,
zebrafish embryos, and mouse tissues. (See e.g., images shown in Figure 2A). Thus, the
signal at 2135 e’ can represent newly synthesized D-labeled lipids and the signal at 21835
cmt as D-labeled proteins.

{80308]  To confirm the above, it was found that inhibiting protein synthesis with
anisomycin in D:O-treated Hela cells led to a peak centered at 2135 o, representing the
remanting D-fabeled lipid signal, and blocking lipid synthesis with fatty acid synthase
inhibitor TVB-3166 led to a peak centered at 2185 em, representing the remaining D-
labeled protein signal. (See e.g., graph shown in Figure 2B). The sum of the signals from the
two treatments appeared similar to the control group treated only with D20, At the tissue
fevel, removing proteins by proteinase K treatment in mouse tissues abolished the peak at
2185 em!, and dissolving lipids using methanol abolished the peak at 2135 e, (See e.g.,
graph shown in Figure 2C). Applying methanol wash to multiple mouse tissues from various

gnal reduction by methanol wash) and

[

organs, the average spectra for D-labeled lipids {e.g., s1
proteins {e.g., residual signal after methanol wash) were deternined, which consistently
showed peaks at the two frequencies. (See e.g., graph shown in Figure 2D} The above data
confirmed macromolecule-specific Raman shifts for D-labeled lipids and proteins at 2133
cm! (e.g., denoted as CDy channel) and 2183 cri™ (e g, CDp channel}, respectively.

{60306] The chemical basis of spectral distinction in CD vibration was determined by
comparing D-labeled Hpid and protein spectra with assigned CD vibrational modes in modcl
corapounds. The peak of D-labeled lipid at approximately 2140 em® matched well with the
singly deuterated C-D stretching in J2-D7-palmitic acid but not the CD: symmetric stretching
nrode at approximately 2100 e in perdeuterated palmitic acid (e.g., D31-) (see e.g., graph
shows Figure 2E), supporting the idea of sparse labeling (see e.g., diagram shown in Figure
1A}, Similarly, the D-labeled protein peak around 2185 cm™ matched the peak for C{a)-D
vibration in D4-alanine but not the other three peaks assigned to the side chain CD: group.
{See e.g., Reference 25; and graph shown in Figure 2F). This patters also supported sparse
tabeling and indicated that most of the deuterium labeling w newly synthesized proteins
occurred at the a carbon position through reversible transamination of free Ads. (See e.g.,

Reference 26; and diagram shown in Figure 1A).
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[80367] The above evidence indicates that the underlying principie for the observed
spectral separation of D-labeled lipids (e.g., around 2140 em?y and proteins {e.g., around
2185 ey can be the inherently distinct chemical environments of the constituting fatty
acids and amino acids—deuterium-bonded carbon atoms in a hydrocarbon chain of lipids and
the main chain of polypeptides can be connected to chemical groups with differest polarities,
By chemically isolating the major macromolecules {e.g., Hpids, proteins, and DNA) from
DsO-treated Hela cells, it was found that the Raman spectra of D-{abeled lipids and proteins
matched well with the corresponding spectra oliained in siry, as expected, and that the
Raman peak of D-labeled DNA was blue-shifted compared to D-labeled proteins. {See e.g.,
graph shown in Figure 2G). Deutertum labels DNA with higher chance at the C17 and CZ°
positions on the deoxyribose (see, e.g., References 19 and 273, and the biue shift of DNA’s
CD peak can be attributed to the fact that move carbon atoms in deoxyribose can be bonded to
electronegative oxygen atoms, Based on the spectra of the cellular extracts, DNA at 2210

em™ was imaged (e g., designated as CDpas channel),

Example 4: Exemplary Spectral Un-mixing Of Signals For D-Labeled Macromolecules
[80368] Although the peaks of CD signals in lipids, proteins, and DNA can be separated,
their overall spectra overlap substantially. {See e. g, graphs shown in Figures 2D and 2G).
Thus, a three-component un-mixing procedure was developed to computationally decompose
the mixed CD signals into three macromolecule-specttic elements. Applying the method to
dividing cells, D-fabeled lipids, proteins, and DNA were successfully separated, removing the
bleed-through signal for cach channel. (See e.g., shown ia Figure 3A). Since CDpwa signal
was very weak in now-dividing cells, only CDr and CDp signals were ummixed using a
simplified two-component equation in most experiments, The un-mixing etfectively
removed residual bleed-through signals in CDr. and CDp channels, revealing the genuine
distribution of D-labeled lipids and proteins. {See e.g., images and graphs shown in Figores
3A-3G and Figures 11A-11F),

{60369 Overall, the exemplary sn-mixing procedure facilitates, for the first time, in siftu
deconvalution of D-labeled lipids and proteins signal vie SRS microscopy. it can be worth
nofing the difference between the exemplary un-mixing procedure developed and the label-
free counterpart previously reported. Uslike the us~mixing of CH; and CHg, which used
pure standard compounds {e.g., oleic acid for lipids and Bovine Serum Albumin for proteins)
(see, e.g, References 22 and 23), the exemplary un-mixing method can be tailored for sparse

labeling pattern of deutertusn incorporation in vive. Withowt commercially available
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standards for randomly, sparsely deuterated lipids and proteins, standards were generated
using cither chemically solated or in situ D-labeled lipids and proteins to deternune the un-
mixing cocfficients. The ability to separate the signals for D-labeled lipids and proteins
facilitated stmultaneous visoalization of the metabolic dynanics of Hipid and protein in the
same tissue, which can be beneticial for addressing many fundamental questions about the

different pathways of celiular metabolism.

Example 5: Exemplary Optical Imaging Of De Novo Lipogenesis Via DO-SRS

[B0310] Previously, others have developed methods to visualize lipogenic activitics in
tiving tissues by supplying deutertun-labeled fatty acids {("DB-Fas™), such as palmitic acid,
oleic acid, and arachidonic acid, and imaging C-D bonds in newly synthesized lipids., (See,
e.g., References 28-1). However, the exemplary DO-SRS can be fundamentally different
from those previous methods because D20 can be a nonimerfering probe that does not affect
native metabolism and can be a non-carbon tracer that can probe activities of de novo
lipogenesis.

{B0311] D-FAs can be knowas to be taken up by cells through scavenger patloways and then
incorporated directly into Hpids, whereas D20 treely diffuses into celis and tabels newly
synthesized lipids through de nove lipogenesis. Moreover, the dependence on cellular uptake
for D-FAs can also resuolt in bias among various cell types, which does not occur for DO
probing. The different effects of these two types of probes can be clearly evident in cultured
cells. For example, supplementation of D-labeled palnutic acids ("D-PA™) or eleic acids
{"D-0A”"} in Hel.a cells led to the accumalation of CDy, signal in lipid droplets (see e.g.,
mages shown in Figure 4A), whereas D20 probing generated very few lipid droplets in both
CbBr and CH; channels and produced much more uniform C signal in eytoplasmic
membrane structure.

{60312 The large number of lipid droplets caused by the treatment of D-FAs even at low
concenirations (e.g., 10 M) suggests that exogenous fatty acids lkely perturbed native
cellular metabolism. Moreover, different fypes of fatty acids altered lipid metabolisnt in
distinet ways; for the same HeLa cells, treatment of 10 uM D-OA generated remarkably more
lipid droplets thas D-PA. (See e.g., images shown m Figure 4A). It has also been found that
PA, but not the unsaturated OA, when applied at higher concentration {e.g., approximately
200 uM), drove the formation of solid-like microdomain and membrane phase separation in

endoplasmic reticalom. {See, e.g., Reference 30). Thus, compared to D-FAs, Da(), as a
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metabolic bystander, can be a superior probe for monitoring endogenous lipegenesis in

general.

Example 6: Exemplary DO-SRS Tracks Lipid Metabolism In C. Elegany

{80313] s aninwals, first the exeroplary DO-SRS imsaging was applied fo assess how ouch
de nove syathesis contributes to the production of total lipids in C. elegans, which relies on
both dietary uptake {e.g., from food sovrce £. coli bacteria} and de nove lipogenesis for total
lipid synthesis. For the quantification purpose, CDy/CHy as a ratiometric indicator was
developed for the amount of newly synthesized lipids normalized against variations among
individuals and heterogeneity within the same tissue {e. g, see Methods)y. B was found that,
when both growing oa 202 2:0 plates, animals fed on non-labeled bacteria {e.g., growa in
H-0} had much lower CDy/CHr ratio (e.g.. approximately 3.1%) than animals fed on D-
labeled bacteria (e.g., approximately 22.3%; see e.g., graph shown in Figure 4B and images
and graph shown in Figures 12A-12C12), indicating that approximately 14% of total lipids
were syithesized de nove and the rest approximately 86% were incorporated or modified
from E. coli fatty acids. This result agrees with previous mass spectrometry studies using
dietary C labeling, which found that C. elegans only de nove synthesized approximately 7%
of palmitate and approximately 12% to approximately 19% of eighteen-carbon fatty acids
from acetyl-CoA, (See, e.g., Reference 32). However, compared (o mass spectrometry,
which can only measure metabolic fncorporation of isotopes in a bulk of thousands of worms,
the exemplary DO-SRS in sifu imaging detects metabolic activity at the individual animal
fevel, utilizes much less matertals, and can reveal variations among individuals,

[80314] D0 can be a superior probe to D-FAs for detecting lipogenests in € elegans for
the following reasons. First, CDy signals generated by DO probing and D-FA
supplementation {see e.g., images and graph shown in Figure 12} were compared, which
found that althoogh both labeled lipid droplets in similar patterns, 20% D20 treatment
produced over two-told stronger CHy, signal thas 4 niM deuterated palmitic acid, the highest
concentration used in previous studies. (See, e.g., References 29 and 31). Second, D20 can
be able to track the approximately 14% lipids generated by de nove lipogesnesis, whereas D-
FAs cannot. Third, because bacteria grown on D20 plates produce & variety of D-labeled
fatty acids, lipids, and their metabolic intermediate, which all become dietary nutrient for C
elegans, D20 probing {e.g., by generating D-labeled bacteria) can monitor lipid synthesis

more accurately and more robustly than the supplementation of a single type of D-FA,
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Fourth, D:0 probing also generates D-labeled protein signals in addition to lipid signals,
whereas D-FA treatment does not. (See e.g., tmages and graph showsn in Figure 12).
[603%5] The exemplary DO-SRS can also tacilitate the evaluation of the dynamics of fipid
motabolism in C. elegans. When transferred from HxO plates to 209 D:O plates, nornal
fourth stage larva ("L47) showed newly synthesized lipid droplets in the intestine in as carly
as 20 minutes; CBy signal continued to increase for 6 howrs and expanded into hypodernis,
suggesting fast and robust lipogenesis. (See e g, images shown i Figure 4C). In contrast,
when developmentally arrested dauer larva were placed outo 120 plates with food (e.g., £
coli bacieria), new lipid signals did not appear until 6 hours after the transfer and took 16
hours to reach the 6-hour intensity of niormeal larva. (See ¢. g, graph showa in Figure 4D).
The different dynamics of normal and dauver larva reflects the additional time wtikized for
dauers to exit the non-teeding, diapause stage and to resume metabolic activities and life
cycle, (See, e.g., References 33 and 34). Intercstingly, the exemplary data connects
metabolic dynamics to previously reported changes in transcriptonie during this dauer
recovery process, because the onset of lipogenic activities closely follows the expression of
genes involved in glycolysis, tricarboxylic acid cycle, fatty acid oxidation, and oxidative
phosphoryiation. {See, ¢.g., Reference 34). This result can suggest that the buildup of
storage fat in recovering davers began after the production of ATP from food digestion and
can be beneficial for the preparation of daver-to-L4 molt, during which food imtake stopped
and CDy sigmal stayed flat (e.g., 810 12 h: see e g.. graph shown in Figure 4D).

|60316] Lipid degradation can be monitored through a pulse-chase experiment, For
example, L4 animals were first pulsed for one hour on 20% D-O plates and then transferred
back to regular H:0 plates. €Dy signal dropped by approximately 60% i the fivst five hours
(see e.g., graph shown in Figure 4F), suggesting a quite fast lipid turnover in the developing
larva. Thus, the exemplary DO-SRS facilitated the visualization of both lipid anabolism and

catabolism.

Example 7: Exemplary Visualizing De Novo Lipogenesis In Mice

{80317] By adding D20 to the drinking water of mice, previous studies showed the
tncorporation of deuterium into the total blomass in various mouse organs but could not
image and differentiate D-labeled lipids and proteins in sifu. (See, e.g., References 5-8),
Using the exemplary DO-SRS imaging with macromolecular selectivity, it was found that
different mouse organs show metabolic preference fo either protein or lipid biosynthesis,

which reflects their different functions, (See e.g., images shown in Figures 13A-13C). For
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example, lipid-rich tissues, such as sebaceous plands, niyelin sheath mn the brain, and adipose
tissues, showed strong CDy signal and weak CDp signal. (See e.g., timages and graphs shown
in Figures SA-5H and images shown in Figures 13A-13C). Because the visualization of in
situ lipid synthesis dynamics in mouse models had been particularty challenging with
previous methods, which mostly capture the static level (see, e.g., Reference 35}, the utility of
the exemplary DO-SRS was determined in evaluating the development and metabolic
homeostasis of the lipid-rich tissues and to gain new insights mto mammalian lipogenesis.
[B0318] First, the spatiotemporal dynamics of lipogenic activities were analyzed during
holecrine secretion, Previous studies imaged the total fipids in sebaceous glands using label-
free CARS microscopy and found that sebocytes near the duact had (he highest abundance of
lipids, (See, e.g., Reference 36}, But whether those cells alse have the highest lipogenic
activity can be unclear. By imaging scbaceous glands collected ander the ear skin of 3-month
old mice that drank 25% D:0 for 2, 8, or 26 days, respectively, it was foand that active lipid
syathesis occurred mostly in the peripheral sebocytes at day 2, although CHi images
indicated the presence of a large amount of lipids throughout the entire gland. (See e.g.,
images shown in Figure 3A). The CD¢ signal increased and expanded into the center of the
gland later at day 8 and 26, as sebocytes migrated towards the duct and accumulated more
Hipids, (See e.g., ymages shown in Figure 5A and graph shown in Figure 5B). These
exemplary results indicated that the outermost early sehocytes, instead of the inner mature
sebocytes, had the highest lipogenic activity. At day 26, CDrACHy ratio reached
approximately 0.2, which can be close to the maximal D:H ratio (e.g., approximately €.18 to
approximately 0.21) body water from approximately 15 to 17% D:O enrichment; thus, all the
observed lipids were newly synthesized, and a likely complete lipid turnover had occurred.
[B0319] Second, the myeclination dynamies of axon bundles in the developing brain were
visualized. Previous studics indicated that myelinogenesis occurs predominantly postnatatly
it manunals (see, e.g., Reference 37}, but it can be rather difficult to obtain the precise timing
of myelination in a specific region of the brain with traditional methods, By feeding pups for
6 days {(e.g., PO-P3 or P6-P11} with milk from mother that drank 23% D»O, strong bundle-
fike CDy signal labeling the myelinating thalamocortical fibers in the internal capsule was
observed in the second postoatal week (e.g., imaged at P11) but not in the first week {e.g.,
imaged at P3) and not in adults, (See e.g., images shown i Figure SC). Interestingly,
previous studies observed organized growth of thalamocortical projection during the first
postnatal week (see, e.g., Reference 38), and the exemplary data suggests that myvelination of

those fibers occurred shortly afier the axonal developrient within a stringent time window.
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In contrast, other axonai fiber-rich structures fike hippocampus and olfactory bulbs, which
mostly developed embryonically, did not show significant change i myelination activities
during the same period of time. (See e.g., Images shown in Figure 5C and graph shown in
Figure 3D),

{80320] Third, differest metabolic dynamics of brown adipose tissue ("BAT”) and white
adipose tissue (WAT”) i site were observed daring development and disease. BAT and
WAT were identified based on (i} that adipocytes in WAT contain one single, large fat
droplet, and adipocyies in BAT contain many small lipid droplets and (it) that BAT cas have
stronger awtofluorescence than WAT due to high levels of celtular NADH and flavin. 1t was
found that BAT can have higher lipogenic rate (e.g, CDL/CH: ratie) in juvenile (e.g., P23)
mice thas i adult mice {see e.g., images shown in Figure SE and graph shown in Figure 5F),
consistent with the beneficial thermogenic function of BAT in yousg animals. (See, e.g.
Reference 39). WAT can serve as energy storage; and age-related increase in the percentage
of body fat can often be attributed to decrease in resting metabolic rate. (See, e.g., Reference
40). However, it was found that WAT in adult mice synthesizes and accumulates more fat
than WAT in juveniles within the same D»O probing period, suggesting that increased
lipogenesis can also be responsible for fat accumulation in adults, Genetically obese (e.g.,
feptin~-deficient ob/ob) mice also showed much higher lipogenic activities in WAT than did
the witd-type mice, indicating that obesity mduces ectopic tipogenesis, in addition to fat
accumulation. {See e.g., tmages shown in Figure 5G and graph shows in Figure SH). Thus,
the exemplary DO-SKS can serve as a general phenotyping tool for fat metabolisny and
energy homeostasis in both rormal development and disease.

[80321] [t was determined that D20 adnyuistration vig drisking water labeled newly
synthesized lipids muoch more efficiently than the injection of D-FAs, Intravenous injection
of 53.76 umol D-PA into mice over the course of three days did not produce sigaificant signal
frt any tissue. On the other hand, administration of high concentration of D-PA {e.g., via
mtraperitoneal bolus injection of 96 pmol D-PA} led to the accumulation of Cy, signal in the
ER membrane of pancreatic cells (see e.g., images shown i Figures 13A-13C), suggesting
that, unlike DO probing, the D-FA treatment can affect native metabolisim in animals by

promoting the formation of solid-like domains in the ER. (See, e.g.. Reference 30).

Example 8: Exemplary DO-SRS Facilitates In vive Tracking Of De Novo Protein

Synthesis
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[00322] Protein synthesis activity can be another major component of metabolic dynamics.
To visualize newly synthesized proteins i maice 7 vive, previous studics administered 2.5
mg/ml of D-labeled aminoe acids ("D-AAs™) via drinking water for 12 days and observed (D
signals only m lver and intestine tissues but no other organs. {See, ¢.g., Reference 41), This
tissue bias can be explained by the usequal uptake of orally admsinistered D-AAs among
different organs, heterogeneity of AA pools, and the poor labeling efficicney of B-AAs.
{(See, e¢.g., Reference 26}, Morcover, the possible varying incompleteness of mixing D-AAs
with pre-existing AA pool makes the moeasurement of protein synthesis rate complicated. In
contrast, 320 can have higher labeling efficiency and consistency becanse DO freely
ditfuses into all tissues and rapidly labels free AAs through transamination (see, e.g.,
Reference 26}, making the CDyp signal generated by D>Q) probing more accurately reflect the
distribution of newly synthesized proteins than the signal from D-AA labeling.

{60323] The D-AA concentration (e.g., or density) in the free AA pool inside cells {e.g.,
<{0 mM) {see, e.g., Reference 42) can be below the exemplary detection fim# {e. g,
approxamately 20 mM for singly deaterated molecules), so CDp signal only reports D-AAs
incorporated into proteins, in addition, it was found that there was no post-translational
labeling of proteins by D:QO-derived deuterium {(see, e.g., Reference 26), thus D-O probing
only tracks protein synthesis and vot post-translational modification.

{60324 To demonstrate that DO can be an efficient, consistent, and cost-effective tracer of
de novo protein synthesis, a direct cotaparison between 8-day administration of 25% D20 and
2 mg/ml of D-A As both vig drinking water was performed. Indeed, D-AA trestment only
prodoced significant CDe signals in the digestive tract and liver, where D10 probing resulted
n much stronger sigaal. (See e.g., tmages shown in Figure 6). In the pancreas, D-AA
treatment gencrated woeak and sparse signal for protein synthesis activity, whereas D20
probing was much more sensitive and revealed broader regions of the tissue that actively
synthesized proteins. Moreover, in organs, such as hippocanpus, cortex, muscle, and
thymus, oral intake of D-AAs hardly produced any CDp signal due to tissue bias, whereas
D:0 probing was not subjected to such bias and generated strong CDp signal labeling newly
synthesized proteins. In termms of the cost, D20 administration {e.g., approximately
80.67/mouse/day at 25%) can be 15 times cheaper than D-AA treatment (e g., approximately
$10mousedday at 2 rag'mi), reaking D20 a much more economical tracer for long-term in
vivo labeling of slow-turnover proteins.

[60325]  Although non-drinking administration such as injection of D-AAs divectly mto the

bloodstream via carotid artery could enhance CD signals and facilitate the labeling of
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proteins in organs, such as pancreas and brain coriex, it was found that the signaf can suili be
weaker than that generated by D20 probing. In general, D-AA injection fo bloodstream only
labels tissues with strong protein synthesis activity and can be less sensitive than P20
treatment, which can reveal low levels of de novo protein biosynthesis activities,
Furthernore, for organs like hippocampus, injection of D-AAs still could not generate any
clear CDp signal (see e.g., images shown in Figures 13A-13C), suggesting that the D-AA
fabeling bias against certain tissues can be inherent to the probe and could not be overcome
by increasing D-AA concentration. Compared to the infusion of D-AAs, D0 admintstration
through drinking water cas also be much more convenient, enabling large-scale animal

experinents.

Example 9: Exemplary Simultancous Visualization Of Lipid And Protein Metabolism
{60326] Another significant advantage of the exemplary DO-SRS, compared to D-FA or D-
AA treatment alone, can be the ability to simultaneousty acquire signals for D-labeled fipids
and proteins and then resolve their accurate distribution on the same sample through spectral
un-nixing, with only one probe (“D:0"). This capacity facilitates the evalaation of both lipid
and protein metabolism at the same time in an integrated manner.

{60327] Protein and lipid syntheses in € elegans were visualized simultancously during
germiine development and revealed their different metabolic dynamics. Previouos studies
suggested that cholesterol, fatty acids, and other nutrients can be transported to developing
cocytes via yolk particles, but it can be unclear when exactly lipid deposition occurs during
germ cell development and whether there can be any difference between protein and lipid
accunuulation in ococytes. (See, e.g, Reference 43). It was found that the mitotic and meiotic
germ cells showed very active profein systhests ("CDp™) but low level of lipid synthesis
(*CD7) signals i L4 animals, whereas the post-pachytene, naturing oocytes in day 0 adults
gccumulated significant amount of newly synthesized lipids in a 3-hour period. {See e.g.,
graph shown i Figure 7A, and images shown in Figure 7B). Thuas, the exemplary resolis
suggest contiruous protein synthesis and accunatdation throughout germiline development and
temporally restricted lipid deposition into late-stage oocytes.

[80328] Lipid and protein metabolism also showed different age-related changes in C.
elegans. In general, overall lipid synthesis rate dropped continuousty from adult day O to day
7, indicating a decline in lipogenesis during aging, The rate of protein syathesis declined
most significantly after adult day 3, showing different dynamics from lipids. (See e.g., graph

shown in Figure 7C).
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[00329] The subcellular resolution afforded by the exemplary DO-8RS also facititated the
determunation of distinct spatial patterns of biosynthesis. Previous studies repotted
unregulated syathesis and body-wide accumulation of volk proteins and lipids in the absence
of oogenesis in post-reproductive C. elegans vsing either yolk protein::GFP reporter or
clectron microscopy. (See, e.g., References 44 and 45). However, fluorescent labeling can
bave high background and cannot differentiate proteins from hipids; EM studies revealed yolk
proteing and lipids as different electron-dense materials but can be laborious and time-
consunting. Both methods can provide only a static view of yolk production, and it may sot
be clear whether the pattern of yolk synthesis changes as the adulis age,

[60330] Using the exemplary DO-8RS, it was found that from adalt day 3 the majority of
worms showed sigaificant CDp and CDp signal as clumps in the intestine and throughout the
body cavity after a three-hour D20 probing. (See e.g., graph shown in Figure 7D and images
shows in Figure 7E). CDp signal appeared to be stronger than CDy signal in older adults (e.g.
day 8) but not in younger adults {e.g, day 3), mdicating more persistest yolk proteimn
synthesis compared to lipogenesis. The exemplary images not only provided a divect
visualization of yolk lipid and protein production but also surprisingly revealed some spatial
restriction for the previousty considered unregutated biosynthesis of yolk materials, For
example, it was found that CDv signals appeared in both pre-existing mass and newly formed
clomps i younger adults {e.g. day 5}, suggesting that newly synthesized proteins both
accumulated into existing aggregates and formed new aggregates. However, CDp signals i
older adults {e.g. day R) only emerged in pre-existing mass, indicating that newly made
proteins were only deposited into pre-formed aggregates in aged animals. Thus, the
exemplary observation tevealed an aging-dependent aggregation pattern for newly
synthesized yolk proteins, The exemplary DO-SRS can serve as a useful fool to evaluate
protein aggregation ia sity.

{60331] Applying this procedure to zebrafish, differences in protein and lipid metabolism
during embryonic development were identified. By sincubating the embryos in egg water
containing 20% D»O for 24 hours, significant CDyp signal and little CDy. signal were observed
in all embryonically dertved tissues, which suggests that the rate of protein systhesis, in
general, can be much higher than the rate of lipogenesis during embryoric cell division. The
zebrafish yolk sac, however, showed very weak signal in both CDp and CDy chanuels despite
significant CHr. and CHp signals from maternally deposited lipids and proteins. {See e.g.,
mmages and graphs shown in Figures 8A-8E). Since the yolk and blastoderm had similar

water permeability {(see, e.g., Reference 46}, the exemplary result suggests very little zygotic
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biosynthesis in the volk independently of maternal contribution. Overall, the exemplary
observations relied on the in site separation of D-labeled proteins and lipids, which cannot be
easily achieved by previous methods.

{60332 The exemplary DO-SRS was used in conjunction with fluorescent microscopy o
track the metabolic activity of specific cell lineages during development. Probing the
embryos from zygote to 24 hours post-fertilization (“hpt”), it was found that a group of
hemangioblast cells fabeled by Tokdri: EGFP) (see, e.g., Reference 47) had the strongest
CDp signal. {See e.g., images shown m Figure 8A). Those cells originate from lateral plate
mesoderm and give rise to endothelial and hematopoietic lineages, {See, e.g., Reference 48),
Their strong CDp signal can indicate active protein biosynthesis, possibly due to fast
proliferation, during the 0-24 hpf period. D20 probing of later embryonic stages, 24-34 and
34-48 hpf, found that the EGFP-posttive cells, which labeled mostly ditferentiated
endothelial cells then (see, e.g., Reference 49), no longer showed stronger CBp signal than
the surrounding tissues, (See e.g., intages shown in Figures 8B and 8C and graphs shown in
Figares 8D and 8E). Thus, by co-labeling with lineage-specific fluorescent marker, time-
dependent metabolic activities of particalar cell types can be tracked during lineage

progressien.

Example 10: Exemplary DO-SRS Visualizes Tumeor Boundary And Metabolic
Heterogeneity

{60333]  An exemplary biomedical application of the exemplary DO-SRS can be to
visualize tumor boundaries and intratumoral metabolic heterogeneity. Although label-free
SRS identified the boundary between glioblastoma and normal brain tissues (see, e.g.,
Reference 50), it relied on the protenylipid conpositional difterence between the tumor and
noymal tissues-brain arcas had higher myclin-derived fipid concentration than the tumor,
which may not apply to other types of tumor. In contrast, the exemplary DO-SRS can reveal
tumor boundaries by tumor’s inkerently higher metabolic activitics than the surrounding
nermal tissues. For example, giving ghoblastoma-bearing mice 25% D20 for 15 days, both
stronger CDr. and CDp signals in the tumor tissue were observed compared to the nearby
brain tissues, even though the brain region had high total Hpids m the CHi channel. {See e.g.,
images shown in Figore 9A). Unlike the brain turnors, in the subcutaneous xenograft of
colon tumor, the tumer and the surrounding skin tissue had similar composition of proteins
and lipids and, hence, were indistinguishable by label-free SRS from their CHy and CHp

signal. However, through D»0 probing, the tamor showed higher level of lipogenesis than
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the skin and became readily identifiable in the CDy. channel. (See e.g., itnages shown in
Figure 9B). Thus, this example showcases that the exemplary DO-SRS could be a more
general and applicable method of detecting tumor boundaries than the label-free SRS,
[60334] [Intratumoral metabolic heterogeneity can be considered a driver of tumor
aggressiveness and has been under indensive evaluation due 1o its fundamental importance as
well as progrostic significance. (See, e.g., Reference 531}, 1o the colon tumor xenogratt,
cancer cells recruited stromal cells from the nearby normal tissues and developed o solid
turgor. A three-day D20 probing revealed that bumas tumor cells had stronger biogenesis for
both proteins and lipids than the recruited mouse stroma, showing metabolic heterogeneity
inside the solid tumor. (See e.g.. images shown in Figure 9C). Isterestingly, the difference
between tumor and stroma became fess pronounced afier 13-day D:O intake, suggesting that
the stromal cells also had significant albeit slower metabolic activity presumably to support
tumor growth, {See e.g., graphs shown in Figure 9D). Therefore, the exemplary DO-SRS

can visualize the heterogeneity of metabolism inside solid tumors with cellular resolution.

Example 11: Exemplary Discussion

[80335] The cxemplary system, method, and computer-accessible medium, according 1o an
exemplary embodiment of the present disclosure, can utilize the exemplary DO-SRS as a
nendestroctive, noninvasive, and background-free imaging method that can be used to
visualize metabolic dynamics of proteins, lipids, and DNA in a variety of model organisis.
The cxemplary DO-SRS can facilitate i situ visualization of de novo lipogesnesis and protein
synthesis in animals at an unprecedentedly low cost and without tissuc bias, representing
beneticial technical advance. In particular, the ability to simultancously image newly
syathesized lipids and proteins facilitated new insights o the metabolic basis of several
bictogical processes.

[60336] The exemplary system, method, and computer-accessible medium, sccording to an
excnplary embodiment of the present disclosure, can utilize 2,0, which can be a superior
probe to deuteriam-labeled carbon substrate in monitoring and imaging metabolic activities,
because D0 does not perturb native metabolism, can freely diffuse into cells, and can be &
non-carbon tracer that can probe de nove biosynthests. For visoalizing lipogenic activities, it
was shown that D20 can be superior to D-FAs and also expect D0 to be superior to
previously used D-glucose {see, ¢.g., Reference 52), which can create hyperglycemia when
used at high concentration and may not label newly synthesized lipids as efficient as D0

troatment,
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[80337] The exemplary DO-SRS can be used to address a variety of biological questions.
For example, when applied to heterogeneous tumor tissues, the exemplary DO-SRS can help
identity cancer stem cells that have particudar patterns of metabolic activities, such as high
tipogenic activities. Label-free SRS was already used to find that ovarian cancer stem cells
had significantly ncreased levels of unsaturated lipids than son-sters cancer cells {see, e.g.,
Reference 53), and the exemplary DO-SRS can be suited for those studies because of higher
sensitivity and the ability to track metabolic dynamics. Another application can be to
combing the exeraplary DO-SRE with fluorescent labeling to monitor the metabolic activity
of specific cells and lineages in sitn. One particularly ideresting problem can be the
metabelic cooperation between glial cells and neurons. (See, e.g. Reference 34). In addition
to the synthesis of lipids and proteins, the exemplary DO-SRS can also be used to monitor
protein turnover, lipid consumption, and macromolecule degradation.

{60338]  Although the exenplary DO-SRS cant have relatively tower molecular specificity
and sensitivity compared to mass spectrometry imaging ("MSI”) methods (see, e.g.,
References 535-57), it can serve as a beneficial complementary approach to MSI methods
becanse of several advantages. The exemplary DO-SRS provides straightforward and
quantitative interpretation of tolat metabolic activities in three-dimensional living tissues,
whereas all MSI procedures can be destructive surface analysis, involve more complicated
computation than SRS imaging, and may not capture all D-labeled molecoles equally due to
certain bias towards easily ionized and desorbed analytes.

160339] A major challenge for ir vive metabolic imaging can be the accessibility of tissues
deep inside the body. Using devices similar to the coherent Raman scattering endoscopes
(see, e.g., Reference 38), the exemplary BO-SRS can be applied to visualize metabolic
patterns of internal organs and to evaluate tumor metabolisim through optical biopsy. The
recent development of high-speed, volumetric stimulated Raman projection ("SRP”)
ncroscopy and tomography (see, e.g., Reference 59) also can be used for deep-tissue, large-
volume, in vive imaging (e.g., imaging cortical metabolism). The sensitivity of the
exenyplary niethod can be high enough to operate in the range of low D20 enrichment that
can be safe for humans, Given that SRS imaging has been demonstrated in humans before
{see, e.g., Reference 6()), the exemplary DO-SRS can have clinical application in tracking

metabolic activities in humans.

Example 12: Spontancous Raman Spectroscopy
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[60340] Spontancous Raman scattering spectra can be acquired on an upright confocal
Raman microspectrometer {e.g., Xplora, Horiba Jobin Yvon) with 532 nm diede laser source
and 1800 1fmn grating at room temperature.  The excitation power can be approximately 4{)
mW after passing through a 50% air objective {e.g., MPlan N, 0.73 N.A., Olympaus), and 40s
acquisition time accuulated by 22 was used to collect Ramaun spectra of all samples at a
single point uonder identical conditions. For caltured cells, the Raman background of water
and cover glass can be removed from all cell spectra by subtracting the signal at empty space

trom the signals collected trom cells.

Exemplary Stimdated Raman Scattering Microscopy
[80341]  An inverted laser-scanming microscope (e.g., FV1200 MPE, Ofympus) optimized
for near-IR throughput and a 25X water objective {e.g., XLPlan N, 1.05 N.A., MP, Olympus)
with high near-iR transmission for SRS imaging was utilized. A picoEMERALD system
{e.g.. Applicd Physics & Electronics) supplied synchronized pulse pump beam (e.g., with,
approximately, tunable 720-990 nn: wavelength, 3-6 ps pulse width, and 80-MHz repetition
rate) and Stokes {e.g., with fixed wavelength at about 1064 nm, approximately 6 ps pulse
width, and approximately 80 MHz repetition rate). Stokes can be modulated at 8MHz by an
electronic optic modulator. Transmission of the forward-going Pump and Stokes beams after
passing through the samples was collected by a high N AL oil condenser {e.g, NA. = 1.4}, A
high O.1). bandpass filter {(e.g., 890220, Chroma) can be used to block the Stokes bears
completely and to transmit the pump beam enly onto a large area Si photodiode for the
detection of the stimulated Ranwan loss signal. The ountput current from the photodiode can be
terminated, filtered, and dersodulated by a lock-in amplifier at 8 MHz to ensure shot-noise-
limited detection sensitivity. The demodulated signal can be fod mto analog channel of

FV1200 software FluoView 4.1a {e.g.. Olympus) to form image during laser scanning.

Exemplary Image Acguisition Parameters
{60342] To acquire CD signals, the OPO laser power for the pump bearm was set to 100
W and the IR laser power for the Stokes beam a 130 mW for all experiments except the C.
elegans experiments in Figure 12, for which the OPO laser was set to about 50 mW and the
IR laser at 100 mW, To acquive CH signals, the OPO laser was set to about 100 mW and IR
laser at 150 mW except for all C elegans experiments, for which the OPO faser was set fo 50
mW and IR laser at about 1) mW. The bias voltage of the photodiode detecting the SRS

signal was kept the same as 64 volts for all experiments.
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Exemplary Cell Culture And Imaging
[60343] Hela(eg, ATCC CCL-2), COS-T {e.g, ATCC CRL-1651), and 11-87 MG (e.g.,
ATCC HTB-14) cells were obtained from ATCC (e.g., Manassas, VA) and cultured in
Dulbecco’s modified Eagle’s medium ("DMEM”, Thermo Fisher) supplemented with 10%
fetal bovine serum (e.g., Thermo Fisher) in a bumidified 3% CO:» atmosphere at 37°C.
LS1747 (e.g., ATCC CL-188) was also obtained from ATCC and cultured in Fagle's
Minimunm Essential Medium (e.g., EMEM from ATCCY. To make cell culture medium
containing D=0, a mixture of IO (e.g., Sigma-Aldrich, Cat. 151882) and distilled H:Q to
dissolve DMEM powder (e.g., Signa) was used and the medium was sterilized by filtering.
[80344] For live-cell imaging, Hela and COS-7 cells were seaded onto a glass-bottom dish
(e.g., MatTek) and grows for 6 to § hours in regular DMEM before the mediom was changed
to DMEM containing 70% D20, Cells were then grown for different periods of time before
being placed onte the stage for SRS maging. When treating cells with D-labeled fatty acids,
they were first reacted with sodism hydroxide and then coupled to bovine serum albumin
(“BSA™Y in about 2:1 molar ratio to make 2mM stock solution. Those stock solutions were
then added to the medium to reach the final working concentration {e.g., 10 pM}.
{60345] To determine celiular toxictty, Hel.a cells and COS-7 cells were first seeded in 96-
well plates at about 300 per cm® and grown overnight; the caolture was then changed to
DMEM containing different concentration (e.g, 0% to 100%) of D20 for about 48 hours.
The viability of cell was accessed using the CellTiter-Glo™ Luminescent Cell Viability Assay
{e.g.. Promega) according to the manufacturer’s protocol. Cells cultured 1 pure DMEM
medivm were used as control and wells containing owly medium without cells for background
luminescence. Viability was calculated using the background-corrected absorbance as
foltows: Viability (%) = Absorbance of experiment well/Absorbance of control well x 100%.

Three replicates were performed.

Exemplary Treatment Of Inhibitors
|60346] For inhibitor treatments, cells were first grown in glass bottom dishes with DMEM
made of H20 overnight, and then the medium was changed to 70% D20 DMEM containing
either 10nM fatty acid synthase inhibitor TVB-3166 (e g, Sigma CAS 15333438-83-3)or |
M protein synthesis inhibitor anisomycin (e g., Sigma CAS 22862-76-6), Cells were then
cultured for 24 hours, timaged by SRS microscopy, and fixed by 4% paraformaldehyde for

spontaneous Raman spectroscopy.
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[00347] Methanol wash was performed on fixed celis in glass-bottom dishes and tissues
with 99.9% methanol (e.g., Sigma) for 30 minutes and 24 hours, respectively, followed by
phosphate buffered saline ("PBS™y wash. For proteinase K treatment, tissues were first fixed
by paraformaldehyde and then treated with 0.2 mg/mi recombinant proteinase K (e.g., Roche)
at 37°C for 15 minutes and subseguently washed with PBS. Three replicates were performed

for those experiments.

Exemplary Biochemical Extraction Of Macromolecules
[B0348] To extract lipids, Hela cells were grown i DMEM with 70% D>O for 24 hours,
fixed with 4% paraformaldebyde, washed with PBS in petri dishes, and then harvested into

~
7
f

15-mk falcon tubes, Approximately 1.3 mL of chloroform and 2.7 mL of methanol were
then added to the cells to extract lipids, After centrifugation at about 1377 x g for § minuotes,
the supernatant was transferred to a clean tube, Subsequently, I mE of 50 mM citric acid, 2
mL of water, and | mL of chloroform were added to the solution and vigorous shaking was
used to mix the content. Liguid phases were then separated by cenfrifugation at 1377 x g for
1 minutes and the lower phase containing the lipids were transterred to a clean tube. Caps
were kept open to facilitate the evaporation of solvent and the concentration of Hpids,
{#0349] Proteins and DNA were extracted using Trizol (e.g., catalog # 15396026, Life
Technologies) and DNAzol {e.g., catalog # 10503027, Thermo Fisher Scientific),

respectively, according to the manuals provided by the manutacturer.

Exemplary C. Elegans Experiments

{80350 €. clegans wild type (e, N2) and nustant strains were maintained at 20°C ysing
nematode growth media ('NGM™) and E. coli strain OP30 as a food source. (See, e.g.,
Reference 61). Different concentrations of D20 were added to replace HaO in NGM. E. coli
OPSO were seeded on DaO-containing NGM plates and grown for 24 hours; worms were then

.

placed at different ages onto those plates for various amount of time, To determine the
toxicity of D0, cges were prepared using hypochlorite, which made the eggshell porous and
permcable to D20, placed them onto plates containing different concentration of D>O, and
counted the number of eggs that could not hatch into normal moving larva, Fourth stage
larva were placed onto those plates and cousnted how many animatls became sterile and
determined the brood size by counting the total nomber of hatch larvae from the all the eges

faid by one animal. Three replicates were performed.

70



10

15

20

30

WO 2020/023966 PCT/US2019/043935

[80351] To prevent deuterium labeling of the bacteria and to feed worms with now-labeled
bacteria on D20 plates, the OP50 bacteria (e g, grown in HhO) were killed after placing them
onto D20 plates with UV light. Worms grown on dead non-labeled bacteria developed
nermally and had simitar level of CHy and CHaj signal, compared to the controls fed on
bacteria that grew on DO plates for at least 24 bours,

{80352] To supplement deuterated fatty acids to worms, OPSO bacterial culture was mixed
well with 4 mM D31 -palmitic acid and then seeded onto NGM plates that contammed 100%
H20. As condrols, the same OPS{) bacteria culture were seeded onto NGM plates that
contained 20% DB:0. 24 hours later, eggs were placed onto those plates and grew until L4
stage before being imaged.

[80353] Regular SRS unaging was performed atfter animai fixation with 4% formaldehyde
for 30 mimutes and washing with PBS. Live imaging was performed by directly transferring
animals from DO plates onto a 4% agarose pad and mounting them in M9 solution
containing 0.1 pni polystyrene beads (e.g., Polysciences, Inc.) to reduce miobility, For most
C. elegans experiments, at least ® animals were imaged for each condition, and Student’s t-
test was used to identify any significant difference between two freatment groups., No

randomization was applied, and the authors were not blinded to the experimental groups.

Exemplary Metabolic Activity Tracking In Zebrafish Embryos

{00354]  Zebrafish erabryos carrying the fluorescent reporters Te(kdel: EGFP) {(see, e.g.,
Reference 47) were incubated in cgg water {see, e.g., Reference 62) supplemented with about
20% D20 for 24 or 48 hours from 1-cell stage at about 28.5°C. For D20 probing from 24 o
36 hpt and froms 34 to 48 hpfl embryos were transterred from 100% H-O enviromment to egg
water containing 20% DO, After the incubation, embryos were mangally dechorionated and
fixed in 4% PFA overight at 4 °C. Following fixation, the embrvos were transterred to PBS
prior to fmaging, At least four embryos were imaged for each condition. The zebrafish work
was approved by the JACUC (e.g., Institutional Animal Care and Use Commitiee at

Columbia University) under protocol AC-AAAJTS554 for ethical regolation.

Exemplary D:0 Probing In Mice

{B0355]  Wild-type approximately 3 to approximately 4 mounth old adult CSTBL/G) and
ob/ob {B6.Cg-Lep™/J) mice were both obtained from the Jackson Laboratory and were
mairdained and bred at Cohsmbia University animal facility. For the ex vivo mice tissue

experimernts, mice that drank about 25% D20 for certain days were anesthetized with
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isoflurane and sacrificed. Various organs and tissues were harvested, fixed with 4%
tormaldehyde overnight, and then cut into slices of 120 um thickness using a vibrating blade
nicrotome {e.g., Vibratome, Leica) for SRS imaging. For the in vivo SRS imaging of ear
skin, mice were kept anesthetized with isoflurane while one ear was gently sandwiched
between a cover slip and a glass slide, which was then placed onto the imaging stage witha
heating pad that keep the body warm during the imaging session. For all mice experiments,
three mice were used for each condition, and at least three different fields of each tissue were
maged. No randomuization was applied, and the authors were not blinded to the experimental
groups,

[60356] To establish glioblastoma xenografl, mtracranial implantation of U-87 MG human
glioma cells in sude mice {e.g., J:NU) were performed. The mouse was anesthetized and
positioned in stercotaxic instrament (e.g., David Kopf Instruments), and then a small section
{e.g., 2 mm in diameater) of the skull can be ground with a dental drilf yntil it became soft and
translucent. Subsequently, 1.5x107U87-MG tumor cells {e.g., in 3 pl) were injected into the
trontal region of the cerebral cortex over the course of 5 minutes using a 1.5 ram glass
capillary, After the implantation, mouse head skin can then be closed with SILK sutures
(e.g., Harvard Apparatus). Two weeks later, mice bearing ghioblastoma started and were kept
oit drinking 25% D20 for 13 days before being sacrificed for tumor imaging, For the colon
tumor xenograft, subcutancously 1x107 luuman colorectsl 1L.81747T cells were injected into the
tower flank of nude mouse. Ten days later, tumor bearing mice were treated with 25% D20
as drinking water for 3 or 15 days before being sacrificed for tumor SRS imaging. The
experintental protocols for the mouse studies all complied with ethical regulations and were

approved by JACUC under the protocol AC-AAAQO496.

Exemplary Feeding And Injection Of D-AAs And D-FAs

{60387] To feed mice with D-labeled amino acids {(*"D-AAs™), B-AA mixtore {e.g., Catalog
# DLM-6819-1, Cambridge Isotope Laboratory} were disselved in drinkiag water at about 2
mg/ml, and adult mice drank approximately 4 ml of the water every day for 8 davs before
their organs were harvested for SRS imaging. To inject D-AAs into the bloodstream via
carofid artery, mice were anesthetized and kept warm on a heating pad. Neck skin of the
mouse was cleaned with 2% chlorhexidine solution followed by 70U isopropy] alcohol and
the planned incision area was infiltrated subcutaneously with a 1:10 ditution of 56/50
fidocaine (e.g., 1%6). An approximately Zent incision was made along the nudline region of

the throat to expose the common carotid artery, which was then tied with suture thread (e.g.,
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Prolene 86979 Ethicon} on the side closer to heart to stop the bloed flow. The artery was
then cut with preciston stainless micro-scissor {e.g., 63041-984, VWR), and a polyurcthane
based Micro-Renathane catheter tube {e.g., MREQ33, Braintree Scientific, INC.) was
carefully cannulated into the opening of carotid artery. (See, e.g., Reference 63). A syringe
filled with 80 mg/ml D-Jabeled anune acids dissolved in mammalian Ringer solution was
then connected with the cannulated tubing, and liquid flow was controlied by a syringe pump
{e.g., AL-1000, WPI} to inject the sohution at §.01 mi‘min perfusion rate for half an hour cach
session for about 2.3 days with a time interval of about 2 hours,

[B0358] To mject D-labeled paimitic acids {“D-Pas™) intravenously, mice were anesthetized
by isoflurane, and one of the carotd arteries was cannulated tor the implastation of a
catheter. A syringe filled with 4 mM D-PA disseolved in manunalian Ringer’s solution was
then connected with the implanted catheter, and D-PA solution was pertused at 0.001 mi‘min
using a syringe pusmp {e.g., AL-1000, WPI). The administration lasted for 8§ hours every day
tor three consecutive days before the mice were sacrificed and their organs were harvested,
fixed, sectioned, and imaged by SRS, To inject D-PA ttraperitoneally, 0.16 ml of 600 mM
D-PA enlsion was injected into the lower right side of abdomen according to a previous
method. (See, e.g., Reference 64). 17 hours later, the mice were sacrificed and their {issues

were collected and tmaged.

Exemplary CDLCDeCDoxy Three-Component Un-mixing

{60359  Three-component un-mixing of CHy /CHp/CHinvs signals were previously reported.
{See, e.g., Reference 24). A similar method to unmix CD signals can be used. SRS signals
were acquired frorm 2135 e, 2185 e, and 2210 cry! bearing the intrinsic features of
Hpids, proteins, and DNA, respectively, and then used a linear combination of the three
signals with coefficients to determine the amount of the three macromolecudes. The signals
at 2135 e {Iaias), 2183 em? (fagas), and 2210 onr? (o210} can be a lingar combination of
fipid, protein, and DNA concentrations (CHr, CDg, and CDpya) with coetficients ar, ae, apna.

b1, be, bona, €1, cp, and chxa as shown in Eq. 1.

baras a,  dp  dpna €Dy,
Lass 1 =1be b bpna Chp (1)
FEST G, G Cona/ \CDpua

[60360] Urn-mixing coefficients were obtained from the spectsa of D-labeled cellular

extracts from DhO-treated Hela cells (e.2., see Figure 11A), ap, bp, and cpna were setto 1,
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and the rest coctficients were scaled to their relative values. Substitute the coefficients with

their values, Eq. 2, for exampie, as the tollowing.

baqas i 038 029 €Dhy, |
(12185 =1048 1 ‘,1,08) CBp ) (2)
I2210 024 071 1 / \CDpya.

[80361] From Eq. 2, CD:, Che, and CBoxa were derived as the unmixed D-labeled lipid,

N

protein, and DNA sigoal intensity, respectively, using Eq. 3.

€hy, .31 098 0.67\ /s
CBp )-“—(«‘1,24 5.21 «5.27)(}2125) {3}

CDE’NA 0.56 —3.47 458 12211}

Exemplary CDL/CDr Un-mixing
{B0362] Since unmixed Chpxa signal can be very weak in non-dividing cells in most of the
10 tissues imaged, a simplified un-mixing procedure was developed that focused on separating
CDr and CDp signals. The three-component un-mixing equation was simplified, and the
CDpna variable was removed to obtain Egs. 4 and 5, from which the yamixed D-labeled lipid
and protein signals were derived using Egs. 6 and 7.
brizs = a2 LD +ap-CBp ()
15 Lyygs = by -CDp +bp - CBp  (5)

CD]_ - ap-lagus~br-laius (6}
' dp-hy—~agYp ’

. brizras~avtaiss i
¥ ap-by—~ap-bp L

{80363 For CDL/CDp un-mixing, the spectra of in situ CD lipid and protein signals were
used to measure the coeffictents, From the spontancous Raman spectra of pure D-labeled
20 protein sigual {e.g., signals after 24-hour methanol wash} and pure D-tabeled lipid signal

{e.g., signals removed by methanol wash

subtracting methanol-resistant signal from {otal
signal). All signals were first normalized to the phenylalanine peak at 1604 cm™!, which
staved constant during methanol wash, and thes normalized to the peaks of pure protein and
tipid signals, respectively {e.g., see Figures 11A-11F}). Thus, ar and bp were set to 1; the

25 refative intensity of protein bleed-through signal in the lipid channel (ap) and the relative
mtensity of lipid bleed-through signal in the protein channel {(by ) were measured on the
spectra. For example, in xenogratt fumor tissues (e.g., see Figure 11C), arL =1, ap = 0.40, by,
=0.51, and by = 1,
[B0364] Thus, the un-mixing Egs. 8 and 9 for fumor tissues.

30 CDL = 125 * !213§ - 050 * !2185 (8)
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CDp = 1.25 - 13455 = 064 - 15155 (B
[60365] Using the same method, pure D-labeled protein and lipid signals were obtained
from the mouse pancreas and brain tissues and caleulated their specific un-mixing
cocfficients, Data from the three types of tissues were combined to generate a set of average
coefficients: ar = 1, ap =048 = .17, by = 0,42 = 0.07, and bp = 1,
[80366] Among the multiple tissues avalyzed, the CD lipid spectrum showed a consistent
shape, but CD protein had varyving levels of bleed-through into CDy. channel across different
tissue tvpes (e.g., see Figure 13C), which possibly resulted from tissue-specific incorporation
of deuteriwm into various NEAAs and/or different NEAA composition of D-labeled proteins.
One extreme example can be the pyramidal neurons: their cell body showed almost so SRS
signal at about 2135 cm! but strong signat at 2183 ey, suggesting almost no protein bieed-
through nto CDy chasnel. Thus, when applying the ua-mixing procedure to celis and tissues
previcusty uncharacterized, a» was tested from approximately €.31 to approximately 0.63
until the nucleus was deprived of CDy signal afier un-mixing. The following equations were

used for CD/Che signal un-mixing of different tissues.

D1 un-mixing CBr un-mixing
Cos-7 and Hel.a celis CDy = 1.25 - Dyyns — 839 - Ipyges Chp = 1.25 - Iyyps — 0.52 - Ipyys
Glioblastoma and Colon Chy = 125 - Dhygy — 0.50 Ipygs CBp = 128 - Lygps — .64 hypag
tumor xenogratft
Zebrafish tissues €Dy, = 1.25 - Iyggy — 0.50 - Luggs Chp = 1.25 - Luggy —0.52 - 1
. elegans CDp = 125 - Lpyas — 070 - Inggs CDp = 1.25 - Lyyay — 0.52 - byyys
Mouse schaceous glands €hy, = 125 Lgys — 839 Ly CDp = 125 - Lyggs — 081 - byas
and adipose tissues
Mouse internat capsule CDy = 1.25 - Tpyqn — .39 - Lyyes CDp = 1.25 - Iyyes — 0.70 - bypys
angd coriex
Mouse liver, pancreas, and CIY, = 125 - Lyyss = 035 - Toqas Chp = 125 - loyps ~ 064 - Iayas
muscie tissues

Exemplary CHi/CHp Un-mixing
{60367] To unmix CH; lipid and CHp protein signals, a previously reported spectral lingar

combination procedure was adapted. (See, e.g., Reference 22). The SRS signals were
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acquired at 2845 cov! and 2940 em'l, which bear the vibrational features of C-H bonds in
lipids and proteins, respectively. The amount of Hpids and protetns can then be determined
by a linear combination of the signals at those two wavenumbers, with coetticients
predeternined by pure substances. (See, e.g., Reference 22). Equation 10 and 11 were used
to calculate uvnmixed CHr and CHp signals, lass and fego can be SRS signal intensities at
2845 et and 2940 'Y, respectively.

CHy, = lyoap — Toges (10)

CHP = S N 1284‘5 - 04‘ M 1294‘0 (l i)

Exemplary Image Processing

|60368] Olympus FluoView 4. 1a scanning software was used to acquire images and imagel
to assign color, caloulate ratiometric values, and overlay images. All SRS images were
generated by subtracting non-resonasnice background from the resonance signal, For the in
vive tmaging of sebaccous glands in living mice {e.g., sce Figure 1D}, the two-photon
absorption by blood cells can be independent of the resonance state, and the fast dynamics of
the signal in the blood flow distinguishes it from the more static SRS signal.

{80369 CDy/CHi and CDp/CHp ratios were used to show the proportion of newly
synthesized lipids and proteins {o total macromodecules, as an indication of relative metabolic
rate. For example, CBL/CHy ratio can be caleulated using Eq. 12

iy, _ as[C~-Df = [gew Hpidjer
CH, B C=I} B [mew Hpidbef1 =6+ [old lipid} §

(12)

{80370] {C — D} and {C — H] can be the concentrations of D-labeled and H-labeled lipids,
respectively; a and b can be converting factors from lipid concentrations to SRS signal
intensities; {old lipid} can be the amount of lipids that pre-existed before D:0 probing and
remained at the tinte of imaging (e.g., not being degraded); {rew lipid} can be the amount of
newly synthesized lipids and ¢ can be the proportion of D-labeled lipids to the newly
synthesized lipids.

{80371]  If {total lipid} can be defined as the amount of total lipids after the probing period
and at the time of imaging, [total lipid] = {sew lipid] + [old lipid], then Eq. 10 can be
rewritten as Eq. 13.

€Dy s

CHy &

(13)
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[80372] Since the wpper linit of G can be approximately 0.2 (D20 enrichment} in ail the
exemplary experiment, much smaller thas [total lipidinew lipid], the CD:/CHy can be
approxintated using Eg. 14.

Chy, & . [new lpid]

CHy B ' {total lipid] {i 4}

[80373] Thus, CDU/CHL can be Hinear to the proportion of the amount of newly synthesized
tipids to total fipids and thercfore a ratiometric measurement of lipid synthesis rate,

{60374 Figures 1A-1E iflustrate SRS imaging of biosyithetic incorporation of deuterinm
from D:0 into macromolecules in living cells and animals. For exanple, Figure 1A shows a
molecular diagram of how DhO-derived deuterium can form O-D, S-D), and N-D bonds
through reversible non-enzymatic H'D exchange and be tncorporated into C-D bonds of
metabolic precursors for the synthesis of macromolecules through irreversible enzymatic
tncorporation, Note that under the condition of sparse labeling, the position of deutertum
labeling on lipids is random, and this illustration only represents one possibie labeling
pattern. Figure 1B shows a set of exemplary images and a graph of various X-D bonds
produced Raman peaks at distinct positions. C-D spectrum 119, C-H spectrum 123, and O-D
spectrum 115 were collected from HeLa cells grown in 70% D20 medium, S-D spoctrum 103
from saturated cysteine dissolved in D0, and N-D spectrura 120 adopted. (See, e.g.
Reference 63). SRS images were collected for C-D, O-D, and C-H signal of HeLa cells at 5
minutes and 24 hours after adding D2O-containing medium. Figore 1C illustrates a set of
wmages and a graph of signal-to-noise ratio (S/N; notse = 1 V) tor SRS signal of sebaceous
glands at 2133 em™ from mice that drank 4% or 25% D20 for 8 days. Percentages of D0
carichment in body water are shown in parentheses. Detection limit at SN = 1{} or 2 was
calculated based on the linear relationship between average S/N and D20 enrichment level.
As shown in Figore 1C, the linear relationship can be curve fitting and the concentration can
be finearly refated to the signal to noise ratio.

[PO375]  Figures 1D and 1E show ex images of frames from live SRS imaging recordings of
the sebaceous glands under the car skin of intact mice that drank 25% D20 for 9 days and
tiving fourth stage C. efegans larva that grew on 20% D»O-containing NGM plates for 4
hours. The blood flow (arrows 133} in mouse visualized with two-photon absorption contrast
and the movement of the C. elegans body {(arrews 140} indicated that the asimals under
imaging were alive. Scale bar = 20 pum. C-D signal was shown in LUT, and scale bars

display the scale for the lookup table values.
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[80376] Figures 2A-2G illustrate a set of exemplary images and graphs that show the
identification of specific Raman shifts with macromelecular selectivity within the broad C-D
vibrational specira. In particular Figore 2A shows a set of exemplary SRS images of various
cells and tissues from ammals treated with D20 for indicated amounts of time.  Images were
collected vsing previously known Raman shifts tor CH-containing lipids (e.g., CHr 2846 eny
Yand proteins (e.g., CHp 2940 ¢’} and five wavenumbers (e.g., 2110, 2133, 2160, 2185,
and 2210 cmY) within the C-D broadband. Scale bar = 20 um.

[B0377] Figure 2B shows an exemplary graph that itlustrates a high wavenumber Raman
spectra {e.g., 2030 to 2330 cm'!) of HeLa cells grown in DMEM made of 70% D20 (line 210)
in the absence or presence of fatty acid synthase inhibitor TVB-3166 or protein synthesis
mnhibitor antsomycin. Cells grown in DMEM made of 100% H2O were used as congrol (line
202). Line 204 shows the sum of the values on lines 206 and 208.

{60378] Figure 2C shows an exemplary graph that iflustrates a high wavenumber Raman
spectra of deuteriunt-fabeled xenograft colon tuntor tissues treated with protease K (line 22()
or washed with methanol (line 222) for 24 hoars, the sam of which i illustrated by line 224,
Line 226 tllustrates untreated fumor tissue, Mice bearing the xenograft drank 25% D20 as
drinking water for 13 days before tumor tissues were harvested and imaged.

{80379] Figure 2D shows an exemplary graph that illustrates & normalized Raman specira
of tissue after 24-hour methanol wash (e.g., D-labeled protein sigaal 230) and the difference
spectra before and after methance! wash (D-abeled lipid signal 232), averaged from various
mouse tissues. Figure 2E shows an exemplary graph that illustrates a comparison of Raman
spectra of [ 2-D/-pabmitic acid 240 (100 mM dissolved in DMSQO), D3 7-palmitic acid 242
(100 mM in DMSO3, and in sitt D-labeled lipid standards 244, Figure 2F shows an
exemplary graph that illustrates a comparison of Raman spectra of D4-alanine 230 {100 mM
it PBS}Y, and D-labeled protein standards 252, Assignment of the peaks was made according
to a previous report. (See, e.g., Reference 23). Figure 2G shows an exemplary graph that
iltustrates a Raman spectra of biochemically extracted D-lipids 260, D-proteins 262, and -
DNA 264 from Hela cells grown in DMEM media contating 70% D20,

[B0O380] Figures 3A-3E iHustrate spectral on-mixing of D-labeled Hpids, proteins, and
DNA. Figure 3A shows a set of exemplary images of the separation of CD) protein and DNA
signals via un-mixing in dividing cells. Outlines 303 enclose the nuclei. In alf Figures, CDy,
CDe, CDpus, CHy, CHp, and CHpxa channels show signals collected at 2135, 2185, 2216,

2846, 2940, and 2973 cnr’, respectively, and are color-coded in green, red, pink, yellow,
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blue, and gold respectively. Figure 3B shows a set of exeruplary SRS images, coliected from
the CDy and CDp channel, of COS-7 cells grown 1n 70% D0 DMEM for 24 bours and
images of the same cells atter methanol wash, with or without the application of un-mixing
procedure. Figures 3C and 3D show exemplary graphs that illustrate a guantification of the
mean SRS intensity {(mean ¥ 5.d.} from CDu and CDgr channels of COS-7 cells under various
conditions before unmixing 310 and after un-mixing 315 (N = 12 for each condition).
Double asterisk indicates p < Q.01 i an unpasred t-test. Figures 3E-3G stlustrate exerplary
sets of images betore and after the application of CDy/CDp unt-mixing for COS-7 cells grown
in 70% D0-contaming DMEM for 24 hours (vee e g, Figure 3E), xenograft colon tumor
tissues from mice drinking 25% D20 for 13 days {see e g, Figure 3F), and sebaceous gland
tissues from mice drinking 25% D20 for 3 days (see e.g.. Figure 3G). CH/CHp un-mixing
was porformed according to previous studies. {See, e.g., Reference 22). Scale bar = 20 pm.
Tissue-specific un-mixing parameters can be found in Methods,

[60381] Figures 4A-4E itlustrate the exemplary DO-SRS visualizes de nove lipogenesis in
cultured cells and in C elegans. Figure 4A shows a set of exemplary images that itlustrate
SRS signals at 2110 omy! of HelLa cells grown in DMEM with 194 FBS and 10 pM of D34-
oleic acids (B-0OA}Y or D3 7-palmitic acids (D-PA} for 6 hours, compared to the signals from
HeLa cells grown in DMEM with 126 FBS and 70% D:0 for 24 hours. The number of lipid
droplets forned in the three conditions were guantified (mean & s.d.; N = § for D-0OA4, 15 for
D-PA, and 8 for D20; double asterisks indicate p <2 0.01 in an unpaired t-test). CHy signal for
D20 treatiment confirmed the presence of few Hipid droplets. Figure 4 B shows an exemplary
graph that illustrates SRS signal intousity ratios {mean t s.d.) of third stage larva grown from

eggs on 20% D20 plates seeded with live (N = 4) or UV-killed (N =3} £ coli OP50 24 hours

=

before imaging, Live bacteria were labeled by deuterium {(element 405}, and killed bacteria
were not labeled {element 410). Figure 4C shows a set of exemplary images of normal fourth
stage tarva (L4) or dauer larva were transferred from regular NGM plates made of H2O to
plates made of 20% D-0 and then imaged at different time points. £, ¢oli OPS0 were seeded
oo the DO plates 24 hours before the experiments. Scale bar = 20 pm. Figure 4D shows
an exemplary graph of the quantification of the rucan intensity over the entire worm body for
14 415 and Dayer 420. Figure 4E shows an exemplary graph of how L4 animals were first
grown o D20 plates for | hour and then transferred to H2O plates and imaged at different

time points afler the transfer, CDr mean intensity was plotted, For all € elegans
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experinients, at least 8 animals were imaged for cach condition to calculate mean intensity;
roean & s.d. of the mean intensity was shown.

{B0382] Figures SA-5H illustrate the exemplary DO-SRS visualizes de nove lipogenesis in
mice i vive. Figures 5A and 3B show a set of exemplary tmages and a graph of how ear
skin were harvested from adult mice drinking 25% D:0 for 2, 8, or 26 days, and the
sebaceous glands were imaged from the CDy, and CHy, channels, from which signals were
coded as 505 and 510, respectively. The ratio of C1. mean intensity to CHr mean jufensity
across an entire gland unit was quantitied. Mean + s.d. is plotted; N = &, 6, and 7 for 2-day,
8-day, and 26-day treatment, respectively, Figure 5C shows a set of exemplary images of
internal capsule of the mouse brain from P3 (5 days postnatal)} and P11 pups and adults were
sectioned and imaged. Pups were fed on milk produced by mother mice drinking 25% B0
tor 6 days before imaging, and adults drask 25% D20 for 9 days before tmaging. Figure 3D
shows an exerplary graph of the quantitication of myelination activities in diffevent brain
regions by feeding pups for 6 days (element 320), 11 days {element 525) and adults {element
330y Cbhh signals were quantified as the mean intensity {mean + s.d.} of the entire image; N
is between R and 14,

[80383] Figures SE and SF show a set of exemplary images and a graph, which iltustrate
white and brown adipose tissues from juvenile (P23, element 335) and adult {3-month old,
element 340) mice drinking 25% D»0 for 5 days were imaged, Difference between WAT
(W'Y and BAT ('B’) were shown, as an examaple, by the enlarged regions (dashed square
515} of the adult tissues; fhyorescence signal excited at 488 ant and collected at 325 nim were
shown in purple. Figures SG and SH show a set of exemplary images and a graph of adipose
tissues from wild-type mice 543 and oh/ob adult mice 550 that drank 23% D20 for 24 days.
For guantification i Figures 5F and 5H show mean + s.d. Double asterisks indicate p < 0.01
in an unpasred -test. Three mice were used for each condition, and three or four fickds were
imaged for each tissue. Scale bar = 20 pm for the entire Figure. The color scale bars
represent the scale for CDy/CHL ratio.

[80384] Figure 6 shows a set of exemplary images that itlustrate the exemplary DO-SRS,
which can facilitate tracking of in vive protem synthesis with high efficiency and without
tissue bias. A variety of protein-rich organs were collected from adult mice that were
administrated with 25% D0 or 2 mg/mi of D-AAs in drinking water for 8 days and then

tmaged for CDp and CHp signals. Scale bar =20 gm.
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[B03BS] Figures 7A-7E show exemplary graphs and images that iflustrate the exeraplary
DO-SRS visualizes in vive protein and lipid metabolism stmultancously 1 C elegans.

Figure 7A shows a set of exemplary images of germline development (see, e g., Reference
66) with mitotic region 705, transition 710 (e.g., early prophase of meiosis 1}, pachytene 715,
spermatogenesis 720, and oogenesis 725, o adults, a gradient from clement 730 to element
735 wndicates the development {e.g., as shown by the arrow) from newly fertilized eggs to 32-
cell embrvo, which can be expelied vig the vulva (e.g., as shown by the triangles). Figure 7B
shows a set of exemplary troages of L4 antrsals and day 0 adults were grown on 2096 DO
plates for 3 hours before imaging {dashed outline indicates the gonad). Scale bar = 20 um.
Figure 7C shows an exemplary graph of day 0-7 adults for CD/CHy. 740 and CDeCHp 743
were grown o 20% D:O plates for 3 hours and then imaged. Mean intensity ratios {mean +
s.d.} were shown for animals divided into 4 age groups. N = 14 in cach group.

[80386] Figure 7D shows an exemplary graph of day 0 fo day 8 adulis were transferrad
from regular NGM plates to 20% D10 plates and then tmaged in 3 hours, The percentage of
aninals that showed CD signals in chumps in the bedy cavity and outside of the oocytes were
shown; N = B for each time point. Figure 7F shows a set of exermmplary SRS images of day 3
and day 8 adults after 3-hour D:0 probing. Arrows 750 mdicate newly formed lipid and
protein accumulations only labeled by CD signals, whereas arrowheads indicate pre-existing
mass labeled by CH signals. The color scale bars represent the scale for CD/CHy and
CBp/CHp ratios,

[60387] Figures BA-8E show exemplary images and graphs that illustrate the exemplary
DO-SRS, in combination with fluorescent labeling, tracks lineage-specific metabolism doring
zebrafish embryogenesis, Figures 8A-8C show images of the SRS signal and the
colocalization with flucrescence from Ferhdrl :EGFP) yeporter in zebrafish embryos that
were incubated i egg solution containing 20% 120 from 0 to 24 hpf, from 24 to 34 bpt, or
trom 34 to 48 hpt. Dashed curves 803 outhine the yolk sac extension {labeled as Y) and the
GFP-positive hemangioblast (labeled as H} that has strong CBp signal. Arrows 810 point to
the GFP-posttive cells that can likely be differentiating angioblasts in Figure 8B. Figures 8D
and 8E show exeraplary intensity profiles that quantify the CDe signal within the yellow
rectangle for 0-24 and 34-48 hpf probing, respectively. X axis shows the position along the
fength of the box from top to bottom, and Y axis shows the average intensity across the width

of the box. Scale bar = 2{ um.
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[60388] Figures SA-9D show exemplary images that iustrate the exemplary DO-SRS
wdentifies tumor boundaries and metabolic heterogeneity. Figure 9A shows a set of
exemplary images of intracranial xenograft glioblastoma in mouse brain were excised,
sectioned, and imaged after the tumor-bearing mice drank 25% B:O for 15 days. Dashed
curves 905 highlight the tursor-brain boundary visualized by CDp signal. Intensity profile
quantifies the CDp signal within rectangle 910 with X axis showing the position along the
fength of the box and Y axis showing the average intensity across the width of the box.
Figure 9B shows a set of exemplary images similar to Figure 9A where exemplary methods
were used fo visualize the fomor-skin boundary of sabcutancously xenografted colon tuntor
from the CDy channel. Figure 9C shows a set of exemplary images of the interior of the
colon tumor xenografts imaged atter the tumor-bearing mice drank 23% D20 for 3 or 15
davs. Dashed bines 9135 indicate the boundary between the tumor cells (Jabeled as T) and the
recruited stromal cells (labeled as 8), which were identified by the CDy signals at 3 days.
TFuntor and stronal cells were also 1dentified by their different morphologies. Scale bar = 20
um, Figure 9D shows a set of intensity profile quantifies the CByr or CDy, signal within the
rectangle 910 with the X axis showing the position along the length of the box and Y axis
showing the average miensity across the width of the box,

{60389] Figures 10A-19F show exemplary graphs and images that tllustrate toxicity of DO
on cells and C. elegans. Figore 10A shows & graph of CeliTiter-Gilo Luminescent Cell
Viability Assay, which quantities ATP production, was performed on COS-7 cells (line 1005)
and Hela cells (line 1010} grown in DMEM made of different concentration of 5,0 for 48
beurs. Three replicates were performed. Mean and s.d. were shown. Figure 10B shows a
graph of how lethality was determined by placing hypochlovite-prepared eggs onto NGM
plates made of different concentration of D0 and calculating the percentage of eggs that
batched into normal, moving larva, D-labeled OPSO (line 10135) refors to overnight grown
cutture of £. coli OP50 that were seeded onto the D;O-containing NGM plates 24 hours
before the experiment; non-labeled OP30 (line 1020) refers to the experimental setup, in
which bacteria were killed by UV after being placed onto the D20 plates and thus was not
fabeled by deuteriuny. Each group has 50 wornis, and three replicates were made. Mean and
s.d. were shown.

{B0390]  Figure 10C shows a graph illostrating how sterility was determined as the
percentage of fourth stage farva {L4) that became sterile afier being transferred to 3,0 plates

for D-labeled OP30 (ling 1013) and novn-labeled OP30 (line 162, Figure 10D shows a
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graph of brood size, which reflects the effects on metosis, was determined by counting the
total number of viable progeny oue antroal produced. 50 wornas were used for each
treatment, and four replicates were made. Mean and s.d. were shown, Figure 19E shows a
set of exemplary images 60% D,0 concentration, the gonad developed normally (i) and
5 normal embryos were formed (i) in animals that developed from L4 to adults on 1,0 plates.

With B0% D0, gonad development was disrupted and proliferation of the germ cells
appeared to be affected (iil) and no embryos were formed in the werus (IV). Scale bar = 2
B,
{60391] Figures 1 1A-11F show graphs and tmages that illustrate the development of a

10 three-component un-mixing procedure, Figure 11A shows a graph of a spontaneous Raman
signal of extracted D-lipids 1105, D-proteins 1110, and D-DNA 1115 from D,O-treated
Helba cells. Signals for each type of macromolecules were normalized to their own peaks.
Un-mixing coefficients were first measured from the spectra and then adjusted by setting a;,
bp, and cpng to 1 and scaling the other parameters accordingly. Figure 10B shows an

15  exemplary graph of colon tumor tissues (from mice that drank 25% D50 for 15 days) before
methanol wash {signal 11380)and after methanol wash {signals 1120 and 11235). Purc
deuterium-labeled protein signals (signal 1120} were assumed as the methanol-resistant
signal, and pure deuterivni-labeled lipid signals (1123) were calculated as the signal
difference before and after methanol wash, All signals were normalized to the phenyvlalanine

20 peak
[60392] Figure 11C shows an exemplary graph of similar methanot wash and signal
normalization methods that were applied to mouse brain and pancreas tissues, in addition to
tumor tissees. The average (e.g., proteins average line 1135 and lipids average 1153),

normatized pure protein signal intensities for the brain 1140, pancreas 1145 and tumor 1158,

2]
L

and pure lipid signal intensities for the brain 1160, pancreas 1163 and tumor 1170 were
calcutated; mean + SD for the coefficients were shown, Figure 11D shows SRS images of
methanol-washed colon tumor tissues (faken from tumor-bearing mice that drank 25% D0
for 15 days) before and after un-mixing (a; = I; ap =~ 0.40; by = }; by =0.51). Figores 11E
and 11F are exemplary images that show un-mixing was applied to COS-7 cells grown in

700 D0 DMEM containing 10 nM TVB-3166 for 24 hours and HeLa cells grown m 70%

Tad
=

D,0 DMEM comaining | pM anisomycin for 24 hours, respectively. Un-mixing equations

cait be found in the Methods. Scale bar = 20 um.
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[00393] Figures 12A-12C show exemplary iinages and a graph that iliustrate imaging
lipogenesis in C. efegans. Figure 12 shows a set of exemplary tmages for hypochlorite-
prepared eggs of O elegans were placed onto 20% D,0 NGM plates pre-seeded with E. coff
0P340 and third stage larva grown from those eggs were imaged. For the live bacteria group,
OPS) grew on the DL0 plates for 24 hours at room temperature before eggs were placed; for
the dead bacteria group, bacteria cells were killed by UV after being seeded onto the D,0
plates, and 24 hours later, eggs were placed onto the plate. Quantification is shown in the
images shown in Figure 138, For example, Figure 12B shows how OP30 bacterial culture
was mixed with 4 mM D3/-palmitic acid and then sceded onto NGM plates that contain
100% HA0. C elegans epgs were placed onto those plates and as controls 2006 B,O plates
with OP30 seeded the day before. 48 hours later, 14 animals were imaged. The scale bar
represents the seale for CO/CHy and CDp/CHp ratios. Figure 12C shows an exemplary
graph that itiustrates a comparison of the CB/CHy ratio for animals fed with D31-PA and
the ones grown on D,0 plates. Mean £ s.d. are plotted; N = 3 for each tecatment. Scale bar =
50 un

{B0394] Figures 13A-13C show cxemplary images that illustrate imaging de snovo
biosynthesis in various mouse organs, Figure 13A shows a set of exemplary images that
illustrate various protein- rich tissues, including pancreas, liver, brain cortex, and muscle,
were collected from adult mice that drank 25% D0 for 20 days and then imaged. Lipid-
rich sebaceous glands and adipose tissues were harvested from adult mice that drank 25%
D,O for 8 and 13 days, respectively, Myelinated axon fibers of internal capsule were
harvested from P11 mouse pups that were fed on milk produced by mother mice drinking 25%
D;0 for 6 days before mmaging. Figure 13B shows a set of exemplary images for the CBy
signal of the pancreas collected from mice that were intraperitonealty injected with 0.16 ml
of 600 mM D-PA enwlsion. Tissues were harvested, fixed, and imaged 17 hours after the
imection. Figure 13C shows a set of exemplary images of CDp signals of various organs
trom mice that were injected with D-labeled amino acids (d-AAs) vig carofid artery and mice
that drank 25% 12,0 for 8 days. Scale bar = 20 pm.

{80395]  The exemplary systemy, method, and corsputer-accessible mediunm, according o an
exemplary embodiment of the present disclosure, can include imaging metabolic activities in
five cells, microbes, plants, animals, and humans, which can include introducing an effective
amount of deuterium oxide (heavy water, D20} as the probe into live cells, organisms, and

antmals, wherein deuterivm [rom heavy waler cas incorporate mnto metabolic activities by
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torming carbon-deuterium bonds (C-D) and wtilizing stimulated Raman scattering (SRS)
microscopy, Ramas spectroscopy, Fourtter-transform infrared spectroscopy {FTIR) to detect
and wmage the vibration of carbon-deuterivm bonds in Hve cells, plants, microbes, animals,
and humans.

{80396] Within the broad vibrational spectra of C-~D bonds (approximately 2100 cm¥ to
approximately 2300 ey, Hipid-, protein-, and DNA-specific Raman shifts can be
discovered. Spoctral on-mixing procedures can be developed with molecular selectivity to
differentiate C-D signals of lipids, proteins, and DNA peaks. SRS imaging or Raman
imaging or Raman spectroscopy can be used 1o visualize, detect or quattity a specific newly-
formed macromolecules such as protein, lipids, and DNA. Heavy water can be incorporated
into protein, Hpids and DNA, and can generate carbon deuterivm (C-D) bonds. Each newly
formed molecule can have a specific Raman shift peak. The newly formed lipids with C-D
bond (C-D lipids) can have a Raman shift centered at 2135cny'!, the newly formed protein
with C-D bond (C-D protein) can have a Raman shift centered at 2185 cm?, the newly
formed DNA bond {C-I) DNA) can have a Raman shift centered at 2210 cnr'!.

{#0397] Lipid metabolic activities can be tracked, detected, and imaged at 2135 25 om'L.
The de nove lipogenesis i varions organs or {issues, in vive or ex vivo, can be quantified.
The newly formed C-D lipids intensity can be quantificd. The lipids turnover rate can be
quantified as the ratio of C-D lipids to label free lipids {CHz). C-D protein metabolic
activities can be tracked, detected and tmaged at 2185 cm =15 eml. The protein
biosynthesis in various organs or tissues, ir vive or ex vivo, can be guanttfied. The newly
formed C-D protein intensity can be quantified. The protein turnover rate can be quantified
as the ratio of C-D protein to label free protein (CHz). Lipids and protein metabolic activities
in live cells, microbes, animals or in kumans, or photosynthesis in plants can be
simultancousty tracked, detected, and imaged at 2133 em'=13 em™ {C-D lipids) and 2183
el cmt (C-D protein), respectively. C-D lipids and C-D protein biosynthesis in various
organs or tissues, i vivo OF ex vive, can be quantified. Protein biosynthesis can be imtaged
without tissue bias, and simyoltancously visualize lipid and protein metabolism and reveal
thetr different dynamics, The newly formed C-D lipids and protein intensities can be
quantified.

{B0398] The lipids (or protein) turnover rate can be guantified as the ratio of C-D Hpids {ox
C-D protein) to label free (CHo) lipids (or CH: protein). Newly formed C-D lipids and C-D
profein can be simultancously labeled, detected, and imaged at 2135 cmv'=13 em! (C-D

lipids) and 2183 envlxl3 eyt (C-D protein), respectively. Lipids and protein biosynthesis
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i Various organs or Hssucs, in vivo or ex vive, can be guantified. C-D lipids and C-D protein
signals can be ummixed for accurate quamtification of lipids and protein metabolic activities,
respectively. The unmixed C-D Hipids and unmixed C-D profein signals can be used for
gccurate quantification of newly formed C-D lipids and protein turnover rates, which can be
the ratios of C-D lipids {or C-D protein} to label free lipids (CHo) {or CH;z protein). Newly
formed C-D fipids, C-D protein and C-D DNA can be simultancously labeled, detected, and
imaged at 2135 cm 1S em'! {(C-D lipids), 2185 eortel § e (C-D protein), and 2210 cme
‘=10 e (DNA), respectively.

[80399] C-D lipids, C-D protein and C-D DNA biosynthesis in live cells, microbes,
animals or in bumans, or in plants, in vive, {n vitre, of ex vivo, can be quantified. €-D lipids,
C-D prodein and C-Id DNA signals can be vamixed for accurate quantification of lipids and
protein metabolic activities, respectively. The unmixed C-D lipids, unmixed C-ID protein and
wirnixed C-D DNA can be used for accurate quantification of newly formed C-D lipids,
protein, and DNA tumover rates, which can be the ratios of C-D lipids to labet free lipids
{CHz), C-D protein to label free protein (CHy), and C-D DNA {0 label free DNA,
respectively.

[80460] Direct visualization of metabolic dynamics from vibrational images in five cells,
microbes, animals, plants, and usmans with high spatial and temporal resolution can be
beneficial to understand many biological processes such as development, aging, homeostasis,
tumor progression, to detect tupor boundaries, intra-humor heterogeneity, microbes,
metabolic activities, plant photosynthesis. Procedures for un-mixing newly synthesized C-D
protein, C-D lipids and C-D DNA can be used in computer programs (software) to calculate
and quantify metabolism in live cells, plants, microbes, anirvals, aud humans. Tmaging of
metabolic changes of C-D protein, C-D lipids by heavy water labeling can be used as a
detection indicator for various diseases developments such as Alzheimer’s, cancer, diabetes,
and obesities. Inaging metabolic changes of C-D protein, C-D hipids by heavy water labeling
can be used as a detection indicator for prenatal or postnatal development and cell Eneages.
{60461] The tmaging metabolic changes of C-D lipids and C-D protein via heavy water
tabeling can be used for tumor detection, tumor boundary detection, degree of tumor
aggressiveness, tumor progression, and intratumor metabolic heterogeneity study, including
skin cancer, breast cancer, mouth cancer, throat cancer, efc. The imaging of metabolic
changes of C-D protein and C-D lipids by heavy water labeling can be used as medical
mmaging of injury or discase recovery, including brain trauma, spinal cord sjury, small vessel

diseases, bone injury, cancer, etc. The imaging of metabolic changes of C-D protein and C-D
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tipids by heavy water labeling can be used as medical imaging of ijury recover, brain
trawma, spinal cord injury. Imaging of C-D protein and C-D hipids by heavy water Jabeling
can detect the metabolie heterogeneity of microbes or other living organism for screening
genes, mutation detection.

{00462] Imaging of C-D protein and C-D lipids by heavy water labeling can detect the
myelin formation, multiple sclerosis, and its recovery. Imaging skin metabolismiregeneration
tests can be carried out to track C-D proteins (such as collagen inside skin), C-D lipids
metabolic activities. The exemplary system, method, and corpputer-accessible medium,
according to an exemplary embodiment of the present disclosure, can be used in the cosmetic
and skin care industry.

[60463] Figure 14 shows a sct of exemplary SRS images of CDp and CDy signals of a
traumatic injured brain and & naive brain from mice that drank 25% D20 for 4 days according
to an excmplary embodiment of the present disclosure. For example, when the brain is
injured, the metabeolic activities of lipids and protein inside the brain tissue can be different
from a naive brain. To direct visualize the metabolic activities in an injured brain, 25% DO
was fed to the mice with traumatic brain mmjury (“TBI”) and the naive mice as control. After
7 days of heavy water treatment, the brain was removed and the newly synthesized CDp
protein and CDr Hpids channel were examined by SRS imaging, which found that the imjured
brain has numerous bright closters of CDy signals occurred. However, the naive brain does
not show any of this signals. Thus, the exemplary system, method and corputer-accessible
medium can be used for monitoring the metabolic changes during injury and its healing
procedures.

[80464] Figure 15 shows a st of exerplary tmages of CD signals of plaut feaves from
origanam vulgare that were growing with 50% heavy water in normal water for 5 days and
the Raman spectrum of the newly synthesized metabolites in the plant leaf according to an
exemplary embodiment of the present disclosure. The images were taken from origanum
vulgare leaves which was grown in a water bottle containing 50% of heavy water for 5 days.
limage 1503 is of a real origanum vulgare plant in the bottle with water, The arrow i
pointing at a relatively new leaf which is actively performing photosynthesis and was cut for
SRS imaging after 5 days of photosynthesis. Graph 1510 shows the Raman spectrum of the
newly synthesized metabolites in the plant leaf. The peak is located around 2194.8 e,
Lower left side in the Figure 15 iflustrates the SRS image of CD signal in the origanum
vitlgare leaf, which was the newly formed biomass by photosynthesis activities of the plant.

Image 1315 shows the off resonance SRS image which is basically dark, Thus, the CD
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signals observed from 2194.8 cm were true signals from new biomass by photosyathesis.
This experimental results iHlustrates that the exemplary system, method and computer-
accessible medium can be used to visualize photosynthesis activities in plant. This deuterium
probed high resolution vibrational inraging of photosynthesis illastrates where and how much
of newly synthesized biomass inside the plants. Exemplary applications can tnclude the
green encrgy industry which uses algae’s photosynthesis. The genctic background of algae
can be manipulated and regulated i order to get the ultimate productivity of oils {lipids).
[B0465] Figure 16A shows an exemplaty schematic diagram of for clesring-enhanced SRS
microscopy. For example, as shown in Figure 164, the pump laser beam 1626 and the stokes
iaser bearnt 1634} can coherewtly enter inte an objective fens. The stokes bearz 1630 can be
reflected by mirrer 1632, modulated using modulator 1628, and then reflected by mirror 1624
m order to be combined with the punp laser beam 1626, Both laser beams can pass through
lenses 1622 and 1620 and then reflected by mirror 1618, Both laser beams can then arvive af
abjective 1616, and the tissue sample 1614 can be placed between the objective lens 1616
and a condenser 1612, The stokes laser beam 1630 can be blocked by a filter 1610, while the
punp laser beam 1626 can pass through the lens 1608, and arrive at photodiode 1606, The
pump laser beam 1626 can be received by the lock in amplifier 1604 and then computer
16902, and the signal can be stored in an exemplary storage arrangement for further analysis,
[60466] Figurc 16B shows the spontaneous Raman spectra of 8 M urea and 0.2% Triton X-
14} (kine 1640}, mouse brain slices 1n PBS (Jine 1642), slices cleared with 8 M urea (line
1644}, and slices cleared with 8§ M urea solution with 0.2% Triten X-100 (line 1646}

{80407] Figure 16C shows the photographs of 1-mm-thick brain slices in PBS, cleared with
8 M urea and €.2% Triton X- 100. Figure 16D shows an example of clearing-enhanced
volumetric chemical imaging of mouse brain tissses—the three-dimensional reconstruction
of the hippocampus and white matter. Arrows indicate vasculatures, arrowheads indicate
axons, and stars indicate cell bodies. And Figure 16E shows the metabolic volumetric
chonucal mmaging of glioblastoma in a mouse brain. 1t is three-dimensional reconstruction of
label-free SRS and heavy water probed SRS metabolic tmages. Arrows 1630 indicate a
blood vessel in the tumor, Arrowheads 1632 indicate a blood vessel in the normal tissue,
The Scale bar is 30 um. Figure 16F shows the infenstties of CDP, CDL., CHP, and CHL of
tumor vasculature (n = 7,588} and normal vasculature (n = 1,605} from one wouse. Figure
16G shows the volume and CDL mienstties of chusters of newly synthesized lipids in the
tumor (o = 6,894} and those in the normal tissue (n = 136} from one mouse. Statistical

significance was deternuned by two-sample two-tailed t-test. ***P < 0,001, NS, not
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significant. The metabolic basis of angiogenesis in turnor was examined. The experimmental
image data indicate: (1) active angtogenesis fakes place 1 the tunor, (it) metabolic
reprogramming for tumor angiogenesis involves & major increase m protein svathesis and a
nnor mncrease in lipid synthesis, and (iti) tumor vasculature has a different chenyical
composition from normal vasculature. Based on high metabolic activity and distinet
chemical composition of tumor vasculature (as shown i the graphs of Figure 16F), tumor
vasculature can derive from differentiation of glioblastoma stem cells into endothelial cells or
pericyies, a phenomenon fermed vascudar mimicry. Additionally, it was observed that in
CDL channcel, newly svithesized lipids formed large clusters nwainly in the tumor. {(See e.g.,
images shown in Figure 16E). As shown io the graphs of Figure 164G, there are far more
tipids clusters in the tumor than in the normal tissue: the closters in the tumor had larger
volume than those in the normal @issue, while their CDL intensitics were not significantly
different, These results indicate that tumor tissues exhibited more and larger localized hot
spots of lipid synthesis than normal tissues, Thus, the exeniplary systent, method and
computer-accessible medium, according 1o an exemplary embodiment of the present
disclosure, can be used for studying metabolic heterogeneity in tumors,

[80468] Figure 17 shows a sct of exemplary FTIR smages of CDP and CDL signals of a
brain from a mouse pup that was fed milk by a dam that drank 25% D20 for 34 days since #
was born according to an exemplary embodiment of the present disclosure, H is a Fourier
transtorny infrared spectroscopy (“"FTIR™) with heavy water probed inraging technigue.
Image 17035 shows the heavy water dertved CDP protein signals in the cross-sectional arca
from a whole mouse brain. Image 17H) shows the heavy water derived CDL lipids signals in
the sare region of interest of the brain. The brain was from a mouse pup that was ted mitk
by a dam that drank 25% D:0 for 34 days since it was born, This experimental resylts shows
that heavy water probed metabolic activities can be used to visualize the postnatal
development in tissues i sit. The distributions of CDP and CDL signals inside the
postnatal mice pup’s brain indicate the regions in the brain that involve heavy nivelination
process. The time window for the myelination can be identified through the heavy water
probed FTIR imaging. FTIR can also provide fast imaging acquisition, and can be used with
fast optical imaging for 3D volumetric optical imaging with Quantum cascade lasers. Thus,
the exemplary system, method and computer-accessible medium can be used for FTIR
metabolic imaging in anireals or human beings.

[60409] Figure 18A is a set of exemplary SRS images of clustered CD signals of a brain

according to an exemplary embodiment of the present disclosure, Figare 18B is an
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exemplary graph itiustrating Hierarchical Clustering Analysis ("HCA™) of metabelic
activitics according to an exeraplary embodiment of the present disclosure. For example, the
dendrogram shows observations clustered into 6 groups. The X-axis represents the samples
and y-axis shows the simitarity index. The higher the variability index the larger the between
group variability and the lower the stmilarity index, the smaller the between group variability.
{804310]  Figure 18C is an exemplary graph illustrating exemplary Raman spectrum of each
cluster of macromolecules according to an exemplary embodiment of the present disclosure.
[B0411] From cluster 1 (line 1803), cluster 2 (line 1810), cluster 3 (ting 18135), cluster 4
(line 1820), cluster 5 (line 1825) and cluster 6 {line 1830), they represcent 6 different clusters
of newly synthesized macromelecules. They can be different types of proteins, subtypes of
lipids (such as satuyrated lipids and unsaturated lipids), carbohydrates, etc. The Raman
spectrum of each chuster of macromolecules can be shightly different due to their chemical
bonds and environment, and this property can be utilized to develop an exemplary procedure
to perform clustering for the CD signals. By clustering CD sigial of metabolic activities
using algorithin, it can provide multiplex imaging of temporal-spatial distribution of various

newly synthesized biomolecules inside the biological tissue.

Exemplary Bicorthogonal Infrared Imaging Of Smaill Bio-Metabolites Using

Vibrational Probes

{804312] The exemplary system, method, and computer-accessible medium, according to an
exemplary embodiment of the present disclosure, can utilize small vibrational tags, including
azide, nitrile, fluorocarbon, and carbon-deuterium bonds, to perform functional IR imaging of
dynamic smali-molecule metabolism. The use of vibrational tags in vital biometabolites,
such as, for example, amino acids, nucleic acids, choline, and glucose, can facilitate the
roonioring of processes, such as protein tursover, caergy metabolisny, sigaal transportation,
and genetic encoded labeling. Exemplary samples can be live or fixed samples, without
destruction of the sampple. Thus, the exemplary system, method, and computer-accessible
medium, can facilitate imaging of small biometabolites and drugs with high selectivity and
superior spatiad resolution. The exemplary system, method and computer-asccessible medium,
can further utitize QCL~coupled IR spectroscopy and microscopy procedures, which can
uttlize # broadly tunable light source that can facilitate selection of discrete frequencies;
eliminating the need to acquire the entire spectra, and thereby speeding up the imaging

Process.

90



10

15

20

WO 2020/023966 PCT/US2019/043935

[60413] IR spectroscopy can be used in both organic and inorgaric chenistry to uniquely
wdentity different chemicals, even for the examination of structure and dynamics of large
biomolecules, especially proteins. (See, e.g., Reference 71}, Further, IR spectroscopy can be
used for the examination of bioftuids, such as yrine, serum, or whole blood. (See, e.g.,
References 72 and 73). IR wnaging can also be employed in cancer detection and biomedical
diagnosis. The istegration of the nowinvasive nature of FTIR spectroscopy and microscopy
and its ability in obtaining spatially resolved chemical and structoral information can
tacilitate i#s use in clinical bistopathology, Applications can juclude, for example, screening
of biopsy tissues to obtain tissue types and disease states based on the chemical information,
(See, e.g.. References 74 and 75). QCL coupled IR microscope can also be used to analyze
tissae microarrays with single wavelength chemical imaging, which further speed up the
process. (See, e.g., Reference 76).

{60414] Previous IR imaging procedures were used for label-free timaging. Despite the
popularity of fabel-free mmaging, such procedures suffer from some limitations icluding the
lack of chentical specificity and influences of high cellular background in the fingerprint
region. Alse for probing certain dynamic processes, including uptake and trafficking, label-
free imaging may not be suitable.

[60415] In countrast to traditional label-free imaging procedures, the exemplary system,
method, and computer-accessible medium, according to an exemplary embodiment of the
present disclosure, can utilize bioorthogounal vibrational tags, which can be incorporated into
the whole IR imaging field to determine various biological processes. Exemplary tiny
vibrational tags, which may also be used in Rantan imaging procedures, can be utilized for
imaging of a broad range of small metabolites with dynamic wformation. Thus, the
exemplary system, method, and computer-accessible medium, according to an exermplary
embodiment of the present disclosure can be used in conjunction with Raman imaging. The
use of tags for IR imaging can expand the scope for bicorthogonal chemical imagimg, The
excngplary system, method and computer-accessible medium, can be faster as compared to
Raman imaging, while also having the capability of imaging nyuch larger fields of view,
which can be beneficial for commercial use.

[80416] Exemplary FTIR procedures can utilize a broadband source {e.g.. a single light
source) which can enable the sweeping to the cell-silent region. In contrast, QCLs have
exemplary bandwidths of about 2080 cm?, and generally needs several QCLs 1o fill the entire
spectral range. An exernplary Spero microscope can be viable to span the fingerpring region

(e.g., about 900-1800 e *), In order to facilitate the generation of IR probes in the cell-silent
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window, three funable QCL modules in the coverage of about 1150 e to 1800 cry!s and
another tunable QCL channel which can be optimaized for about 2125 env?, can be utifized.
This can facilitate the performance of both label-free imaging in the fingerprint region as well

as specific chemical bioorthogonal snaging of the vibrational tags.

Exemplary Cell-Silent Spectral Region
{80417  Figure 19 shows an exemplary graph iflustrating absorbance vs. wavenumber

3

according to an exemplary embodiment of the present disclosure. The “cell-silewt spectral
region”™ 1903, for example, 1800-2300 cnl, can be more suitable than other regions for label-
free IR imagzing. This can be because, for example, no vibrational peaks likely exist in thig
region for intrinsic compenests in cell, Therefore, the crowded fingerprint region, which can
bring high background noise to label-free IR toaging, can be avoided. Thus, the exemplary
systemn, method, and computer-accessible medium according to an exemplary embodiment of
the present disclosure, can label one or more particular molecules, and then image the
molecules using IR imaging, for example, utilizing the cell silent window.

[B0418] The exemplary tags used in comjunction with the exemplary system, method, and
computer-accessible medinm, can have specific frequency ranges within the stlent window,
For example, Azide has a frequency range of about 2100-2140 env! and an extinction
coefficient of approximately 400 M-lem™. Nitrile has a frequency range of about 2200-2230
cm'! and an extinction coefficient of approximately 200 M- cml. Carbon dewterium has a
frequency range of about 2100-2400 ¢y and an extinction coefficient of approximately 5-10
Miem'. Additionally, carbon 13 tags can be used. The exemplary compounds used to tag
the molecules can be injected iute a live subject or person. Alternatively, or in addition, the
exemplary compounds can be ingested by the five subject.

[60419] The exemplary sample #lumination time can depend on the signal level and the
resolution utilized. For example, for abundant C-D vibrations, an about 2.0 x 2.0 mmt® image
arca with about 4.23 um pixel size may only need less than about 5 seconds for a particular
band using Spero-QT. FT-IR maging can sweep a full spectruim, which can take about 80
min {o generate decent images.

[80420] The absorption of the infrared light can induce fransitions between the vibrational
encrgy levels. Spectral data and images can be acquired in transmission mode.  Live fissue
samples or paraffin fixed tissue samples can be mounted onto the IR transparent CaFx
substrate. Background can be generated from a clean area of the sample. The absorption of

the sample can resalt in the change of IR radiation, and the absorbance/background ratio of
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each pixel can be used fo generate the image. For discrete-frequency dmaging using Spero,
the exemplary spectrum in a certain region can be acguired to find the peak position, and then
a high-resolution image can be generated at the particular peak wavelength.

{80421 Bioorthogonal chemical infrared imaging can provide a spatially resolved chemical
identification of small metabolites in a quastitative manner. Corpared to the label-free
method, incorporation of small chemical tags can be beneficial for monitoring the uptake,
synthesis, and degradation of certain biological molecules with high chenyical specificity, like
protein syuthesis, glucose uptake and consunyption, lipid metabolisi, etc., especially i a
complex sample with high heterogeneity, Drug metabolism can alse be monitored and
studied for certain drug molecules with intrinsic bioorthogonal tags like C-F, nitrile boads, or
even with introduced small vibrational labels, Both spectral and spatial information cas also
Facilitate a rational drug design. Io contrast to prior IR imaging procedures, which can only
produce images of a total lipid or protein, the exemplary system, method, and computer-
accessible medium, according to an exemplary embodiment of the present disclosure, can
produce images of newly syathesized lipid and proteins. Thus, the exemplary systemn,
method, and computer-accessible mediom according to an exemplary embodiment of the
present disclosure can provide images of metabolic contrasts over different time periods,
{60422] The exemplary system, method, and computer-accessible medium according to an
exemplary embodiment of the present disclosure can be used for biomedical imaging as well
as pharmaceutical testing. The biomedical imaging for disease diagnosis can be called

bhy

“spectral bistopathology.” For example, as a result of hvpoxia, tumors generally have higher
net uptake of giucose. Monitoring the glucose uptake with a labeled glucose analog {e.g.,
deuterated-glucose, fluorine-glucose) can facilitate differentiating between tumor and healthy
tissaes, This can be performed guickly, which can facifitate high throughput screening of
biopsy tissues.

{60423 For pharmaceutical testing, the exemplary system, method and computer-
accessible medium can be used for drug discovery and screening. Some intringic bonds of
the drug and the small vibrational fag imtroduced to the drugs can facilitate the tracking of the
drug molecules. For example, the exemplary system, method, and compuier-accessible
medium can be used as a screening platform, and can instruct the drug design with both
chemical specificity and spatial information.

[80424] IR imaging can achieve a large filed-of-view ("FOV™) {e.g., up to 2 mm depending
on the size of FPA). This can also speed up the imaging of a particular area. For example, to

image the mouse brain cortex, which can be a big unwrinkled surface with the size on the
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order of about 10 mm, a larger FOV can be beneficial to monitor the activity simultaneously
in different regions, For live tissue cultures, an exemplary in vive cultured tissue slice can be
used, i3 which normal metabolites can be replaced by tagged metabolites in the culture
medium. The live tissue can absorb op the tag meolecules and incorporate them into the
roetabolism. For example, this can be performed using glucose or analogs of glucose.
{80425] Figure 20 shows an exemplary diagram ilustrating an exemplary microscope
according to an exemplary embodiment of the present disclosure. For example, as shown
therein the IR tags can be attached to the targeted molecules, which can be placed on a bed
2010 and can form a specific chemical bond that vibrates i the cell silent region of the
Raman Spectranmt. These chemical bords can include, for exampde, tour different types: {i) a
Carbon deuteriun: bond which can nclude heavy water, deuteraled glucose, deuterated amine
acids, deuterated fatty acids, deuterated choling, {ii) Azide modified molecudes which can
include amino acid analogs, fatty acids analogs, galactosamine analogs, (iti) Carbon-fluorine
bends which can include drugs with C-F bonds, glucose analog, and (iv) Nitride bonds
which can include drugs with nitride bonds, nitride modified metabolites. Light can be
generated user source 2005, which can then be received by receiver 2013,

[80426] Figure 21 shows an exemplary flow diagram of an exemplary method 2100 for
determining a metabolic activity of a skin of a patient according to an exemplary embodiment
of the present disclosure. For example, at procedure 2105, a Raman imaging signal can be
obtained from the skin of a patient. Af procedure 2114, the Raman imaging signal can be
separated into lipid signal and protein signal, At procedure 2113, the metabolic activity of
the skin can be determined based on the lipid signal and the protein signal.

[B0427] Figure 22 shows an exemplary flow diagram of an exemplary method 2200 for
determining information regarding a biological structure of af least one patient according o
an exemplary embodiment of the present disclosure. For example, at procedure 2203, a drug
can be adnuinistered to a patient. At procedure 2210, a vibrational probe can be admimistered
1o a patient. At progedure 2213, a biological structure of the patient can be imaged using a
stimyulated Raman scattering (SRS} imaging procedure, At procedure 2220, a SRS signal can
be received from a biological siructure of the patient, At procedure 2223, the SRS signal can
be separated into a lipid sigral and a protein signal. At procedure 2230, information can be
deternined based on the lipid signal and the protein signal.

[80428] Figure 23 shows an exemplary flow diagram of an exemplary method 23900 for
determining a metabolic activity of a skin of a patient according to an exemplary embodiment

of the present disclosure. For example, at procedure 2303, an effective amount of D20 can
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be administered to a patient who has a tumor. Af procedure 2310, first SRS Raman spectrun:
of the tumor can be obtamned. At procedure 2315, the first signals can be unmixed so as to
form separate spectral peaks for lipids, proteins, and DNA in the tumeor. At procedure 2324,
chemotherapy can be administered to the patient for a sustable time. At procedure 2325,
cftective amount of D20 can be continuously administered to the patient while the patient is
treated with the chemotherapy. At procedure 2330, second SRS Raman spectrumt of the
temor can be obtained. At procedure 23335, the first and second SRS Raman spectra can be
compared.

[B0429] Figurc 24 shows an exemplary flow diagram of an exemplary method 2400 for
determaining the efficacy of a putative therapy for Alzheinier’s disease according to an
exemplary embodiment of the present disclosure. For example, at procedure 2405, an
gffective amount of D20 can be administered to a paticnt who has Alzheimer’s disease. At
procedure 2410, first SRS Raman spectrum of the brain can be obtained. At procedure 2415,
the first signals can be un-mixed so as to form separate spectral peaks for lipids, proteins, and
DNA in the tissue. At procedure 2420, putative therapy can be administered to the patient for
a particular time period. At procedure 2423, an effective amount of DO can be continuousty
administered to the patient while the patient is treated with the therapy. At procedure 2430,
second SRS Raman spectrum of the brain tissue can be obtained. At procedure 24335, the first
and second SRS Raman spectra can be compared.

{80430]  Figure 25 shows an exemplary flow diagram of an exemplary method 2500 for
determining the efficacy of a putative therapy for a metabolic disease according to an
exemplary embodiment of the present disclosure. For example, at procedure 2503, an
effective amoust of D20 can be administered to a patient who has a metabolic disease, At
procedure 2510, first SRS Raman spectrum of a biological fluid comprising lipids can be
obtained. At procedure 25135, the first signals can be un-mixed so as to form separate spectral
peaks for lipids, proteins, and DNA in a biological sample, At procedure 2520, a putative
therapy can be adnunistercd to the patient for a suitable time. At procedure 2525, an
effective amoant of DO can be continuously administered to the patient while the patient is
rreated with the therapy. At procedure 2330, second SRS Raman spectrum of brain tissue can
be obtained. At procedure 2333, the first and second SRS Raman spectra can be corpared.
{00431]  Figure 26 shows an exemplary flow diagram of an exeruplary method 2600 for
determining the efficacy of an antimicrobial compound according to an exemplary
embodiment of the present disclosure. For example, at procedure 2605, an effective amount

of D20 can be administered to a patient who has a mucrobial mfection, At procedure 2610, a
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sample of a biological tluid comprising a microbe responsible for a microbial iafection can be
obtained. At procedure 2613, second signals can be un-mixed so as to form separate spectral
peaks for lipids, proteins, and DNA in a biological thud. At procedure 2624, a putative
antimicrobial therapy can be administered to the patient for a particolar time. At procedure
2625, an effective amount of D20 can be continvously administered to the patient while the
patient is treated with the therapy. At procedure 2630, a second sample of biological fluid
can be obtained from the patient. At procedure 2638, second SRS Raman spectrum of the
thuid can be obtzined. Af procedure 2640, the first and second SRS Raman spectra can be
compared.

[60432] Figure 27 shows an exemplary flow diagram of an exeruplary method 2700 for
determining the efficacy of a putative therapy for multiple sclerosis according to an
exemplary embodiment of the present disclosure. For example, at procedure 27085, an
effective amoant of DO can be administered 1o a paticnt who has multiple sclerosis. At
procedure 2710, first SRS Raman spectrum of the patient’s brain or nerve tissue can be
obtained. At procedure 2713, the first signals can be sa-ummnixed so as to form separate
spectral peaks for lipids, proteing, and DNA in a biological sample, At procedure 2720, a
putative therapy can be administered to the patient for a predetermined time. At procedure
2725, an effective amount of D20 can be continuousty administered to the patient while the
patient s treated with the therapy. At procedure 2730, second SRS Raman spectrum of brain
ov nerve fissue can be obtained. At procedure 2735, the first and second SRS Raman spectra
can be compared.

{80433] Figure 28 shows an exemplary flow diagram of an exemplary method 2800 for
evaluating the effectiveness of a compound on a plant according to an exemplary
embodiment of the present disclosare. For example, at procedure 2803, an effective amount
of 20 can be administered to the plant. At procedure 2819, tirst SRS Raman spectrum of
the plant can be obtained. At procedure 2813, the first signals can be ga-mixed so as to form
separate spectral peaks for lipids, proteins, and DNA in the plant. At procedure 282{), a
compound can be administered to the plant which can assist or inhibit plant growth, At
procedure 28235, an effective amount of D20 can be continvously administered to the plant
while the plant is treated with the compound. At procedure 2830, sccond SRS Raman
spectrum of the plant can be obtained. At procedure 2833, the first and second SRS Raman
spectra can be compared.

[60434] Figure 29 shows an exemplary flow diagram of an exemplary method 2900 for

monitoring plant growth or inhibition according to an exemplary embodiment of the present
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discliosure. For example, at procedure 29035, heavy water can be administered to the plants.
At procedure 2910, sufficient time for the plant leaves to incorporate D20 into profeins
and/or Hpids in plant leaves can be facilitated. At procedare 2915, first SRS Raman spectrum
of the plant leaves can be obtained m order 1o obtam baseline values for protein and/or lipid
levels. At procedure 2920, a compound can be admimstered to the plant which may inhibit or
promote plant growth. At procedure 2923, second SRS Raman spectrum of the plant leaves
can be obtained in order to obtain subsequent values for protein and/or lipid levels,

[B0435] Figure 30 shows an exemplary flow diagram of an exemplary method 3000 for
gencrating an image of a target molecule or a plurality of spectra related to the target
molecule according to an exeniplary embodiment of the present disclosure. For example, at
procedure 3003, digital information related to labelling of the target molecule can be
received. At procedure 3010, the image of labelled target molecule or the spectra related to
the labelled target molecule can be gencrated using an infrared {IR) imaging procedure or (i1)
an IR spectroscopic procedure.

[B0436] Figure 31 shows an exemplary flow diagram of an exerplary method 3100 for
generating an image of a target molecule or a plurality of spectra refated to the target
moiecule according to an exemplary embodiment of the present disclosure, For example, at
procedure 3105, a composition can be administered to a paticnt. At procedure 3110, an
irnage of a labelled target molecule or spectra related to the tabelled target molecule can be
generated using an infrared (IR} imaging procedure based on the vibrational chemical tag or
an IR spectroscopic procedure based on the vibrational chemical tag.

{80437] Figure 32 shows a block diagram of an exemplary embodiment of a system
according to the present disclosure. For example, exemiplary procedures in accordance with
the present disclosure described herein can be performed by a processing arrangement and/or
a computing arrangement (e.g., computer hardware arrangement or a hardware computing
arrangement) 1905, Soch processing/computing arrangement 1903 can be, for example
entirely or a part of, or include, but not linsted to, a computer/processor 1910 that can
include, for example one or more microprocessors, and use instructions stored on a computer-
accessible medium (e g, RAM, ROM, hard drive, or other storage devices).

[B0438]  As shown in Figure 32, for example, a computer-accessible medium 3215 {e.g., as
described herein above, a storage device soch as a hard disk, Boppy disk, memory stick, CD-
ROM, RAM, ROM, etc., or a collection thercof) can be provided {e.g., in communication
with the processing arrangement 32405}, The computer-accessible medium 3215 can contain

executable instructions 3220 thereon. In addition or alternatively, a storage arrangement
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3225 can be provided separately from the computer-accessible medium 3215, which can
provide the instructions to the processing arrangement 3205 so as to configure the processing
arrangement to execute certain exemplary procedures, processes, and methods, as described
herein above, for example.

{00439] Further, the exemplary processing arrangernent 32035 can be provided with or
tnclude an Input/output ports 3235, which can include, for example a wired network, a
wireless network, the infernet, an itranet, a data collection probe, a sensor, etc. As shown in
Figure 32, the exemsplary processing arrangement 3203 can be in communication with an
exemplary display arrangement 3234, which, according fo certain exemplary embodiments of
the present disclosure, can be a touch-screen contigured for inputiing information to the
processing arrangenent in addition to oufputting information from the processing
arrangement, for example. Further, the exemplary display arrangement 3230 and/or a storage
arrangement 3225 can be used to display and/or store data in a user-accessible format and/or
user-readable format.

[B0440]  The foregoing merely illustrates the principles of the disclosure. Various
modifications and alterations to the described embodiments will be apparent to those skilled
in the art in view of the teachings hercin, ¥ will thus be appreciated that those skitled in the
art will be able to devise numerous systems, arrangements, and procedures which, although
net explicitly shown or described herein, embody the principles of the disclosure and can be
thus witlun the spirit and scope of the disclosure. Various difterent exeroplary embodiments
can be used together with one another, as well as interchangeably therewith, as should be
understood by those having ordinary skill s the art. In addition, certain terms used 1o the
present disclosure, wncluding the specification, drawings and clamms thereof, can be used
synonymously @ certain instances, mchuding, but not limited to, for example, data and
mformation. H should be understood that, while these words, andfor other words that can be
synronymous to one another, can be used synonymously herein, that there can be instances
when such words can be intended fo not be used synonymously, Further, to the extent that
the prior art knowledge has not been explicitly incorporated by reference herein above, it is
explicitly incorporated herein in s entirety, All publications referenced are incorporated

herein by reference in their entiveties.
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WHAT IS CLAIMED IS:
1. A pon-transitory computer-accessible medium having stored thercon computer-executable
mstructions for determining a metabolic activity of a skin of at least one patient, whevein,
when a computing arrangement execuies the instructions, the computing arrangement s
configured to perform procedures comprising:
receiving a Raman imaging signral obtained from the skin of the at least one patient;
separating the Raman imaging signal into a lipid signal and a protein signal; and
defermining the metabolic activity of the skin based on the lipid signal and the protein

signal.

2. The computer-accessible medium of claim 1, wherein the Raman imaging signal is a

stimulated Raman scattering imaging signal.

3. The computer-accessible medium of claim 1, wherein the Raman imaging signal obtained

from the skin is based on a consumption of heavy water by the at least one patient.

4. The computer-accessible medium of claim 1, wherein the Raman imaging signal is based

on at least one vibrational tag.

3. A method for defermining a roetabolic activity of a skin of at least one patient, comprising:
receiving a Raman imaging signal obtained from the skin of the at least one patient;
separating the Raman tmaging signal into a lipid signal and a protein signal; and
using a hardware computing arrangement, determining the metabolic activity of the

skin based on the lipid signal and the protein sigmal,

6. The method of claim 5, wheren the Raman imaging signal is a stimulated Raman

scatiering imaging signal,

7. The method of claim 5, wherein the Raman imaging signal obtained from the skin is based

on a consumption of heavy water by the at least one paticnt.

8. The method of claim 3, wherein the Raman imaging signal is based on at least one

vibrational tag.

165



20

WO 2020/023966 PCT/US2019/043935

9. A system for determaining a metabolic activity of a skin of at least one patient, conprising:

a hardware computing coufigured to:
s receive a Raman imaging signal obtained from the skin of the at least one
patient;
s separate the Raman tmaging signal info a Hipid signal and a protein signal;
and
¢ determine the metabolic activity of the skin based on the lipid signal and

the protein signal.

1€}, The system of claim 9, wherein the Raman imaging signal is a stimulated Raman

scattering imaging signal.

11. The system of claim 9, wherein the Raman imaging sigaal obtained from the skin is based

on a consumption of heavy water by the at least one patient.

12. The system of claim 9, wherein the Raman imaging signal is based oo at least one

vibrational tag.

13. A method for determining information regarding a biological structure of at least one
patient, comprising:

administering at least one vibrational probe to the at least one patient which affects
the biological structure of the paticst;

imaging the aftected biological structure of the at least one patient using a stimulated
Raman scattering (SRS imaging procedure;

receiving a SRS signal from the biological structure of the at least patient;

separating the SRS signal info a lipid signal and a protein signal; and

determining the information based on the lipid signal and the protein signal.

14, The method of claim 13, wherein the imaging of the biological structure is performed

using a handheld SRS device.

15. The method of claim 13, wherein the at least one vibrational probe includes at least one of

(1) heavy water or (if) glucose.
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16. The method of clatm 13, wherein the biological structure 1s at feast one of (i) skin of the
at least one patient, (31) skin cells of the at least one patient, or (iii} a bodily fhuid of the at

least one patient,

17. The method of claim 13, wherein the bodily fhid includes at least one of (i) blood or {ii)

plasma,

18. The method of claim 13, further comprising administering at least one drug to the at least
one patient, wherein the information includes an efficacy of the at least one drug on the

bictogical structare.

19. A handheld device, comyprising:

an optical emitter configured 1o gencrate one of {1} a Raman imaging signal, or (it} an
infrared (IR) imaging signal;

an optical detector configured 1o receive a resultant signal that is based on the Raman
imaging signal or the infrared imaging signal; and

a hardware computing arrangement configured fo:

» canse the resultant signal to be split into a protein signal and a lipid signal; and

» determine information regarding at least one biological structure based on the

protein sigeal and the lipid sigual.

20. The handheld device of claim 19, wherein the Raman imaging signal is a stimulated

Raman scattering imaging signal.

21, A method for determining the efticacy of chemotherapy, comprising:

a} administering an effective amount of D:O to a patient who has a wymor, wherein a
brain of the patient is visualizable using SRS Raman imaging procedures, and allowing a
predeterntined period of time for the B:0 to become incorporated into the tumor,

b) obtaining a first SRS Raman spectrum of the tumeor, wherein fitst signals associated
with the first spectsum are acquired, at feast, from 2135 crm!, 2185 cm™, and 2210 e,

which signals correspond to Hpids, proteins, and DNA, respectively,
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¢) un-mixing the first signals se as to forn: separate spectral peaks for the lipids,
proteins, and PNA in the tumor,

d) administering chemotherapy to the patient for a suitable time such that, 1fthe
chemotherapy is effective, changes in levels of at least one of the Hpids, proteins or DNA in
the fumor are expected to vary from the respective levels before chemotherapy is
administerad,

e} continuously administering an effective amount of D20 to the patient while the
patient is treated with the chemotherapy, so as to allow deuterium to become incorporated
into one or moere of the lipids, proteins, or DNA found in the tumor,

{) obtaining a second SRS Raman spectruin of the tumor, where second signals
associated with the second spectrum are acquired, &t feast, from 2135 em™, 2183 cm'!, and
2210 cnr!, and wherein the second signals correspond to the tipids, proteins, and DNA,
respectively, and

¢) comparing the first and second SRS Raman spectra, wherein significant changes in
the amount of at least one of the lipids, proteins or DNA are indicative of the success of the
chemotherapy, and wherein insignificant changes in the amount of at least one of lipids,

proteins or DNA are indicative of the lack of success of the chemotherapy.

22, The method of clabm 21, wherein, where the comparison of the first and second SRS
Raman spectra shows that the chemotherapy is effective, the method further comprises
continuing to freat the patient with the chemotherapy, and where the comparison of the first
and second SRS Raman spectra shows that the chemotherapy is inetfective, the method

turther comprises disconfinuing freatment with the chemotherapy.

23. The method of elaim 22, wherein treatment with the chemotherapy is discontinued, steps

a-f are repeated with a different chemotherapy.

24, The method of ¢labin 21, wherein the cancer is breast cancer.

23, A method for determining the efficacy of a putative therapy for Alzbemmer’s disease,
comprising:

a} administering an effective amount of D0 to a patient who has Alzheimer’s

disease, where a brain of the patient is visualizable using SRS Raman mmaging procedures,
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and allowing a predetermined period of time for the D20 fo become incorporated into a fissue
of the braig,

b) obtaining a first SRS Raman spectrum of the brain, wherein first signals associated
with the first spectrum are acquired, at least, from 2135 em™!, 2185 cm¥, and 2210 cm™!, and
wherein the signals correspond to bipids, proteins, and DNA, respectively,

¢) up-mixing the first siguals so as to form separate spectral peaks for the lipids,
proteing, and DNA in the tissue,

d) administering a putative therapy to the patient for a particular tme period such that,
if the therapy is effective, changes in levels of at least ene of the fipids, proteins or DNA
fevels in the brais are expected to vary from the respective levels before therapy is
administered,

¢) contiuously administering an effective armount of 120 to the patient while the
patient is treated with the therapy, so as to allow deuteriunt to become incorporated tito one
or more of the lipids, proteins, and DNA found in the brain tissue,

f) obtaining a second SRS Raman spectrum of the brain tissue, where second signals
assoctated with the second spectrum are acguired, at least, from 2135 env?, 2183 em'!, and
2210 e, wherein the second signals correspond fo the fipids, proteins, and DNA,
respectively, and

g} comparing the first and second SRS Raman specira, wherein significant changes in
the antount of at least one of the lipids, proteins or DNA provide information relative to
whether the therapy has decreased the severity of the disease, decelerated or stopped the

progression of the disease, or has not slowed down or decreased the severity of the disease.

26, The method of clamm 23, wherein the protein levels comprise proteins associated with
beta-amyloid plague, wherein a decrease in the amount of beta-amyloid plaque s indicative
that the therapy is decreasing the severity of the disease, relatively anchanged amounts of
beta-amyloid plague are indicative that the therapy has decelerated or stopped the progression
of the disease, and increased amounts of beta-amyloid plaque are indicative that the therapy

has not decelerated or decreased the severity of the disease.

27. A method for determining the efficacy of a putative therapy for a metabolic disease,
comprising:
a) adnunistering an effective amount of D20 fo a patient who has a metabolic discase,

wherein lipid levels of the patient are visualizable over time using SRS Raman imaging
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procedures, and allowing a predeterniined anrount of time for the 220 to become
ncorporated nto Hpids of the patient,

b} obtaining a first SRS Raman spectrum of a biological fluid comprising lipids,
wherein first signals associated with the first spectrum are acquired, at least, from 2133 cm™,
2185 el and 2210 em, which signals correspond to lipids, proteins, and DNA,
respectively,

¢} um-mixing the first signals so as to form separate spectral peaks for the lipids,
proteins, and DNA in the biological sasple,

d) administering a putative therapy to the patient for a suitable time such that, if the
therapy is effective, changes in levels of at least one of the lipids, proteing or DNA levels in
one or more biological samples of the patient are expected to vary from the respective levels
betore therapy is administered,

¢) continvousty administering an effective amount of D-0O to the patient while the
patient is treated with the therapy, so as to allow deuteriun to beconte incorperated into one
or more of the lipids, proteins or DNA found in one or more of the biological samples,

f) obtaining a second SRS Raman spectrum of the brain tissue, wherein second signals
assoctated with the second spectrum are acquired, at feast, from 2135 em?, 2183 cm’!, and
2210 e, and wherein the second signals correspond to lipids, proteins, and DNA,
respectively, and

¢} comparing the first and second SRS Raman spectra, wherein significant changes in
the amount of lipids, proteins and‘or DNA provide information relative to whether the
therapy has decreased the severity of the disease, decelerated or stopped the progression of

the discase, or has not decelerated or decreased the severity of the disease.

28, The method of clatm 27, wherein the treatment, if successtul, increases HBL levels,
decreases LDL fevels, or both, and differences in the baseline values of HDL and LDL in the
SRS Raman spectra are compared with values of HDL and LDL in one or more of the
biological smmple taken after a treatment is adnunistered.

29. The method of claim 27, wherein the biological fluid 1s blood plasma.

30. A method for determining the efficacy of an anfimicrobial compound, comprising:
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a} administering ag effective amount of D20 to a patient who has a microbial
nfection, and allowing a predetermined amount of time for the D:0 to become incorporated
into the biological organism,

b) obtaining a sample of a biological fuid comprising a microbe responsible for the
roicrobal fufection, and obtaining a first SRS Raman spectrum of the fluid, wherein first
stgnals associated with the first spectrum are acquired, at least, from 2135 cnv!, 2185 o™,
and 2210 co?, and wherein the first signals correspond to lipids, proteing, and DNA,
respectively,

¢} un-mixing the second signals so as to form separate spectral peaks for the lipids,
proteins, and PNA i the biological fluid,

d) adminisiering a putative antinticrobial therapy to the patient for a particular time
such that, if the therapy s effective, changes in levels of at least one of the lipids, proteins or
DNA 1t the microbe in the biological flusd are expected to vary from the respective levels
before therapy is administered,

e} continuously administering an effective amount of DO to the patient while the
patient is treated with the therapy, so as to allow denterium to become incorporated into one
or more of the lipids, proteins or DNA found in the microbe present in the fluid,

) obtaining a second sample of the biologicat fluid from the patient,

g} obtaining a second SRS Raman spectrum of the fluid, wherein second signals
associated with the second spectrum ave acquired, at feast, from 2135 cro?, 2185 c’!, and
2210 cm!, and wherein the second signals correspond to the lipids, proteins, and DNA,
respectively, and

h) comaparing the first and second SRS Raman spectra, wherein significant changes in
the amount of at least one of the lipids, proteins or DNA are indicative of the success of the
therapy, and wherein insignificant changes in the amount of at least one of the bipid, protein

or DNA are indicative of the lack of success of the therapy.

31. The method of clatm 30, wherein the microbe is a virus selected from the group

consisting of HiV, HBV, and HCV.

32. The method of claim 31, wherein two or more putative antimicrobial therapies are

evaluated in paralicl.

33, The method of ¢latin 30, wherein the microbe is a bacteria.
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34. The method of claim 33, wherein the bacteria is a drug-resistant bacteria.

33, The method of claim 34, wherein two or more putative antimicrobial therapies are

evaluated 1o panaliel.

36. The method of claim 30, wherein it is unclear whether the microbe is a vires, bacteria, or

tungus, and one or more putative therapics selected from the group consisting of antivirals,

antibacterials, and antifungals are administered to determine the type of infection, and

wherein the type of infection is bacterial when an antibacterial therapy is successtul, the type

of infection 1s viral when an antiviral therapy is successful, and the type of infection is fungal

when an antifungal therapy is successful,

37. The method of claiim 36, wherein a patient being evaluated has either viral or bacterial

meningitis, and an antibacterial therapy is administered, wherein if the therapy is successiud,

the patient is diagnosed as having bacterial meningitis and is treated with the antibacterial

therapy, and if the therapy is unsuccessfol, the patient is diagnosed as having viral meningitis.

38, A mwethod for determining the efficacy of a putative therapy for multiple sclerosis,

comprising:

a) adnunistering an effective amount of -0 10 a patient who has nwsltiple sclerosis,

wherein myelin levels of the patient are visualizable over time using SRS Ranwan imaging

procedures, and allowing a predetermived anrount of time for the D20 to become

incorporated inte nyvelin of the patient,

b) obtaining a first SRS Raman spectrum of the patient’s braint or nerve tissue,

wherein first signals associated with the first spectrum are acquired, at feast, from 2133 em,

2185 om’!, and 2210 em™, and wherein the first signals correspond to lipids, proteins, and

DNA, respectively,

¢} un-mixing the first signals so as to form separate spectral peaks for the lipids,

proteins, and DNA in the biological sample,

d) adruinistering a putative therapy to the patient for a predetermined time such that, if

the therapy is effective, changes in levels of at least one of the Hpids, proteins or DNA ina

brain or nerve tissue of the patient s expected to vary trom the respective levels before

therapy is administered,
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£) continucusty administering an effective amount of D20 to the patient while the
patient is treated with the therapy, so as to allow deutertum to become incorporated into one
or more of the lipids, proteins, and DNA found in the brain or nerve tissue,

{) obtaiming a second SRS Raman spectrum of the brain or nerve tissue, wherein
second signals associated with the second spectrum are acquired, at least, from 2135 em,
2185 cm!, and 2210 o, and wherein the second signals correspond to lipids, proteins, and
DNA, respectively, and

o) comparing the first and second SRS Raman spectra, wherein significant changes in
the amount of at {east one of the lipids, proteins or DNA provide information relative to
whether the therapy has decreased the severity of the disease, decelerated or stopped the

progression of the disease, or has not decelerated or decreased the severity of the discase.

39. A method for evaloating the effectiveness of a compound on a plant, comprising:

a) adnunistering an effective amount of DO to a plant which has levels of at least one
of lipids, proteins or genetic material which is visualizable using one or more SRS Raman
imaging procedures, and allowing a predetermined amount of time for the D20 to become
incorporated into the plant,

b} obtaining a first SRS Raman spectrum of the plant, wherein first signals associated
with the first spectrum are acquired, at least, from 2135 em™!, 2185 cm¥, and 2210 cm™!, and
wherein the first siguals correspond to lipids, proteins, and DNA, respectively,

¢) un-mixing the first signals so as to form separaie spectral peaks for the lipids,
proteins, and PNA in the plast,

d) administering a compound fo the plant which can assist the plant grow, or inhibit
the plant growth, for a particular period of time soach that, if the compound is etfective,
changes in levels of at least one of the lipids, proteins or DNA in the tumor is expected to
vary from their levels before the compound is administered,

¢) continuousty administering an effective amount of D20 to the plant while the plant
is treated with the compound, so as to allow deuterium to become incorporated mto one or
meore of the lipids, proteins, and DNA found in the plant,

f} obtaming a second SRS Raman spectrum of the plant, wherein second signals
assoctated with the second spectrum are acqoired, at feast, from 2135 ey, 2185 em!, and
2210 em’, and wherein the second signals correspond to lipids, proteins, and DNA,

respectively, and
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23 comaparing the first and second SRS Raman spectra, wherein significant changes in
the amount of at least one of the lipids, proteins or DNA are indicative of the success of the
compound in helping the plant grow, or inhibiting plant growth, and wherein insignificant
changes in the amount of at least one of the lipids, proteins or DNA are indicative of the lack

of success of the compound i inkibiting or promoting plasnt growth.

40. A method for monitoring plant growth or inhibition comprising monitoring the protein
andfor lipids content, and their turnover, in plant Jeaves, wherein the protein and/or lipids
content is monitored by procedures, comprising:

a) administering heavy water to the plants;

b) facitiating sufficient time for the plant leaves to incorporate D20 into proteins
andfor lipids in the plant leaves;

¢) obtaining a first SRS Raman spectrum of the plant leaves to obtain baseline values
tor protein andior lipid levels;

d) administering to the plant a compound which may inhibit or promote plant growth,
while continuously administering heavy water to the plant; and

¢} obtaining a second SRS Ramasn spectrum of the plant feaves o obtain subsequent
vatues for protein and/or lipid levels,

wherein & negative change in the levels of at least one of proteins or Hipids is
mdicative that the plant growth Is being inhibited, and wherein a positive change in the levels

of at least one of proteins or lipids is indicative that the plant growth is being promoted.

41. A nos-transitory computer-accessible medium having stored thercon conyputer-
executable instructions tor generating at least one of (i} at least one image of at least one
target molecule, or (it} a plurality of spectra related to the at least one target molecule,
wherein, when & computing arrangement executes the instructions, the computing
arrangement 1s configured to perform procedures comprising:

receiving digital information related to a labelling of the at least one target molecule;
and

generating the at least one of (1) the at feast one image of the at least one labelled
target molecule or (3} the spectra related to the at least one labelled target molecule using at

least one of {3} an infrared (IR} imaging procedure, or {it) an IR spectroscopic procedure.
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42. The computer-accessible mediunt of claim 41, wherein the computing arrangement is
turther contigured to generate (1) at least one further inrage of the at least one labelled target
molecule using a stimulated Raman imaging procedure, or (31} a turther phurality of spectra
refated to the at least one labelled target molecule using the stimulated Raman imaging

procedure.

43, The compuier-accessible medium of claim 41, wherein the digital information refates to a
labelling of the at least one target nwolecule using at feast one of (1) carbou-deuterivm, (if)

carbon 13, {iii} nifrile, (iv) axide, or (iv) floorine,

44, The computer-accessible medium of claim 41, wherein the at feast one image includes an

mmage of a tumor.

45. The conputer-accessible medium of claim 41, wherein the computing arrangement is
further configured to determine a metabolic contrast associated with the at least one target

molecule based on the at least one of (1) the at least one tmage, or (it) the spectra.

46. The computer-accessible medium of claim 41, wherein the digital information includes

information related to the at least one target molecule vibrating in a cell-silent spectral region.

47. The computer-accessible medium of clatm 46, wherein the cell-silent spectral region is

about 1804-2508 e,

48. A system for generating at least one of (i) at least one image of at least ong target
molecule or (ii) a plurality of spectra refated to the at least one target melecule, comprising:
a hardware compuoting arrangement configured to:
s vecerve digital information related to a labelling of the at least ove target
molecule; and
* generate the at least one of (1) the at least one image of the at least one labelled
target molecule or (i) the spectra related to the at least one labelied target
motecule using at least one of (1) an mfrared (IR) imagmg procedure, or (1} an IR

spectroscopic procedure.
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49, The system of claim 48, wherein the hardware computing arrangemest is further
configured to generate (1) at least ove further tmage of the at feast one Iabelled target
molecule using a stimulated Raman imaging procedure, or (31} a turther phurality of spectra
refated to the at least one labelled target molecule using the stimulated Raman imaging

procedure.

50. The system of claim 48, wherein the digital information relates to a tabelling of the at
least one target molecule using at least one of (1) carbon-deuteriumy, (1i) carbon 13, (it1) nitrile,

(ivy azide, or (iv} fluorine.

31. The system of claim 48, wherein the at least one image imcludes an image of a tumor.

32, The system of claim 48, wherein the bardware conputing arrangement is further
configured to determine a metabolic contrast associated with the at least one target molecuie

based on the at least one of (i) the at least one tmage, or (it} the spectra.

33, The system of claim 48, wherein the digital information inclodes information related to

the at least one target molecule vibrating in a cell-sifent spectral region.

54. The system of claim 53, wherein the cell-silent spectral region is about 1800-2500 el

55. A method for generating at least one of (1) at least one image of at least one farget
molecule or (it) a plurality of spectra related to the at least one target melecule, comprising:
receiving digital information refated o a labelling of the at least one farget moiecule;
and
using a hardware computing arrangement, generating the at least one of (i) the at feast
onte image of the at least one labelled target molecule or (i1) the spectra refated 1o the at least
one labelled target molecule using at least one of (i) an infrared (IR ) imaging procedure, or

{11} an IR spectroscopic procedure.

56. The method of claim 33, further comprising generating (1) at feast one further image of
the at least one labelied target molecule using a stimulated Raman imaging procedure, or (i}
a further plurality of spectra related to the at least one labelled target molecule using the

stimyulated Raman imaging procedure.
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57. The method of claim 35, wherein the digital information relates to a labelling of the at
lcast one target molecule using at least one of (1) carbon-deuterium, (i1} carbon 13, (i) nitrile,

(iv} azide, or (v} floorine.

58. The method of claim 53, wherein the at least ope image mcludes an image of a tumor.

59. The method of claim 35, further comprising determuning a metabolic contrast associated
with the at least one target molecule based on the at least one of {i) the at least one image, or

(i) the spectya.

61}, The method of clatm 35, wherein the digital information includes information related to

the at least one target molecule vibrating in a celi-silent spectral region.

61. The method of claim 60, wherein the cell-silent spectral region is about 1800-2500 cnv!,

62. A method for generating at feast one of (1) &t least one image of at least one target
molecule or (i) a plurality of spectra related o the at least one target molecule, comprising:

administering at least one composttion to at least one patient, wherein the at least one
composition includes at least one vibrational chemical tag configured to label the at feast one
target molecule; and

generating the at least one of {1} the at least one image of the at least one labelled
target molecule or (1} the spectra related o the at least one labelled target molecule using at
least one of (i} an infrared (IR} imaging procedure based on the at feast one vibrational
chenteal tag or (31 an IR spectroscopic procedure based on the at least one vibrational

chemical tag.
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restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protést but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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--continued from Box No Ill: Observations where unity of invention is lacking--

Group IV, claims 41-62, directed to a method or system for generating at least one of (i) at least one image of at least one target
molecule or (ii} a plurality of spectra related to the at ieast one target molecule, or a non-transitory computer-accessible medium having
stored thereon computer-executable instructions for performing said method.

The inventions listed as Groups I-IV do not relate to a single special technical feature under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special technical features:

Group | has the special technical feature of receiving an imaging signal obtained from the skin of the at least one patient, and
determining the metabolic activity of the skin, that is not required by Group II-IV.

. . PN
Group |l has the special technical feature of a handheld device, comprising an optical emitter, and an optical detector., that is not
required by Group [, Hli or IV.

Group Ill has the special technical feature of administering heavy water to an animal tissue or plant, and facilitating sufficient time for the
animal tissue or plant leaves to incorporate D20 into proteins and/or lipids in the plant leaves, obtaining a first and second SRS Raman
spectrum of the tissue or plant leaves and comparing them, that is not required by Group |, il or V.

Group IV has the special technical feature of generating at least one of (i) at least one image of at least one target molecule or (i) a
plurality of spectra related to the at least one target molecule, that is not required by Group I-lIl.

Common technical features:

Groups I-IV share the common technical feature of a system, method or non-transitory computer-accessible medium for determining
information regarding a biological structure of at least one patient, comprising receiving or generating a Raman imaging signal from said
structure, separating the signal into a lipid signal and a protein signal, and determining the information based on the lipid signal and the
protein signal;

- wherein the non-transitory computer-accessible medium has stored thereon computer-executable instructions, when a computing
arrangement executes the instructions, the computing arrangement is configured to perform procedures comprising said method.

Groups | and il further share the common technical feature of administering at least one vibrational probe to at least one patient which
affects the biological structure of the patient prior to receiving a Raman imaging signal.

However, this shared technical feature does not represent a contribution over prior art, because this shared technical feature is taught by
US 2016/0243261 A1 to THE TRUSTEES OF COLUMBIA UNIVERSITY IN THE CITY OF NEW YORK (hereinafter Columbia Univ).

Columbia Univ teaches a system, method or non-transitory computer-accessible medium for determining information regarding a
biological structure of at least one patient, including administering at least one vibrational probe to at least one patient which affects the
biological structure of the patient, receiving or generating a Raman imaging signal from said structure (para [0014] “The method
comprises the steps of introducing one or more bond-edited compounds into a live cell or a living organism, and detecting a vibrational
tag in the cell or organism with stimulated Raman scattering"; [0029] “introducing an effective amount of a bond-edited compound into a
live cell or a living organism, where the bond-edited compound comprises a vibrational tag, and detecting the vibrational tag in the cell or
the organism with stimulated Raman scattering (SRS) imaging"), separating the signal into a lipid signal and a protein signal, and
determining the information based on the lipid signal and the protein signal (para [0199]-[0201] "The subsequently obtained images
show the pure distribution of old protein pools (exclusively from CH3) and the distribution of lipids (exclusively from CH2), respectively.
Hence protein degradation could be tracked by imaging the old protein distributions over time when cells are growing in the D-AA
medium...Label-free chemical imaging in vivo...through stimulated Raman scattering (SRS)...Pure CH.sub.3 signal can be retrieved as
[c].sub.protein.varies...Pure CH.sub.2 signal can be retrieved as [c].sub lipid.varies?This algorithm was tested with skin tissue samples,
yielding similar results").

Columbia Univ further teaches wherein the non-transitory computer-accessible medium has stored thereon computer-executable
instructions, when a computing arrangement executes the instructions, the computing arrangement is configured to perform procedures
comprising said method (para [0020]-[0022] "a non-transitory computer-accessible medium having stored thereon computer-executable
instructions for determining data associated with at least one tissue, wherein, when a computer hardware arrangement executes the
instructions, the computer arrangement is configured to perform procedures comprising: receiving first information related to at least one
bond between at least two atoms attached to a metabolite; and determining the data based on the at least one bond").

As the technical features were known in the art at the time of the invention, they cannot be considered special technical features that
would otherwise unify the groups.

Therefore, Group I-1V inventions lack unity under PCT Rule 13 because they do not share the same or corresponding special technical
feature.
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