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Dual-modality

biolumunescence. fluorescence
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BIOLUMINESCENT SINGLE PHOTON
BIOREACTOR AND PERFORMING
ABSOLUTE QUANTIFICATION OF
LIGHT-PRODUCING ACTIVITY BY

ENZYMES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 63/186,372 (filed May 10,
2021), which 1s heremn incorporated by reference in 1ts
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with United States Gov-
ernment support from the National Institute of Standards and
Technology (NIST), an agency of the United States Depart-
ment of Commerce. The Government has certain rights in
the 1invention.

BRIEF DESCRIPTION

[0003] Disclosed 1s a method implemented by a system of
one or more processors, the system being included i a
bioluminescent single photon bioreactor and for performing
absolute quanftification of light-producing activity by
enzymes by the bioluminescent single photon bioreactor, the
method comprising: producing, by a pixel detector of the
bioluminescent single photon bioreactor, a detector signal;
receiving, by an analyzer of the bioluminescent single
photon bioreactor, the detector signal; determining, by the
bioluminescent single photon bioreactor, a time of arrival of
the detector signal; determining, by the bioluminescent
single photon bioreactor, an autocorrelation among detector
signals for threshold times of arrival of photons at pixel
detector according to: the following equation for a single
emitter 1n the field of view of an objective of the biolumi-
nescent single photon bioreactor:

] ke

g?@=1-eT,

Or

g*(0) for the number of emitters N in the field of view
(FOV) of the objective, such that: if g'*(0) is 0, then one
enzyme was in the field of view; and if g**(0) is not 0, then
the number of emitters N 1s greater than 1, or noise 1s present
1in the detector signal.

[0004] Disclosed 1s a system, for performing absolute
guantification of light-producing activity by enzymes by a
bioluminescent single photon bioreactor, comprising: a pixel
detector of the bioluminescent single photon bioreactor that
produces a detector signal; an analyzer of the biolumines-
cent single photon bioreactor that receives the detector
signal; a processor of the analyzer that determines a time of
arrival of the detector signal; an autocorrelator module,
stored 1n memory and coupled to the processor, that deter-
mines an autocorrelation among detector signals for thresh-
old times of arrival of photons at pixel detector according to:
the following equation for a single emitter 1n the field of

Nov. 17, 2022

view of an objective of the bioluminescent single photon
bioreactor:

g?@=1-¢T,

or
g*(0) for the number of emitters N in the field of view
(FOV) of the objective, such that: if g“’(0) is 0, then one
enzyme was in the field of view; and if g**’(0) is not 0, then
the number of emitters N 1s greater than 1, or noise 1s present
1in the detector signal.

[0005] Dasclosed 1s a non-transitory computer storage
media storing istructions for execution by a system of one
or more processors, the system being included 1mn a biolu-
minescent single photon bioreactor, and the instructions
causing the one or more processors to perform operations
comprising: producing, by a pixel detector of the biolumi-
nescent single photon bioreactor, a detector signal; receiv-
ing, by an analyzer of the bioluminescent single photon
bioreactor, the detector signal; determining, by the biolumi-
nescent smgle photon bioreactor, a time of arrival of the
detector signal; determining, by the bioluminescent single
photon bioreactor, an autocorrelation among detector signals
for threshold times of arrival of photons at pixel detector
according to: the following equation for a single emitter 1n
the field of view of an objective of the bioluminescent single
photon bioreactor:

.
gr@=1-¢T,

or
g*)(0) for the number of emitters N in the field of view
(FOV) of the objective, such that: if g’(0) is 0, then one
enzyme was in the field of view; and if g**(0) is not 0, then
the number of emitters N 1s greater than 1, or noise 1s present
1n the detector signal.

[0006] Disclosed 1s a bioluminescent single photon biore-
actor for performing absolute quantification of light-produc-
Ing activity by enzymes, the bioluminescent single photon
bioreactor comprising: a bioreactor that produces a bio-
electronic signal; an electronic sensor 1n communication
with the bioreactor that receives the bio-electronic signal
from the bioreactor and produces an electrical transduction
signal from the bio-electronic signal; and an analyzer in

communication with the electronic sensor and that receives
the electrical transduction signal from the electronic sensor
and absolutely quantifies light-producing activity by
enzymes from the electrical transduction signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The following description cannot be considered
limiting 1n any way. Various objectives, features, and advan-
tages of the disclosed subject matter can be more fully
appreciated with reference to the following detailed descrip-
fion of the disclosed subject matter when considered in
connection with the following drawings, i which like
reference numerals 1dentify like elements.

[0008] FIG. 1 shows a bioluminescent single photon
bioreactor, according to some embodiments.

[0009] FIG. 2 shows a bioluminescent single photon
bioreactor, according to some embodiments.

[0010] FIG. 3 shows a bioluminescent single photon
bioreactor, according to some embodiments.
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[0011] FIG. 4 shows a bioluminescent single photon biore-
actor, according to some embodiments.

[0012] FIG. 5 shows a bioluminescent single photon
bioreactor with bio-electronic signal being produced in a
bioreactor 1n panel A and an electronic signal and biolumi-
nescent light being produced i1n a bioreactor in panel B,
according to some embodiments.

[0013] FIG. 6 shows a plan view of a bioreactor in panel
and (panel B) a cross-section along line A-A of the biore-
actor shown 1n panel A, according to some embodiments.
[0014] FIG. 7 shows a fluorophore compound, according

to some embodiments.
[0015] FIG. 8 shows: (a) catalyzation of D-Luciferin by

firefly luciferase (PDB code 1LCI); (b) catalyzation of
furimazine by nanoluc (PDB code 3IBO), wherein spectral
peaks of firefly and nanoluc are 560 nm and 480 nm
respectively; (¢) comparison between single emitter and
coherent light; (d) a coincidence count detection scheme;
and (e) a second order auto-correlation function g*®(t)
according to the Example.

[0016] FIG. 9 shows an experimental configuration of a
bioluminescent single photon bioreactor according to the
Example.

[0017] FIG. 10 shows a graph of second-order correlation
function T*(0) versus time bin size At according to the
Example.

DETAILED DESCRIPTION

[0018] A detailed description of one or more embodiments
1s presented herein by way of exemplification and not
limitation.

[0019] According to developments in optical measure-
ment technmiques 1n recent years, detection or measurement
of faint light at the single photon or single fluorescent
molecule level have become possible by using an optical
system of a confocal microscope and a super high sensitive
light detection techmque capable of photon counting (single
photon detection). Thus, there are variously proposed
devices or methods of detecting single particles by means of
such a faint light measurement technique to perform detec-
tion of a characteristic, an intermolecular interaction, a
binding or dissociating reaction of a biological molecule,
etc. For example, 1 fluorescence correlation spectroscopy
(FCS), an optical system of a laser confocal microscope and
a photon counting technique measure fluorescence intensity
of fluorescent molecules or fluorescently labeled molecules
(fluorescent molecules, etc.) entering into and exiting out of
a micro region (the focal region to which the laser light of
the microscope 1s condensed, called a “confocal volume”) in
a sample solution, and based on the average dwell time
(translational diffusion time) of the fluorescent molecules
and the average value of the number of the dwelling mol-
ecules 1n the micro region, determined from the autocorre-
lation function value of the measured fluorescence intensity,
information 1s acquired for the motion speed and size or
concentration of the fluorescent molecules as well as detec-
tion of various phenomena such as a change of a molecular
structure or size, a binding or dissociative reaction or
dispersion, or aggregation of molecules.

[0020] In techmiques such as fluorescence intensity distri-
bution analysis (FIDA) or photon counting histogram
(PCH), there 1s generated a histogram of fluorescence inten-
sity of fluorescent molecules entering into and exiting out of
a confocal volume, measured similarly to FCS. The average
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value of the characteristic brightness of the fluorescent
molecules and the average number of molecules dwelling in
the confocal volume are calculated by fitting a statistical
model formula to the distribution of the histogram, so that,
based on the information thereof, the structure or size
changes, binding or dissociative conditions, dispersion, or
aggregation conditions of molecules can be estimated. In
addition, detecting fluorescent substances may be based on
a time progress of fluorescence signals of a sample solution
measured using the optical system of a confocal microscope.
Signal calculation processing can measure faint light from
fluorescent fine particles tlowing through a flow cytometer
or fluorescent fine particles fixed on a substrate by a photon
counting to detect the existence of fluorescent fine particles
in the flow or on the substrate. In one manner of FCS, a
system of a composition that contains a lot of dissolved
light-emitting substances 1s studied so that the entry of a
non-light-emitting particle dispersed 1n a composition in a
confocal volume causes reduction of detected light intensity,
wherein the translational diffusion time in the confocal
volume and the average of dwelling particle counts of
non-light-emitting particles are computed through an auto-
correlation function value of the fluorescence intensity.
Detection of fluorescence in this manner may be an indirect
measure of particles 1 the confocal detection volume, which
can be a technical drawback. Accordingly, some technical
limitations of certain conventional fluorescent methods
include aspects such as fluorescent light output depending
on pump light properties and following all pump fluctua-
tions, or fluorescence requires optical pumping with a strong
pump that excites light that may not be associated with the
eflect of interest. As a result, one can obtain autofluores-
cence, Raman scattering, and the like that can significantly
limit the signal-to-noise for observing low concentrations or
single molecule effects.

[0021] To overcome these technical limitations, biolumi-
nescence can be used to directly account for enzyme-
substrate 1nteractions, wherein a sample amount for the
measurement can be extremely small with an extremely low
concentration of analyte as compared with the conventional
art. Thus, bioluminescent single photon detection provides
quick testing at low cost 1n comparison with conventional
biochemical methods, especially 1n conducting an analysis
ol a rare or expensive sample often used 1n the field of the
medical or biological research and development or 1n con-
ducting tests of a large number of specimens, such as clinical
diagnosis or screening of bioactive substances.

[0022] It has been discovered that by applying nearly dark
count-free photon detectors to bioluminescence measure-
ments, nonclassical information 1s obtained that 1s not acces-
sible by conventional light detectors. This allows a signifi-
cantly enhanced quantification accuracy via a photon-
number statistics measurement. Detection of
bioluminescence may be the most accurate optical method
for quantification of biological processes. Because biolumi-
nescence 1s generated by tissues 1nstead of being excited by
an external source, the method 1s background-iree. Biolu-
minescence can be used to study a broad range of topics,
including aging, cancers, drug resistance, metabolism, and
the like. The articles and processes described herein provide
a real-time below-shot-noise-limit measurement of these
and other biological processes by quantifying changes in
biomarker concentration with ultimate sensitivity of a single
light emitting enzyme.
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[0023] Bioluminescent single photon bioreactor 200 and
performing absolute quantification of light-producing activ-
ity by enzymes provide an absolute quantification of light-
producing activity by enzymes that can enumerate the
number of optically active enzymes on an absolute scale and
quantify different biological processes 1n real time. Biolu-
minescent single photon bioreactor 200 detects the output
signal with a photon-number resolving detector. Performing
absolute quantification of light-producing activity by
enzymes 1ncludes accumulating times of arrival and photon
number statistics of single photons and applying first prin-
ciples of quantum optics and provides the number of par-
ticipating emitters. Bioluminescent single photon bioreactor
200 and performing absolute quantification of light-produc-
ing activity by enzymes collect the optical output from one
or more enzyme molecules, provide noise-free collection of
data, quantitatively monitor the rate of a biological activity
in real-time, and solve the problem of quantification and
intercomparison of various biological processes to more
rapidly discover new drugs than conventional technology.

[0024] Light produced by a system of few optically active
light emitters exhibits quantum behavior. Therefore, quan-
tum measurement methods can be applied. A measurement
of photon number stafistics can unambiguously resolve the
number of emitters 1n the system, and 1t 1s resilient to loss.

[0025] Bioluminescence light 1s generated from the
chemical energy of biological molecules. Dissimilar from
fluorescence measurements, no external light 1s required to
make measurements so that there 1s no optical noise or
background 1n a target biological system. Because in the
bioluminescent single photon bioreactor 200 light comes
from a finite number of quantum emitters during biolumi-
nescence, bioluminescent measurement accuracy 1s below
the shot noise limit. Accordingly, bioluminescent single
photon bioreactor 200 provides absolute quantification of
biological activities through detection of bioluminescence.

[0026] All-biological light emission may depend on avail-
ability of certain fuel molecules, such as firefly D-luciferin,
and a catalyst such as an enzyme molecule, e.g., luciferase.
Here, caged luciferin 1s supplied to the bio sample. Cages are
molecules that are attached to luciferin, preventing it from
interacting with the catalyst. Cages readily cleave from
luciferin 1n a viciity of target biomarkers, leaving the
luciferin 1n 1ts free form. Alternatively, two chemicals (CBT
and D-Cysteine) can react and produce D-luciferin. Simi-
larly, if one of the two chemicals (typically, D-Cysteine) 1s
caged, no such reaction takes place. Analogously to caged
luciferin, caged D-cysteine can uncage 1n presence of target
biomarkers. In either scenario, D-luciferin 1n i1ts free form is
released from caged chemicals at a rate proportional to
biomarker concentration. Therefore, if the number of cata-
lyst luciferases 1n an optical interrogation volume, e.g., a
confocal volume, 1s known, the 1ntensity of the emitted light
corresponds to the concentration of target biomarkers.
Advantageously, bioluminescent single photon bioreactor
200 can all-optically track a real-time change 1n target
biomarker concentration 1n living cells.

[0027] Multiple cages targeting certain bio-processes have
been reported, mncluding those for beta-galactosidase (a
biomarker of aging), caspase 3 (a biomarker of apoptosis),
H-,O, (a biomarker related Parkinson and Alzheimer), and
beta-lactamases (a biomarker of certain drug resistant bac-
teria). Other cages can be used with bioluminescent single
photon bioreactor 200.
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[0028] For self-calibration, a sample of an unknown con-
centration of enzymes can be prepared and subsequently
diluted by known factors to reach a range of concentrations.
Although an average of enzymes can be arbitrary, this
method can work with an average of enzymes ranging from
about 1 enzyme (or less) to 10 enzymes per interrogation
volume. Substrate (or luciferin) can be added so that the
light-producing reaction 1s saturated. Then, photon number
stafistics are acquired for each diluted sample. The mea-
surement data can be combined and fitted using a model
from which the 1nitial, unknown concentration 1s extracted.

[0029] During absolute quantification of light-producing
activity by enzymes with bioluminescent single photon
bioreactor 200, no external noise 1s present, but the number
of enzymes can change in time. With the information
acquired 1n this measurement, the intensity change due to
variation 1n a biological activity (1.e. free luciferin concen-
tration) can be separated from the intensity change from the
number of enzymes variation. Photon generation by one (or
few) quantum emitters 1s sub-Poisson for below-the-shot-
noise measurements.

[0030] Bioluminescent single photon bioreactor 200 and
performing absolute quantification of light-producing activ-
1ty by enzymes provide better sensitivity and specificity than
conventional background-free bioluminescent measure-
ments used for bio-quantification. In conventional measure-
ments, the number of active light emitters may not be known
even within a factor of two. The sensitivity of conventional
measurements may be limited by dark noise of sensors and
conventional specificity may depend on relative measure-
ments. In addition, bioluminescent single photon bioreactor
200 and performing absolute quantification of light-produc-
ing activity by enzymes provide an absolute scale for
real-time bio-quantification measurements 1n vitro and ex
vivo and can provide for intercomparison.

[0031] Bioluminescent single photon bioreactor 200 per-
forms absolute guantification of light-producing activity by
enzymes. In an embodiment, with reference to FIG. 1,
bioluminescent single photon bioreactor 200 for detecting
bioluminescence by single photon detection includes: biore-
actor 216 1in fluid communication with sample source 228
and that receives enzyme 201 or 209 and substrate 206 from
sample source 228; confocal optical module 218 1n opftical
communication with bioreactor 216 and that receives bio-
luminescent light 212 from bioreactor 216 and communi-
cates bioluminescent light 212 to pixel detector 217; pixel
detector 217 1n optical communication with confocal optical
module 218 that produces detector signal 227 from biolu-
minescent light 212; analyzer 222 1n electrical communica-
tion with pixel detector 217 and that receives the detector
signal 227 from pixel detector 217; a processor of analyzer
222 that determines a time of arrival of detector signal 227;
an autocorrelator module, stored 1n memory and coupled to
the processor, that determines an autocorrelation among
detector signals 227 for threshold times of arrival of photons
at pixel detector 217 according to: the following equation for
a single emitter in the field of view of objective 219 of
confocal optical module 218:

)
dPr)y=1-¢eT,
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or

the following second-order autocorrelation equation for
N-emitters i the FOV of the objective 219:

g(0)=1-1/N<1

if g(2)(0)=0, then one enzyme 201 was 1n the field of view;
and 1t g(2)(0) 1s not 0, then the number of emitters N 1s
obtained from 1-1/N of the autocorrelation function g(2).

[0032] In an embodiment, bioluminescent single photon
bioreactor 200 includes confocal optical module 218 in
communication with bioreactor 216 and analyzer 222,
wherein confocal optical module 218 receives biolumines-
cent light 212 from bioreactor 216 and communicates biore-
actor 216 to analyzer 222 from which analyzer 222 abso-
lutely quantifies light-producing activity by enzymes also
from bioluminescent light 212.

[0033] Sample source 228 can provide a fluid flow of
enzyme 201, fluorophore compound 209, substrate 206 to
bioreactor 216 via programmed or manual sourcing of these
components. Various fluid delivery devices can be included
in sample source 228 including syringes that serve as, e.g.,
enzyme supply 204 and substrate supply 205. A flow rate can
be selected provide a tailored delivery rate or concentration
of enzyme 201, fluorophore compound 209, substrate 206 to
bioreactor 216. Sample source 228 can be fluidically con-
nected to bioreactor 216 by tubing or microfluidic flow
channels. It 1s contemplated that bioreactor 216 receives
enzyme 201 at a dilute concentration.

[0034] In bioreactor 216, a bioreaction mvolving oxidiz-
ing the substrate 206 catalyzed by the enzyme 201 produces
bioluminescent light 212 by the bioreaction, and confocal
optical module 218 collects bioluminescent light 212 from
bioreactor 216 and communicates bioluminescent light 212
to pixel detector 217, wherein pixel detector 217 detects
bioluminescent light 212 from confocal optical module 218
prior to producing detector signal 227. Bioreactor 216 can be
a vessel that contains substrate 206 and enzyme 201. In
some embodiments, bioreactor 216 1s a flow cell, wherein
substrate 206 and enzyme 201 flow through bioreactor 216.
In this case, fluids can flow from bioreactor 216 to a waste
collector or can be recycled for reconstituting or recharging
with enzyme 201, fluorophore compound 209, or substrate
206. Bioreactor 216 can be made from various materials
(e.g., plastic, polymer, glass, ceramic, metal, and the like)
that are compatible with enzyme 201, fluorophore com-
pound 209, or substrate 206. In some embodiments, some or
all of enzyme 201, fluorophore compound 209, and substrate
206 are immobilized 1n bioreactor 216. In some embodi-
ments, some or all of enzyme, 201, fluorophore compound
209, and substrate 206 are located inside immobilized or not
immobilized biological cell or cells. In some embodiments,
some or all of enzyme, 201, fluorophore compound 209, and
substrate 206 are produced by these cells. With reference to
FI1G. 6, bioreactor 216 can include frame 210 that bounds
bioreaction chamber 207 on several sides and cover 211
disposed on frame 210. Cover 211 1s optically transparent to
wavelengths of bioluminescent light 212 or excitation light
213, which can be, e.g., visible light or ultraviolet light.
Frame 210 can include flow holes or channels through which
bioreaction chamber 207 1s in fluild communication with
sample source 228. Bioreaction chamber 207 can have a
volume sufliciently large for the confocal volume of objec-
tive 219. Further, cover 211 can include a surface facing
bioreaction chamber 207 that can be coated or functional-
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1zed with material to immobilize enzyme 201, substrate 206,
or fluorophore compound 209. In some embodiments, cover
211 can be passivated to avoid immobilization of enzyme
201, substrate 206, or tluorophore compound 209 thereto. It
1s contemplated that bioreactor 216 can be stationary with
respect to objective 219 so the field of view of objective 219
1s constant with respect to bioreactor 216. In some embodi-
ments, bioreactor 216 1s non-stationary with respect to
objective 219 so the field of view of objective 219 can be
scanned laterally to bioreaction chamber 207 or brought
closer or farther away from bioreaction chamber 207.

[0035] Bioreactor 216 1s configured to optically charac-
terize bioluminescent activity. In some embodiments, a
syringe pusher 1s used to introduce separately prepared
dilutions of substrate and enzyme into the chamber with,
e.g., a 3 mm by 1 mm cross section and 20 mm length
covered by a 1.7 um thick cover slip as cover 211. A confocal
optical setup for confocal optical module 218 can include an
o1l immersion microscope objective 219 with a 1.25 numeri-
cal aperture (N.A.) and a fiber-coupling lens. The collection
volume can be approximately 0.1 femtoliter (1L). Photons
are coupled into a fiber and then detected using pixel
detector 217, e.g., a TES detector or photon detecting
camera. A PC digitizer as analyzer 222 records the output
wavelorms from pixel detector 217.

[0036] Enzyme 201 can be any enzyme that interacts with
substrate 206 to produce bioluminescent light 212. Exem-
plary enzymes 201 include luciferase enzymes (e.g., com-
mercially available under the tradename Nanoluc). Enzyme
201 provides light emission through biological processes
and can be a genetically engineered variant of a naturally
occurring luciferase.

[0037] Rather than enzyme 201 by itself producing bio-
luminescent light 212 in response to interaction with sub-
strate 206, enzyme 201 can be coupled to fluorophore 208 1n
fluorophore compound 209 that produces bioluminescent
light 212 for single photon detection. Fluorophore 208 can
be any moiety that provides energy exchange or absorption
of light (e.g., excitation light 213) and can be, e.g., a
quantum dot; fluorescein; fluorescent protein; and the like.
Fluorophore compound 209 assists 1n locating enzyme 201,
provides sensing capability, and association, wherein light 1s
obtained from fluorophore 208 when enzyme 201 1s excited,
1.¢., enzyme 201 produces bioluminescent light when sub-
strate 206 15 present, 1.e., close enough for binding. When
enzyme 201 produces bioluminescent light, fluorophore 208
receives bioluminescent light and can produce a photon
having a different color if enzyme 201 and tfluorophore 208
are proximate to one another. It 1s contemplated that proxi-
mate can refer to a configuration or arrangement. Accord-
ingly, fluorophore 208 can aid in determining a position of
enzyme 201 within field of view of objective 219. Fluoro-
phore 208 can bonded or not to enzyme 201. It should be
appreciated that bioluminescent light 212 1s produced by
enzyme 201 or tluorophore compound 209. Excitation light
213 can excite fluorescence from fluorophore 208 of fluo-
rophore compound 209 as shown i FIG. 2.

[0038] With reference to FIG. 2, which a dual-modality
probe configuration, bioluminescent probes can be joined
with other probes, such as fluorescent probes 1in diflerent
combinations. Enzymes labeled with fluorophores lead to
fast spatial localization that aids absolute quantification.
Single-photon bioluminescent resonance energy transier
(BRET) for biosensing of analytes can be realized in this
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manner. For instance, 11.uc or nanolL.uc can excite a diflerent
fluorophore, which i1s engineered into a construct whose
elliciency of accepting the excitation 1s dependent on the
concentration ol an analyte. These analytes can be small
molecules for which caged bioluminescent substrate mea-
surements are not applicable. Here, laser 214 can provide
excitation light 213 that excites fluorophore 208 1n fluoro-
phore compound 209. Bioluminescent light 212 And fluo-
rescent light 215 produces in bioreactor 216 are communi-
cated to and received by objective 219 and commumnicated to
pixel detector 217.

[0039] Substrate 206 1s a substrate for enzyme 201. Exem-
plary substates 206 include a luciferin such as furmazine. It
1s contemplated that substate 206 1s subject to oxidation by
enzyme 201, and 1n response to oxidation produces biolu-
minescent light 212.

[0040] Conifocal optical module 218 recerves biolumines-
cent light 212 from bioreactor 216 and can include compo-
nents to produce a confocal optical collection volume with
a field of view on a selected portion of bioreaction chamber
207 as well as collect bioluminescent light 212 and fluores-
cent light 215 and optionally transmit excitation light 213 to
bioreaction chamber 207. In an embodiment, confocal opti-
cal module 218 components such as objective 219 to create
a conifocal field of view 1n bioreactor 216 and to collect
optical radiation (e.g., bioluminescent light 212 and fluo-
rescent light 215) from bioreactor 216, transmit optical
radiation (e.g., excitation light 213) to bioreactor 216; mirror
229 to direct light; optical coupler 230 to couple fiber optic
to free-space propagation of light; and fiber optic (e.g.,
single mode fiber optic) to communicate light (e.g., biolu-

minescent light 212, fluorescent light 215 to pixel detector
217.

[0041] Pixel detector 217 1s 1n optical communication with
confocal optical module 218 and receives bioluminescent
light 212 from confocal optical module 218. Bioluminescent
light 212 from enzyme 201 may be a weaker optical signal
than fluorescent light produced by fluorescent probes, and 1t
1s challenging to reach absolute quantitation of a biological
process using bioluminescence. This 1s particularly dithicult
at the single molecule level where the signal could be at the
level of the background noise of the detector being used. To
perform single molecule measurement with bioluminescent
emitter, pixel detector 217 1s highly ethicient and has low
noise. Pixel detector 217 can include a superconducting
transition edge sensor detector or interleaved superconduct-
ing nanowires that generate electrical signal upon photon
arrival and absorption 1n such a way that the analysis of that
clectrical signal can discriminate between none, one, two,
and a few photons with enumeration. Photon number enu-
meration can be obtained by optically multiplexing several
ordinary (non photon number resolving) detectors in a
detector tree configuration. The arrival times can be derived
from the temporal dependence of the output electrical signal
as leading edges. The photon number can be obtained from
peak amplitude or integral amplitude or an analog matched
filter output amplitude of the electrical pulses or as digital
information. In an embodiment, pixel detector 217 1s a
superconducting transition edge sensor or a visible light
photon counter, or an interleaved superconductor nanowire
single photon detector. Other exemplary single photon
detectors include an avalanche photodiode 1n a photon
detection mode, superconducting nanowire single photon
detector, single-photon sensitive camera, or a photomulti-
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plier tube. Upon receipt of bioluminescent light 212, pixel
detector 217 produces detector signal 227 that can be an
clectrical pulse with a rising edge that contains information
about arrival time of the photon at the detector. In particular,
the transition edge sensor 1s a cryogenic energy sensor that
exploits strong temperature-dependent resistance of a super-
conducting phase transition with high stability such as one
dark count every two hours.

[0042] Analyzer 222 1s electrically connected to pixel
detector 217 and can include various signal-receiving and
signal analyzing components. Pixel detector 217 can include
an amplitude-to-digital coder and a processing unit such as
a field programmable gate array (FPGA) or a microproces-
sor. The processing unit can be configured to extract number
of photons from detector signal 227 produced by pixel
detector 217 and calculate second, third or higher order
correlation of photon arrivals.

[0043] In certain embodiments, with reference to FIG. 3
and FIG. 5, enzyme 201 or fluorophore compound 209, 1n
bioreactor 216, produces bio-electronic signal 225, and
bioluminescent single photon bioreactor 200 includes elec-
tronic sensor 224 1in communication with bioreactor 216.
Electronic sensor 224 receives bio-electronic signal 225
from bioreactor 216 and produces electrical transduction
signal 226 from bio-electronic signal 2235. Analyzer 222 1s 1n
clectrical communication with electronic sensor 224 and
receives electrical transduction signal 226 from electronic
sensor 224 and absolutely quantifies light-producing activity
by enzymes from electrical transduction signal 226. In some
embodiments, bioluminescent single photon bioreactor 200
includes bioreactor 216 and electronic sensor 224 (panel A,
FIG. 5) and optionally confocal optical module 218 {for
optical detection (panel B, FIG. §). Here, 1t 1s contemplated
that detection modalities might not be optical. Single-en-
zyme single-photon emission can be used for in-situ single-
photon triggering/excitation of biological events. For
example, single-photon triggering of retinal rod cell
responses produce an electrical current read-out as, e.g.,
bio-electronic signal 225.

[0044] Bioluminescent single photon bioreactor 200 can
be made in various ways. It should be appreciated that
bioluminescent single photon bioreactor 200 includes a
number of optical, electrical, or mechanical components,
wherein such components can be interconnected and placed
in communication (e.g., optical communication, electrical
communication, mechanical communication, and the like)
by physical, chemical, optical, or free-space interconnects.
The components can be disposed on mounts that can be
disposed on a bulkhead for alignment or physical compart-
mentalization. As a result, bioluminescent single photon
bioreactor 200 can be disposed 1 a terrestrial environment
or space environment. Elements of bioluminescent single
photon bioreactor 200 can be formed from silicon, silicon
nitride, and the like although other suitable maternials, such
ceramic, glass, or metal can be used. According to an
embodiment, the elements of bioluminescent single photon
bioreactor 200 are formed using 3D printing although the
clements of bioluminescent single photon bioreactor 200 can
be formed using other methods, such as injection molding or
machining a stock material such as block of material that 1s
subjected to removal of material such as by cutting, laser
oblation, and the like. Accordingly, bioluminescent single
photon bioreactor 200 can be made by additive or subtrac-
tive manufacturing. In an embodiment, elements of biolu-
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minescent single photon bioreactor 200 such as bioreactor
216 are selectively etched to remove various different mate-
rials using different etchants and photolithographic masks
and procedures. The various layers thus formed can be
subjected to joming by bonding or using mechanical cou-
plers to form bioluminescent single photon bioreactor 200.

[0045] It 1s contemplated that bioluminescent single pho-
ton bioreactor 200 and performing absolute quantification of
light-producing activity by enzymes can be implemented 1n
various ways. In an embodiment, a method implemented by
a system of one or more processors, the system being
included 1n a bioluminescent single photon bioreactor 200
and for performing absolute quantification of light-produc-
Ing activity by enzymes by bioluminescent single photon
bioreactor 200, includes: producing, by pixel detector 217 of
bioluminescent single photon bioreactor 200, detector signal
227; receiving, by analyzer 222 of bioluminescent single
photon bioreactor 200, detector signal 227; determining, by
bioluminescent single photon bioreactor 200, a time of
arrival of detector signal 227; determining, by biolumines-
cent single photon bioreactor 200, an autocorrelation among
detector signals 227 for threshold times of arrival of photons
at pixel detector 217 according to: the following equation for
a single emitter in the field of view of objective 219 of
bioluminescent single photon bioreactor 200:

.
g?@=1-eT,

1 —exp (—&T/T)_

') =1-
) At/ T ’

Or

the following second-order autocorrelation equation for the
number of emitters N 1n the FOV of objective 219:

g (0)=1-1/N<1

if g“2(0)=0, then one enzyme 201 was in the field of view;
and if g**’(0) is not 0, then the number of emitters N is
obtained from 1-1/N of the autocorrelation function g*.

[0046] In an embodiment, the method 1ncludes: receiving,
by bioreactor 216 of bioluminescent single photon bioreac-
tor 200, enzyme 201 at a dilute concentration; receiving, by
bioreactor 216, substrate 206; catalyzing a bioreaction
involving substrate 206 and enzyme 201 1n bioreactor 216;
producing bioluminescent light 212 by the bioreaction;
collecting, by confocal optical module 218, bioluminescent
light 212 from bioreactor 216; communicating biolumines-
cent light 212 from confocal optical module 218 to pixel
detector 217; and detecting, by pixel detector 217, biolumi-
nescent light 212 from confocal optical module 218 prior to
producing, by pixel detector 217, detector signal 227.

[0047] In an embodiment, the method includes measuring
second-order autocorrelation function g* with biolumines-
cent single photon bioreactor 200. Measuring the second-
order autocorrelation function g'*’ can include: identifying
timestamps of photon detection times; and defining a time
interval AT for accumulating co-incidences. Enzyme 201 can
be immeobilized to a portion of bioreactor 216. Alternatively,
enzyme 201 can flow into bioreactor 216 from enzyme
supply 204 and flow through bioreactor 216 1n absence of
immeobilization to bioreactor 216.

[0048] In an embodiment, the method includes: receiving
fluorophore compound 209 including enzyme 201 1n biore-
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actor 216; receiving excitation light 213 by fluorophore
compound 209 1n bioreactor 216; producing fluorescent
light 215 by fluorophore compound 209 in response to
receipt of excitation light 213; communicating fluorescent
light 215 from bioreactor 216 to confocal optical module
218; communicating fluorescent light 215 from confocal
optical module 218 to pixel detector 217; and detecting
fluorescent light 215 from confocal optical module 218 by
pixel detector 217, such that detector signal 227 further
includes components due to fluorescent light 215. The
fluorescent light 215 can be separated from the luminescent
light 212. In an embodiment, The fluorescent light 215 can
be separated from the luminescent light 212 by spectral
filtering. The emission of the fluorescent light 215 can be
controlled by controlling properties of excitation light 213;
those properties include ntencity, wavelength. Benefitially,
once the scene 1s assessed by measuring fluorescent light
215, excitation light 213 can be turned off, and the biological
activity of interest can be inferred by measuring the rate of
detection of the luminescent light 212 with no disturbance
from fluorescent light 215. In an embodiment, the scene
assessment 1s based on finding the fluorescent compound
molecules 209 by the maximum rate of photon detection of
the fluorescent light 215. In another embodiment, the scene
assessment requires measuring of and characterization of
correlation functions, and the number of fluorescent emitters
can be found using the same formula: the second-order
autocorrelation equation for the number of emitters N 1n

FOV of objective 219:
g“H(0)=1-1/N<1

[0049] if ¢“(0)=0, then one fluorescent compound 209
was in the field of view; and if g”(0) is not 0, then the
number of fluorescent compounds N 1s obtained from
1-1/N of the autocorrelation function g**.

[0050] In an embodiment, a system, for performing abso-
lute quantification of light-producing activity by enzymes by
bioluminescent single photon bioreactor 200, includes: pixel
detector 217 of bioluminescent single photon bioreactor 200
that produces detector signal 227; analyzer 222 of biolumi-
nescent single photon bioreactor 200 that receives detector
signal 227; a processor of analyzer 222 that determines a
time of arrival of detector signal 227; an autocorrelator
module, stored 1n memory and coupled to the processor, that
determines an autocorrelation among detector signals 227
for threshold times of arrival of photons at pixel detector 217
according to: the following equation for a single emitter 1n
the field of view of objective 219 of bioluminescent single

photon bioreactor 200:

.
gP@)=1-eT,

Or

the following second-order autocorrelation equation for
N-emitters 1n the FOV of objective 219:

2@(0)=1-1/N<1

if g*”(0)=0, then one enzyme 201 was in the field of view:;
and if g“2(0) is not 0, then the number of emitters N is

obtained from 1-1/N of the autocorrelation function g*’.

[0051] The system further can include bioreactor 216 of
bioluminescent single photon bioreactor 200 that receives
enzyme 201 at a dilute concentration and substrate 206,
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wherein: 1n bioreactor 216 a bioreaction involving substrate
206 1s catalyzed by the enzyme 201 with production of
bioluminescent light 212 by the bioreaction; confocal optical
module 218 collects bioluminescent light 212 from biore-
actor 216 and communicates bioluminescent light 212 to
pixel detector 217; and pixel detector 217 detects biolumi-
nescent light 212 from confocal optical module 218 prior to
producing detector signal 227. Bioluminescent single pho-
ton bioreactor 200 measures the second-order autocorrela-
tion function g'*’, wherein the autocorrelator module mea-
sures the second-order autocorrelation function g‘* by:
1dentifying timestamps of photon detection times; and defin-
ing a time interval AT for accumulating co-incidences.
Enzyme 201 can be immobilized to a portion of the biore-
actor 216 to not move freely through the bioreactor 216, or
enzyme 201 flows 1nto bioreactor 216 from enzyme supply
204 and flows through bioreactor 216 in absence of 1mmo-
bilization to bioreactor 216.

[0052] In the system, bioreactor 216 can receive fluoro-
phore compound 209 including enzyme 201; fluorophore
compound 209 receives excitation light 213 1n bioreactor
216 and produces fluorescent light 215 1n response to receipt
of excitation light 213; fluorescent light 215 1s communi-
cated from bioreactor 216 to confocal optical module 218;
confocal optical module 218 communicates fluorescent light
215 from bioreactor 216 to pixel detector 217; and pixel
detector 217 detects fluorescent light 215 from confocal
optical module 218, such that detector signal 227 further
includes components due to fluorescent light 215. The
emission of the fluorescent light 215 can be controlled by
controlling properties of excitation light 213; those proper-
ties 1nclude intencity, wavelength. Benefitially, once the
scene 1s assessed by measuring fluorescent light 215, exci-
tation light 213 can be turned off, and the biological activity
of 1nterest can be inferred by measuring the rate of detection
of the luminescent light 212 with no disturbance from
fluorescent light 215. In an embodiment, the scene assess-
ment 1s based on finding the fluorescent compound mol-
ecules 209 by the maximum rate of photon detection of the
fluorescent light 215. In another embodiment, the scene
assessment requires measuring of and characterization of
correlation functions, and the number of fluorescent emitters
can be found using the same formula: the second-order

autocorrelation equation for the number of emitters N 1n the
FOV of objective 219

2 2(0)=1-1/N<1

[0053] if ¢”(0)=0, then one fluorescent compound 209
was 1n the field of view; and 1f g(z)(O) 1s not O, then the
number of fluorescent compounds N 1s obtained from

1-1/N of the autocorrelation function g**.

[0054] In an embodiment, a non-transitory computer stor-
age media storing instructions for execution by a system of
one or more processors, the system 1s included 1n biolumi-
nescent single photon bioreactor 200, and the instructions
cause the one or more processors to perform operations
including: producing, by pixel detector 217 of biolumines-
cent single photon bioreactor 200, detector signal 227;
rece1ving, by analyzer 222 of bioluminescent single photon
bioreactor 200, detector signal 227; determining, by biolu-
minescent single photon bioreactor 200, a time of arrival of
detector signal 227; determining, by bioluminescent single
photon bioreactor 200, an autocorrelation among detector
signals 227 for threshold times of arrival of photons at pixel
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detector 217 according to: the following equation for a
single emitter in the field of view of objective 219 of
bioluminescent single photon bioreactor 200:

)
gP)=1-eT,

Or

the following second-order autocorrelation equation for
N-emitters 1n the FOV of the objective 219:

2@(0)=1-1/N<1

such that: if g**(0)=0, then one enzyme 201 was in the field
of view; and if g'*(0) is not 0, then the number of emitters
N is obtained from 1-1/N of the autocorrelation function g**.

[0055] The nstructions can further include: receiving, by
bioreactor 216 of bioluminescent single photon bioreactor
200, enzyme 201 at a dilute concentration; receiving, by
bioreactor 216, substrate 206; catalysing bioreaction imvolv-
ing substrate 206 and enzyme 201 1n bioreactor 216; pro-
ducing bioluminescent light 212 by the bioreaction; collect-
ing, by confocal optical module 218, bioluminescent light
212 from bioreactor 216; communicating bioluminescent
light 212 from confocal optical module 218 to pixel detector
217; and detecting, by pixel detector 217, bioluminescent
light 212 from confocal optical module 218 prior to pro-
ducing, by pixel detector 217, detector signal 227. The
computer storage media further can include measuring the
second-order autocorrelation function g with biolumines-
cent single photon bioreactor 200. The computer storage
media can mnclude measuring the second-order autocorrela-
tion function g that includes: identifying timestamps of
photon detection times; and defining a time interval AT for
accumulating co-incidences. The enzyme 201 can 1immobi-
lized to a portion of bioreactor 216, to move freely through
bioreactor 216, or enzyme 201 can flow into bioreactor 216
from enzyme supply 204 and flows through bioreactor 216
1n absence of immobilization to bioreactor 216. In addition,
the enzyme 201 may be confined to a biological cell that 1s
either immobilized 1n the bioreactor 216, moves freely
through the bioreactor 216 or can flow into bioreactor 216
from the enzyme supply 204. The mstructions can include:
receiving fluorophore compound 209 including enzyme 201
1in bioreactor 216; receiving excitation light 213 by fluoro-
phore compound 209 1n bioreactor 216; producing fluores-
cent light 215 by fluorophore compound 209 1n response to
receipt of excitation light 213; communicating fluorescent
light 215 from bioreactor 216 to confocal optical module
218; communicating fluorescent light 215 from confocal
optical module 218 to pixel detector 217; and detecting
fluorescent light 215 from confocal optical module 218 by
pixel detector 217, such that detector signal 227 further
includes components due to fluorescent light 215.

[0056] Bioluminescent single photon bioreactor 200 and
processes disclosed herein have numerous beneficial uses,
including i1dentifying and characterizing the bioprocesses
originating from a single enzyme. The sensitivity to the
optical signal from the single enzyme enables the analysis of
trace amounts of biomarkers and real-time changes 1n target
biological activity, even when such activity occurs at a low
rate. This 1s beneficial for studying the early stage disease
and transient temporal effects e.g. these associated with an
on-going biological function aiding drug discovery. Advan-
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tageously, bioluminescent single photon bioreactor 200
overcomes limitations and technical deficiencies of conven-
tional devices and conventional processes such as relatively
high noise level typically involving as many as a thousand
enzyme molecules 1n a focal volume to observe target
biological activity. In addition, because the number of
participating molecules cannot be exactly known, the con-
ventional measurement 1s shot-noise limited. Further, con-
ventionally, small changes 1n photon flux cannot be directly
attributed to the changes 1n the observed biological function
only: deviations 1n photon flux can be caused by the random
change of the number of participating enzymes.

[0057] Certain environments have a natural optical back-
ground that can include photosynthetic organisms such as
plants and algae. In conventional processes, laser excitation
cannot spatially localize the excitation because the sample
contains so many fluorophores and 1s spectrally congested.
These conventional process are not as sensitive as perform-
ing absolute quanfification of light-producing activity by
enzymes described heremn. Accordingly, bioluminescent
single photon bioreactor 200 can provide higher precision
and accuracy than conventional devices. Moreover, biolu-
minescent single photon bioreactor 200 and performing
absolute quantification of light-producing activity by
enzymes provide a signal 1n a high background and can use
the genetic encoding, e.g., of nanol.uc, attached to a cellular
component, such that when a bioluminescent photon 1s
detected, the photon comes from the spatially-targeted
enzyme within the cell.

[0058] In quantum optics, one can determine the system 1s
collecting light from a single emitter by observing anti-
bunching behavior of the emitted light, e.g., by measuring
the second order autocorrelation function g*’. The second
order autocorrelation function g’ is used to characterize the
autocorrelation of the intensity fluctuations at time t with
those at a later time t+T. Given the detection of n photons at
time t, the second order autocorrelation function g**’ pro-
vides the probability of detecting a similar number of
photons at a later time t+T. The characteristic dip of a g**'(1)
measurement from a single emitter occurs after excitation
because the emitter returns to some 1nactive state and cannot
immediately emit a subsequent photon. For a coherent
source such as a laser with the time independent intensity L,
g”(1)=1 for any value of T. This g**’(T) measurement is
resilient to loss, and 1f the emitter has two or more states: 1.e.
at least one 1nactive state where no photon emission can
occur and at least one active state where photon emission ca
occur, 1t may not be possible to receive two photons within
the excited state lifetime of the emitter. Accordingly, biolu-
minescent single photon bioreactor 200, provides a high-
fidelity system for performing absolute quantification of
light-producing activity by enzymes by quantifying the
number of participating enzymes independently from other

factors such as loss, substrate concentration, temperature,
and the like.

[0059] It 1s contemplated that the biomarker optical signal
can 1nclude noise. The noise can include detector dark
counts or uncontrolled optical background at the target.
Optical noise affects the value of g but can be separately
measured. A noise correction can be applied to g*®. The time
bin for statistics accumulation can be chosen such that the
probability to observe M photons decreases with number of
detected photons 1n that time bin (e.g., P,>>P,>>P, ... ). An
approximate expression is g’ (0)=2P,/(P,)”, wherein P,=N
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p4p, and P,=p° /24N p, p +Np” /2(1-1/N) and corre-
sponds to probabilities of detecting one and two photons,
respectively. Here, p, 1s measured when no enzymes are
present, Np_ 1s known from the measured P,: (N p_=P,—p,).
As before, N 1s the number of enzymes 1n the interrogation
volume. Here, p, and p_ are probabilities of detecting one
photon from a noise source and from a single enzyme
respectively.

[0060] Substituting P,, P, into the approximate expression
for g*(0), we get a formula for a permanent number of
enzymes:

szg(l — 1/N) +2Npupe + pi
(N pe + pa)’

gP0) |y =

[0061] Because g'* is known from the measurement, the
above formula gives N, and therefore p, 1s obtained as
p.=(Np_)/N. Alternatively, measurements at different values
of N can be made and verified through the g'® values
obtained.

[0062] If a constant number of emitters 1n the collection
volume during the calibration measurement cannot be
achieved, 1n some cases, for constant concentration <N>, the
number of emitters 1s a Poisson distribution as follows.

(N)p2 ]1

@ (0)/max(g®(r) :[1+
¢ N = s o

[0063] The shape of g**’(1) value of T where the maximum
max(g(t)) occurs depends on the particular mechanism
that leads to changing the number of emitters 1n the collec-
tion volume. Then value of T gives a characteristic time of
the underlying process that leads to changing the number of
emitters. The max(g'”(t)) value itself could be used as an
estimate of <N>, but this estimate 1s not as reliable as the
ratio above. For calibration, measurements should be taken

at several different concentrations <N> and {it to the theory.
Together with the measurement of P,: P,=<N>p _+p, . Thus,
p,. p. and the scale for <N> can be found from our absolute
calibrating measurement.

[0064] Bioluminescent single photon bioreactor 200 and
processes herein unexpectedly separate changes in the emis-
sion due to the change of the number of enzymes from the
changes 1n the emission due to the change of the concen-
tration of substrate. Moreover, bioluminescent single photon
bioreactor 200 provides significantly lower noise, partially
because measurements on a single photon emitter may yield
measurement noise below the classical shot noise Limit.
Finally, 1n canonical (and classical) Michaelis-Menten kinet-
ics model of enzyme-catalyzed chemical reactions, certain
kinetic constants are theoretically introduced bat can only be
characterized by their ratios, 1.e. indirectly. Unexpectedly,
transient effects in photon emission of the single enzyme can
be measured 1in absolute units by bioreactor 200 and pro-
cesses herein 1.e. from observing the recovery time T.

[0065] The articles and processes herein are 1llustrated
further by the following Example, which 1s non-limiting.
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Example

[0066] Quantum-Enabled Quantification of Real-Time
Biological Processes

[0067] Bioluminescence 1s a type of chemiluminescence
in which a living organism emits light when a particular
enzyme (such as luciferase, nanoluc, etc.) catalyses the
ox1dation of a small substrate molecule (such as D-luciferin,
furimazine, etc.). Bioluminescent proteins are widely used
1in biomedical research for imaging or as assays due to their
unprecedented sensitivity, ease of use, and relatively low-
cost. They are an invaluable tool 1n the study of in vivo and
1n vitro processes such as tumour growth, drug delivery and
disease diagnosis. In contrast to fluorescence, biolumines-
cence does not require an external source of 1llumination to
emit light, circumventing the adverse effects of phototoxic-
ity 1n cells and bleached reporters, allowing for long term,
continuous cell studies. Furthermore, bioluminescence 1s
optical-background-free. Therefore, bioluminescent mark-
ers are preferable to use when dealing with delicate photo-
sensitive samples or when there 1s a dim signal hindered by
scattered light coming from the excitation source, autolu-
minescence or other factors. Moreover, the substrate can be
caged by conjugating it with a distinct functional group,
preventing 1t from interacting with 1ts complementary
enzyme. The caged substrate may then be cleaved by a
distinct enzyme or a bioactive molecule reenabling the
catalytic reaction. Thus, the luciferin 1s turned 1nto a reporter
of enzyme or cell physiological activity. Bioluminescent
quantification only depends on the in-situ conditions (as
opposed to fluorescence 1maging and quantification which
depends on frequency and intensity of the excitation light),
and therefore can more accurately describe the underlying
biological processes.

[0068] The bioluminescence 1s based on an enzyme-cata-
lyzed process, where the enzyme associates with the sub-
strate, resulting 1 high-efficiency single photon emaission,
FIGS. 8(a) and (b). An enzyme similar to nanoluc and
furimazine substrate was used, FIG. 8(»). The nature-de-
rived firefly luciferin-luciferase assay, which 1s the most
popular assay for both 1n vivo and 1n vitro settings, can be
used. Firefly luciferase 1s a larger enzyme than nanoluc. A
chemical difference 1s that firefly luciferase requires ATP 1n
addition to luciferin and oxygen to produce light. The
combination of the above factors enables high turnover of
the nanoluc/furimazine as compared to the luciferase/D-
lucifirin.

Quantum Properties of Single Emitters

[0069] Due to low brightness, 1t may be challenging to
reach absolute quantitation of a biological process measur-
ing bioluminescence. This 1s particularly difficult at the
single molecule level where the signal 1s dim and compa-
rable to the background noise of the detector. A sufficiently
low-noise detector detects light from approximately one
enzyme and characterizes the emission 1n real time. Since
each enzyme can emit one single photon at the time, we can
directly verify that our detection capabilities enable light
detection from a single enzyme molecule using the statistical
properties of single-photon-emaitters.

[0070] Quantum mechanically, the second-order correla-
tion function g**(T) is defined as
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G Oa ¢+ Dalt +nal) (1)
@ (a)’

@) =

where "a, "a+ are creafion and annihilation operators. In
classical optics, this equation becomes:

@I +1)) (2)
{0

@) =

where I(t) 1s the intensity of the field at time t and the
brackets indicates the average over the detected time inter-
val. If we consider a coherent source with time 1ndependent
intensity I, we would have that g”(1)=I,"/I,°=1 for any
value of T. It can be shown that a classical source with
time-dependent intensity will yield g*’(t)>1, thus all clas-
sical light sources are constrained by g*“(1)>1.

[0071] Quantum mechanically, "a, "a+ do not commute, so
an expression analogous to Eq. 2 cannot be written. How-
ever, 1n a special case of T=0 there 1s a simpler form for

g(0):

(R = 1)) (3)
GO

g2 (0) =

where n"(t)="a+(t) a(t) 1s a photon-number operator. This
form allows a useful physical interpretation. Because single
emitters can only emit one photon at a time (a Fock state 11),
n"(t) can only be 0 or 1, and n"(t)(n"(t)—1)=0. Therefore for
such a source, g**(0)=0, in a stark contrast with the classical
case. Therefore, from the first principles of guantum
mechanics, a measurement g*”’(0)=0 gives the absolute
proof that the source 1s a single photon source. It can be
shown that for N participating emitters, g*”(0)=1-1/N<1,
which provides an independent scale to figure out the
number of participating emitters. Notice that the g*’ mea-
surement 1s resilient to loss since an undetected photon does
not contribute to either the denominator or numerator of 3.
When the number of emitters increases, g*’(0) asymptoti-
cally reaches one. Hence, the quantitative measurements of
the number of emitters using this parameter are most accu-
rate for low N.

Enzymes as Single Photon Sources

[0072] The second-order autocorrelation function, g**(1),
1s the joint probability of detecting a photon at time t=0 and
a subsequent photon at a later time t=T. The characteristic
dip of a g'*(T) measurement from a single emitter is due to
the fact that after excitation the emitter needs to be excited
again, hence 1t cannot immediately emit a subsequent pho-
ton.

[0073] In some 1solated single emitter systems, like quan-
tum dots, the width of a g"*’(T)dip is related to pumping rate
and the excited state lifetime. The kinetics of a biolumines-
cent process 1s more complicated. The enzyme 1s believed to
catalyze oxidation of just one molecule at a time. The
“Inactive’” time between one photon emission and the next 1s
determined by the time required by the enzyme to reach 1its
steady-state after a successful catalysis event. A catalysis
event was successful because a photon associated with 1t
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was detected (at t=0). The 1nactive time depends on char-
acteristic times of several relevant processes. These pro-
cesses 1nclude (but may not be limited to) turnover time,
characteristic association time and dissociation time. In
canonical (and classical) Michaelis-Menten kinetics model
these times are derived from Kinetic constants (or rates) and
enzyme, substrate concentrations. In this model, the rate of
change between different states of the enzyme (free enzyme,
enzyme associated with a substrate, enzyme associated with
the product of chemical reaction, etc) 1s described by the
so-called kinetic rates k. However, by observing the
ensembles of enzyme, only some rates can be characterized
in absolute units, while other rates can be only found 1n
relative units, 1.e. as ratios of certain kinetic rates. Here we
assume for simplicity that the permanent inactivation of the
enzyme 1s unlikely. We also assume that the random asso-
ciation of the enzyme with the product molecule (oxidized
substrate) 1s negligible. For a single enzyme molecule we
write:

( dE
— = kS E+k¥ EP+ k¥ -ES
dES
— =k S E = (kg + kT ) ES —kZE-S-ES + kL - ESS
] deP o
_df. j— EHI.ES(I)_}{P 'E_P
dESS o

where S 15 the concentration of substrate, and E, ES, ESS,
EP are probabilities of an enzyme to be 1n a free state (1.e.
not associated with either enzyme or product), associated to

one substrate molecule, associated to two substrate mol-
ecules and associated to the product (oxidized substrate),
respectively. In addition, E+ES+ESS+EP=1. The kinetic
constants k describe rates of change of enzyme states, where

“on”’ describe association, “off”” describe dissociation, sub-
indexes S, SS, P refer to transitions between ES and E states,
transitions between ESS and ES states, and transitions
between EP and E states, respectively. Note that association,

dissociation processes do not cause a chemical reaction.
Finally, subindex cat refers to rate of catalysis, 1.e. the rate
of the chemical reaction catalyzed by the enzyme. concen-
trations of free enzyme and substrate, respectively, [ES] and
|[ESS] are concentrations of the enzyme bound to one and
two substrate molecules, respectively, k are specific kinetic
constants that describe binding, unbinding, inactivation, and
the catalytic rate.

[0074] Although the solution to the system of differential
equations above can be found using computer methods, we
find a simplified analytical solution, where we neglect the

ES to ESS transition. It can be shown that

Nov. 17, 2022

where
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Further simplification 1s possible i1f we can further assume
that the rate of enzyme-product dissociation 1s either sig-
nificantly higher (lover) than the rates of association/disso-
ciation with the substrate:

aoff off G
ksl =|kd +Sk ff | cron
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The EP state 1s often omitted in calculations. While this can
be

kY s ko

o) =1 - E—r(ﬂcgff + K+ ey

Equations (6), (7) can be directly compared to a two-level
quantum emitter transient behavior after emitting a photon:

g (H=1—"7, (8)

where T 1s the transient time. Therefore, we arrive at a rather
counterintuitive (for quantum optics) result that the transient
time for an enzyme does not depend on the rate of photon
emission, as would be the case for an optically-pumped
two-level system. Even absent the approximations above,
equations (4) mtroduce a new relation between the kinetic
parameters that can only be measured by observing the
quantum transient effect.

[0075] One can observe the g”(0)<1 so that absolute
quantum calibration and determination of the number of
emitters are possible.

Hardware Configuration

[0076] An exemplary hardware configuration 1s shown 1n
FIG. 9. The nanoluc/furimazine assay was performed. We
prepared a dilution of nanoluc in phosphate-buffered saline
solution (PBS) to a concentration of ~0.2 enzymes per 0.1
fl.. We used nanoluc enzyme. We used furimazine as the
substrate. For furimazine, we prepared a 1:20 dilution with
the provided buffer solution, nanoglo. We then separately
loaded the enzyme dilutions and their respective substrates
into a pair of syringes and pushed them 1nto a fluidic channel
where the contents mix and catalysis occurs. The flow rate
was set to 2.9 ul/s to replenish the volume of the flow cell
and sustain the reaction for several hours. The emitted
photons were collected by an inverted confocal microscope
using a 60x o1l immersion objective lens with a numerical
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aperture of 1.25 and guided 1nto a single mode fiber for 780
nm. Photons were detected using a transition edge sensor
(TES) cooled below 100 mK. We use a custom-built TES.
For each photodetection event the TES outputs a signal that
1s amplified by superconducting and room temperature
amplifiers and digitized. The digitizer records digital wave-
forms of a certain length every time when the measured
signal crosses a pre-set voltage threshold. These wavetorms
are stored for analysis.

[0077] We repeated the same experiment with the weak

laser source with comparable photon flux as the mput to the
TES.

[0078] When noise 1s present, the noise usually adds an
uncorrelated component to photon number statistics. To use
the method above, the signal to noise ratio should be
suiliciently high. In an optically background-iree environ-
ment, such us a bioluminescent one, the most significant
noise component 1s dark noise of a detector. For example,
many avalanche photodiodes (APD) have a dark count rate
in the order of 10s to 100s counts per second, a g (1)
measurement with signals significantly lower than that
would be impossible. A transition edge sensor (TES) 1s a
photon counting detector that has almost zero dark counts
and 1n some cases has the ability of performing photon
number resolved measurements. The TES outputs a continu-
ous electrical signal whose voltage 1s proportional to 1ts
temperature. The temperature change due to an absorption of
a photon 1s detected as a voltage impulse. Each detection
corresponds to an impulse with a certain duration and a
certain amplitude. The duration and the amplitude 1n general
depend on a wavelength and the number of photons that are
simultaneously detected. The detection time of a photon 1s
the time when a leading edge of the impulse crosses a certain
threshold. The intrinsic dark noise of the TES detector 1s
very low. The main sources of noise 1n the detection system
are: the electronic amplifier noise, cosmic rays, and the noise
from background blackbody radiation that couples to the
TES through the mnput fiber. In our case here the approxi-
mate wavelength 1s known, so we obtain the typical wave-
form response from the TES and reject significantly different
events to reduce electronic noise of the detection system.
Most of these events result 1n waveforms that are signifi-
cantly different by shape, amplitude and length from photon
detection 1n our wavelength range. We apply mimimal and
maximal amplitude and pulse length filters to reject the
outlier events. After outlier event rejection, 1 our estima-
tion, we collect less than 1 event 1n 5 minutes that can still
be attributed to background noise. This noise 1s approxi-
mately 3 orders of magnitude smaller than the signal,
therefore 1n this demonstration we don’t have to apply noise
corrections to the g® measurements.

[0079] Ideally, to measure the autocorrelation function g
one 1dentifies timestamps of photon detection times. Then,
one defines a time 1nterval At for accumulating the coinci-
dences. A zero-delay coincidence occurs when the time
interval between the two arrival times 1s less than At. An
N-delay coincidence occurs when the time 1nterval between
the two arrival times 1s longer than (N-1)At but less than
NAt. In our case, we cannot rely on the photon number
resolving ability of the detector, so we find the shortest
possible time delay between the two resolvable photon
detections At,. Thus, in our experiment a zero delay coin-
cidence occurs when the time interval between the two
arrival times 1s more than At, and less than At+At,. An
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N-delay coincidence occurs when the time 1nterval between
the two arrival times 1s longer than NAt+At, but less than
(N+1)At+AT,. N 1s an imteger. To recognize this important
difference we label the measured correlation function I'®.
This operational method gives the values without a normal-
1zation. Before discussing a proper normalization, note that,
formally, T'®N)=/ &Tﬂ+ﬁTN’ﬂ"‘“+ﬂ“‘(N+l)g(z)(’c)d’c/A’c. Further,
note that I'®(0)zg(0), because g*'(t)=0.

[0080] The measured value I''® needs to be normalized.
To provide normalization, we note that I*®(N) reaches a
maximum and flattens out 1n an experiment for sufliciently
large N. We use sufliciently large N , and N5 values where
there is no statistically significant dependence of T'®(N) on
N. Operationally, N, and N, cannot be too large to avoid
classical correlation effects due to instabilities in the system,
some of which are inherent to the system studied. This
corresponds to large times when the enzymatic reaction
reaches the steady-state after a photon 1s detected. The
transient eflects prevent the enzyme to immediately associ-
ate with substrate and emuit light and lead to the nonclassical
character of photon emission.

[0081] The transient can be understood using a single
two-level system as an underlying example. In this system,
g(2)(t)=1-exp(—t/T) where T 1s the transient time. Substi-
tuting this anzats into the formula for the observed I"*(N)
establishes the relation of the transient time and the non-
classical observations.

[0082] The enzyme’s position 1s not controlled, but data
suggests that an active enzyme 1s not moving freely but
rather 1s stuck to the glass plate. At time intervals N chosen
for the analysis we do not observe the classical “blinking”
feature associated with the transit time of the emitter across
the focal volume 1n our correlation experiment, as intended.
[0083] Because transient time intervals with nonclassical
statistics are significantly shorter than the average interar-
rival times of detected photons the data needs to be collected
for a few hours (e.g., about 80 hours).

Results and Discussion

[0084] Based on the recorded data, I'*(0) was measured
as a function of At using the method described above.
Results are shown 1n FIG. 10. From this data, light fields
emitted by both bioluminescent processes are nonclassical
(I'®<1 over a range of At). For Nanoluc, I''®(0)=0.3(1) is
less than the nonclassicality threshold of unity, correspond-
ing to p-value of less than 10~°. In addition, T=0.018 ms
from the fitted data. The singles rate 1s about 2-4 counts per
second, consistent with the turnover rate of the nanoluc/
furimazine reaction and coupling and detection losses.
[0085] We also performed analysis with data collected
from the laser attenuated to the same photon rate as biolu-
minescent samples and obtain an expected value I''®(0)=1,
as 1 FIG. 10.

[0086] It is to be understood that not necessarily all objects
or advantages may be achieved in accordance with any
particular embodiment described herein. Thus, for example,
those skilled 1n the art will recogmize that certain embodi-
ments may be configured to operate 1 a manner that
achieves or optimizes one advantage or group of advantages
as taught herein without necessarily achieving other objects
or advantages as may be taught or suggested herein.
[0087] All of the processes described herein may be
embodied 1n, and fully automated via, software code mod-
ules executed by a computing system that includes one or
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more general purpose computers or processors. The code
modules may be stored in any type of non-transitory com-
puter-readable medium or other computer storage device.
Some or all the methods may alternatively be embodied 1n
specialized computer hardware. In addition, the components
referred to herein may be implemented 1n hardware, soft-
ware, firmware, or a combination thereof.

[0088] Many other vanations than those described herein
will be apparent from this disclosure. For example, depend-
ing on the embodiment, certain acts, events, or functions of
any of the algorithms described herein can be performed 1n
a different sequence, can be added, merged, or left out
altogether (e.g., not all described acts or events are necessary
for the practice of the algorithms). Moreover, 1n certain
embodiments, acts or events can be performed concurrently,
¢.g., through multi-threaded processing, interrupt process-
ing, or multiple processors or processor cores or on other
parallel architectures, rather than sequentially. In addition,
different tasks or processes can be performed by different
machines and/or computing systems that can function
together.

[0089] Any illustrative logical blocks, modules, and algo-
rithm elements described in connection with the embodi-
ments disclosed herein can be implemented as electronic
hardware, computer software, or combinations of both. To
clearly illustrate this interchangeability of hardware and
soltware, various illustrative components, blocks, modules,
and elements have been described above generally 1n terms
of their functionality. Whether such functionality 1s 1mple-
mented as hardware or software depends upon the particular
application and design constraints imposed on the overall
system. The described functionality can be implemented 1n
varying ways for each particular application, but such imple-
mentation decisions should not be mterpreted as causing a
departure from the scope of the disclosure.

[0090] The various 1illustrative logical blocks and modules
described in connection with the embodiments disclosed
herein can be implemented or performed by a machine, such
as a processing unit or processor, a digital signal processor
(DSP), an application specific itegrated circuit (ASIC), a
field programmable gate array (FPGA) or other program-
mable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed
to perform the functions described herein. A processor can
be a microprocessor, but 1n the alternative, the processor can
be a controller, microcontroller, or state machine, combina-
tions of the same, or the like. A processor can include
clectrical circuitry configured to process computer-execut-
able 1nstructions. In another embodiment, a processor
includes an FPGA or other programmable device that per-
forms logic operations without processing computer-execut-
able 1nstructions. A processor can also be implemented as a
combination of computing devices, e.g., a combination of a
DSP and a microprocessor, a plurality of microprocessors,
Oone or more microprocessors in conjunction with a DSP
core, or any other such configuration. Although described
herein primarily with respect to digital technology, a pro-
cessor may also include primarily analog components. For
example, some or all of the signal processing algorithms
described herein may be implemented 1n analog circuitry or
mixed analog and digital circuitry. A computing environ-
ment can include any type of computer system, including,
but not limited to, a computer system based on a micropro-
cessor, a mainirame computer, a digital signal processor, a
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portable computing device, a device controller, or a com-
putational engine within an appliance, to name a few.

[0091] The elements of a method, process, or algorithm
described in connection with the embodiments disclosed
herein can be embodied directly in hardware, in a software
module stored in one or more memory devices and executed
by one or more processors, or 1n a combination of the two.
A software module can reside 1n RAM memory, flash
memory, ROM memory, EPROM memory, EEPROM
memory, registers, hard disk, a removable disk, a CD-ROM,
or any other form of non-transitory computer-readable stor-
age medium, media, or physical computer storage known 1n
the art. An example storage medium can be coupled to the
processor such that the processor can read information from,
and write information to, the storage medium. In the alter-
native, the storage medium can be integral to the processor.
The storage medium can be volatile or nonvolatile.

[0092] Conditional language such as, among others,
“can,” “could,” “might” or “may,” unless specifically stated
otherwise, are otherwise understood within the context as
used 1 general to convey that certain embodiments include,
while other embodiments do not include, certain features,
clements and/or steps. Thus, such conditional language is
not generally intended to imply that features, elements
and/or steps are 1 any way required for one or more
embodiments or that one or more embodiments necessarily
include logic for deciding, with or without user mput or
prompting, whether these features, elements and/or steps are
included or are to be performed in any particular embodi-
ment.

[0093] The process descriptions, elements or blocks 1n
flow diagrams described herein or depicted 1n the attached
figures should be understood as potentially representing
modules, segments, or portions of code which include one or
more executable mstructions for implementing specific logi-
cal functions or elements 1n the process. Alternate imple-
mentations are included within the scope of the embodi-
ments described herein 1n which elements or functions may
be deleted, executed out of order from that shown, or
discussed, including substantially concurrently or in reverse
order, depending on the functionality involved as would be
understood by those skilled 1n the art.

[0094] While one or more embodiments have been shown
and described, modifications and substitutions may be made
thereto without departing from the spirit and scope of the
invention. Accordingly, it 1s to be understood that the present
invention has been described by way of illustrations and not
limitation. Embodiments herein can be used independently
or can be combined.

[0095] All ranges disclosed herein are inclusive of the
endpoints, and the endpoints are independently combinable
with each other. The ranges are continuous and thus contain
every value and subset thereof i the range. Unless other-
wise stated or contextually inapplicable, all percentages,
when expressing a quantity, are weight percentages. The
suilix (s) as used herein 1s mtended to include both the
singular and the plural of the term that 1t modifies, thereby
including at least one of that term (e.g., the colorant(s)
includes at least one colorants). Option, optional, or option-
ally means that the subsequently described event or circum-
stance can or cannot occur, and that the description includes

instances where the event occurs and instances where 1t does
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not. As used herein, combination 1s inclusive of blends,
mixtures, alloys, reaction products, collection of elements,

and the like.

[0096] As used herein, a combination thereof refers to a
combination comprising at least one of the named constitu-
ents, components, compounds, or elements, optionally
together with one or more of the same class of constituents,
components, compounds, or elements.

[0097] All references are incorporated herein by reference.

[0098] The use of the terms “a,” “an,” and ‘“‘the” and
similar referents 1n the context of describing the mmvention
(especially 1n the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. It can further be noted that the terms first, second,
primary, secondary, and the like herein do not denote any
order, quantity, or importance, but rather are used to distin-
guish one element from another. It will also be understood
that, although the terms first, second, etc. are, 1n some
instances, used herein to describe various elements, these
elements should not be limited by these terms. For example,
a first current could be termed a second current, and,
similarly, a second current could be termed a first current,
without departing from the scope of the various described
embodiments. The first current and the second current are
both currents, but they are not the same condition unless
explicitly stated as such.

[0099] The conjunction or 1s used to link objects of a list
or alternatives and 1s not disjunctive; rather the elements can
be used separately or can be combined together under
appropriate circumstances. Disjunctive language such as the
phrase “at least one of X, Y, or Z,” unless specifically stated
otherwise, 1s otherwise understood with the context as used
1n general to present that an item, term, etc., may be either
X, Y, or Z, or any combination thereof (e.g., X, Y, and/or 7).
Thus, such disjunctive language 1s not generally intended to,
and should not, imply that certain embodiments require at
least one of X, at least one of Y, or at least one of Z to each
be present.

[0100] The modifier about used 1n connection with a
quantity 1s mclusive of the stated value and has the meaning
dictated by the context (e.g., 1t includes the degree of error
associated with measurement of the particular quantity).

What 1s claimed 1s:

1. A method implemented by a system of one or more
processors, the system being included 1n a bioluminescent
single photon bioreactor and for performing absolute quan-
tification of hght-producing activity by enzymes by the
bioluminescent single photon bioreactor, the method com-
prising:

producing, by a pixel detector of the bioluminescent

single photon bioreactor, a detector signal;

receiving, by an analyzer of the bioluminescent single
photon bioreactor, the detector signal;

determining, by the bioluminescent single photon biore-
actor, a time of arrival of the detector signal;

determining, by the bioluminescent single photon biore-
actor, an autocorrelation among detector signals for
threshold times of arrival of photons at pixel detector
according to:

the following equation for a single emitter 1n the field
of view of an objective of the bioluminescent single
photon bioreactor:
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.
g@=1-¢T,

or

g*(0) for the number of emitters N in the field of view
(FOV) of the objective, such that:
if ¢2(0) is 0, then one enzyme was in the field of
view:; and
if g'9(0) is not 0, then the number of emitters N is
greater than 1, or noise 1s present 1n the detector
s1gnal.

2. The method of claim 1, further comprising:

receiving, by a bioreactor of the bioluminescent single

photon bioreactor, the enzyme at a selected concentra-
tion;

receiving, by the bioreactor, a substrate;

catalysing a bioreaction involving the substrate and the

enzyme 1n the bioreactor;

producing a bioluminescent light by the bioreaction;

collecting, by the confocal optical module, the biolumi-

nescent light from the bioreactor;
communicating the bioluminescent light from the confo-
cal optical module to the pixel detector; and

detecting, by the pixel detector, the bioluminescent light
from the confocal optical module prior to producing, by
the pixel detector, the detector signal.

3. The method of claim 1, further comprising measuring
the second-order autocorrelation function g'* by:

1dentifying timestamps of photon detection times; and

defining a time 1nterval AT for accumulating coincidences.

4. The method of claim 2, wherein the enzyme 1s 1mmo-
bilized to a portion of the bioreactor not to move freely
through the bioreactor.

5. The method of claim 2, wherein the enzyme flows nto
the bioreactor from an enzyme supply and flows through the
bioreactor 1n absence of immobilization to the bioreactor.

6. The method of claim 1, further comprising:

receiving a fuorophore compound comprising the

enzyme 1n the bioreactor;

rece1ving excitation light by the fluorophore compound 1n

the bioreactor:;

producing fluorescent light by the fluorophore compound

1n response to receipt of the excitation light;
communicating the fluorescent light from the bioreactor
to the confocal optical module;

communicating the fluorescent light from the confocal

optical module to the pixel detector; and

detecting the fluorescent light from the confocal opftical

module by the pixel detector, such that the detector
signal further comprises components due to the fluo-
rescent light.

7. A system, for performing absolute quantification of
light-producing activity by enzymes by a bioluminescent
single photon bioreactor, comprising:

a pixel detector of the bioluminescent single photon

bioreactor that produces a detector signal;

an analyzer of the bioluminescent single photon bioreac-
tor that receives the detector signal;

a processor of the analyzer that determines a time of
arrival of the detector signal;

an autocorrelator module, stored 1n memory and coupled
to the processor, that determines an autocorrelation
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among detector signals for threshold times of arrival of

photons at pixel detector according to:

the following equation for a single emitter 1n the field
of view of an objective of the bioluminescent single
photon bioreactor:

.
g =1-eT,

or

g'*(0) for the number of emitters N in the field of view
(FOV) of the objective, such that:
if g**(0) is 0, then one enzyme was in the field of

view:; and

if g**(0) is not 0, then the number of emitters N is
greater than 1, or noise 1s present 1n the detector
signal.

8. The system of claim 7, further comprising a bioreactor
of the bioluminescent single photon bioreactor that receives
the enzyme at a dilute selected concentration and a substrate,

wherein:

1in the bioreactor a bioreaction involving the substrate
and the enzyme 1s catalyzed with production of
bioluminescent light by the bioreaction;

the confocal optical module collects the bioluminescent
light from the bioreactor and communicates the
bioluminescent light to the pixel detector; and

the pixel detector detects the bioluminescent light from
the confocal optical module prior to producing the
detector signal.

9. The system of claim 7, wherein the autocorrelator
module measures the second-order autocorrelation function
¢@ by:

1dentifying timestamps of photon detection times; and

defining a time 1nterval AT for accumulating coincidences.

10. The system of claim 7, wherein the enzyme 1s 1immo-
bilized to a portion of the bioreactor to not move freely
through the bioreactor.

11. The system of claim 7, wherein the enzyme flows 1nto
the bioreactor from an enzyme supply and flows through the
bioreactor 1n absence of immobilization to the bioreactor.

12. The system of claim 7, wherein:

the bioreactor receives a fluorophore compound compris-

ing the enzyme;

the fluorophore compound receives excitation light 1n the

bioreactor and produces fluorescent light 1n response to
receipt of the excitation light;

the fluorescent light 1s communicated from the bioreactor

to the confocal optical module;
the confocal optical module communicates the fluorescent
light from the bioreactor to the pixel detector; and

the pixel detector detects the fluorescent light from the
confocal optical module, such that the detector signal
further comprises components due to the fluorescent
light.

13. Non-transitory computer storage media storing
mstructions for execution by a system of one or more
processors, the system being included 1n a bioluminescent
single photon bioreactor, and the instructions causing the
one or more processors to perform operations comprising:
producing, by a pixel detector of the bioluminescent single
photon bioreactor, a detector signal; receiving, by an ana-
lyzer of the bioluminescent single photon bioreactor, the
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detector signal; determining, by the bioluminescent single
photon bioreactor, a time of arrival of the detector signal;
determining, by the bioluminescent single photon bioreac-
tor, an autocorrelation among detector signals for threshold
times of arrival of photons at pixel detector according to: the
following equation for a single emitter 1n the field of view
of an objective of the bioluminescent single photon biore-
actor:

.
g =1-¢T,

Or

g*(0) for the number of emitters N in the field of view
(FOV) of the objective, such that: if g*(0) is 0, then one
enzyme was in the field of view; and if g**’(0) is not 0, then
the number of emitters N 1s greater than 1, or noise 1s present
1n the detector signal.
14. The computer storage media of claim 13, further
comprising:
receiving, by a bioreactor of the bioluminescent single
photon bioreactor, the enzyme at a selected concentra-
tion;
receiving, by the bioreactor, a substrate;
catalysing a bioreaction involving the substrate and the
enzyme 1n the bioreactor;
producing a bioluminescent light by the bioreaction;
collecting, by the confocal optical module, the biolumi-
nescent light from the bioreactor;
communicating the bioluminescent light from the confo-
cal optical module to the pixel detector; and
detecting, by the pixel detector, the bioluminescent light
from the confocal optical module prior to producing, by
the pixel detector, the detector signal.

15. The computer storage media of claim 14, further
comprising measuring the second-order autocorrelation
function g**’ by:

1dentifying timestamps of photon detection times; and

defining a time 1nterval AT for accumulating coincidences.

16. The computer storage media of claim 14, wherein the
enzyme 1s immobilized to a portion of the bioreactor not to
move freely through the bioreactor.

17. The computer storage media of claim 14, wherein the
enzyme flows into the bioreactor from an enzyme supply
and flows through the bioreactor in absence of immobiliza-
tion to the bioreactor.

18. The computer storage media of claam 14, further
comprising;
receiving a fluorophore compound comprising the
enzyme 1n the bioreactor;

recelving excitation light by the fluorophore compound 1n
the bioreactor;

producing fluorescent light by the fluorophore compound
1n response to receipt of the excitation light;

communicating the fluorescent light from the bioreactor
to the confocal optical module;

communicating the fluorescent light from the confocal
optical module to the pixel detector; and

detecting the fluorescent light from the confocal opftical
module by the pixel detector, such that the detector
signal further comprises components due to the fluo-
rescent light.
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19. A bioluminescent single photon bioreactor for per-
forming absolute quantification of light-producing activity
by enzymes, the bioluminescent single photon bioreactor
comprising;

a bioreactor that produces a bio-electronic signal;

an electronic sensor 1n commumnication with the bioreactor

that recerves the bio-electronic signal from the biore-
actor and produces an electrical transduction signal
from the bio-electronic signal; and

an analyzer in communication with the electronic sensor

and that recerves the electrical transduction signal from
the electronic sensor and absolutely quantifies light-
producing activity by enzymes Irom the electrical
transduction signal.

20. The bioluminescent single photon bioreactor of claim
19, turther comprising a confocal optical module 1n com-
munication with the bioreactor and the analyzer,

wherein the confocal optical module receives biolumi-

nescent light from the bioreactor and communicates the
bioreactor to the analyzer from which the analyzer
absolutely quantifies light-producing activity by
enzymes also from the bioluminescent light.
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