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FIG. 1A

Abstract: The present disclosure provides resonator networks adapted to a variety of applications. The networks include fluo-

rophores, quantum dots, dyes, plasmonic nanorods, or other optical resonators maintained in position relative to each other by a back-

bone (e.g., a backbone composed of DNA). The networks may exhibit optical absorption and re-emission according to specified tem-
poral decay profiles, e.g., to provide temporally -multiplexed labels for imaging or flow cytometry. The networks can include resonators
that exhibit a dark state, such that the behavior of the network can be modified by inducing the dark state in one or more resonators.

Such networks could be configured as logic gates or other logical elements, e.g., to provide multiplexed detection of analytes by a
single network, to permit the temporal decay profile of the network to be adjusted (e.g., to use the networks as a controllable random

number generator), or to provide other benefits.

[Continued on next page]
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Resonater networks for improved label detection, computation, analyte sensing,

and tunable randem number generation

CROSS-REFERENCE TO RELATED APPLICATIONS
[[EE This apphication claims pnority to United Siates Provisional Patent
Application No. 62/521,192, filed June 16, 2017, United States Provisional Patent
Application No. 62/527.451, filed June 30, 2017, and Uruted States Provisional Patent
Application No. 62/551,616, filed August 29, 2017 which are incorporated herein by

reference.

BACKGROUND

[[E! A variety of fluorophores, guantum dots, Raman dyes, and other optically
active substances can be mcorporated nto Iabels. Such labels can be used to determine the
presence, location, amount, or other properties of the label and/or of an analyte to which the
label is configured to bind in a sample. This can include illuminating the sample at one or
more optical wavelengths and detecting light responsively reflected by, absorbed and
fluorescently re~emitted by, or otherwise emutted from the label. A finung, a spectral content,
an intensity, a degree of polarization, or some other property of light detected from the
sample i response to illumination of the sample could be used to detect the identity of the
tabel 1o the sample. For example, a library of labels, differing with respect to an excitation
spectrum, an emission spectrum, a susceptibility to photobleaching, or some other optical
property, could be applied to the sample in order o detect the presence, location, or other
properties of a respective plurality of analyies in the sample.

[66063] In some examples, a label can include multiple fluorophores mn sufficient
proxinuty that energy can pass from an absorbing donor fluorophore of the label to an
emitting acceptor flusrophore of the label. In such examples, a state of binding to a target
analyie or some other status of such a label could be related to a distance between the donor
and acceptor. That is, the label binding to an instance of an analyte could cause a
conformation change i the label such that the distance between the donor and acceptor
increases (or decreases) io such a degree that energy is less {or more) likely to transfer from
the donor to the acceptor. In such examples, a degree of overall fluorescence of the label, or
some other optical property of the label, could be detected and used to determine the

presence, location, amount, an isoform, or some other property of the analvte in a sample.
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SUMBMARY

[6604] One aspect of the present disclosure provides a label mcluding: (1) two or
more input resonators that each include at least one of a fluorophore, a quantum dot, or a dye;
(i1) an output resonator that includes at least one of a fluorophore or a quantum dot; and (ii1)
an organic backbone. The two or more input resonators and the output resonator are coupled
to the backbone and the backbone mamtaing relative locations of the input resonators and the
output resonator such that energy can be fransmitted from each of the input resonators 1o the
output resonator

[6605] Another aspect of the present disclosure provides a label including: (1) an input
resonator; () one or more mediating resonators, where a first one of the one or more
mediating resonators is disposed proximate to the input resonator such that the first mediating
resonator can receive energy from ithe input resonator; (11} an ouiput resonator, where at
teast one of the one or more mediating resonators s disposed within the label proximate to
the output resonator such that the output resonator can receive energy from the at least one of
the one or more mediating resonators; and {iv) a backbone. The input resonator, the output
resonator, and the one or more mediating resonators are coupled to the backbone and the
backbone maintains relative locations of the mput resonator, the output resonator, and the one
or more mediating resonators such that energy can be transmuitted from the input resonator to
the output resonator via the one or more mediating resonators.

[BG06] Another aspect of the present disclosure provides a system including: (1) a
sample container; (11} a light source; (i11) a light detector; and (1v) a controller. The controller
is programimed to perform operations including: (a) illuminating, using the light source, the
g, relative to the ihumination

peil

sample container; {b} using the light detector, detecting a timin
of the sample container, of enussion of a plurality of photons from the sample container
within a range of detection wavelengths; and {c) deternuining, based on the detected timing of
emission of the plurality of photons, an identity of a label. Determuning the identity of the
label includes selecting the identity of the label from a setl of known labels. The label
mncludes: (1) an mput resonator; {2) an oulput resonator, where the output resonator is
characterized by an emission wavelength and the range of detection wavelengths includes the
emission wavelength of the output resonator; and {3} a network of one or more mediating
resonators, where relative locations of the input resonator, the output resonator, and the one or
more mediating resonators within the label are such that energy can be transmitted from the
input resonator to the output resonator via the one or more mediating resonators in response
to the mput resonator being excited by the illunmnation.

2
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[GG07] Yet another aspect of the present disclosure provides a non-transitory
computer-readable medium having stored thereon instruclions executable by at least one
processor to perform functions including: (1) ilurminating a sample that contains a label;, (1)
detecting a timing, relative to the illumination of the sample, of emission of a plurality of
photons from the sample within a range of detection wavelengths, where the range of
detection wavelengths includes an emission wavelength of an ouiput resonator of the label;
and (11} determining, based on the detected timung of enussion of the plurality of photons, an
identity of the label. The label includes: (a) an input resonator; (b) an output resonator, where
the output resonator 18 characierized by an emission wavelength: and {¢) a network of one or
more mediating tesonators, where relative locations of the mput resonator, the output
resonator, and the one or more mediating resonators within the label are such that energy can
be transmiited from the input resonator to the outpul resonator via the network of one or more
mediating resonators in response (o the inpul resonator being excited by the illumination.
Determining the identity of the label includes selecting the identity of the label from a set of
known labels.

{6608 Yet another aspect of the present disclosure provides a contrast agent
mcluding: (1) a first label; and (i1} a second label. The first label includes: (a) a first receptor
that selectivelv interacts with a first analvte of interest; (b) at least two first input resonaiors;
{(c) at east one first output resonator, where a ratio between a number of first inpuf resonators
in the first label and a number of first cutput resonators in the first label has a {irst value; and
{d} a Brst backbone, where the first receptor, the at least two first input resonators, and the at
least one first output resonator are coupled to the first backbone, and the first backbone
maintains relative locations of the at least two first input resonators and the af least one first
output resonator such that energy can be transroitted from each of the first input resonators to
at least one first ouiput resonator. The second label includes: (a) a second receptor that
selectively interacts with a second analyte of interest; (b} at least two second input resonaiors;
{c) at least one second output resonator, where a ratio between a number of second input
resonators in the second label and a number of second output resonators in the second label
has a second value; and (d) a second backbone, where the second receptor, the at least two
second input resonators, and the at least one second ouiput resonator are coupled to the
second backbouve, and the second backbone maintams relative locations of the at least two
second mput resonators and the at least one second output resonator such that energy can be
transmitted from each of the second input resonators {o at least one second outpul resonator,

Further, the {irst value and the second value differ
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[6G0Y] Yet another aspect of the present disclosure provides a method mcluding: (i)
ilominating a sample that contains a label; (1) detecting a timing, relative to the illumination
of the sample, of emission of a plurality of photons from the sample within a range of
detection wavelengths, wherein the range of detection wavelengths includes an emission
wavelength of an output resonator of the label; and (i1t} defermining, based on the detected
timing of emission of the plurality of photons, an identity of the label. The label includes: {a)
an input resonator; (b} an output resonator that s characterized bv an emission wavelength;
and {c¢} a network of one or more mediating resonators, where relative locations of the input
resonator, the output resonator, and the one or more mediating resonators within the label are
such that energy can be transmitted from the input resonator 1o the oulput resonator via the
network of one or more mediating resonators in response to the input resonator being excited
by the illumination. Determining the identity of the label includes selecting the identity of
the label from a set of known labels.

(0016} Yet another aspect of the present disclosure provides a system including: (1) a
sample container; (i1} a light source; (ii1) a light detector; and (1v} a controller. The controller
i3 programmed to perform operations inchudimg: (a) Hlurminating, using the light source, the
sample container; (b) using the light detector, detecting a tinung, relative to the illumination
of the sample container, of enussion of a plurality of photons from the sample container
within a range of detection wavelengths; and {¢) determining, based on the detected timing of
enmussion of the plurality of photons, an identity of a label. Determining the identity of the
label includes selecting the dentity of the label from a set of known labels. The label
includes: an input resonator that is characterized by an emission wavelength, where the range
of detection wavelengths includes the emission wavelength of the input resonator; and (b} a
modulating resonator, where relative locations of the input resonator and the modulating
resonator within the label are such that energy can be transmitted between the input resonator
and the modulating resonaior in response to the input resonator being excited by the
ilfununation,

G011} Yet another aspect of the present disclosure provides a resonator network
ncluding: (i) a first input resonator that has a dark state, where the first mput resonator can
enter the dark state m response to receiving illumunation at a first mput excitation
wavelength; (31) a readout resonator that can receive energy from illumunation at a readout
wavelength; (111} an output resonator; and (iv) a backbone. The first input resonator, the
readout resonator, and the output resonator are coupled to the backbone, and the backbone

maintains relative locations of the first inpul resonator, the readout resonator, and the output
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resonator such that energy can be transmitted from the readout resonator to the output
resonalor and further such that a probability of energy being transmitted from the readout
resonator to the output resonator is related to whether the first input resonator 1s in the dark
state.

6612} Yet another aspect of the present disclosure provides a method for detecting an
analyie, the method mcluding: () lluminating a resonator network, during a first period of
tirne, with light at a first input wavelength: (1) tHuminating the resonator network, during the
first pertod of time, with light at a readout wavelength; and (in1) detecting, during the first
pertod of time, an intensity of light ematted {rom an output resonator of the resonator
network. The resonator network includes: (a) a first input resonator that has a dark state,
where the first input resonator can enter the dark state in response to receiving llumination at
the first input excitation wavelengih; (b} a readout resonaior that can receive energy from
tumination at the readout wavelength; (¢} a mediating resonator; (d) an ouiput resonator; {e}
a sensor that mcludes a receptor that preferentially binds to an analyte; and (f) a backbone.
The first input resonator, the readout resonator, the sensor, and the output resonator are
coupled to the backbone, and the backbone maintains relative locations of the first mput
resonator, the readout resonator, the mediating resonator, the sensor, and the output resonator
such that energy can be transmitted from the readout resonator to the output resonator via the
mediating resonator and further such that a probability of energy being transmitied from the
readout resonator (o the output resonator, when the first input resonator 15 in the dark state, is
related to whether the receptor is bound to an instance of the analyle.

16G13] Yet another aspect of the present disclosure provides a method mcluding: (i)
tllominating a plurality of resonator networks, during a first period of time, with light at a
first mput wavelength; (1) ilununating the plurality of resonator networks, during the first
period of time, with light at a readout wavelength; and (i11) detecting a fimung, relative to the
illumination of the resonator networks, of emission of a phurality of photons from output
resonators of the plurality of resonator networks. Each resonator network of the plurality of
resonator networks includes: (a) a first input resonator that has a dark state and that can enter
the dark state in response to recetving illumination at the first input excifation wavelength; (b)
a readowt resonator that can receive energy from illumination at the readowt wavelength; (¢)
two or more mediating resonators; {d) an oufput resonator; and (e} a backbone. The first
input resonator, the readout resonator, the two or more mediating resonators, and the output
resonator are coupled to the backbone, and the backbone maintains relative locations of the

first input resonator, the readout resonator, the two or more mediating resonators, and the
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output resonator such that energy can be transntied from the readout resonator 1o the output
resonator via the mediating resonator and further such that the resonator network emuts
photons from the output resonator, in response to the readout resonator receiving ilumination
at the readout wavelength, according fo a time-dependent probability density function. A
detectable property of the time-dependent probability density function is related to whether
the first input resonator 18 in the dark state.

[6014] These as well as other aspects, advantages, and altematives, will become
apparent to those of ordinary skill in the art by reading the following detailed description,

with reference where appropriate o the accompanying drawings,

BRIEF DESCRIPTION OF THE DRAWINGS

[6G615] Figure 1A shows a schematic of resonators in a label.
[B316] Figure 1B shows a state transition diagram of the label illusirated

schematically in Figure 1A,

16617} Figure 2A shows the cumulative probability, over time, that a variety of
termunal states of alabel have occurred.

6018} Figure 2B shows the probability that a label will enut a photon as a function of

time following excitation of the label

[6G19] Figure 3A shows a schematic of resonators in a label.
[BG320] Figure 3B shows a schematic of resonators in a label.
(6621} Figure 3C shows a schematic of resonators in a label.
16622} Figure 3D shows a schematic of resonators in a label.
[6G23] Figure 3E shows a schematic of resonators in a label.
[6G24] Figure 3F shows a schematic of resonators in a label.
[6025] Figure 4A shows the probability that a variety of ditferent labels will emit a

photon as a function of time following excitation of the labels.
[3326] Figure 4B shows the count of photon received from samples of two different

labels as a function of time following excitation of the labels.

16627} Figure 5 shows a schematic of an exampie label.

[6G28] Figure 6A shows a schemaiic of resonators in a label.
(6629 Figure 6B shows a schematic of resonators in a label.
[3G30] Figure 6C shows a schematic of resonators in a label.
3331 Figure 6 shows a schematic of resonators in a label.
[3332] Figure 6F shows a schematic of resonators i a label.

6
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16633} Figure 6F shows a schematic of resonators in a label.
[6G34] Figure 6 shows a schematic of resonators in a label.
[6635] Figure 6H shows a schematic of resonators in a label.
[30336] Figure 7A shows a schematic of resonators in a network.
33371 Figure 7B shows a schematic of resonators in a network.
[B338] Figure 7C shows a schematic of resonators in a network,
[3339] Figure 71 shows a schematic of resonators in a network,
16G40] Figure 8A shows a schematic of resonators in a network.
[6641] Figure 8B shows a schemalic of resonators in a negtwork.
(66421 Figure 8C shows a schematic of resonators in a network.
[303:43] Figure 82 shows a schematic of resonators in a network.
[3344] Figure 8E shows a schematic of resonators in a network.
[3345] Figure 8F shows a schematic of resonators in a network.
[3046] Figure DA shows a schematic of resonators in a network.
16647} Figure 9B shows a schematic of resonators in a network.
[6648] Figure 10A shows a schematic of resonators in a neiwork.
[6649] Figure 10B shows a schematic of resonators in a network,
[30G50] Figure 11 shows a flow chart of an example method.
LHESEY] Figure 12 shows a flow chart of an example method.
LHEYY Figure 13 shows a {low chart of an example method.
DETAILED DESCRIPTION
[6G53] In the following detailed description, reference is made 1o the accompanying

figures, which form a part hereof In the figures, similar symbols typically identify sirnilar
components, uniess context dictates otherwise. The illustrative embodiments described in the
detailed description, figures, and claims are not meant to be limiting. (Other embodiments
may be utilized, and other changes may be made, without departing from the scope of the
subject matter presented herein. It will be readily understood that the aspects of the present
disclosure, as generally described herein, and illustrated in the figures, can be arranged,
substituted, combined, separated, and designed in a wide variety of different configurations,
all of which are explicitly conternplated herein.
L Overview
[30354] DNA self-assembly and other emerging nano-scale manufacturing techniques

permit the fabrication of many instances of a specified structure with precision at the nano-
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scale.  Such precision may permut fluorophores, guantum dots, dyve molecules, plasmonic
nanorods, or other oplical resonators to be positioned at precise locations and/or orientations
relative to each other in order to create a variety of optical resonator networks.  Such
resonator networks may be specified to facilitate a variety of different applications. In some
examples, the resonator networks could be designed such that they exhibit a pre-specified
ternporal relationship between optical excitation (e.g., by a pulse of illumination) and re-
enussion; this could enable temporally-multiplexed labels and taggants that could be detected
using a single excitation wavelength and a single detection wavelength. Additionally or
alternatively, the probabilistic nature of the timng of optical re-emussion, relaiive to
excitation, by these resonator networks could be leveraged fo generate samples of a random
variable. These resonator networks may include one or more “input resonators” that exhibit a
dark state; resonator networks including such input resonators may be configured fo
implement logic gates or other structures to conirol the flow of exciions or other energy
through the resonator network.,  Such structures could then be used, eg., to permit the
detection of a vanety of different analytes by a single resonator network, fo control a
distribution of a random variable generated using the resonator network, to further multiplex
a set of labels used to image a biological sample, or to facilitate some other application.
16055] These resonator networks include networks of fluorophores, quantum dots,
dyes, Raman dves, conductive nanorods, chromophores, or other optical resonator structures.
The networks can additionally imclude antibodies, aptamers, strands of deoxyribonucleic acid
(DNA) or ribonucleic acid (RNA), or other receptors configured to permit selective binding
to analyies of interest (e.g., 1o a surface protein, molecular epitope, characteristic nucleotide
sequence, or other characteristic feature of an analvte of interest). The labels could be usad to
observe a sample, to identify contents of the sarple (e.g., to wdentity cells, proteins, or other
particles or substances within the sample), to sort such contents based on their identification
(e.g., to sort cells within a flow cytometer according to identified cell tyvpe or other
properties}, or to facilitate sorme other applications.

[B056] In an example application, such resonator networks mav be apphed (e.g., by
coupling the resonator network to an antibody, aptamer, or other analyte-specific recepior) to
detect the presence of, discnminate between, or otherwise observe a large number of different
labels in a biological or material sample or other environment of mterest. Such labels may
permit detection of the presence, amount, or location of one or more analvies of inferestin a
sample (e.g., in a channel of a flow cylometry apparatus). Having access to a large library of

distinguishable labels can allow for the simultaneous detection of a large number of different
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analvies. Additionally or alteratively, access to a large library of distinguishable labels can
allow for more accurate detection of a particular analyvte (e.g., a3 cell type or sub-type of
interest) by using multiple labels to bind with the same analyte, eg., to different epitopes,
surface proteins, or other features of the analyte. Yet turther, access to such a large library of
fabels may permit selection of labels according to the probable density or number of
corresponding analvies of interest, e.g., (o ensure that the effective brighiness of different
tabels, corresponding to analvtes having different concentrations in a sample, 1S
approximately the same when optically interrogating such a sample.

16657} Such labels may be distinguishable by virtue of differing with respect o an
excitation specirur, an enussion spectrum, a fluorescence hifetime, a fluorescence mtensity, a
susceptibility to photobleaching, a fluorescence dependence on binding to an analyte or on
some other environmental factor, a polarization of re-emitted light, or some other optical
properties. However, it can be difficult to produce a large library of distinguishable labels
when relying on differences with respect to emission or excitation spectrum due to limitations
on the available fluorophores or other optical distinguishable substances and limtations on
the wavelength transparency/compatibility of common sample materials of inferest.

16058] The present disclosure provides methods for specifying, fabricating, detecting,
and idemtifying optical labels that differ with respect to temporal decay profile and/or
gxcitation and emission specira. Additionally or alternatively, the provided labels may have
enhanced brighiness relalive to existing labels {e.g., fluorophore-based labels) and may have
a configurable brightness to facilitate panel design or to permit the relative brightness of
different labels to facilitate some other consideration. Such labels can differ with respect to
the time-dependent probability of re-emission of light by the label subsequent to excitation of
the label (e.g., by an ultra-fast laser pulse). Additionally or alternatively, such labels can
include networks of resonators to increase a difference between the excitation wavelength of
the labels and the enussion wavelength of the labels {e.g., by interposing a number of
mediating resonators between an input resonator and an output resonator to permit excitons o
be transmitied between input resonators and output resonators between which direct energy
transfer is disfavored). Yet further, such labels may include logic gates or other optically-
controllable structures to pernmut further multiplexing when detecting and identifving the
labels.

HEESY Since such labels may differ with respect to temporal decay profile, they may
be detected and identified in a sample by tHuminating the sample with a single wavelength of

tlumination and/or by detecting responsively emitied light from the sample within a narrow
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band of wavelengths. Such a detection paradigm could simplify apparatuses used to
iterrogate  samples contaiming such labels and/or could facilitate high-label-count
imterrogation of sample media having strict optical requirements {e.g., that exhibit significant
auto-fluorescence, that are particular sensitive to photobleaching or other deleterious optical
effects, that have narrow bands of transparency }.

[BG60] Each label {or other resonator network as described herein) includes at least
one mput resonator that is capable of receiving optical energy to excite the network {e.g.,
energy from an interrogating laser pulse)} and at least one output resonator that is capable of
emitting a photon in response to receiving, via the resonator network, energy {(e.g., 35 an
exciton transmitted via Forster resonance energy transter (FRET) and/or some other
mechanism) from the input resonator. The relative locations of the input resonator(s), output
resonator(s), and one or more additional mediator resonators permit the transfer of excitons,
glecirical fields, surface plasmons, or other energy from resonator to resonator such that,
when a particular resonator of the network 1s exciied (e.g., the input resonator), it has a
chance to transfer that excitation energy to one or more other resonators {e.g., the output
resonator). The number and arrangement of resonators present in each mstance of such a
tabel (e.g.. a number of imput resonators of each instance of g label) may be specified to set a
brightness of the label {e.g, to normalize the intensity of light emitted from a sample by
different labels that may have bound 1o analvies present in the sample}.

[BG61] The temporal decay profile of a particular label may thus be related to the
properties of the resonator network, e.g., o the identity and properties {(e.g., probability of
nonradiative decay, probability of resonance energy transfer to another resonator, or
probability of radiative emission) of the resonators and the relative locations and orientations
of the resonators within the network. For example, a number of mediating resonators could
be arranged sequentially between an input resonator and an output resonator to form a
resonator wire. The femporal decay profile of such a resonator network could be related to
the length of the wire, e.g., longer wires could exhibit decay profiles that have wider peaks
situated later in fime. A library of distinguishable labels could be created by varving the
properties of the resonance network for each of the iabels such that the corresponding decay
profiles of the labels are distinguishable. Thus, the presence, identity, or other properties of
such labels in a sample could be detected by illuninating the sample and detecting a timing,
relative to the illumination, of emission of photons from the sample.

LHEY Additionally or alternatively, the probabilistic nature of the time difference

between excitation and re-emission of light from such resonator networks may be leveraged
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to generate samples of a random variable. The temporal decay profile of such a resonator
network could be static (that 15, set by the structure of the network and not easily modified or
controlled); in such examples, the timing of photon re-emission from such a network (or from
a population of such networks) could be used to generate samples of a single random variable
that s related to the static temporal decay profile of the network. Alternatively, such a
network could include one or more input resonators that exhubit a dark state (3., that may be
disabled, with respect to their ability to transnut and/or receive energy to/from other
resonators in the network) when appropriately optically stimulated. Such input resonators
may be used io adjust the temporal decay profile of the network over time, e.g., to permat use
of the resonator network 1o generate samples of a variety of different randor varnables that
are related o respective different, optically-controllable temporal decay profiles of the
network.

[BG363] Such dark state-exhibiting resonators may be incorporated into the network
such that their being in g dark state inhibits and/or facilitates transmission of energy between
different portions {e.g., between an input and an ouiput} of the naetwork. For example, such
an input resonator could be situated between two other resonators such that, when the mput
resonator was 1o a dark state, energy transmission between the two other resonators, via the
nput resonator, is impeded. In another example, an mput resonator could be placed within a
network such that, when the inpuf resonator was not in a dark state, the input resonator
preferentially recetved energy from one or more other resonators in the network.  Thus,
placing the input resonator into the dark state could act to prevent the mnput resonator from
“sinking” energy from the network.

{6664] Such dark state-exhibiting resonators may thus be incorporaied into a
resonator network in order to provide logical functions within the network. For example,
such a resonator network may be configured to execute a logical computation, with inputs
being “programmed” into the network by inducing relevant input resonators to enter their
dark states {e.g., by Huminating them with ilumination at an excitation wavelength of the
mnput resonator(s)). The logical computation could then be “read out” by optically exciting an
additional resonator of the network {a “readout resonator™) and detecting photons
responsively emitted from an output resonator of the network.

16665] Such resonator networks may also be used for sensing properties of a sample
or another environment of interest, e.g, to detect a presence or amount of one or more
analyies of interest in a biological sample. One or more resonators of the network could be

mirinsically sensitive {o a variable of interest {e.g., a resonator could be quenched when

&
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environmental pH is within a particular range). Additionally or alternatively, the network
may mclude a sensor configured to alter one or more detectable properties (e.g., a probability
of re-emission in response {0 excitation, a temporal decay profile of excitation and re-
emission} of the resonator network., For example, the network may include a receptor {(e.g.,
an antibody, an aptamer, a strand of complementary DNA or RNA) that quenches a resonator
of the network when bound to an analyte, that quenches a resonator of the network when not
bound io the analyte, that modifies a relative location of one or more resonators of the
network when bound to the analvte, or that otherwise modifies the configuration and/or
behavior of the resonator network depending on whether 11 15 bound to an instance of the
analyte. Such a resonator network may include logical elements {e.g.. one or more dark-
state-exhibiting resonators) such that a number of different analyies may be detected using a
single resonator network {e.g.. by controliing the dark-state input resonators to “address” a
particular one of a vanety of different receptors of the network).
[3066] The resonator network of such a label could be created via a varety of
techmigues. In some examplas, DNA self-assembly could be used to ensure that the relative
locations of the resonators within a label correspond to locations specified according to a
desired ternporal decay profile. For example, each resonator of the network could be coupled
to a respective specifiad DNA strand. Each DNA strand could include one or more portions
that complement portions one or more other DNA strands such that the DNA strands self-
assemble into a nanostructure that maintains the resonators at the specified relative locations.
. Labels using specified resonator networks for temporal multiplexing
16667} Labels as described hersin can be created that distinguishably differ with
respect to their temporal decay profiles in response to illumination. This can be
accomplished by specifying the identity, number, relative location and/or orientation,
topology, or other properties of a network of resonators of the label. These properties of the
resonator can be specified such that the resuliing temporal decay profile corresponds to a
desired temporal decay profile. For example, the resonator network of a label could be
specified such that the temporal decay profile of the label includes one or more peaks having
respective specified widths, normalized amplitudes. mean delay times, or other propertigs or
features such that the temporal decay profile of the label is distinguishable from one or more
other labels and/or from background materials present in a sarople or environment of interest
{e.g.. fluorescent proteins of a cell or other biological sample}.
LHESS] Generally, the resonator network of such labels includes at least one input

resonator, one or more medialing resonators, and ai least one ouiput resonator.  The
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resonators may be fluorophores, Raman dves, quantum dots, dyes, pigments, conductive
nanorods or other nanostructures, chromophores, or other substances that can receive energy
from and/or fransnut energy to one or more other resonators i the network 1n the form of an
exciion, an electrical fields, a surface plasmon, or some other form of energy that may be
transferred, in a unitary manner, from one resonator to another.

[3G69] The at least one input resonator of the network can receive energy mto the
network as a result of the label being illuminated (e.g., by a laser pulse having a wavelength
corresponding to an excitation wavelength of the input resonator). The at least one output
resonalor of the network can transmit energy from the network in the form of a photon whose
timing of emission, relative to Ulumination of the label, may be detected and used, along with
a plurality of additional photons detected from a sample (e.g., from additional instances of the
fabel in the sample, or from the particular instance of the label as a result of repeated
tumination of the sample), to identify the label. The input resonator, ouiput resonator, and
one or more mediating resonators are arranged to form the resonator network such that
energy {e.g., excitons) received into the network via the input resonator(s) can be transmitted
through the network to the output resonator(s).

16676} Note that the labeling of any particular resonator n a network as “input,”
“mediating,” or “output” is meant to be non-limiting. A particular resonator of a network
could act as a mediating resonator for one or more other resonators and could also act as an
nput resonator and/or as an output resonator for the network. Further, a Iabel as described
herem could include only two resonators {(e.g., an “input” resonator and a “modulating”
resonator} and could be interrogated as described herein by exposing the label to illumination

g relative to the

gl

that can excite at least the input resonator and by detecting the timin
ihumination, of emission of a plurality of photons responsively eitted from at least one of
the input resonator or the modulating resonator. The input resonator {e.g., a fluorophore, a
conductive nanorod or other nanoparticles, a quantum dot) could be disposed within the label
such that energy (e.g., excitons, electrical fields) can {ransfer from the input resonator to the
modulating resonator (e.g., a fluorophore, a conductive nanorod or other nanoparticles, a
quantum dot, a non-fluorescent optically absorptive molecule or substance) and/or from the
modulating resonator back to the input resonator.

6671 The identity of such a two-resonator label, or of some other label as described
herein that can emit light from the same resonator by which the label can receive energy from
illumination, could then be determined based on the detected relative timing of the emission

of the plurality of photons. For example, the label could be identified by comparing the
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detected timing to a set of known temporal decay profiles, wherein the label corresponds to
one of the teraporal decay profiles in the set of known temporal decay profiles. In such an
example, the temporal decay profile of the label could be adjusted by specifying the identity
of the resonators and by precisely conirolling the relative locations and/or orientations of the
resonators {e.g., using DNA self~assembly).

6872} The particular contfiguration of the resonators and of the resonator network as
a whole result in the timung of emussion of photons from the output resonator {or from the
inpit resonator, a mediating resonator, a modulating resonator, or some other resonator of the
tabel}, relative to tHumination of the label, exhibiting a characteristic temporal delay profile,
Thus, the tinung of emission of a pluralitv of photons from a sample relative to iHununation
of the sample (during one or more illumination periods) could be detected and used to
tdentify the label in the sample, or to identify one or more additional labels in the sample,
based on the characteristic temporal decay profile(s) of the label{s} in the sample.

[B873] Figure 1A illustrates a schematic of resonators, and potential energy transfers
to and from those resonators, of an example label 100 as described herein. The example label
100 includes an input resonator 110a, a mediating resonator 110b, and an output resonator
110c. The mput resonator 110a can be excited by receiving tHumination 101 from the
environment of the label 100. Once excited, the input resonator 110a can radiatively emit a
photon 140a, nonradiatively decay 130a such that the energy is lost {e.g., as heat) to the
environment, or transfer energy 120a to the mediating resonator 110b {e.g., via the Forster
resonance energy transfer process). In response to being excited, the mediating resonator
110b can radiatively emit a photon 140b, nonradiatively decay 130b, transfer energy 120b to
the output resonator 110c¢, or transfer energy 125a o the input resonator 110a. The ouiput
resonator 110c, in response to being excited, can radiatively emut a photon 140c,
nonradiatively decay 130c¢, or transfer energy 1255 to the mediating resonator 110b.

[3G74] By way of example, the relative probability of the different energy
transitions/transfers are indicated m Figure 1A by the relative hine weight of their
representative arrows.  Thus, for the example label 100, it is most likely that the nput
resonator 110a transfers energy to the mediating resonator 110b, that the mediating resonator
110b transfers energy to the output resonator 110¢, and that the output resonator 110c¢
radiatively emits a photon 140c¢.

[3G75] The time-dependence of each fransition from a particular resonator can be
represenied by a random variable having a particular distribution over time. For example, the

mediating resonator 110b transferring energy {(e.g., transferring an exciion) to the output
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resonator 110¢ could occur according to an exponentially distributed random variable in the
time domain. These random variables, along with the siruciure and other properties of the
resonator network of the label 100, can be used to model the behavior of the label 100, eg,,
using a continuous time Markov chain. Such a model can then be used to predict the overall
temporal decay profile of the label 100 from excitation of the mput resonator 110a by the
tumination 101 o emission of a photon 140¢ by the output resonator 110c¢.

[6076] Figure 1B illustrates a state diagram that could be used to model the potential
states of the label 100, according to the excitation states of the resonators. This model
assumes that only one of the resonators of the label 100 can be excited, as only a single onit
of energy {e.g., a single exciton) 15 recetved from the illununation 101 via the input resonator
110a. This unit of energy can then be transferred between the resonators and/or can exit the
resonator network {e.g., via emission of a photon or by non-radiative decay processes). The
model includes states for exciiation of the mnput resonator 110a (“Topuwt Excited™), the
mediating resonator 110b ("Mediator Excited”), and the output resonator 110¢ ("Qutput
Excited™). The model also includes absorbing siates for non-radiative decay from each of the
resonalors ((Inpul Decayved,” “Mediator Decayed,” and “Output Decaved™) and radiative
photon ernission from each of the resonators (“Input Emuitted,” “Mediator Emmtted,” and
“Output Enitted”).

[6G677] The transition probabilities for each transition are also indicated. These
transition probabilities can be related to the identity of the resonators {e.g.. to their intrinsic
fluorescence lifetime, Férster radius), to their relative location, distance, and/or orientation
{e.g., distance relative to the Forsier radius of a pair of the resonators), or to some other
properties of the label 100. Thus, the relative locations and tdentities of the resonators within
the resonator network can be specified to control the transition probabilities and topology of
the model, and thus to control the predicted temporal decay profile of the label 100.

[GG78] in an example, a iabel includes an Alexa Fluor 448 dye as an input resonator
and an Alexa Fluor 594 dye as an outpul resonator, with the input resonator and output
resonator located proximate to each other such that the input resonator can transmit energy, as
an exciton, to the output resonafor in response to the input resonator being excited by
illumination {e.g., an ultrashort laser pulse). Figure 2 A illustrates the probability, over time,
that the put resonator ("AF448 Fluorescence”) has emitted a photon, that the input
resonator has decaved {(“AF448 Nonradiative Decay’), that the output resonator (“AF594
Fluorescence™) has emitied a photon, and that the output resonator has decaved ("AFS594
Nonradiative Decay™). Figure 2A also illustrates the probability, over time, that at least one
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of these processes has occurred (“Exciton relaxation™}.

[6G79] From these probabilities, we can determine the temporal decay profile of the
tabel. This is illustrated m Figure 2B as “AF394 Fluorescence.” Thus, if a plurality of
nstances of the label was present in the sample and/or if a sample containing a single
instance of the label was illuminated a plurality of times, the timing of emission of photons
from the output resonator (e.g., at an emission wavelength of the Alexa Fluor 594 dye) would
exhibit a distribution over time, relative to illumunation of the sample, corresponding fo the
iHustrated temporal decay profile. Conversely, the timing of emission of photons from the
fput resonator (e.g., at an enussion wavelength of the Alexa Fluor 488 dye) would exhibit a
distribution over time, relative to Ulumination of the sample, corresponding to the other
temporal decay profile tlustrated in Figure 2B (“AF488 Fluorescence™).

GGG The temporal decay profile of a particular label at a particnlar wavelength
{e.g., the emission wavelength of an ouiput resonator of the label} could be controlled by
specifying the topology, structure, resonators types, or other properties of the resonator
network of the label. Thus, a hibrary of different, distinguishable labels could be created by
specifying their respective resonator networks such that their temporal decay profiles are
distingwishable (e.g., by a particular detection apparatus having a particular femporal
resolution for detection of photons from a sample containing such labels) from each other
and/or from background processes (e.g., fluorescence} in a sample or other environment of
mterest. This could include specifying the temporal decay profiles to maximize or increase a
measure of statistical divergence (e.g.. a Kullback—Leibler divergence, a Jensen-Shannon
divergence, a Bregman divergence, or a Fisher information metric) between the temporal
decav profiles. Additionally or altematively, the temporal decav profiles could be specified
to differ with respect to the tinung, width, shape, nuraber, or other properties of one or more
peaks present in the temporal decay profiles.

60681 A resonator network could be determined to provide a desired temporal decay
profile using a variety of methods. For example, heuristic methods could be used to vary a
number of resonators in a resonator wire of the network, a number a parallel resonator wires
in a network between an input and an output of the network, an identity of resonators {e g,
relative {o excitation and/or emission specira of the resonators) of the network, or other
properties of the network 1n order to provide related changes 1o a number, width, or delay of
peaks in a temporal decay profile, an average delav of the temporal decay profile, or other
properties of the temporal decay profile. Additionally or altematively, automated methods

like genetic algonithms, machine learning, or other technigues could be used to specify the
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configuration of one or more resonator network such that their temporal decay profiles are
distinguishable or {0 provide some other benefit. The temporal decay profile of such labels
could then be verified experimentally, and the experimentally deterrained temporal decay
profiles could be used to identify the labels present in a sample or other environment of
interest.

[B082] Figure 3A illustrates a schematic of resonators, and potential energy transfers
to and from those resonators, of an example label 300a as described herein. The example
label 300a includes an input resonator ("IN}, two mediating resonators ("M1” and “M2™,
and an output resonator {("OUT”).  The input resonator can be exciled by receiving
ihumination from the environment of the label 300a (e.g., illumination at an excitation
wavelength of the input resonator}. The two mediating resonators are arranged as a resonator
wire between the input resonator and the output resonator. That is, the two mediating
resonators are arranged such that each resonator in the wire can receive energy from and/or
transmmit energy to two neighboring resonators. The number of resonators within such a
resonator wire could be specifiad m order to adjust a temporal decay profile of the label 3003,
e.g. to adjust a delay or width of a peak in the decay profile, to increase an average decay of
the decay profile, or 1o adjust some other property of the temporal decav profile.

16083] By way of example, the relative probability of the different energy transfers
between the resonators are mdicated in Figure 3A by the relative line weight of their
representative arrows.  Thus, for the example label 300a, it i1s more likely that the mput
resonator transfers energy to the first mediating resonator (M1) than vice versa. It is also
more likely that the second mediating resonator (M2) transfers energy to output resonator
than vice versa. It is approximately equally likely that the first mediating resonator transfers
energy to the second mediating resonator as it is that the second mediating resonator transfers
energy to the first mediating resonator. Thus, energy generally travels unidirectionally from
the input resonator to the mediating resonators and from the mediating resonators to the
ouiput resonators. Conversely, energy may iravel bidivectionally between the mediating
resonators before being emutted as a photon from the output resonator {or from one of the
mediating resonators) or lost via non-radiative processes.

[6G84] The label 300a of Figure 3A illustrates a label incorporating a two-element
resonator wire in which energy may be transferred bidirectionally between adjacent
resonators in the wire. Such bidirectional energy transfer could be accomplished by selecting
the resonators in the wire such that the emission spectrum of the first mediating resonator

significantly overlaps with the excitation spectrum of the second mediating resonator, and
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vice versa. This could be achieved by selecting the same fluorophore {e.g., Alexa Fluor 594)
for both of the mediating resonators in the wire.

16085] Altermnatively, one or more pairs of mediating resonators i a resonator
network {e.g., adjacent resonators in a resonator wire} could be specified such that energy
generally travels unidirectionally between pairs of such resonators. Figure 3B illusirates a
schematic of an example label 300b that inclades such a resonator pair. The example label
300b mcludes an input resonator (“IN”), two mediating resonators {("M17 and “M27), and an
output resonator (“OUT™"). The relative probability of the different energy transfers between
the resonators are indicated m Figure 3B by the relative line weight of their represeniative
arrows. Thus, for the example label 300b, 1t 15 more likely that the mput resonator transfers
energy to the first mediating resonator {M1) than vice versa. It is also more likely that the
first mediating resonator (M1} transfers energy to the second mediating resonator (M2} than
vice versa and more likely that the second mediating resonator (M2) transfers energy o
output resonator than vice versa. Thus, energy generally travels unidirectionally from the
inpit resonator through the mediating resonators to the output resonator. The temporal decay
profile of such a label 300b could exhibit a narrower and/or less-delayed peak and/or could
exhibit an overall reduced average delay relative to the temporal decay profile of the first
example label 300a.

[6086] A label as described herein could include multiple resonator wires (e.g.,
multiple resonator wires of similar or different composttion connected between common
nput and output resonators) having arhitrary lengths and/or composttions.  For example,
Figure 3C illustrates a schematic of an example label 300c that includes a resonator wire of
arbitrary length {t.e., that includes “n” resonators). The example label 300c¢ includes an mput
resonator (“IN”), “n” mediating resonators {"M1,” “M2.” “M3,” “M4, ... 7 and “Mn”), and an
output resonator (“OUT”).  As indicated in Figure 3C by the relative line weight of the
represeniative arrows, energy iransfers between adjacent mediating resonators in the
resonator wire are bidirectional. However, one or more of the transitions between pairs of
resonators of such a resonator wire could be umidirectional.

IGGR7] The resonator network of a label as described herein could represent different
topologies, e.g., a branched topology. Such a branched topology could include multiple
different resonator wires whose ends are conmected to input resonators, oulput resonators,
mediating resonators {e.g.. an end resonator of one or more other resonator wires), or
comnected in some other way to provide a label exhibiting a desired temporal decay profile.

[B08S] Figure 3D illustrates a schematic of an exarple label 300d that includes two
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paths by which energy can travel through the resonator network to be emitted by an output
resonator.  The example label 300d includes an input resonator ("IN7), a first mediating
resonators ("M17) that can receive energy from the input resonator and that can transout
energy to the output resonator, and three additional resonators ("M2,” “M3.” and “M4™)
arranged as a resonator wire that can transmit energy from the input resonator 1o the output
resonator.  As indicated by the relative line weight of the representalive arrows, energy
transfers between adjacent mediating resonators in the resonator wire are bidirectional. Such
a resonator natwork could exhibit a temporal decay profile that is a mixture of other femporal
decay profiles, eg., that 15 a mixiure of a first temporal decay profile of a label that only
mcluded the mput, output, and first resonators and a second temporal decay profile of a label
that only included the input, output, and resonator wire (1.e., mediating resonators “M2,”
M3, and “M47). A resonaior network could include a two- or three-dimensional field of
mediating resonators, fput resonators, and/or output resonators. Such an arbitrary resonator
network could be deternuned via a genetic algorithm or other automated process to provide a
desired temporal decay profile or to satisfy some other criteria.

[6689] The resonator network of a label as described herein could mclude multiple
input resonators and/or nuwltiple output resonators.  Such multiple input and/or output
resonators could be provided to provide a variety of benefits, eg, to adjust an effective
temporal decay profile of the label, to increase a probability that the label 1s excited in
response {o illamination and/or to increase the effective brighiness of the label, to provide
wavelength-dependent multiplexing to the excitation and/or detection of the label (e.g., by
causing the label to exhibit a different temporal decay profile, depending on which of a
number of spectrallv-distinct input resonators 1s excited), or to provide some other benefits.
Multiple nput resonators could be the same (that is, could each include the same
fluorophores, quantum dots, or other optical elements) or could differ {e g., could be different
fluorophores such that the different input fluorophores are excited by respective different
wavelengths of light). Multiple output resonators could be the same {that is, could each
nclude the same fluorophores, quantum dots, or other optical elements) or could differ {e.g..
could be different fluorophores such that the different outpuwt fluorophores emut light at
respective different wavelengths). Additionally or alternatively, a single instance of a label
could mclude multiple distinct or inter-connected resonator networks {e.g., multiple copies of
the same resonator network} in order to increase and/or control the effective brighiness of the
fabel, to reduce a time and/or number of light pulses necessary to identify the label, or to

provide some other benefit.

19



WO 2018/231805 PCT/US2018/037076

166906} Figure 3E illustrates a schematic of an example label 300e that includes an
mput resonator {(“INY, two mediating resonators {("M1” and “M27), and a first output
resonator ("OUT1™). The label additional optionally includes second ("OUT2”) and third
(“OUT3") output resonators. The additional output resonators could be provided to adjust a
temporal decay profile of the label 300e. For example, the second output resonator could be
the same as the first output resonator {e.g., could have the same emission specirum) and could
be added to the label 300e to increase a probability that the label 300e emits energy
subsequent to the second mediating resonator being excited {e.g., by doubling the probability
that energy from the second mediating resonator is transferred to one of the first or second
output resonators such that one of the cutput resonators may then emut the received energy as
a photon}.

[6691] Additionally or alternatively, additional output resonators could differ with
respect to emission wavelength or enmission spectrum and could be provided to {aciliate
spectrally  multiplexed detection of temporal decay profiles at different wavelengths
corresponding to the different output resonators. For example, the third output resonator
could differ from the first ouiput resonator {e.g., could have a different emission spectrumn)
and could be added to the label 300¢ such that the label 300e could enut a photon from one or
the other of the output resonators. Such photons, differing with respect to wavelength, could
be separately detected and used to determine two different temporal decay profiles for the
label 300e (or from a sample contaiming the label) and such muttiple detected ternporal decay
profiles could be used to identify the label 300e.

16692} Figure 3F illustrates a schematic of an example label 300f that includes a first
input resonator {“IN17), two mediating resonators ("M17 and “M2™), and an output resonator
(“OUT”). The label additional optionally includes second (“IN2”) and third ("IN3”) mput
resonators. The additional input resonators could be provided to adjust a temporal decay
profile of the label 300f or to increase the probability that the label 300f is excited by
exposure to illumination. For example, the second input resonator could be the same as the
first input resonator {e.g., could have the same excitation spectrumy) and could be added to the
tabel 300f to increase a probability that the label 300f receives energyv in response to
tflumination {(e.g., by doubling the probability that a photon of the illumination is absorbed by
at least one of the first or second input resonators).

[30393] Additionally or alternatively, additional input resonators could differ with
respect to excitation wavelength or excitaiion spectrum and could be provided to facilifate

spectrally muldtiplexed excitation of the label 300{ and thus to facilitate spectrally multiplexed
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detection of temporal decay profiles at different wavelengths corresponding o the different
fput resonators.  For example, the third input resonator could differ from the first mput
resonator {e.g.. could have a different excitation spectrum) and could be added to the label
300f such that the label 3001 could be excited, during first and second periods of time, by first
and second ithumination which differ with respect io wavelength and which are provided
during the first and second periods of time, respectively. Such excitations of the label 300f,
differing with respect to the input resonator bv which the label 300f was excited. could be
characterized by respective different temporal decav profiles and thus detected, during
separate pertods of time, and used to determine two different ternporal decay profiles {or the
tabel 300f (or from a sample containing the label) and such multiple detected temporal decay
profiles could be used to identify the label 300f

[6694] Note that the resonaior networks of the labels described herein may also be
employed to generate saraples of a randowm variable. The sample of the random vanable may
be generated based on a difference in time between excitation of the resonator
networks/labels and a timing of detection of one or more photons responsively emitted from
the resonator networks/labels. The particular distribution of the random vanable could be
related to the temporal decay profile of the resonator networks/labels. For example, the value
of the generated sample could be a function of a detected time difference between a timing of
ithumination of the resonator network(s) and the timing of detection of one or more photons
responsively emitted from the resonator network(s). A distribution of the generated random
variable could be related to the temporal decav profile of the resonator network(s) and the
function applied to generate samples of the random variable from the detected time
difference. The structure of the resonator network{(s) could be specified {e.g., to exhibit a
particular ternporal decay profile or other time-~dependent probability density function) such
that the function to generate samples from detected time differences is computationally
tractable and/or efficient to compute.

1IN Example sysiems and methods for identifyving labels in a sample

[G095] it can be beneficial in a variety of applications to interrogate a sample (e.g., a
biclogical sample, or a stream of celis in a flow cviometer) or some other environment of
interest in order 1o detect the presence, identity, absolute or relative amount, or other
properties of labels as described herein that may be present in the sample or other
environment of interest. Such interrogation could facilitate imaging of a sample, eg., 1o
determine the location, concentration, or other information about one or more analyies that

are present within the sample and to which one or more varieties of labels are configured 1o
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bind. Such interrogation could facilitate the identification of cells, proteins, strands of RNA,
or gther contents of a sample in order to sort such contents or o provide some other benefil.
For example, a flow cytometry apparatus could include a flow chaonnel through which cells
(or other particles of interest) flow. Such a flow channel could be interrogated as described
herein in order to identify one or more labels in the channel and/or 1o identify the type or
subtype of the cells, to determine a property of the cells, or to determine some other
mnformation based on the identified labels. Such information could then be used to sort the
cells, e.g., according to cell type.

[6696] Such methods for detecting and/or identifying labels in an environment of
imterest could include providing ilumination 1o the environment of interest (e.g., in the form
of one or more ultrashort pulses of illunination) and detecting one or more properties of
photons emitted from the environment in response to the illumination {e.g., a wavelength or
spectnumn of such photons, a iming of emussion of such photons relative to a timing of the
dlumunation, e.g., of one or more pulses of the illumination). This could mclude providing a
single pulse of illumination and detecting the photons responsively emitted from a plurality
of instances of one or more labels in the environment. Additionally or altematively, ong or
more instances of one or more labels could be illumination a plurality of tumes by a plurality
of pulses of illununation and the timing, relative to the pulses of tllumunation, of responsively
emitted photons could be detected. Information about the fiming of the responsively emitted
photons could then be used to identify one or more labels that are present in the environment,
to determine a binding state or other properfies of such labels, fo determune absolute or
relative amounts of the label(s) in the environment, or to determine some other information
related to one or more labels as described herein that are present in the environment.

16697} Hlumination could be provided to an enviromment as one or more pulses of
illumination.  The provided illumination could have a specified wavelength, eg., an
excitation wavelength of an input resonator of one or more of the labels. Such an excitation
wavelength could be common across some or all of the labels present 1n the environment of
interest, e.g., due to some or all of the labels including the same fluorophore, quantum dot,
dve, or other optical subsiance or structiwe as their input resonator(s). Additionally or
alternatively, multiple different wavelengths of light could be provided {0 excite multiple
different input resonators, e.g.. of multiple different labels. Tn some examples, such different
wavelengths of light could be provided at different points in time (e.g., as part of different
pulses of illumination) to faciliiate spectrallv-multiplexed detection of multiple different

labels and/or muoltiple different sets of labels. In some examples, a single label could include
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multiple different input resonators, and the different input resonators could be excited by light
at respective different wavelengihs, e g, as part of respective different pulses of illomination.
16698] In order to 1mprove the identification of labels in an environment, pulses of
ihhumination used to interrogate the environment could be ultrashort pulses {(e.g. pulses
having durations on the order of attoseconds to nanoseconds). Such ultrashort pulses could
be provided as broadband pulses emitted from a mode-locked oscillator. Tn examples
wherein a label includes resonators having long-lifetime states (e.g., lanthanide atoms or
other lanthanide compounds or complexas), the pulses of illumination could have longer
durations, e.g., on the order of microseconds.

16699 The timing, relative t0 such a pulse of Hlumination, of emission of photons
from the environment in response to the pulse of illumination could be detected in a variety
of ways. In some examples, the timing of individual photons could be detecied, e g.. using
one or more single-photon avalanche diodes, photomultipliers, or other single-phoion
detectors. The outpuis of such detectors could be used, as part of a time-correlated single
photon counter, to determine a count of photons determined as a function of time after a pulse
of itumination s provided to the environment. The timing of such detected photons could be
used to determune a probability density function for the timing of enussion of photons from
the sample in response to ihumination of the sample.

[33100] Additionally or alternatively, detecting the timing of emission of photons from
the environment could include detecting a timing of one or more peaks in the rate or infensity
of the emitted photons, or detecting some other aggregate property of the timing of the
emitting photons {e.g.. to determine a delay timing of a peak of the rate of emission of
photons that could be maitched to the delay of a corresponding peak of a known iemporal
decav profile). Such detection could include applying a peak detector, a differentiator, a
matched filter, or some other analog or digital signal processing technigques to the output of a
single-photon avalanche diode or other photodetector element that s configured to receive
photons emitted from the environment of inferest.

(60101} One or more known labels could be present in an environment of imterest and
it could be beneficial to determine the identity of such labels and/or to determine some other
information about the labels in the environment. As described above, such labels could be
distinguished according to their temporal decay profiles; that 1s, each known label could be
characterized by a respective different temporal decay profile. Thus, the identity of the one
or more labels present in the environment could be determined by comparing the detected

timing of emussion of photons from the environment to a dictionary of temporal decay
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profiles, where each of the temporal decay profiles in the dictionary corresponds to a
respective known label that could be present in the environment.

160162] Figure 4A shows six different temporal decay profiles, each corresponding to
one of six known labels. Fach of the known labels has the same input resonator (e.g.. Alexa
Filuor 430} and output resonator {e.g., Alexa Fluor 730) which form a resonator wire in
combination with one or more of the same mediating resonator {e.g., Alesa Fluor 594). The
known labels differ with respect to the number of mediating resonators. Information about
the timing of photons received from an environment could be compared o the temporal
decay profiles and used to deternune which, if any, of the known labels are present in the
environment. This could include comparing a delay of a peak rate of enussion of photons
from the environment to a delav of the peak i each of the known temporal decay profiles.
[6G163] Additionally or alternatively, the detected timing of emigsion of photons could
be used to determine a probability density function for the timing of emission of photons
from the sample in response to illumination of the samople. Such a determined probability
denstty function could then be compared to the temporal decay profiles of the known labels
and used to identify one or more labels present in the environment. Figure 4B Hlustrates the
counts of photons detected from two different samples over time in a number of discrete
ranges of time relative to tllumination of the samples (at time 0}, First counts (iHustrated by
the black rectangles) were recetved from a first sample that contained known label “6” from
Figure 44, and second counis (illusirated by the white reclangles) were received from a
second sample that contained known label “1” from Figure 4A. The counts could be used to
determine respective first and second probability density functions for the first and second
sampes, and the first and second probability density functions could be compared 1o the six
known temporal decay profiles in order to identify which of the known labels are present in
each of the samples. Such a comparison could include determining a measure of statistical
divergence (e.g., a Kullback-Leibler divergence, a Jensen-Shannon divergence, a Bregman
divergence, or a Fisher information metric) between a determined probability density
function and each of the known temporal decay profiles. The label present in a sample could
then be determined, e.g., by selecting the known label corresponding to the legast of the
determined measures of statistical divergence.

(661041 Swular or different methods could be used to determine whether multiple
{abels are present in a sample, and if so, 1o identify such multiple labels. In some examples,
the identity of a cell or other contents of an environment (e g., of a flow channel of a flow

cylometry apparatus) could then be determined based on the identity of the labels in the
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environment, e g, based on the defermination that all of a subset of known labels are
simultaneously present in a flow channel or other environment of interest.
[66165] In order to determine how many of a set of known labels are present in an
environment, and to identify such present labels, a varniety of methods can be used. For
example, an expectation maximization algorithm can be used, in concert with a statistical
mixture model, 1o determine the most likely labels present in an environment based on a
deternuned probability density function for the timung of emission of photons {from the
environment in response to tlumination of the environment. Such a muxture model could be
based on the set of temporal decav functions corresponding to the set of known labels. Such
an expectation maximization algorithm and rixture model could also be used to determine
the relative amourtis of such multiple labels in the sample.
[60166] Interrogating an environment could include detecting the timing of emission of
photons within multiple different ranges of wavelengths, This could be done to detect the
tirning of enussion of photons from two different output resonators of a label. Additionally or
alternatively, this could be done to detect the timing of enussion of photons from an outpit
resonator, one or more mediating resonators, and/or an input resonator of the label.
(661071 Yet further, one or more of the labels present 1n the environment may mclude
dark-state-exhibiting resonators such that the temporal decay profile of the labels is
dependent on whether the dark-state-exhibiting resonators are in their respective dark states.
For exarnple, a label could include a first dark-state-exhibiting resonator and could exhibit a
first temporal decay profile when the first dark-state-exhibiting resonator 1s n its dark state
and the label could exhibit a second temporal decay profile when the first dark-state-
exhibiting resonator is zof in its dark state. In such examples, detection and/or identification
of the label could imclude detecting a timing of optical excitation and re-ermssion during a
time period when the dark-state-exhibiting resonator(s) is not in its dark state and, during a
different period of time, inducing the dark-state-exhibiting resonator(s} to enter the dark state
{e.g., by providing illumination at an excitation wavelength of the dark-state-exhibiting
resonator(s)) and again detecting a timing of optical excitation and re-emission of the label.
i¥.  Example resonator networks
{63108} Resonator networks {e.g., resonator neitworks inchuded as part of labels} as
described herein can be fabricaled in a vanety of ways such that one or more input and/o
readout resonators, output resonators, dark-state-exhibiting “logical input” resonators, and/or
mediating resonators are arranged according 1o a specified network of resonators and further

such that a temporal decay profile of the network, a brightness of the network, an exciiation
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spectrum, an enussion specirum, a Stokes shift, or some other optical property of the
network, or some other deteclable property of interest of the network {e.g., a state of binding
to an analvte of interest) corresponds to a specification thereof (e.g., to a specified temporal
decay profile, a probability of emission in response to illumination). Such arrangement can
include ensuring that a relative location, distance, orientation, or other relationship between
the resonators {e.g., between pairs of the resonators) correspond to a specified location,
distance, orientation, or other relationship between the resonators.

[6G109] This can include using DNA self-assembly 1o fabricate a plurality of instances
of one or more resonator networks. For example, a number of different DNA strands could
be coupled {(e.g.. via a primary amino modifier group on thymudine to attach an N-
Hvdroxysuccinimide (NHS) ester-modified dve molecule) to respective resonators of a
resonator networks (e.g., input resonators, output resonator, and/or mediator resonators).
Pairs of the DNA strands could have portions that are at least partially complementary such
that, when the DNA strands are nuxed and exposed to specified conditions {e.g., a specified
pH, or a specified temperature profile), the complementary portions of the DINA strands align
and bind together to form a semi-rigid nanostructure that maintains the relative locations
and/or orientations of the resonators of the resonator networks.

166119] Figure 5 shows a schematic of such a resonator networks. An input resonator
(“SOURCE ATTO 4887), an output resonafor ("EMITTER ATTO 610} and two mediaior
resonators {(“MEDIATOR 1 ATTO 5657 and “MEDIATOR 2 ATTO 5657) are coupled to
respective DN A strands. The coupled DNA strands, along with additional DNA strands, then
self~assemble into the illustrated nanostructure such that the input resonator, mediator
resonators, and output resonator form a resonator wire. In some examples, a plurality of
separate 1dentical or different networks could be formed, via such methods or other
techniques, as part of a single instance of a resonator network (e g, 1o increase a brightness of
the resonator network).

66111} The disiance between resonators of such a resonator network could be
specified such that the resonator network exhibiis one or more desired behaviors (e.g., is
excited by light at a particular excitation wavelength and responsively re-emits light at an
emission wavelength according to a specified temporal decay profile). This can include
specifying the distances between neighboring resonators such that they are able {o transout
energy between each other (e g, bidirectionally or urudirectionally} and further such that the
resonators do not quench each other or otherwise interfere with the optical properties of each

other. In examples wherein the resonators are bound to a backbone via linkers {eg., {0 a
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DNA backbone via an amide bond (created, e.g, by N-Hydroxyvsuccinimide (NHS) ester
molecules) or other hinking structures), the linkers could be coupled to locations on the
background that are specified with these considerations, as well as the length(s) of the linkers,
in mind. For example, the coupling locations could be separated by a distance that is more
than twice the linker length {e.g., to prevent the resonators from coming inio contact with
gach other, and thus guenching each other or otherwise mterfering with the optical properties
of each other). Additionally or alternatively, the coupling locations could be separated by a
distance that is less than a maximum distance over which the resonators may transmit energy
between each other. For example, the resonators could be fluorophores or some other optical
resonator that is characterized by a Forster radius when transmiiting energy via Forster
resonance energy transfer, and the coupling locations could be separated by a distance that is
tess than the Farster radius.

V. Labels using specified resonator networks for improved brighiness and/or

spectral multiplexing

[60112] When designing or specifying a set of resonator networks and/or labels for
flow cytometry, molecular imaging, optical computation, biosensing, analyle assays, optical
random number generation, or some other application {e.g., via a process of panel design), it
can be beneficial to be able to arbitranly select the excitation spactrum/wavelength, emission
spectrum/wavelength, extinction coefficient, brighiness, or other optical properties of one or
more resonator networks. A combination of such resonator-network-containing labels (e.g., a
comtrast agent that mcludes two or more such labels) could then be applied to a sample in
order to detect, idenufy, tmage, or otherwise observe respective analvtes of interest in a
sample (e.g., by mixing or otherwise applying the multi-label contrast agent to the sample}.
The ability to detect, distinguish, or otherwise observe such labels in a sample could be
improved by selecting respective excitation wavelengths, emission wavelengths,
brightnesses, extinction coefficients, absorption cross-sections, or other optical properties of
the different labels apphed to the sample. Such labels can be created, as described herein, 1o
differ with respect to their excitation spectrum, their enussion spectrum, their brightness, or
other optical properties. This can be accomplished by specifying the identity, number,
relative location and/or orientation, topology, or other properties of a network of resonators of
the label.
[30113] For example, it can be beneficial to select and/or configure different labels to
differ with respect to excitation wavelength, emission wavelength, Stokes shift, or other

spectral properties in order to facilitate identification of such labels. Such identification
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could be based on a detected wavelength of light emitted therefrom and/or on a detected or
determined brighiness of light emission from the label as a function of the wavelength of
light used to excite the label. However, when using single-resonator labels {e.g., single-
fluorophore labels), the selection of such optical properties may be constrained by a limited
library of commercially or otherwise available resonators. Using two-resonator labels (e g.,
two-fuorophore labels configured such that one fluorophore acts as a donor and the other as
an acceptor for Forster resonance energy fransfer) may increase the space of potential labels
and/or the range of possible optical properties thereof However, such labels may still be
himited (e.g., with respect to the magnitude of the effective Stokes shift of the label or other
properties) by the availability of resonators having the desired optical properties that are also
able to engage in energy transfer between each other {e.g, due to having sufficiently
overlapping emission and excitation spectra}.

[B3114] In order to provide more freedom to specify such optical properties of a label
and/or resonator network, the resonator network could include one or more mediating
resonators configured to allow energy to be transferred, from an input resonator, to an outpit
resonalor via the one or more mediating resonators. In such resonator networks, the mput
resonator and  outpul resonator may be selected (eyg., according 1o excitation
spectrunywavelength, enussion spectrumywavelength, brightness, compatibility with
environmental conditions, tendency to photobleach) withowt the requirement that the output
resonator be able to receive energy directly {e.g.. via resonance energy transfer) from the
mput resonator. The one or more mediating resonators can then be selected and located
within the resonator network, relative to the input and output resonaiors, such that energy
recetved info the network as a result of the resonator network being illuminaied may be
transmitied to the output resonator via the mediating resonator(s).

1606115] Figure 6A illustrates a schematic of an example resonator network 600a as
described herein. The example resonator network 600a includes an input resonator ("IN}, a
mediating resonator ("M17), and an output resonator ("OUT”). The input resonalor can be
excited by receiving ilhuroination from the environment of the resonator network 600a {e.g.,
ilunination at an excitation wavelength of the input resonator). The input resonator, outpi
resonator, and mediating resonator are arranged such that the mediating resonator can receive
energy from the ioput resonator and the output resonator can receive energy from the
mediating resonator. The mediating resonator may be selected {(e.g. from a set of
commercially available fluorophores} such that it 1s able to receive energy from the input

resonator and provide energy to the output resonator. This could include selecting the
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mediating resonator such that an emission spectrum of the input resonator overlaps with an
excitation spectrum of the mediating resonator and/or such that an emission spectrom of the
mediating resonator overlaps with an excitation spectrum of the output resonator,

100116] In order to permit a greater difference between the excitation
specinmn/wavelengih of the inpui resonator and the emission spectrum/wavelength of the
output resonator of such a resonator network, the resonator network could mclude additional
mediating resonators {e.g., disposed as a resonator wire within the label). Figure 6B
tustrates a schematic of an example resonator network 600b as described herein. The
example resonator network 600b includes an nput resonator ("IN}, n mediating resonators
(“M1” through “M4” and “Mn™), and an output resonator ("QUT”). The mput resonator can
be excited by receiving illumination from the environment of the resonator network 600b
{e.g.. iHumination al an excitation wavelength of the input resonator). The mediating
resonators are arranged as a resonator wire or arbitrary length between the input resonator
and the output resonator. That is, the » mediating resonators are arranged such that each
resonator in the wire can receive energy from one neighboring resonator and transmit energy
to another neighboring resonator. The number and identity of the resonators within such a
resonator wire could be specified in order to adjust a difference between an excitation
spectrum of the input resonator and an emission spectrum of the output resonator, eg, o
adjust a difference between an excitation wavelength of the input resonator and an emission
wavelength of the output resonator. In such examples, each mediating resonator disposed
between the mput and output resonators could have an ewussion wavelength that is
intermediate between an excitation wavelength of the input and an emussion wavelength of
the ouiput resonator, e.g., such that transfer of energy to and/or from each mediating
resonator permits a controlled reduction m the wavelength and/or magnitude of an exciton {or
other quantum) of energy tfrom the input resonator to the output resonator.

66117} Further, it may be beneficial 1o increase or otherwise specify the brightness of
tabels and/or resonator networks as described herein wn order to facilitate the detection or
wdentification of such resonator networks. For example, different analytes of unterest in a
sample may be present in the sample at different concenirations or amounts. In such
examples, the nuomber or concentration of proteins, receptors, small molecules, segments of
RNA, segments of DNA, or other analytes of interest present a sample {e.g., a sample
containing celis that may be detected, identified, and/or sorted by a flow cytomeiry
apparatus) may differ by a large amount {e.g.. by multiple orders of magnitude). In such

exarnples, applying a contrast agent that includes two labels, having approximately the same
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brightness, to the sample may result in the brighiness of a first one of the labels, configured to
bind to the more prevalent analvte, being much greater than the brightness of a second label,
configured to bind to the less prevalent analyte, that is thus present m the sample at a lower
concentration. The greater brightness, in the sample, of the first label may prevent or degrade
the detection of the second label in the sample. In such an example, it can be beneficial to
configure the second label 1o have a greater brightness than the first label. However, control
over the brightness of such a label may be constrained by a limited library of commercially or
otherwise available resonators {e.g., fluorophores).

{66118} Additionally, 1t can be generally beneficial to increase the brighiness of
resonator networks as described herein in order to facilitate the detection of rare analytes, to
reduce an ntensity of illumination necessary for such detection {eg. to reduce
photobleaching of the labels and/or i{o prevent damage to the sample due fo such
tumination), or to reduce an inlensity of illumination necessary for some other application of
the resonator networks {e.g.. performance of optical logic functions, generation of samples of
a random variable).

[6G119] In order to increase or otherwise specily the brighiness of such resonator
networks {e.g., relative to other labels present in a conirast agent), a resonator networks could
be configured to have multiple input resonators, output resonators, and/or resonator networks
as described herein. The ability to control the brightness of such a resonator networks, or of
multiple different resonator networks {(e.g., respective different resonator networks of two or
maore labels present in a contrast agent used for flow cviometry, molecular imaging, or some
other application} could facilitate panel selection for flow cytometry {e.g., by permitting the
specification of greater brightness of labels corresponding to lower-abundance analvtes in a
sample relative to labels corresponding to more prevalent analvies) or other applications.
100120} In order to control the brightness of a resonator network, DNA self-assembly
or other techniques could be used to provide a resonator network having many instances of a
single resonator, or of a mumber of resonalors, such that the overall brightness of the
resonator networks is increased by an amount related fo the number of instances of the
resonator. This could include providing many copies of a resonator network as described
herein {e.g., 100, 300a-f, 600a-b} in order 10 increase the effective brightness of such a iabel,
to reduce the number of photons detected therefrom and/or time (e.g., number of pulses of
illumination) necessary to identify such labels, or to provide some other benefit  Such
multiple resonators and/or multiple resonator networks could be located sufficiently far apart,

within a label, such that substantially no energy transfer {e.g., resonance energy transfer)

P
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occurs between the resonators and/or resonator networks. Additionally or alternatively, the
resonalors and/or resonator neiworks could engage in energy transfer {e.g., to provide an
increase in the brightness of the resonator networks via energy pooling or some other
mechanism, or to provide some other benefit).

66121} Additionally or alternatively,

an absolute or relative number of input
fluorophores and/or output fluorophores of a label and/or of a resonator network of a label
could be specified to control the overall brightness of the resonator network. This could
include specifving a resonator network such that one output resonator may receive energy
{e.g.. excitons) from a plurality of input resonators and/or such that a single input resonator
may provide energy (e.g., excitons) to a plurality of output resonators. For example, Figure
6C illustrates a schematic of an example resonator network 600¢ that includes six nput
resonators {“IN1” through “IN67) and an output resonator {(“OUT™). As indicated by the
representative arrows, energy transfers may oceur from each of the nput resonators directly
to the output resonator. Such a resonator network could provide increased brightness by
increasing the absorption cross-section of the resonator network, by providing additional sites
that may be excited by illumination, or via some other mechanism or process.

[66122] In another example, Figure 613 illustrates a schematic of an example resonator
network 600d that includes six output resonators (“OUTL” through “OUT6™ and an mput
resonator (“IN). As indicaied by the representative arrows, energy transfers may occur {0
each of the output resonators directly from the input resonator. Such a resonator network
could provide increased brightness in examples where energy transfer from the input
resonator to the output resonator is improbable, where a time to emission of light by the
output resonators (e.g., a fluorescence lifetime) is long, or via some other mechanism or
process.

[30123] MNote that resonator networks as described herein may include both input
resonators that can provide energy to muliiple outpui resonators and output resonators that
can receive energy from multiple npul resonators. For example, Figure 6F illustrates a
schematic of an example resonator network 600¢ that includes ten mput resonators ("IN17
through “IN107) and two output resonators ("OUTL” and “OUT2”). As indicated by the
representative arrows, energy transfers may occur from “INI™ and “IN2” directly to either of
the output resonators. Energy transfers may also occur directly from “IN3” through “ING” to
“OUT1” and from “IN7” through “IN10” 10 “OUT2.”

[30124] In some examples, a resonator network could include one or more mediating

resonators {e.g., to increase a difference between an exciiation wavelength of an input
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resonator and an emission wavelength of an output resonator, to adiust a temporal decay
profile of the resonator network) o transfer energy from multiple inpul resonators (0 an
output resonator and/or to transfer energy from an input resonator to multiple output
resonators.  Figure OF illustrates a schematic of an example resonator network 600f as
described herein. The example resonator network 600f includes five input resonators ("IN1”
through “INS™), iwo mediating resonators ("M17 and “M27}), and an oulput resonator
(“OUT”).  The imput resonators can be excited by receiving illumunation from the
environment of the resonator network 600f (e.g., illumination at an excitation wavelength of
the mnput resonators).

166125} The two mediating resonators are arranged as a resonator wire between the
input resonators and the output resonator. That 15, the two mediating resonators are arranged
such that the first mediating resonator can receive energy from each of the input resonators,
the second mediating resonator can receive energy from the first mediating resonator, and the
output resonator can receive energy from the second mediating resonator.  The number of
resonators within such a resonator wire could be specified in order to adjust a temporal decay
profile of the resonator network 600f (e.g., to adjust a delay or width of a peak in the decay
profile, 1o increase an average decay of the decay protile, or to adjust some other property of
the temporal decay profile), to increase a difference between an excitation wavelength of the
input resonators and an emission wavelength of the output resonator, or to provide some other
benefit.

60126} The resonator network of a resonator network as described herein could
represent different topologies, e.g.. a branched topology. Such a branched topology could
include multiple different resonator wires whose ends are connected to input resonators,
output resonators, mediating resonators {e.g., an end resonator of one or more other resonator
wires), or connected in some other way to provide a resonator network exhibiting a desired
temporal decay profile.

[33127] In some examples, a label and/or resonator network could include a plurality
of input resonators, mediating resonators, and/or output resonators that are n some way
imerconnected to provide some or all of the benefits described herein. For example, Figure
6G ilustrates a schematic of an example resonator network 600g that includes a field of
output resonators ("OUT™) and input resonators ("IN™). As indicated by the representative
arrows, energy transfers may occur to each of the ouiput resonators directly from a number of
input resonators and from each input resonator to one or more output resonators.

[D0128] The brighiness of such a resonator network, or of other resonator networks
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described herein {e.g., 600¢c, 600d, 600e, 600f) could be adjusted by controlling a ratio
between a number of input resonators in the network and a number of output resonators in the
network. For example, for certain input resonators, output resonators, and environmental
conditions, a brightness of a resonator network could be increased by increasing a ratio
between the number of nput resonators and the number of output resonators {i.e., increasing
the number of input resonators relative to the number of output resonators). Thus, the relative
brightness of two labels comprising a contrast agent {e.g., a contrast agent used fo stain a
sample of cells for flow cytometryv} could be adjusted by adjusting the ratios between input
and oulput resonators of the two labels (e.g., such that a first ratio between nput resonators
and output resonators of the first label differs from a second ratio between input resonators
and output resonators of the second label by a specified amount).

[66129] The brightness of a label and/or resonator network could also be increased by
providing a network of input resonators wherein energy received {e.g., {rom environmental
tHumination) by an mput resonator of the network 1s transferred to an output resonator of the
network via one or more additional inpu resonators. A field of such input resonators could
act to increase the absorption cross-section of the resonator network by effectively absorbing
a significant fraction of photons that intersect with a planar shape and/or three-dimensional
volume defined by the field of input resonators. Further, the input resonators could exhibit
bidirectional energy transfer {e.g., pairs of neighboring input resonators could be capable of
transferring energy between themselves in either direction), allowing the field of resonators to
exhibit pooling of absorbed energy. Such pooling can increase the probability that photons
intersecting the field are absorbed and/or increase the probability that energy absorbed by the
field are successfully iransferred, via the overall resonator network, to an output resonator.
Such a resonator network could mclude many input resonators per ouiput resonator, e.g.,
more than four input resonators per output resonator, or more than thirty input resonators per
output resonator. The input resonators of such a field of input resonators could all be the
same type of input resonator (e.g., the same type of fluorophore, having excitation and
enussion spectra that overlap such that different instances of the fluorophore can transroit
energy between each other} or different types of resonators {e.g.. to pernut absorption of
photons at mudtiple different excitation wavelengths or to provide some other benefit).
166130} For example, Figure 6H ilustrates a schematic of an example resonator
network 600h that includes an outpwt resonator ("OUT™) and a field of input resonators
(“IN").  As indicated by the representative arrows, energy transfers mav occur,

bidirectionally, between neighboring input resonators. Additionally, energy transfer mayv
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occur to the output resonator ditectly from a number of neighboring input resonators.
Accordingly, the output resonator may receive energy indirectly from non-neighboring mput
resonators via energy transnussion through intermediary input resonators.

Yi.  Example Logical Resonator Networks
66131} Resonator networks as described here {e.g., that are part of labels, that are
used to generate random murnber generators) may be configured to exhibit behaviors that are
optically modulatable or otherwise controllable. In some examples, the network behavior
could be optically controllable, allowing the network to perform logical operations or to
provide some other benefits.  Such optical control could be provided for by one or more
resonators of the network having an opticallv-induceable “dark state,” wherein the resonator
is unable, or less able, to transmut and/or receive energy {(e.g., excitons) when in the dark
state. Additionally or aliernatively, the behavior of a resonator network could be related to a
property of the environment of the network (e.g., to a pH level, to the binding of an analyte of
interest 1o the network), pernutting the resonator network to be used to optically detect the
property of the environment of the network. In some examples, a single resonator network
could include both sensor behaviors and optically-controllable behaviors, allowing a single
resonator network to be optically controlled to detect multiple different analvtes or other
environmental variables (e.g., by operating optical logic elements of the network to “address”
a pariicular sensed variable of interest}.
[66132] Optical control of resonator network behavior can be provided via a variety of
methods. In some examples, the state of mdividual resonators may be optically adjusted.
This may be performed irreversibly, eg.. by photobleaching one or more resonators by
tlluminating the resonators with ithumination at an excitation wavelength of the resonator{s)
at an intensity above a threshold level. Alternativelv, the state of individual resonators may
be reversibly adjusted, e.g., by optically inducing the resonator(s} to enter a “dark state.”
[33133] A “dark state” is a state wherein a resonator {e.g., a fluorophore, a quantum
dot, or some other optically active molecule or atom as described herein} become ncapable,
or become less capable, of transmitting and/or receiving energy (e.g., photons, excitons) to
and/or from the environment of the resonator {e.g., from other resonators of a resonator
network). The resonator may be optically placed into the dark state by illumination by light
at a particular wavelength. Such illumination may cause the resonator to enter the dark state
by, e.g., causing an electron fo transition into another energy state that prevents the resonator

I}

from absorbing additional energy, causing the resonator to gain/lose charge {e.g., {0 receive

and/or donate an electron from/to the environment), or by causing the resonalor o undergo
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some other process. Accordingly, a resonator network that includes one or more such
resonalors {i.e., resonators that may be oplically controlled to enter a dark state) may have a
temporal decay profile, a probability of photon re-emission following itHumination, or some
other property that is optically controliable by providing illumination sufficient to cause the
resonator(s} to enter the dark state.

[B3134] Such dark stale resonators may be provided as part of a resonator network in
order to allow for optical control of the flow of energy (e.g., excitons) through the network.
Such a resonator network could be configurad such that the dark state resonator, when in the
dark state, acts to facilitate energy flow through the resonator network (e.g., from one portion
of the network to another, and/or from an input of the network 1o an output of the network).
Additionally or alternatively, a resonator network could be configured such that the dark state
resonator, when in the dark state, acis {o inhibit energy flow through the resonator network
{e.g., from one portion of the network 1o another, and/or from an input of the network to an
output of the network). Such optically~controllable mnhubition and/or excitation can be used
to provide logic gates, energy flow control within a resonator network, or a variety of other
behaviors and/or applications.

[66135] A resonator that exhibits such an optically-inducible dark state may be applied
in a variety of ways within a resonator network in order fo, when in the dark state, inhibit
energy flow through the resonator network. For example, such an inhibiting resonator may
be provided as part of a path for energy flow within the resonator network. Accordingly,
when the mmhibiting resonator is in the dark state (e.g., due to dluminating the resonator
network with hight at an appropriate wavelength), energy flow along the path will be fully or
partially prevented, thus fully or partially inhibiting energy flow along the path.

[60136] Thus 15 tHustrated by way of example in Figures 7A and 7B, which illustrate an
example resonaior network 700a at respective different points in time. The resonator network
700a includes a readout resonator ("CLK™), an input resonator ("IN”), and an output
resonator (“OUT™). When the inpul resonator is not in the dark state (illusirated m Figure
7A), energy (e.g., excitons) may be transmitted from the readout resonator (e.g., in response
1o the readout resonator being illuminated by light 710a at an excitation wavelength of the
readout resonator) to the input resonator, and from the input resonator to the output resonator.
Thus, when the input resonator is not in the dark state, illummnation 710a absorbed by the
resonator network (by the readout resonator) may be transmitted through the resonator
network 700a to the ouiput resonator, and then emitted as a photon 720a from the ocutput

resonator.



WO 2018/231805 PCT/US2018/037076

166137} Conversely, when the input resonator is in the dark state (illustrated, in Figure
7B, by the “IN” resonator being drawn in dashed lines), energy (e.g., excitons) is unable to be
transmitied from the readout resonator 1o the mput resonator, and from the input resonator to
the output resonator. Thus, when the input resonator is in the dark state, illumination 710a
absorbed bv the resonator network {(by the readout resonator) is not transmitted through the
resonator network 700a to the cutpui resonator, which thus does not responsively emit a
photon.

[00138] Additionally or alternatively, a resonator that exlubits such an optically-
mducible dark state may be applied in a variety of ways within a resonator network in order
to, when in the dark state, facilitate energy flow through the resonator network., For example,
such a facilitating resonator may be provided as part of an alternative, dissipative and/or non-
radiative path for energy flow within the resonator network. Such a facilitating resonator,
which not in the dark state, could act to sink or otherwise preferentially receive energy (e.g.,
exciions), preventing the energy from traveling to an output resonator or other portion of the
resonator network. Accordingly, when the facilitating resonator is in the dark state {e.g., due
to thuminating the resonator network with light at an appropriate wavelength), energy will
not flow to the facilitating resonator and thus may flow along a different path through the
network {e. g., 10 an output resonator).

[66139] This 1s illusirated by way of example in Figures 7C and 7D, which ilusirate an
example resonator network 700b at respective different pomis in time.  The resonator
network 700b includes a readout resonator (“CLK”™), an input resonator (“IN"), a mediating
resonator {“M”), and an outpwt resonator ("OUT”). When the input resonator is not in the
dark state (illustrated in Figure 7C), energy (e.g., excitons) may be transmitied from the
readout resonator {e.g., in response 1o the readout resonator being illuminated by light 710b at
an excitation wavelength of the readout resonator) to the mediating resonator, and from the
mediating resonator to either of the input resonator or the outpui resonator. If transmitted to
the input resonator, the energy is likely to be dissipated (e.g., lost from the network as heat, or
emitied as a photon at an emussion wavelength of the mput resonator), while the energy, if
transmitted to the outpui resonator, is likely to be emitted as a photon, at an emigsion
wavelength of the cutput resonator, from the output resonator.

60140 The relative probahility of the different energy transfers between the
resonators are indicated in Figures 7C and 7D by the relative line weight of their
represeniative arrows. Thus, for the example network 700b, when the inpul resonator 1S not

in the dark stale, it 1s more likely that the mediating resonator transfers energy to the input
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resonator than to the output resonator. Thus, when the input resonator is not in the dark state,
thumination 710b absorbed by the resonator network {(by the readout resonator) 1s more hikely
to be absorbed, and then dissipated by, the mput resonator than it is to be received by the
output resonator and transmitted from the network 700b as a photon.

66141} Conversely, when the inpui resonator is in the dark state (illustrated, in Figure
7D, by the “IN” resonator being drawn in dashed lines), energy {e.g.. exciions) is unable to be
transmitted from the mediating resonator to the mnput resonator, and thus 1s transmitted to the
output resonator. Thus, when the input resonator 13 in the dark state, illumination 710b
absorbed by the resonator network (by the readout resonator) may be transmitied through the
resonator network 700b to the output resonator, and then emitted as a photon 720b from the
output resonaior.

66142} Such behavior may be employed to implement logic gaies or other
computational or gating functions in a resonator network as described herein. For example,
the resonator network 700a illustrated in Figures 7A and 78 could be emploved as a NOT
gate, with “evaluation™ of the gate triggered by excitation of the readout resonator. Detection
of the gate outpul may be achieved by detecting whether the output resonator emitted a
photon in response to the “evaluation.” The gate mput is apphied bv providing (or not
providing) illumination at an input wavelength such that the inpwt resonator enters the dark
state. Accordingly, a “high” input {illumination sufficient to cause the input to enter the dark
state} would result in a “low” output {the network not emitting a photon from the cutput
resonator in response to excitation of the readout resonator). Conversely, a “low” mput will
result in a “high” output, providing the behavior of a NOT gate.

(68143} Resonator structures may be designed to provide arbitrary logic gate functions
or other computational or gating functionality. This can include providing multiple “input”
resonators, which may be caused to enter a dark state by providing iHumination to the input
resonators at an appropriate wavelength. These additional input resonators may differ with
respect to the wavelength of light necessary to induce the dark state. These additional
resonators may also differ with respect to whether they facilitate the flow of energy through
the network or inhibit the flow of energy through the network. Accordingly, light provided
{or not provided) at these different wavelengths may represeni respective different logical
inputs to the resonator network. The wavelengths may differ by more than a specified
amount {e.g., by more than 10 nanometers, or by more than 50 nanometers} in order o permit
reliable and independent signaling along the respective different logical inputs.

[303144] An example of such a resonator network, configured as a logical AND gate, is
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shown in Figure $A. The resonator network §00a includes a readout resonator (“CLK™), two
mediating resonators ("M1” and “MZ27), two input resonalors ("INT” and IN27), and an
output resonator (“OUT™). The relative probability of the different energy transfers between
the resonators are indicated in Figure 8A by the relative line weight of their representative
arrows. Thus, in order for energy to be transmitted from the readout resonator to the output
resonator with high probability, both of the input resonators must be in their dark states (e.g.,
in response to being provided with tHumination at their respective input wavelengths).
[6G145] Another example of such a resonator network, configurad as a logical OR
gate, is shown in Figure 8B. The resonaior network 800b mcludes a readout resonator
(“CLK”), two mediating resonators (“M17 and “M27), two input resonators ("IN1” and
N2, and an output resonator (“OUT™). The relative probability of the different energy
transfers between the resonators are indicated in Figure 8B by the relative line weight of their
representative arrows. Thus, tn order for energy 1o be transmitted from the readout resonator
to the output resonator with high probability, at least one of the nput resonators must be in s
dark state {e.g., in response to being provided with illununation at one or both of their
respective input wavelengths).

166146} Another example of such a resonator network, configured as a logical NAND
gate, is shown in Figure 8C. The resonator network 800c¢ includes a readout resonator
(“CLK™}, two input resonators ("IN17 and IN27), and an output resonaior ("OUT™). The
relative probability of the different energy transfers between the resonators are indicated
Figure 8C by the relative hine weight of their representative arrows. Thus, in order for energy
to be transmitted from the readout resonator to the output resonator with high probability, no
more than one of the input resonators may be in its dark state (e.g., in response to being
provided with illuroination at one or the other, or netther, of their respective input
wavelengths}.

(303147} Ancther example of such a resonator network, configured as a logical NOR
gate, 15 shown in Figure 8D, The resonator network 800d includes a readout resonaior
("CLK”), two input resonators ("IN1” and IN2”), and an output resonator (“OUT™). The
relative probability of the different energy transfers between the resonators are indicated in
Figure 8D by the relative line weight of their representative arrows. Thus, in order for energy
10 be transnutted from the readout resonator to the output resonator with high probability,
neither of the inpuf resonators may be in their dark states {e.g., in response to being provided
with itlumination at neither of their respective imput wavelengths).

[B0148] Multiple mput resonators that enter their dark states in response o receiving
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tHumination at the same wavelength may be provided in a single resonator network in order
1o achieve a specified logical function or behavior. An example of such a resonator network,
configured as a logical XOR gate, 1s shown in Figure 8E. The resonator network 800¢
includes a readout resonator (“CLK”), two mediating resonators ("M and “M2™), four input
resonators {“IN1a,” “INIb,” “IN2a,” and IN2b”), and an outpwt resonator ("OUT”). The
relative probability of the different energy transfers between the resonators are indicated in
Figure 8E by the relative line weight of their representative arrows. Thus, in order for energy
to be transnutted from the readout resonator to the output resonator with high probability, one
and ounly one of the input resonators must be in their dark state (e.g., in response to being
provided with illumination at one or the other, exclusively, of their respective input
wavelengths).

[66149] Anocther example of such a resonator network, configured as a logical XNOR
gate, 1s shown in Figure 8F  The resonator network 800f mcludes a readout resonator
(“CLEK™), two mediating resonators ("M1” and “M27), four input resonators {IN1a,” “IN1b,”
“IN2a,” and IN2b”), and an ouiput resonator ("OUT™).  The relative probability of the
different energy transfers between the resonators are mdicated in Figure 8F by the relative
line weight of their representative arrows. Thus, in order for energy to be transmitted from
the readout resonator to the output resonator with high probability, either both or neither of
the input resonators must be in their dark state (e.g., in response {0 being provided with
tdlumination at both of their respective input wavelengths or at neither of their respective
nput wavelengths).

[60150) A resonator network may include input resonators as described herein (eg.,
dark-state-exhibiting resonaiors whose dark state may be opiically induced and/or otherwise
optically controlied) to control the flow of energy through the resonator network {e.g.,
between different portions of the resonator network). Such inputs may be controlied in order
to selectively activate or deactivate portions of the resonator network. This is iliustrated by
way of example in Figure 9A, which shows a resonator network 900a that includes a readout
resonator {(“"CLK™), three input resonators (“IN1,” “IN2,” and IN37), and three output
resonators (“OUTL,” “OUT2,” and “OUT3"). The relative probability of the different energy
transfers between the resonators are indicated m Figure 9A by the relative line weight of their
representative arrows. Thus, in order for energy to be transnitied from the readout resonator
1o a particular one of the oufput resonators, the corresponding input resonator must not be in
its dark state. Accordingly, the output resonator(s) that may emit photons in response to

excitation of the readout resonalor mav by selected by providing (or not providing)
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tumination at the respective input wavelengths of the input resonators. For example, to
select the “QUTL” output resonator, light could be provided at the dark-state-inducing
wavelengths for the second ("IN2”) and third (“IN3”) input resonators,

160151] Resonator networks that are optically-controllable {e.g., by opticallv inducing
a dark state in one or more resonators of the networks} may be applied to provide a variety of
benefiis. For example, resonator network-containing labels as described herein may include
such dark state resonators m order to provide further roultiplexing for label detection and
identification. This could include the label exhibiting a first temporal decay profile or other
time~-dependent probability density function with respect to the relative timing of emission of
photons in response to illurmination when an input resonator of the label 1s m a dark state.
The label could then exhibit a second temporal decay profile or other time-dependent
probability density function when the input resonator is not in the dark state. Accordingly,
the label could be optically imterrogated during the first and second periods of time, with the
mput resonator being not in the dark state during the first period of time and being in the dark
state during the second period of time {(e.g., due to illumination at an excitation wavelength of
the input resonator). The detected relative timing of emussion of light from the label,
response to illumanation, during the first and second time periods could be used together to
identify the label.

[66152] in another example, resonator neiworks as described herein may include such
dark state resonators in order to provide a controllable time-dependent probability density
function with respect to the timing of emission of photons from the resonator network(s) in
response to illumination. The detected relative timing could be used to generate samples of a
random variable, with the probability distribution of the random variable being related 1o the
time-dependent probability density function exhibited bv the resonator network(s). One or
more input resonators of such a resonator network being in a dark state could modify the
time-dependent probability density function exhibited by the resonator network(s).
Accordingly, the probability distribution of the randowm variable samples generated therefrom
could be controlled by controlling whether such input resonator(s) are in the dark state.
[6G153] In some examples, this could include applying dark state input resonators
within a resonator network to control whether sections of the resonator network are available
to transfer energy from a readout resonator of the network to an output resonator of the
network. Each such configuration of the network, including only the portions of the network
“enabled” by the dark staie of the input resonator(s), couid correspond to a respective

different time-dependent probability density function and thus be used to generate samples of
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a respective different random variable.

[60154] This 1s Hlustrated by way of example in Figure 9B, which shows a resonator
network 900b that includes a readout resonator ("CLK™), three input resonators (“IN1,”
“INZ,” and IN37), twelve mediating resonators (“M1”7 through “M1i27), and an output
resonator ("OUT”). The relative probability of the different energy transfers between the
resonators are indicated i Figure 9B by the relative line weight of their representative
arrows. Thus, in order for energy to be transmitted from the readout resonator to the output
resonator, at least one of the inpwt resonators must not be in iis dark state. The overall time-
dependent probability density function exhibited by the resonator network 900b, with respect
to the timang of emission of photons from the output resonator n response to excitation of the
readout resonator, is related to whether each of the input resonators is or is not in its dark
state. So, for example, if the “IN2Z” and “IN3” input resonators are in their dark state, and
“INTT 1s not in its dark state, the resonator network 900b will exhibit a time-dependent
probability density function related to the resonator wire comprised of “IN1,” “M1,” M2.”
“M3.” and “M4.” In another example, if the “IN3” input resonator is in its dark state, and the
“INT” and “IN2” resonators are not in thewr dark staies, the resonator network 900b will
exhibit a time-dependent probability density function related to a combination of the time-
dependent probability density function of the resonator wire comprised of “IN1,” “M1,” M2,”
“M3,” and “M4” and an additional time-dependent probability density function related {o the
resonator wire comprised of “IN2,” M5,” and “M6.”

[00155] in yet another example, resonator networks as described herein may nclude
sensors for detecting properties of the environment of the resonator networks, eg., apH of a
solution o which the resonator network is exposed, or the presence or amount of an analyte
hound 1o a receptor of the resonator network.,  Such a resonator network could include a
variety of sensor elements or other components (e.g., the resonators of the network iself) that
are able to transduce a property of the environment of the neiwork into an optically-
detectable change m the resonator network (e.g, a change in an overall intensity or
probability of light enussion in response to illumination, a change in a temporal decay
function and/or a fime-dependent probability density function of light emission from the
network in response io ilumination). For example, one or more resonators of the resonator
network may have an optical property {e.g., a property of being quenched, or of entering a
dark state} that is related to a pH or other property of a solution to which the resonator is
gxposed, 1o whether the resonator has bound {o an analvte of interest, or to some other

property of interest in the environment of the resonator network,
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[6G156] In another example, such a sensor could comprise a receptor {e.g., an antibody,
an aptamer, one or more proteins, a DNA or RNA sirand) that preferentially binds to an
analyie of mterest {e.g., a protein. a hormone, a cell, a cell surface receptor or other cell
surface element, a complementary DNA or RNA strand, a small molecule, a metal ion). The
state of binding of such a receptor to the analvie of interest could then be related to one or
more detectable optical properties of the resonator network in a variety of ways.  For
example, binding of the analyie to the receptor could result in a change of the relative
location of one or more resonators within the resonator network, thus changing an optically
detectable property of the resonator network {e.g., a overall intensily or probability of light
emission in response to illumination, a change 1o a temporal decay function and/or a time-
dependent probability density function of light emission from the network in response to
ilhumination). Such a change could be due to a change in conformation of the recepior, 1o a
change i conformation of one or more elements of a backbone of the resonator network, or
to a change in location of a resonator or backbone element coupled to the receptor.
Additionally or alternatively, the receptor could be coupled to and/or part of a resonator of the
network {e.g., part of a protein that includes a fluorescent motety) such that the receptor not
being bound to an iostance of the analyte causes the resonator to be quenched or otherwise
optically disabled. Alternatively, the receptor being bound to an instance of the analvte could
cause the resonator 1o be guenched or otherwise optically disabled.

[B0157] This 1s illustrated by way of example in Figures 10A and 10B, which iHustrate
an example resonator network 1000, The resonator network 1000 includes a readout
resonator {“"CLK™), a receptor 730 that preferentially binds to an analyte of interest 735, a
mediating resonator ("IN} that is quenched when an instance of the analyte 735 is bound to
the receptor 730, and an output resonator ("OUT™). Thus, when the receptor 730 is nof bound
to an instance of the analyie, the resonator network 1000 can emit light 720a in response to
receiving light 710a at an excitation wavelength of the readout resonator {iHustrated in Figure
10A). Conversely, when the receplor 730 is bound to an mstance of the analvte 735, the
resonator network 1000 15 unable to emit light in response to receiving light 7103 at an
excitation wavelength of the readout resonator, since the mediating resonator has been
quenched and is thus unavailable {o transmit received energy {rom the readout resonator 1o
the output resonator (illustrated in Figure 10B).

[30158] A resonator network that is configured, as described above, for optically
sensing one or more properties of the environment of the resonator network may include one

or more dark state exhibiling mput resonators.  Such input resonators could permut
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multiplexing of the resonator network inn order to use the network to detect multiple different
environmental properties. For example, a resonator could include multiple ditferent receptors
that selectively interact with respective different analvtes and that, when bound to an instance
of a respective analyte, quench a respective resonator of the network or otherwise induce a
change in an optical property of a respective portion of the resonator network. One or more
mnput resonators could be provided in such a resonator network, (o permit optically-controlled
multiplexing of analyte detection using the resonator network., This could mclude using the
inpit resonators to implement logic gates or other means for addressing the sensors such that
the resonator network response to a readout resonator being excited {e.g., an intensity or a
tining of emission of light from an output resonator of the resonator network) 1s related to
whether an optically-selected one of the receptors is bound to an mnstance of a corresponding
enalyte. Such optically-controlied muliiplexing could also permit sub-wavelength imaging
and/or analyte assavs, by enabling the optical control and/or selection of different portions of
a resonator network that are separated from each other by a distance that 1s less than an
imaging wavelength.
VII. Example methods

[66159] Figure 11 15 a flowchart of a method 1100 for interrogating a sample to detect
and identify one or more labels, as described herein, that may be contained within the sample,
For purposes of illustration, the label identified in method 1100 includes: (i} an input
resonator; (i1} an output resonator that 1s characterized by an emission wavelength; and (111} a
netwaork of one or more mediating resonators. The relative locations of the input resonator,
the output resonator, and the one or more mediating resonators within the label are such that
energy can be transmitted from the input resonator to the oulput resonator via the network of
one or more medialing resonators in response to the input resonator being excited by
iHumination {e.g., by a pulse of laser light at an excitation wavelength of the input resonator}.

{66160} The method 1100 includes illuminating a sample that contains the label
{(1110). This could include illuminating the sample with one or more pulses of illumination.
Such pulses of illumination could he ultrashort pulses, having pulse widths between
attoseconds and nanoseconds. The pulses of illumination could have different spectra and/or
include different wavelengths of light For example, a first pulse of tHhumination could
include light at an excitation wavelength of the input resonator of the label and a second pulse
of tlumination could include light at an excitation wavelength of an input resonator of a
different label. In another example, a first pulse of iHlumination could include light at an

excifation wavelength of the input resonator of the label and a second pulse of illumination
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could include light at an excitation wavelength of a further input resonator of the label.
[6G161] The method 1100 also includes detecting a timing, relative o the tHumination
of the sample, of emission of a plurality of photons from the sample within a range of
detection wavelengths (1120). The range of detection wavelengths includes the emission
wavelength of the output resonator of the label. Detecting the timing of emission of a
plurality of photons from the sample could nclude detecting the timing of reception of
ndividual photons, e.g.. using a single photon avalanche diode, a photomultiplier tube, or
some other detector element{s). Additionally or alternatively, detecting the timing of
emission of a plurality of photons from the sample could include detecting a timing of a peak
or other feature of the variation over time of the intensity, rate, or other property of the
photons emitted from the sample.

[606162] The method 1100 further includes determining, based on the defected timing
of emission of the plurality of photons, an identity of the label (1130} Determining the
wdentity of the label includes selecting the identity of the label from a set of known labels.
Determining the identity of the label could include comparing the detected timing of emigsion
of the plurality of photons to a set of temporal decay profiles that correspond o the known
labels. For example, the detected timing of emussion of the plurality of photons could be used
1o determine a probability density function for the timing of emission of photons from the
sample m response to illumination of the sample. Such a determined probability density
function could then be compared to each of the known temporal decay profiles. Such a
comparison could include deternuning a measwe of statistical divergence between the
probability density function and the known temporal decay profiles, e.g., a Kullback-Leibler
divergence, a Jensen-Shannon divergence, a Bregman divergence, or a Fisher information
metric.

[30163] The method 1100 could mclude additional or altermnative steps as described
elsewhere herein. For example, the method 1100 could include identifying a cell or other
contents of the sample based on the determined identity of one or more labels in the sample.
The method 1100 could mclude sorting cells or other particulates in the sample, based on the
determined identity of the label (e g, the sample could be contained within a flow channeal of
a flow cytometry apparatus, and cells in the flow chamber could be sorted according to the
determined 1dentity of one or more labels i the flow channel). The method 1100 could
include emitting light at an excitation wavelength of a dark state-exhibiting resonator of the
resonator wavelength, such that the temporal decay profile or other optically-deteciable

property of the label is adjusted, and 1dentifving the label could include determining that the
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detected timing corresponds to the adjusted state of the optically-detectable property. The
example method 1100 dlustrated in Figure 11 is meant as an illustrative, non-limiting
example. Additional or alternative elements of the method are anticipated, as will be obvious
to one skilled in the art.

[6G164] Figure 12 is a flowchart of a method 1200 for inierrogating a resonator
network as described herein (o detect an analvile. For purposes of illustrations, the resonaior
network of method 1200 includes: (1) a first input resonator that has a dark state and that can
enter the dark state in response to recetving illumination at a first mput excitation
wavelength; (1t} a3 readout resonator that can receive energy from illumimation at a readout
wavelength: (i11) a mediating resonator; (iv) an output resonator; (v) a sensor that includes a
receptor that preferentially binds to the analyte; and (vi} a backbone. The first input
resonator, the readout resonaior, the sensor, and the output resonator are coupled to the
backbone. The backbone maintains relative locations of the {irst input resonator, the readout
resonator, the mediating resonator, the sensor, and the output resonator such that energy can
be transmitted from the readowt resonator to the output resonator via the mediating resonator
and {urther such that a probability of energy being transmitted {rom the readout resonator to
the output resonator, when the first input resonator is n the dark state, 1s related to whether
the receptor is bound to an instance of the analyte.

[66165] The method 1200 includes ilhuminaiing the resonator network, during a first
period of time, with light at the first imput wavelength (1210).  This could include
tlluminating the sample with one or more pulses of illununation. The duration and/or number
of such pulses of such illumination could be specified to ensure that the first input resonator
is likely 1o have entered the dark siate, e.g., the provided light at the first input wavelength
could be provided for more than a threshold duration of time.

[(30166] The method 1200 includes illuminating the resonator network, during the first
pertod of time, with light at the readout wavelength {1220}, This could inchude tlluminating
the sample with one or more pulses of Humination. Such pulses of iHumination could be
ultrashort pulses, having pulse widths between attoseconds and nanoseconds. The pulses of
tllununation could have different spectra and/or include different wavelengths of light. For
example, a first pulse of illumimation could include light at an excitation wavelength of the
input resonator of the label and a second pulse of idlununation could include light at an
excitation wavelength of an input resonator of a different label. In another example, a first
pulse of tHumination could mnclude light at an excitation wavelength of the input resonator of

the label and a second pulse of Hlumination could include light at an excitation wavelength of

45



WO 2018/231805 PCT/US2018/037076

a further input resonator of the label. The light at the readout wavelength could be provided
subsequent to providing the Hght at the frst imput wavelength.

661671 The method 1200 also includes detecting, during the first period of time, an
intensity of light emitted from an output resonator of the resonator network (1230). This
could include detecting a timing of emission of such light relative to the timing of one or
more pulses of light provided at the readout wavelength. Detecting the intensity of light
enmutied from the resonator network could include detecting a timing of emission of a plurality
of photons from a population of resonator networks, e.g . detecting the timing of reception of
mdividual photons using a single photon avalanche diode, a photomultplier tube, or some
other detector element(s). Additionally or alternatively, detecting the timing of emussion of a
plurality of photons from the sample could include detecting a timung of a peak or other
feature of the varation over time of the intensity, rate, or other property of the photons
emitted from the sample. Detecting the intensity of hight emutted from the resonator network
could include detecting a total amount of light emutted from the output resonator, e.g., by
integrating a signal related to the mntensity of the detected light.

(66168} The method 1200 could include additional or altemative steps as deseribed
elsewhere herem. The method 1200 could include determining, based on the detected
intensity of the emitied light, a presence, amount, count, or other property of the analyte. In
some examples, the resonator network could be configured to permut the detection of multiple
analyies, e.g., by a process of optically multiplesing and/or addressing multiple different
sensors of the resonator network. For example, the resonator network could mclude a second
sensor sensitive 1o a second analyte and a second input resonator coupled together with the
remainder of the resonator network such that a probability of energy being transmitted from
the readout resonator to the output resonator, when the second input resonator s in the dark
state and the first input resonator is not in the dark state, is related to whether the second
receptor is bound {o an instance of the second analvte. In such an example, the method 1200
could inchude, during a second period of time, Huminating the resonator network with Hight at
an excitation wavelength of the second input resonator; illurninating the resonator network
with light at the readowt wavelength; and detecting an intensity of light emitted from the
resonator network during the second period of time. The intensity detected during the second
period of time could then be used 1o deternmine a concentration, a presence, a count, or some
other information about the second analvte. The example method 1200 illustrated in Figure
12 1s meant as an illustrative, non-limiting example. Additional or altemative elements of the

method are anticipated, as will be obvious to one skilled in the art.
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166169} Figure 13 15 a flowchart of a method 1300 for using a plurality of resonator
networks, as described herein, to generate samples of a random variable. For purposes of
illustration, the resonator network identified in method 1300 includes: () a fust input
resonator that has a dark state and that can enter the dark state in response to receiving
ilhumination at a first input wavelength; (i) a readout resonator that can receive energy from
tumination at a readout wavelength, (1) two or more mediating resonators; (1v) an output
resonator; and (v) a backbone. The first input resonator, the readout resonator, the two or
more mediating resonators, and the output resonator are coupled to the backbone. The
backbone maintains relative locations of the first input resonator, the readout resonator, the
two or more mediating resonators, and the outpuf resonator such that energy can be
transmitied from the readout resonator to the output resonator via the mediating resonator and
further such that the resonator network emits photons from the outpuf resonator, in response
to the readout resonator receiving tlumination at the readout wavelength, according {0 a
time-~dependent probabiity density function, and wherein a detectable property of the time-
dependent probability density function 1s related to whether the first input resonator i3 in the
dark state.

166176] The method 1300 includes illununating the plurality of resonator networks,
during a first period of time, with light at the first input wavelength (1310). This could
include Huminating the sample with one or more pulses of illumination. The duration and/or
mumber of such pulses of such iHlumination could be specified to ensure that the first input
resonator of each of the resonator networks and/or of a specified portion of the resonator
networks is hikely to have entered the dark state, e.g, the provided light at the first inpwt
wavelength could be provided for more than a threshold duration of time.

(60171 The method 1300 includes illununating the plurality of resonator networks,
during the first period of time, with light at the readout wavelength (1320) This could
include luminating the sample with one or more pulses of Hlumination. Such pulses of
illumination could be ultrashort pulses, having pulse widths between attoseconds and
microseconds.

60172} The method 1300 also includes detecting a fiming, relative to the illumination
of the resonator networks, of emission of a plurality of photons from the output resonators of
the plurality of resonator networks (1330). Detecting the timing of emussion of a plurality of
photons from the resonator networks could include detecting the timing of reception of
individual photons, e.g., using a single photon avalanche diode, a photomuluphier tube, or

some other detector element(s). Additionally or alternatively, detecting the fiming of
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emission of a plurality of photons from the sample could include detecting a timing of a peak
or other {eature of the variation over time of the mtensity, rate, or other properly of the
photons emitted from the sample.
166173] The method 1300 could include additional or altemative steps as described
elsewhere herein. For example, the method 1300 could include generating a sample of a
random variable based on the detected timing, e.g. by applving a function {o the detected
tirming. The method 1300 could include generating additional saraples of the random variable
by illuminating the resonator network and detecting a timing of emission of photon(s)
responsively emitied {rom the resonator network. The resonator network could include one
or more additional input resonators, and the method 1300 could include, during additional
periods of time, generating samples of additional random variables by optically controlling
the input resonators of the resonator network such that the resonator network exhibited time-
dependent probability density fonctions corresponding to the additional random variables.
The samples of the random vanables could be generated by detecting a timing of emission of
light from the resonator network in response to illununation. The example method 1300
thustraled in Figure 13 is meant as an illusirative, non-himiting example. Additional or
alternative elements of the method are anticipated, as will be obvious to one skilled in the art.
Viif. Conclusion
[66174] “Fluorescent taggants with temporally coded signaiures”™ {(Wang, S., Vvas, R,
Dwyer, C, “Fluorescent taggants with temporally coded signatures,” Optics Express, Vol 24,
No. 14, 11 Julv 2016) is incorporated herein by reference. All references cited herein are
incorporated by reference. In addition, the mvention is not intended to be limited to the
disclosed embodiments of the invention. It should be understood that the foregoing
disclosure emphasizes certain specific embodiments of the invention and that all
modifications or alternatives equivalent thereto are within the spirit and scope of the
invention as set forth in the appended claims
[303175] The particular arrangements shown in the Figures should not be viewed as
lirmting. It should be understood that other embodiments may include more or less of each
element shown in a given Figure. Fusther, some of the illustrated elements may be combined
or omitted. Yet further, an exemplary embodiment may include elements that are not
illustrated in the Figures.
[(30176] Additionally, while various aspects and embodiments have been disclosed
herein, other aspects and embodimenis will be apparent to those skilled in the art. The various

aspects and embodiments disclosed herein are for purposes of llustration and are not intended
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to be limiting, with the true scope being indicated by the following claims. Other embodiments
may be utilized, and other changes may be made, without departing from the spirit or scope of
the subject matter presented herein. It will be readily understood that the aspects of the present
disclosure, as generally described herein, and illustrated in the figures, can be arranged,
substituted, combined, separated, and designed in a wide variety of different configurations, all
of which are contemplated herein.

[00177] The term “comprise” and variants of the term such as “comprises” or
“comprising” are used herein to denote the inclusion of a state integer or stated integers but not
to exclude any other integer or any other integers, unless in the context or usage an exclusive
interpretation of the term is required.

[00178] Any reference to publications cited in this specification is not an admission that

the disclosures constitute common general knowledge in Australia.

[00179] Definitions of the specific embodiments of the invention as claimed herein
follow.

[00180] According to a first embodiment of the invention, there is provided a label
comprising:

two or more input resonators, wherein the input resonators comprise at least one of a
fluorophore, a quantum dot, or a dye and all of the input resonators comprise the same
fluorophore, quantum dot, or dye excited at a single wavelength;

an output resonator, wherein the output resonator comprises at least one of a
fluorophore, a quantum dot, or a dye;

a receptor, wherein the receptor is an antibody, aptamer, or protein; and

an organic backbone,

wherein the receptor selectively interacts with an analyte of interest to permit detection
of the presence, amount, or location of the analyte of interest in a sample,

wherein the two or more input resonators, the output resonator, and the receptor are
coupled to the backbone, and

wherein the backbone maintains relative locations of the input resonators and the output
resonator such that energy can be transmitted from each of the input resonators to the output
resonator.

[00181] According to a second embodiment of the invention, there is provided a label
comprising:

two or more input resonators, wherein the input resonators comprise at least one of a

fluorophore, quantum dot, or a dye excited at a single wavelength and all of the input resonators
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comprise the same fluorophore, quantum dot, or dye excited at a single wavelength;

one or more mediating resonators, wherein a first one of the one or more mediating
resonators is disposed proximate to the input resonator such that the first one of the one or more
mediating resonators can receive energy from the input resonator;

an output resonator, wherein at least one of the one or more mediating resonators is
disposed within the label proximate to the output resonator such that the output resonator can
receive energy from the at least one of the one or more mediating resonators;

a receptor, wherein the receptor is an antibody, aptamer, or protein, and wherein the
receptor selectively interacts with an analyte of interest to permit detection of the presence,
amount, or location of the analyte of interest in a sample; and

a backbone, wherein the input resonator, the output resonator, the receptor, and the one
or more mediating resonators are coupled to the backbone, and wherein the backbone maintains
relative locations of the input resonator, the output resonator, and the one or more mediating
resonators such that energy can be transmitted from the input resonator to the output resonator
via the one or more mediating resonators.

[00182] According to a third embodiment of the invention, there is provided a label
comprising:

a plurality of input resonators, wherein the input resonators comprise at least one of a
fluorophore, a quantum dot, or a dye and all of the input resonators comprise the same
fluorophore, quantum dot, or dye excited at a single wavelength, and wherein input resonators
of the plurality of input resonators are disposed within the label proximate to each other such
that the input resonators can transmit energy between each other;

a receptor, wherein the receptor is an antibody, aptamer, or protein, and wherein the
receptor selectively interacts with an analyte of interest to permit detection of the presence,
amount, or location of the analyte of interest in a sample; and

a backbone, wherein the input resonators are coupled to the backbone, and wherein the
backbone maintains relative locations of the input resonators such that energy can be
transmitted between the input resonators.

[00183] According to a fourth embodiment of the invention, there is provided a system
comprising:

a sample container;

a light source;

a light detector; and

a controller, wherein the controller is programmed to perform operations comprising:
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illuminating, using the light source, the sample container;

using the light detector, detecting at least one of a wavelength or an intensity of emission
of a plurality of photons from the sample container; and

determining, based on the detected wavelength or intensity of emission of the plurality
of photons, an identity of a label, wherein determining the identity of the label comprises
selecting the identity of the label from a set of known labels, wherein the set of known labels
includes a first label and a second label, wherein the first label comprises:

a first receptor, wherein the first receptor selectively interacts with a first analyte
of interest, and wherein the first receptor is antibody, aptamer, or protein;

at least two first input resonators, wherein the at least two first input resonators
comprise at least one of a fluorophore, quantum dot, or a dye excited at a single
wavelength and all of the input resonators comprise the same fluorophore, quantum dot,
or dye excited at a single wavelength;

at least one first output resonator, wherein a ratio between a number of first
input resonators in the first label and a number of first output resonators in the first label
has a first value; and

a first backbone, wherein the first receptor, the at least two first input resonators,
and the at least one first output resonator are coupled to the first backbone, and wherein
the first backbone maintains relative locations of the at least two first input resonators
and the at least one first output resonator such that energy can be transmitted from each
of the first input resonators to at least one first output resonator; and

wherein the second label comprises:

a second receptor, wherein the second receptor selectively interacts with a
second analyte of interest, and wherein the second receptor is an antibody, aptamer, or
protein;

at least two second input resonators, wherein the at least two second input
resonators comprise at least one of a fluorophore, quantum dot, or a dye excited at a
single wavelength and all of the input resonators comprise the same fluorophore,
quantum dot, or dye excited at a single wavelength;

at least one second output resonator, wherein a ratio between a number of
second input resonators in the second label and a number of second output resonators
in the second label has a second value; and

a second backbone, wherein the second receptor, the at least two second input

resonators, and the at least one second output resonator are coupled to the second
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backbone, and wherein the second backbone maintains relative locations of the at least

two second input resonators and the at least one second output resonator such that

energy can be transmitted from each of the second input resonators to at least one

second output resonator.
[00184] According to a fifth embodiment of the invention, there is provided a contrast
agent comprising:

a first label that comprises:

a first receptor, wherein the first receptor selectively interacts with a first analyte of
interest, and wherein the first receptor is an antibody, aptamer, or protein;

at least two first input resonators, wherein the at least two first input resonators comprise
at least one of a fluorophore, quantum dot, or a dye excited at a single wavelength and all of
the input resonators comprise the same fluorophore, quantum dot, or dye excited at a single
wavelength;

at least one first output resonator, wherein a ratio between a number of first input
resonators in the first label and a number of first output resonators in the first label has a first
value; and

a first backbone, wherein the first receptor, the at least two first input resonators, and
the at least one first output resonator are coupled to the first backbone, and wherein the first
backbone maintains relative locations of the at least two first input resonators and the at least
one first output resonator such that energy can be transmitted from each of the first input
resonators to at least one first output resonator; and

a second label that comprises:

a second receptor, wherein the second receptor selectively interacts with a second
analyte of interest, and wherein the second receptor is an antibody, aptamer, or protein;

at least two second input resonators, wherein the at least two second input resonators
comprise at least one of a fluorophore, quantum dot, or a dye excited at a single wavelength
and all of the input resonators comprise the same fluorophore, quantum dot, or dye excited at
a single wavelength;

at least one second output resonator, wherein a ratio between a number of second input
resonators in the second label and a number of second output resonators in the second label has
a second value; and

a second backbone, wherein the second receptor, the at least two second input
resonators, and the at least one second output resonator are coupled to the second backbone,

and wherein the second backbone maintains relative locations of the at least two second input
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resonators and the at least one second output resonator such that energy can be transmitted

from each, of the second input resonators to at least one second output resonator.
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CLAIMS

1. A label comprising:

two or more input resonators, wherein the input resonators comprise at least one of a
fluorophore, a quantum dot, or a dye and all of the input resonators comprise the same
fluorophore, quantum dot, or dye excited at a single wavelength;

an output resonator, wherein the output resonator comprises at least one of a
fluorophore, a quantum dot, or a dye;

a receptor, wherein the receptor is an antibody, aptamer, or protein; and

an organic backbone,

wherein the receptor selectively interacts with an analyte of interest to permit
detection of the presence, amount, or location of the analyte of interest in a sample,

wherein the two or more input resonators, the output resonator, and the receptor are
coupled to the backbone, and

wherein the backbone maintains relative locations of the input resonators and the
output resonator such that energy can be transmitted from each of the input resonators to the

output resonator.

2. The label of claim 1, wherein the two or more input resonators comprise a first input
resonator and a second input resonator, and wherein the backbone maintains relative
locations of the input resonators and the output resonator such that energy can be transmitted

from the second input resonator to the output resonator via the first input resonator.

3. The label of claim 2, wherein energy can be transferred from the first input resonator

to the second input resonator.

4. The label of claim 2 or 3, wherein all of the input resonators comprise the same
fluorophore.
5. The label of claim 3 or 4, wherein each of the input resonators is coupled to the

backbone via a respective linker,
wherein the linkers have a characteristic linker length,
wherein the input resonators are characterized by a Forster radius, and wherein the

linkers are coupled to the backbone at respective coupling locations,
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wherein the coupling locations are separated from each other by less than the Forster

radius and by more than twice a characteristic distance for quenching of the input resonators.

6. The label of any one of claims 1 to 5, wherein the output resonator is a first output
resonator, wherein the label further comprises:

a second output resonator; and

two or more additional input resonators,

wherein the two or more additional input resonators and the second output resonator
are coupled to the backbone, and

wherein the backbone maintains relative locations of the additional input resonators
and the second output resonator such that energy can be transmitted from each of the

additional input resonators to the second output resonator.

7. The label of claim 6, wherein the backbone maintains relative locations of the
additional input resonators and the first output resonator such that energy can be transmitted

from at least one of the additional input resonators to the first output resonator.

8. The label of any one of claims 1 to 7, further comprising:

one or more mediating resonators, wherein the one or more mediating resonators are
coupled to the backbone, wherein the backbone maintains the relative locations of at least
one of the one or more mediating resonators and the output resonator such that the output
resonator can receive energy from the at least one of the one or more mediating resonators,
and wherein the backbone maintaining relative locations of the input resonators and the
output resonator such that energy can be transmitted from each of the input resonators to the
output resonator comprises the backbone maintaining relative locations of the input
resonators, the output resonator, and the one or more mediating resonators such that energy
can be transmitted from each of the input resonators to the output resonator via the one or

more mediating resonators.

9. The label of claim 8, wherein the input resonators absorb light at an excitation
wavelength, wherein the output resonator emits light at an emission wavelength, wherein
the emission wavelength differs from the excitation wavelength, wherein the one or more
mediating resonators are characterized by respective emission wavelengths, and wherein the
emission wavelengths of the one or more mediating resonators are intermediate between the

excitation wavelength of the input resonator and the emission wavelength of the output
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resonator.

10.  The label of claim 8 or 9, wherein all of the mediating resonators comprise the same

fluorophore.

11.  The label of any one of claims 8 to 10, further comprising a facilitator resonator that
is coupled to the backbone, wherein the backbone maintains relative locations of the input
resonators, the output resonator, the one or more mediating resonators, and the facilitator
resonator such that the facilitator resonator being in a dark state facilitates transmission of
energy from the input resonators to the output resonator via the one or more mediating

resonators.

12.  The label of any one of claims 8 to 10, further comprising an inhibitor resonator that
is coupled to the backbone, wherein the backbone maintains relative locations of the input
resonators, the output resonator, the one or more mediating resonators, and the inhibitor
resonator such that the inhibitor resonator being in a dark state inhibits transmission of
energy from the input resonators to the output resonator via the one or more mediating

resonators.

13. The label of any one of claims 1 to 12, wherein the analyte of interest is selected from the
group consisting of a surface protein, molecular epitope, a hormone, a cell, and a cell surface receptor

or other cell surface element.

14.  The label of any one of claims 1 to 16, wherein the backbone comprises two strands

of DNA that are at least partially complementary.

15. A label comprising:

two or more input resonators, wherein the input resonators comprise at least one of a
fluorophore, quantum dot, or a dye excited at a single wavelength and all of the input
resonators comprise the same fluorophore, quantum dot, or dye excited at a single

wavelength;
one or more mediating resonators, wherein a first one of the one or more mediating

resonators is disposed proximate to the input resonator such that the first one of the one or
more mediating resonators can receive energy from the input resonator;

an output resonator, wherein at least one of the one or more mediating resonators is
disposed within the label proximate to the output resonator such that the output resonator

can receive energy from the at least one of the one or more mediating resonators;

56



15 Sep 2023

2018282868

a receptor, wherein the receptor is an antibody, aptamer, or protein, and wherein the
receptor selectively interacts with an analyte of interest to permit detection of the presence,
amount, or location of the analyte of interest in a sample; and

a backbone, wherein the input resonator, the output resonator, the receptor, and the
one or more mediating resonators are coupled to the backbone, and wherein the backbone
maintains relative locations of the input resonator, the output resonator, and the one or more
mediating resonators such that energy can be transmitted from the input resonator to the

output resonator via the one or more mediating resonators.

16.  The label of claim 15, wherein the backbone comprises two strands of DNA that are

at least partially complementary.

17.  The label of claim 15 or 16, wherein at least one of the mediating resonators, the

input resonators, or the output resonator comprises a fluorophore.

18.  The label of any one of claims 15 to 17, wherein all of the mediating resonators

comprise the same fluorophore.

19.  The label of any one of claims 15 to 18, wherein at least one of the one or more
mediating resonators is disposed proximate to the second input resonator such that the at
least one of the one or more mediating resonators can receive energy from the second input

resonator.

20.  The label of any one of claims 15 to 19, wherein the output resonator is a first output
resonator, wherein the label further comprises a second output resonator, wherein at least
one of the one or more mediating resonators is disposed within the label proximate to the
second output resonator such that the second output resonator can receive energy from the

at least one of the one or more mediating resonators.

21.  The label of claim 20, wherein the second output resonator is characterized by a
second emission wavelength that differs from the emission wavelength of the first output

resonator.

22.  The label of any one of claims 15 to 21, wherein the input resonators absorb light at
an excitation wavelength, wherein the output resonator emits light at an emission

wavelength, and wherein the emission wavelength differs from the excitation wavelength.
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23.  The label of claim 22, wherein the one or more mediating resonators are
characterized by respective emission wavelengths, and wherein the emission wavelengths
of the one or more mediating resonators are intermediate between the excitation wavelength,

of the input resonator and the emission wavelength of the output resonator.

24.  The label of any one of claims 15 to 23, further comprising a facilitator resonator that
is coupled to the backbone, wherein the backbone maintains relative locations of the input
resonator, the output resonator, the one or more mediating resonators, and the facilitator
resonator such that the facilitator resonator being in a dark state facilitates transmission of
energy from the input resonator to the output resonator via the one or more mediating

resonators.

25.  Thelabel of any one of claims 15 to 23, further comprising an inhibitor resonator that
is coupled to the backbone, wherein the backbone maintains relative locations of the input
resonator, the output resonator, the one or more mediating resonators, and the inhibitor
resonator such that the inhibitor resonator being in a dark state inhibits transmission of
energy from the input resonator to the output resonator via the one or more mediating

resonators.

26.  The label of any one of claims 15 to 25, wherein the analyte of interest is selected
from the group consisting of a surface protein, molecular epitope, a hormone, a cell, and a

cell surface receptor or other cell surface element.

27. A label comprising:

a plurality of input resonators, wherein the input resonators comprise at least one of
a fluorophore, a quantum dot, or a dye and all of the input resonators comprise the same
fluorophore, quantum dot, or dye excited at a single wavelength, and wherein input
resonators of the plurality of input resonators are disposed within the label proximate to each
other such that the input resonators can transmit energy between each other;

a receptor, wherein the receptor is an antibody, aptamer, or protein, and wherein the
receptor selectively interacts with an analyte of interest to permit detection of the presence,
amount, or location of the analyte of interest in a sample; and

a backbone, wherein the input resonators are coupled to the backbone, and wherein
the backbone maintains relative locations of the input resonators such that energy can be

transmitted between the input resonators.
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28.  The label of claim 27, wherein the backbone comprises two strands of DNA that are

at least partially complementary.

29.  The label of claim 27 or 28, wherein all of the input resonators of the plurality of

input resonators comprise the same fluorophore.

30.  The label of any one of claims 27 to 29, further comprising a plurality of output
resonators, wherein output resonators of the plurality of output resonators are coupled to the
backbone, and wherein the backbone maintains relative locations of the input resonators and
the output resonators such that energy can be transmitted to each of the output resonators

from a respective input resonator of the plurality of input resonators.

31.  The label of claim 30, wherein the input resonators absorb light at an excitation
wavelength, wherein the output resonators emit light at an emission wavelength, and

wherein the emission wavelength differs from the excitation wavelength.

32.  The label of any one of claims 27 to 31, wherein the analyte of interest is selected
from the group consisting of a surface protein, molecular epitope, a hormone, a cell, and a

cell surface receptor or other cell surface element.

33. A system comprising:
a sample container;
a light source;
a light detector; and
a controller, wherein the controller is programmed to perform operations comprising:
illuminating, using the light source, the sample container;
using the light detector, detecting at least one of a wavelength or an intensity of
emission of a plurality of photons from the sample container; and
determining, based on the detected wavelength or intensity of emission of the
plurality of photons, an identity of a label, wherein determining the identity of the label
comprises selecting the identity of the label from a set of known labels, wherein the set of
known labels includes a first label and a second label, wherein the first label comprises:
a first receptor, wherein the first receptor selectively interacts with a first
analyte of interest, and wherein the first receptor is antibody, aptamer, or protein;
at least two first input resonators, wherein the at least two first input resonators

comprise at least one of a fluorophore, quantum dot, or a dye excited at a single
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34.

35.

wavelength and all of the input resonators comprise the same fluorophore, quantum
dot, or dye excited at a single wavelength;

at least one first output resonator, wherein a ratio between a number of first
input resonators in the first label and a number of first output resonators in the first
label has a first value; and

a first backbone, wherein the first receptor, the at least two first input
resonators, and the at least one first output resonator are coupled to the first
backbone, and wherein the first backbone maintains relative locations of the at least
two first input resonators and the at least one first output resonator such that energy
can be transmitted from each of the first input resonators to at least one first output
resonator; and

wherein the second label comprises:

a second receptor, wherein the second receptor selectively interacts with a
second analyte of interest, and wherein the second receptor is an antibody, aptamer,
or protein;

at least two second input resonators, wherein the at least two second input
resonators comprise at least one of a fluorophore, quantum dot, or a dye excited at a
single wavelength and all of the input resonators comprise the same fluorophore,
quantum dot, or dye excited at a single wavelength;

at least one second output resonator, wherein a ratio between a number of
second input resonators in the second label and a number of second output resonators
in the second label has a second value; and

a second backbone, wherein the second receptor, the at least two second input
resonators, and the at least one second output resonator are coupled to the second
backbone, and wherein the second backbone maintains relative locations of the at
least two second input resonators and the at least one second output resonator such
that energy can be transmitted from each of the second input resonators to at least

one second output resonator.
The system of claim 33, wherein the first value and the second value differ.

The system of claim 33 or 34, wherein the operations further comprise:

sorting a content of the sample container into one or more locations based on the

determined identity of the label.
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36. A contrast agent comprising:

a first label that comprises:

a first receptor, wherein the first receptor selectively interacts with a first analyte of
interest, and wherein the first receptor is an antibody, aptamer, or protein;

at least two first input resonators, wherein the at least two first input resonators
comprise at least one of a fluorophore, quantum dot, or a dye excited at a single wavelength

and all of the input resonators comprise the same fluorophore, quantum dot, or dye excited

at a single wavelength;
at least one first output resonator, wherein a ratio between a number of first input

resonators in the first label and a number of first output resonators in the first label has a first
value; and

a first backbone, wherein the first receptor, the at least two first input resonators, and
the at least one first output resonator are coupled to the first backbone, and wherein the first
backbone maintains relative locations of the at least two first input resonators and the at least
one first output resonator such that energy can be transmitted from each of the first input
resonators to at least one first output resonator; and

a second label that comprises:

a second receptor, wherein the second receptor selectively interacts with a second
analyte of interest, and wherein the second receptor is an antibody, aptamer, or protein;

at least two second input resonators, wherein the at least two second input resonators
comprise at least one of a fluorophore, quantum dot, or a dye excited at a single wavelength
and all of the input resonators comprise the same fluorophore, quantum dot, or dye excited
at a single wavelength;

at least one second output resonator, wherein a ratio between a number of second
input resonators in the second label and a number of second output resonators in the second
label has a second value; and

a second backbone, wherein the second receptor, the at least two second input
resonators, and the at least one second output resonator are coupled to the second backbone,
and wherein the second backbone maintains relative locations of the at least two second
input resonators and the at least one second output resonator such that energy can be

transmitted from each, of the second input resonators to at least one second output resonator.
37.  The contrast agent of claim 36, wherein the first value and the second value differ.

38.  The contrast agent of claim 36 or 37, wherein the first input resonators and the second
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input resonators differ with respect to an absorption wavelength.

39.  The contrast agent of any one of claims 36 to 38, wherein the first output resonator

and the second output resonator differ with respect to an emission wavelength.

40.  The contrast agent of any one of claims 36 to 39, wherein the first label further
comprises:

one or more mediating resonators, wherein a first one of the one or more mediating
resonators is disposed within the first label proximate to the at least two first input resonators
such that the first one of the one or more mediating resonators can receive energy from each
of the at least two first input resonators, wherein at least one of the one or more mediating
resonators is disposed within the first label proximate to at least one first output resonator
such that the at least one first output resonator can receive energy from the at least one of
the one or more mediating resonators, and wherein the first backbone maintaining relative
locations of the at least two first input resonators and the at least one output resonator such
that energy can be transmitted from each of the first input resonators to at least one first
output resonator comprises the backbone maintaining relative locations of the first input
resonators, the at least one first output resonator, and the one or more mediating resonators
such that energy can be transmitted from each of the first input resonators to the at least one

first output resonator via the one or more mediating resonators.

Duke University
Patent Attorneys for the Applicant/Nominated Person
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