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CONSPECTUS: The necessity to

scrutinize more and more biologica

molecules and interactions both
solution andn thecellular levelhas
led to an increasing demand fq
sensitive and specifienultiplexed W % Multiplexed
diagnostic analysis . o i
Photduminescence(PL) detection
is ideally sited for multiplexed
biosensingand bioimagingoecause
it is rapid and sensitive and there
an almost unlimited choice o
fluorophores that provide a large versatility of photophysical propemigsding PL intensites,

spectraandlifetimes.
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The most frequently used technique to detect mulpplametes from a singlesample is
spectral (or color) multiplexing with different fluorophores, such as organic dyes, fluorescent
proteins(FPs) quantum dot§QDs), or lanthanide nanoparticles and cdexgs.In conventional
PL biosensing approachesch fluorophore requiresdistinct detection channel drexcitation
wavelength This drawback can be overcome bjrdterresonance energy transfer (FRET) from
lanthanide donors to other fluorophore accept@rk H O D Q Whiilip@ karaaisp&ctrally narrow
emission bands over a broad spectral rarayeoverlap with several different acceptors at once,
thereby allowing FRETURP RQH GRQRU WR PXOWLSOH DFFHSWRUV 7K
lifetimes provide two important features. Firitne-gated (TG) detectiomllows for efficient
suppression of background fluorescence from the biological environment or directigdexci
acceptors. Second, temporal multiplexifay,which the PL lifetimes are adjusted by the interaction
with the FRET acceptpcan be used tdetermine specific biomolecidand/ortheir conformation
via distinct PL decays'he high signato-background ratios, reproducible and precise ratiometric
and homogeneous (washifrge) sensing formats, and higheder multiplexing capabilities of
lanthanidebased TGFRET haveesulted in significant advances in the analysis of blemgar
recognition. Applications range from the fundamental analysis of biomolecular interactions and
conformations, over higthroughput and poirtf-carein-vitro diagnostis and DNA sequencing,
to advanced optical encoding, using both liquid and salidples andh-sity, in-vitro, andin-vivo
detection with high sensitivitgnd selectivity

In this Account, we discuss recent advances of lanthdvdaded TGFRET for the
development and application of advanced immunoassays, nucleic acid sensingo@sddnce
imaging. In addition to the different spectral and temporal multiplexing apprqoagbégghlight
the importance of a careful design and combination of different biological, organic, and inorganic
molecules and nanomaterials for an adjustable FRET eimu@ptor distance that determines the
ultimate performancef the diagnostic assays and conformaiosensors in their physiological
environment. We conclude by sharing our vision on how progress in the development of new
sensing concepts, materiebmbinations, and instrumentation can further advanceFRET
multiplexing and accelerate a translatioroi routine clinical practice and the investigation of

challenging biological systems.
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1. INTRODUCTION

Although the origins of delayed luminescence detectiorFRT date baclover100 years;¢the
field of FRET biosensingstarted growingin the 1990s with the development of RRET
immunoassay$ commercial lanthanidbased T-FRET immunoassayé FRET DNA
sequencing,FRET with FPs?and sngle-pair FRET!!to name only a few. Over the last 20 years
new fluorophores such as QDsor other nanomaterigt®!® had a large influence on the
development of advanced FRET sensing con¢cepttuding their combinatiorwith lanthanides
for TG-FRET.'2415 The traditional advantagesof TG-FRET are high spatial resolution,
ratiometric and washingfree sensing formatsand efficient backgrounduppressiof®® These
unique features of T&RET result in high sensitivity, specificity, and simplicity, all of which are
paramount for advanced biosensing and bioimaging. The versatility of combining vatica#iyop
and biologicallyactive materials and tuning their interaction via size, number, @aofprmation,
and proximity for the development of new multiplexing concepts, is a remathalbieark of TG

FRET, whose recent advances we discuss in thisuxtco

2. MULTIPLEXED TIME-GATED FRET

Lanthanidge.g, Tb or Eu)}complexes areterestingcFRET donor$ecause thepossesselatively
large PL quantum yields, extremely long PL lifetimes, and multipleowemission bandever a
broadspectrarange!®?°Using FRET acceptors with specifluorescence colsrand placing them
at controlled distances to the lanthanide FRET donor, gigesss to both spectral (color) and
temporal (lifetime) PL multiplexingwhich can be combinethto higherorder multiplexedand

quantitativebiosensing an@lioimaging.

2.1 FRET distance control

Donoracceptor tstance is one of the most important parameters in F&teiTawell-controlled
distance isa prerequisitefor efficient FRET?! The welldefined structures of biomoleculase
natural resourcedfor a specific donoeacceptor separatiowia controlled bioconjugatiof?.
Moreover,they can also be used ftre specificrecognition of manybiological and chemical
targes and analytesModification of nucleic acidsith fluorophores or functional bioconjugation
groupsat distinct positionds commercially &ailable at many vendar®roteins engineereavith
unnatural amino acids,amino acid sequence recognized by enzythes single cysteirg® can

also be sitespecifically labeled with fluorophore$he much simpler structure of nucleic acids



makes distance control significantly more straightforward compared to proteins. The same holds
true for smadl fluorophores €.g, dyes and lanthanide complexes) compared to relatively large
nanoparticlesd.g, QDs). In addition to structure and size, shape and orientation of biomolecules

and fluorophores must be considered for controlling FRET.

2.2. Spectral (PL color) multiplexing
The distinct PL spectra dflifferent lanthanidecomplexes can be efficiently used for color

multiplexing?® For FRET multiplexing, Tb has the advantage of bettgparated emission bands
(compared to Eu), which anearticularly well suited to be combined with differently colored
acceptors, such as dyes QDs Figure 1A).** The spectral range of acceptor fluorescence is
mainly limited by the spectral overlap of acceptor absorption and lanthanide donor emission and
starts around 500 nm (after the first emission band efctid~igure 1A and1B). In partcular, for

QDs, orange to red emitting QDs are preferred because of their much broader spectral overlap
(Figure 1A right). In a typicalspectrally multiplexed G-FRET measuremenT G PL intensites
arecollected in differentionor and accepta@amission channeldigure 1B). Spectral separation
distinguistes the different FRET-sensitizedacceptorsand the FREIguenched Thdonor TG
detectionsuppresses sheived PL from sample autofluorescence or from acceptors that were
directly excited by the excitation pulse. When the different acceptor PL speetrap within the

distinct detection channels.f, due to the relatively broad PL spectra of dyeskalted spectral
crosstalk correction can be used to improwudtiplexing specificity?” In multiplexed biosensing,

each color detection channel is used for one specific target (analyte), which requires sequential

measurements or multiple detectors.

2.3.  Temporal (PL lifetime) multiplexing

Thevery long PL lifetimes ofdnthanides are an excelldasisfor FRET distance control. Double
stranded (ds)DNA is quite rigid antb-to-dye or Thto-QD distances can be adjusted with a
resolution ofcirca 0.31 nm to 0.34 nm per base p&ir°Singlestranded (ss)DNA4s less rigid and,
depending on the environmental conditions, a denser conformation can beefgymwadth ~0.15
nm per base when Tb is attached via ssDNA on QD surfadesspite their more complex
structures, proteins can albe used to adjust Tto-QD donor acceptor distance€D surface
coatings with defined thicknessage another possibilitio tune the distance between lanthanides
and QDs*3°The shorter/longer the distance, the shorter/longer the PL lifetime of lBoBRIEBT
guenched lanthanide donor and the FRiemsitized dye or QD acceptoFigure 1C). A



temporallymultiplexed biosensor must be designed, such that each target corresponds to a specific
donoracceptor distance and thus, a specific PL decay eutliea specific PL lifetimeln a typical
measurement{gure 1D), PL intensities of the FRE$ensitized acceptor are collectedhialtiple

TG detectionwindows €.g, 0.02to 1.5 ms, 1.50 4.0 ms, and 40 to 8.0 ms after the excitation

pulsé that can all be extracted from a single PL decay curve (one measurement for all TG detection
windows) The multiplexed biosensor iscalibrated by first quantifying the acceptor PL
contributiors for each single target within each TG detection windBuar. rmultiplexing, the PL
contribution of each targetwithin the different TG windowscan be deconstructed by a
straightforward matrix calculatiorr® The temporal widths of the detectiomindows must be
adapted tahe PL decay curves and thember of windows s$uld be equal to that diie targets

The method only useBG PL intensities and does not require PL lifetime analyB&tause the
complete PL decay curve is collected within one measurement, temporal multiplexing does not
require sequential measurementsmultiple detectors. Moreover, only a single FRET pair is
required. On the downside, the complete PL intensity is divided into different fractions and there
are contributions from multiple PL decay curweshe different TG detection windowsherefore,

biosensing with temporal multiplexing is usually less sensitive than with spectral multiplexing.
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Figure 1. Spectral and tempor&®RET multiplexing. (A)Spectral overlap between the emission of one Tb donor
(black) and the absorption of five different dye (left) or QD (right) acceptors (colored). (B) The spectral separation of
PL from Th donors (black) anidom dye (left) or QD (right) acceptors permits riplexed PL color detection via
different bandpass filters (striped transmission specirapd Breproducedwith permissiorfrom ref. 14. Copyright
2014Elsevier.(C) Tuning the doneacceptor (BA) distanceby the number of DNA base pairs (lefgsults in a B

A distancedependent FRET efficiency (center) and a concomitaAtdistancedependent PL lifetime of the FRET
donor and acceptor (righ{)D) PL decay curves dcFRET-sensitizedCy5.5dyesseparated by 10, 13, or b&se pairs

(bpg from the Tb donarThe different TG detection windows {lblue; 2- green; 3- red) can be simultaneously
extracted from each single PL decay cudferent intensities represent the target concentrations 80ntM from

black to brown)C and Dadapted with permission fromaf. 28. Copyright 2017 Wiley.

2.4,
Spectral and temporal multiplexing can be combined into spectrotemporal multiplexing with

Spectrotemporal (combined color and lifetime) multiplexing

different PL colors (several acceptors) and differd?it lifetimes (differentdonoracceptor
distancey (Figure 2).? In this secalled higherorder multiplexing the number of distinguishable
targets is the produatib when all targets are mixed within a sampie¢he exponentiatioa® when
targetscan bespatially separated, wignandb being the number afistinguistableacceptorgcolor)

and PL decay curves (lifetimeyespectively Although theoreticallya andb can be very large
numbers, the practical limitations of both spectral and temporal multiplexing are also valid for their
combination. Considering that efficient TRIRET multiplexing was experimentally demonstrated
with five different QD and dye acceptorand three different PL decay cun/ég®s!
spectrotemporal multiplexing with= 5 andb = 3 should be practically feasible without significant
additional complications when compared to spectral or temporal multiplexomge Notably,

excitationwavelemgth based differentiation of lanthanide complexes should be able to further



extend the spectrotemporal multiplexing capab#it§2 Technical implementation of
spectrotemporal multiplexing into diagnostic assays should be relatively straightforward,
consdering that many fluorescence spectrometers and plate readers already provide multiple color
FKDQQHOV DQG 7* GHWHFWLRQ)5RIWRQ ®HIH)UUHGWWKR DBYII%

providers)}’

>
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Figure 2. SpectrotempordfRET multiplexing. Two differentPL colors and two differerffL decays measured in two
temporal detection windowsan be combined to quantifite concentrationévia the PL intensitypf four different
DNA targets in solutionReproduced with permissidrom ref. 2. Copyright 2018 American Chemical Society.

3. TG-FRET IMMUNOASSAYS

TG-FRET immunoassayusuallyapplytwo distinct antibodiegoneconjugated witta lanthanide
basedlonor andhe other with an appropriate fluorescaateptoy thatseparately bind to different
epitopes ofatargetantigen such that they are in close proximity FRET. Because TGERET-
sensitized acceptor PL can only occur upon specific antibargggtantibody sandwich formation
high signailto-background ratios can be accomplished without any separation Stepsinique
advantage dfanthanidebasedl G-FREThasbeen exploitedior many years in highly sensitive and
specific assays fan-vitro diagnostics, higlthroughputdrug screeningandthe investigation of

proteinprotein interactiog!4.1648

3.1. Multiplexed detection of tumor markers
Thecomplexity of cancerwith varioussubtypesmost often requires the quantification of several

tumor markers for specific diagnosMultiplexed TG-FRET immunoassagan detect such tumor



marker panels from a single samples an example, the distinctiontieen small cell and nen
small cell lung carcinoma (SCLC and NSCLC) can be improved by quantifngonrspecific
enolase (NSE), carcinoembryonentigen (CEA), the cytokeratih9 fragment Cyfra24l,
squamous celtarcinoma antigen (SCC), and the carbahtalantigerCA15.3 in human seruff.
Two antibodiesagainsteach tumor marker were conjugated with-dye FRET pairs for which
only the dye acceptors were differ¢higure 3A). Thus, excitation of Tb resulted in FRET to only
those dyesontained in antibodyumor markerantibody sandwich complexes and their TG PL
could be used for specific tumor marker quantification via color multiplexiiggi(e 3B).

For multiplexed quantification from a single sample, each tapgetific (color or sectral)
detection channel must first be calibrated to obtain signgl, TG acceptor/donor intensity ratio:
FRET-ratio) over target concentration curves for each target. These assay calibrationcamrves
then be used to assign the signals from the réiffiedetection channels to the different target
concentrationg27-3449|n addition, the calibration ofchannels witly targets can be used to correct

for signal and biological crosstalk by multiplying the measured signals sy correction

matrix 27:3%
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Figure 3. TG-FRET color multiplexing for tumor marker immunoassays. (A) In the absence of tumor markers, Tb
excitation results only in Tb PL (no FRET). (B) Formation of specific immunological sandwich complexes results in
tumor markerspecific Thto-dye TGFRET.A and Badapted with permission froraf. 27. Copyright 2013 American
Chemical Society. (C) Hmn-QD TG-FRET immunoassaysfor which the relatively large sizes of QDs change the
acceptorantibody conjugate. For clarity, onbneantibody per QD is showfchemes are not to scal®) Calibration

of the three THQD FRET immunoassays can be usedfiptexedtumor marker quantification from a singderum
sample.Reproduced with permission from r&¥4. Copyright 2020 The Authorsome rights reserved; exclusive
licensee MDPI, Basel, Switzerland. Distributed under a Creative Commons Attribution License 4.0 (CC BY)
https://creativecommons.org/licenses/by/4.0/.

The same sandwich immunoassay principle can be used witb-Qb FRET au the
duplexed quantification of the epidermal growth factor receptors 1 and 2 (EGFR and*H&R2)
the triplexed detection of CEA, NSE, and prostate specific antigen 3#hough the strongly
reduced spectral crosstalkigure 1B) is an advantage farolor multiplexing, the immunoassay
design is more complex because the sizes of QDs are similar to that of the antikigdies3C).
Several antibodies can be attached to the surface of one.@QLby covalent binding (with or
without crosslinkers) between functional groups on the @D.,(maleimides or amineand the
antibody €.g., free thiols or amino groupsr many other nanobioconjugation strategfe$#°
Due to a certain variability irhe position and flexibility of those functional groupstibodies can
assume different orientatiolms the QD surfacelhe donoracceptor distances are usually larger
than with dyeconjugated antibodies and also antigen binding sites may be blockedukesoh
thumb, we found that complete immunoglobulin G (IgG) antibodies with many Tb donors
combined with several smaller antibodieg( UHGXFH® Y DEHRY SHU 4' DFFHSWRU
the best sensing performanéégure 3D).*

3.2 Size, orientation, conformation, and proximity for optimizing QD-based immunoassays.

FRET is only functional at donacceptor distancesR) below circa 10 nm and the FRET
efficiency strongly depends those distancé®:21618Although Thto-QD FRET can extend the
FRET distance range and Forster distanBesfér 50% FRET efficiencyRo = R) can range from
circa5to 11 nm, the sizes of both QDs and antibodies play an important role-kREGassay
development. Inorganic QDare most often in a size range of 4 nm to 12 nm (diameters or
ellipsoidal axes) and organic surface coatings can increase their diameters up to 20 nntet®more.
Antibodies on the QD surface further incredsand thus, smaller alternatives to the ngkly

large 1gGs (~1%9.56 nn¥),** such asUHGXFHG ,Jz0f )DEDESXx8 nni IRU )BET
nanobodie§VHH, ~412.52.5 nn¥),*! repeat protein§ Reps ~5.512.52.5 nn¥),! andalbumin

1C



binding domairderived affinity proteins (ADAPTs1u.5w®2.5 nn¥),*” can be attached to the
surfaces of QDsHigure 4A).141.42.47.48The smaller the antibody, the mathemcan be labeled
on a QD, thereby providing more biological recognitidengents per QD%444748Because one
QD can be sequentially FRESEnsitized by many lanthanide donors (due to the large difference
betweenlanthanide and QIPL lifetimes), combination with large antibodiesd, 1gG) labeled
with many lanthanide donors can result intolQD TG-FRET immunocomplexes with over 200
Tb donors per QD acceptor andconcomitantimprovement of the assay performaidt&RET
donoracaceptor distance is another important parameter that depends on both the sizes and
orientations of the QEantibody conjugates. For examplmnjugation of antibodies via their
endogenous disulfide groups on the ZnS shells of compact QDs can resutjén-binding sites
very close to the QD surface and improved-FRET immunoassay performandédure 4B).
Many parameters, including size, orientation, labeling ratio, environment, binding affinities,
brightness, stabilityetc, need to beconsidered and optimized for ¥0-QD TGFRET
immunoassay development, some of which are summariZgajgporting Table S1.

One can also use the target bindohgpendent conformational change of a simqylaein
bidomain for biosensing. WheBRepbidomainsare conjugated with a Tb donor on deeminus
and attached to a QD acceptor on the other terminus, target bindunged conformational
changesin the DRepbidomain result in Tb-QD distance and concomitant FRET efficiency
alterations Figure 4C).! These conformational changes can be analyzed witmanbmeter
resolutionvia PL lifetimes Figure 4D) and targetcan be quantifieat picomolar concentrations
via TGFRET ratios Figure 4E), both using a single measurement at low concentrations in

soluion and under physiological conditions.
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Figure 4. Size and orientation of Q@Antibody conjugates. (Afchematic presentation ofolbgical recognition
proteins with various sizes attached to QD surfaces. Protein struatiapted fronthe RCSB Protein Data Bank

(rcsb.org)PDB IDs 3TGT”

IRU

JJ* ,) DB )BNEY (for VHH), BLTJ  (Rep), and?LGIT  (ADAPT).

(B) Mild reduction of antibody disulfides (green and orange circles) for direct conjugation toTQ®slifferent
orientations result in surfageear and surfaefar antigen binding sites (red and blue circles). The smaller the antibody,
the better the immunoassedgtection performance (assay calibration curve in the ceAapted with permission
fromref. 49. Copyright 2016The Royal Society of Chemistry. (8n ORep bidomain (A3_gGFPD) with a Tb donor
and QD acceptor leads to -trQD FRET upon Tlexcitation. Depending on target binding of bA3top), BFP
(bottom), or both (right), the bidomain conformation chang®) PL decay time analysis can quantify the
conformational changes shown in C. (E)-FRET ratios of QD and Tb PL can quantify theg&trconcentrations
during sequential targdtidomain binding. Go E reproduced with permissidrom ref 1. Copyright 2020 American

Chemical Society.

4. TG-FRET DNA/RNA HYBRIDIZATION ASSAYS

The structural simplicity of icleic acidgs ideal br designing FRET assays with specific denor

acceptor distances. Therefore, spectral, temporal, and spectrotempeFRETGmultiplexing

becomes significantlgasier compared to proteliased systems. Babg-base distance adjustment

provides subnanometer spatial resolution to fitene PL lifetimes for TGRET temporal
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multiplexing or for conformational analysi$?®° Moreover, DNA can be amplified, which gives
access to the quantification of extremely low concentrations of DNA or RNA targetsfrom

clinical sampleg:3¢

4.1 Spectra lly multiplex ed DNA/RNA hybridization assays

Similar to color multiplexing irsandwichimmunoassays, different nucleic acid targets can be
guantified by different Tllye or ThQD FRET pairs. Instead of fluorescent antibody conjugates,
fluorescent DNA probes, whidhet into close proximityipon target hybridization, are usé€ahe
example is e multiplexed quantification of micrtBNAs (MiIRNAs ormiRs). Very high target
specificity can be accomplished when two DNA probes partly hybridize the target with the
mismatched nucleotide being close to the nick between the two DNA probes and a ligeesk is

to close that nickOnly exact targeprobe complementarity camsult in stable ds DNARNA
complexes, which can then be specifically detected by distinetly€b FRET probes for
multiplexed quantification of miRs at sutanomolarconcentrations in sem-containing samples
(Figure 5A).3> When attaching DNAs to QD, the valency (number of DNA strands pem@i3)

be well adjusted. Whereas a high valency is beneficial for many hybridization and FRET events
per QD, too many DNAs in close distance may interfere with target hybridization. When
polyhistidineappended DNA is used for DNAD selfassembly, valency can bentrolled by
adjusting the respective DNA and QD concentratidi8.Another possibility is the use of
biotinylated DNA and QDs with a limited amount of streptavidin on their suffaté® An
enzymefree multiplexed assay could be realized by attagkimort DNA probes on the surfaces

of different QDsand exploiting the combination of bagairing and basstacking, which allowed

the TBDNA to hybridize to the QEDNA only when the specific miR target was present in the
sample. Although color multipleg was more straightforward when using the narrow PL spectra
of the QDs, the simpler assay format and the largetof®D distances led tslightly lower
sensitivites in the low ranomolarconcentration rangeF{gure 5B).3” Detection of much lower
concentrations can be accomplished by isothermal DNA amplification, such as rolling circle
amplification (RCA)?*¢RCA-TG-FRET couldbe used to distinguish wiltype (WT) and single

point mutated (MT) dsDNA in thBRAFgene for liquid biopsy cancer diagtizs Figure 5C).38
Amplified Tbto-dye TGFRET duplexing could quantify the two WT and MT dsDNAs from a
single sample in a 75 fM to 4.5 pM concentration range.
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Figure 5. TG-FRET color multiplexing for RNA/DNA hybridization assays. @pecific hybridizatiorof two adaptor
oligos on different miRIA targets followed by ligation brimgspecific FRET DNA probes in close proximity for
multiplexed TGFRET quantification of the three RINAs (graph shows the analysis of nine samples with different
mMiRNA concentrations)Repioducedwith permissionfrom ref 35. Copyright 2015 Wilg. (B) Targd-specific Th-
DNA/QD-DNA hybridizationresulted in TGFRET, whichcould be used for triplexed mM2\ quantification (graph
shows the analysis of nine samples with different KARconcentrations)Reproduced with permissidrom ref 37.
Copyright 2015American Chemical Society(C) After denaturation of dsDNA WT and MT targets, specific
hybridization with a padlock probe, ligation, and targeted RCA results in éong RCA product (RCP). Fdye
FRET DNA-probes can hybridize to specific positionshiea RCPto efficiently distinguish WT and MT dsDNA (graph
shows the analysis of six samples with different DNA target concentrat®egjoduced with permissidrom ref

38. Copyright 2019 American Chemical Society.
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4.2 Temporal ly multiplex ed DNA/RNA assays

The basévy-base distance tuning capability of nucleic acids is of particular advantage for temporal
multiplexing. The first proof of concept system consisted of simple hybridization of two Th and
Cy5.5terminated ssDNAwith different seqance lengths, such that the dsDNA would lead to
distinct donoracceptor distance&igure 1C). Triplexed dsDNA quantificatiowithin a 0.5nM to

2.5 nM concentration range was accomplisbganeasuring the PL intensities frahree distinct
temporal detection window3he same study demonstrated duplexed quantification of miRs with
only two basepair mismatches using a single-Qb FRET pair with two distinct doneaacceptor
distances (7.4 nrand 9.4 nm) and two temporal detection windéfvs.

Applying temporal multiplexing to DNAamplified sensors presents an efficient way to detect very
low concentrations of nucleic acid biomarkefBb-to-Cy5.5 TGFRET multiplexing was
implemented in two enzyedfree amplification approaches (hybridization chain reaction, HCR
Figure 6A; catalytic hairpin assembly, CHAFigure 6B) to quantify miR20a and miR21 from

a single samplé®4°Using hairpin probes with Th and Cy5.5 labeled at different sequend®pssi

the amplified HCR or CHA products resulted in-Th5.5 distances of ~4.3 nm and ~5.2 nm for
HCR and ~4.2 nm and ~5.1 nm for CHA, as determined by PL lifetime anahfsigy advantage

of the FRET molecular ruleBoth techniques could perform duplexed miR quantification in a circa
30pM to 400 pM concentration rangeigures 6Cand6D) and CHA could quantify both miRs at
low picomolar concentrations from total RNA eatts of five different human tissue samples,

demonstrating the actual applicability for clinical testing.
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Figure 6. TG-FRET temporal multiplexing for RNA/DNA hybridization assaoth HCR (A) and CHA (B) are

based on two pairs of hairpin probes that contain Tb donors and Cy5.5 acceptors at distinct positions. The target
specifically amplified products result in muligpFRET pairs at two distinct distancdhus,short and long distance

FRET with a single FRET paican be used for duplexed miR quantificat{@for HCR and D for CHA). A and C
reproduced with permissioftom ref 39. Copyright 2019 American Chemical S$ety. B and Dreproduced with
permissiorfrom ref 40. Copyright 2019 American Chemical Society.

4.3 Spectrotemporally multiplex ed DNA/RNA assays
Isothermal targeprimed RCATG-FRET provides extremely higibDNA and RNA target
selectivity and émtomolarLODs for the application to a broader range of clinical samples,

including cells, blood, and tissu&s30n the other hand, the relatively complicated sensing format
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may require optimization adapted to the sensing ¢iomdj in particular when RCA'G-FRET is
combined withQDs®° In terms of spectral and temporal IRET multiplexing, the repetitive
sequence of the targspecific RCA product (RCP) can be used to hybridize many fluorescent
DNA probes with different sequence lengths and fluorophores at distinct positions. Thus,
amplification (many FRET pairs within one RCP), spectral multiplexing (one Th donor combined
with different dye acceptors), and temporal multiplexing (differentddyé® distances) can be
implemented in a singIBCA-TG-FRET sensorKigure 7). The combination ofwo FRET pairs

with two temporal detection channels each was used for quadruplexed detection of four SSDNA

targetsat subpicomolarconcentrations.

A B D

Figure 7. TG-FRET spectréeemporalmultiplexing for RNA/DNA hybridization assays. (Aach DNA target is
hybridizedby a specific padlock profellowed by RCA The RCHs hybridizedby Th-donor and dye@cceptor DNA
probes. B) Spectra of Th absorption (black) and emission (green) thdy paerlaps with the absorption of Cy3.5
(orange) and Cy5.5 (red)C)Y Emission spectra of Th, Cy3.5, and Cy5.5. Optical bandpass filter transmission spectra
(colordetection channelsire shown in grayl) Two FRET pairgTh-Cy3.5 and TkCy5.5) and twdlifferent donor
acceptor distancgshown inbps) provide four distinguishable signal€3; to TGs: two distinctTG detection windows

for eachcolor). €) Recovery of varyindgargetconcentrations from 10 different samples using spectrotemporal TG
FRET multiplexing. Dotted lines represent known concentrations; data points represeMGRERET measurements.
Reproduced with permissidrom ref 2. Copyright 2018 American Chemical Sagie
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5. TG-FRET IMAGING

Imaging detectors consist of an array of thousands of small sensors, each of which must capture a
sufficient amount of photons to create the overall image. Because the photon flux (photons per
time) is low for lanthanidesompared to dyes (1 ms PL lifetimerresponds to ~1000 excitation
emission cycles per second, whereas 1 ns corresponds to ~1006 cycles), lanthanide based
imaging at similar fluorophore densities and signal integration times is always less bright. However,
autofluorescence (noisej cell or tissue samples is most often extremely bright for conventional
detection and almost negligible for TG detection. Thwisen there is sufficient lanthanide PL,
signatto-noise ratios (the decisive measure for sensing and imaging) can becorae @irailen

better for long PL lifetime TG imaging with the additiobahefitsof photostability, lonedistance

FRET, and multiplexingSeveral recent studies have demonstrated the impressive capabilities of

TG-FRET livecell andin-vivoimaging#51:52

5.1 Optical barcoding

Cellular and molecular barcoding has become an important method for a better understanding of
multiple timedependent processes and interactions in developmental biology and gene fd#ction.

5 Temporal TGFRET multiplexinghas the ptential to increase the fluorescence multiplexing
capability by combining lanthanides, dyes, and QDs within single hybrid nanopatfities.
Attachment of lanthanide complexes and dyes on QDs with a &i@ting activates several
different FRET channels beeen the various fluorophores, which can be adjusted by the SiO
coating thickness, the photophysical properties of the fluorophores, and their density on the surface
(Figure 8A). The different spectral overlaps and distances betwedlutiiephores determine the

FRET efficiengesand the concomitant PL lifetimes of FRE®nors and acceptorSor example,

the attachment of Eu or Th complexes on QDs with two different @@ting thicknesses resulted

in four distinct QD PL decays, all @fhich provided distinct intensities in three temporal detection
windows that were encoded as red (R), green (G), and blue (B). Thus, the different intensity
fractions in those three detection windows produced a unique RGB code for each of the four
nanohybids. When different cellsvere incubatedwith one type of nanohybrid, theyuald be
efficiently distinguishedn a mixtureby recording a TG image in each detection window and
overlaying them to an RGB imagEigure 8B).3° The drawback of very differeftrightnessesf

those purely temporally multiplexed codes could be overcome-bgsEmbling different amounts

of Tb complexes and dyes on the same QD. WhileTthelensity mainly adjusted the QD PL
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intensity, the dye density influenced b&hdecay timeand intensity of the QDs. The combination
of three nanohybrids (10Th/QD, 30Th/QD/10dye, and 60Th/QD/40dye) with three TG detection
windows (R: 0.05 0.5 ms G: 0.5- 1.0 ms andB: 1.0- 4.0 ms) resulted in brightnessjualized

codesthat could be used ttistinguish microbeads from a single overlay imégjgure 8C).3

A B

Figure 8. Optical barcoding via T&RET multiplexing (A) Adjusting the density of TlEu complexesand dyes on

the surface of Si©@coated QDsX; adjustable thickness) results in various tunable FRET processes. (B) PL decay
curves offour TG-FRET nanoparticles (FRD and EeQD with x = 6 nm or 12 nmjn threeTG-detection windows

give rise to RGB ratios specific to each type of nanoprdltee fourRGB codes were used to distinguish cells
containing one of the four nanoprobes within one field of view by overlaying the three RGB imagas-afarhing
specific amounts of Th complexes and dyes on a QD was used to produce temporally multiplexgoridanetth

similar brightnesses, such that all luminescent barcaulgd be imaged (microbeads with three different nanohybrids

in R, G, B, and overlay images) with a single measurement without contrast adjugtna. C adapted with
permission fromref. 30. Copyright 2018 Wiley. A and @dapted with permission fromef. 3. Copyright 2019
American Chemical Society.

5.2. In-situ, in -vitro, and in -vivo imaging

TG-FRET amplification and nanohybrids can alsodmpliedfor imagingbiomolecules antheir
interactions in livng cells, tissues, andevelopingorganisms, where FRET multiplexing at high
signatto-noise ratios and with high photostability is extremely importarfor example,
intracellular actin could bdetected on the single proteivéds viain-situ RCA-TG-FRET coupled

to immunochemistryRigure 9A).5” Because TGRET could only occur in the amplified RCP
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(hybridization of both THDNA and dyeDNA), the signal per actin wasoth strongly amplified
andvery specific, therebyot interferingwith background signals and avoiding any washing steps
(Figure 9B). Washfree and autofluorescenéee imaging with simple sample preparation and the
capability of highetorder multiplexinghas the potential tdecane very usefulfor sensitive

imagingof intra- and extracellular biomarkens clinical diagnostics

A B

Figure 9. In-situ RCA-TG-FRET for washingfree imaging of single actin protein@) Schematic assay protocol,
includingimmunochemistryRCA, and incubation with FBDNA and dyeDNA FRET probes. (B Eactin expressed
in HaCaT cellscould be detecteda TG-FRET after permeabilizatigrRCA protoco) andfew minutes of incubation
with the FRET DNA probesTG-FRET provided morespecific and backgraul-free signals compared to TG Tb PL
and continuous wave (CW) Cy3.5 dye PL without washing the cells after probe inculstdade.bars10 pm.
Reproduced with permissidrom ref. 57. Copyright 2020 American Chemical Society.

The multiplexing advantages of FERET nanohybrids can birther exploited for livecell
imaging and detecting intracellular biomolecular interactions. For such applications, peptides and
proteins can be attached to QDs to induce various FRET prodessese QDs, lanthanide
complexes, dyes, and fluorescent proteins (ARgu(e 10A).#%8The versatility and multiplexing
capability for autofluorescendese imaging was demonstrated Vjdriplexed intracellular TG
FRET between a Th complex and three different QBgjufe 10B),* i) multistep intracellular
TG-FRET from Thto-QD-to-dye Figure 100),8 andiii) multistep TGFRET from Tbhto-QD-to-

FP to monitor théntracellularattachment of transiently expressed FP to theFRET nanokibrids
(Figure 10D).* Beyond multiplexing, the outstanding sigi@lnoise ratios and photostability of
TG-FRET nanohybrids could besed forlongterm imaging in a developing organism. After
microinjection of concentrated nanoprobes (few uM) in zebrafish embrytbe anecell stage
autofluorescencéeein-vivoimaging could be performéddr upto seven daysHigure 10E). This
long-term imaging capability showed thaven afteran extreme increase in cell number and

volume of the zebrafish larvae, the initially injecie@-FRET-nanohybrids still emitted brightP
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Figure 10. Live-cell andin-vivo TG-FRET imaging (A) TG-FRET nanohybrids consist of a central QD, to which
different peptides, proteins, and FRET donors/acceptors can be attached for nedltelesing design. (BFour

color TG-FRET imaging of COS cells microinjected witib-QD nanoprobes composed of turquoise (tQD), orange
(0QD), andred (rQD) QDs.(C) Threecolor imaging of mtracellular nultistep TG-FRET from Tb-to-QD-to-dye

(Alexa Fluor 647: AF647). (DThreecolor imaging of multistep TERET from Thto-QD-to-FP (mCherry: mCh)

upon intracellular assembly of transiently expressed FPs-0'banohybrids. (ELongtem Tb-to-QD TG-FRET
imagingin developingzebrafish embryasScale bars 10 unB( C, D) and 100 um E). C adapted with permission

from ref. 58. Copyright 2016 The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science. Distributed under a Creative Commons Attribdtioanse 4.0 (CC BY)
https://creativecommons.org/licenses/by/4X)/B, D, Eadapted with permission froraf. 4. Copyright 2020 Wiley.

6. CONCLUSIONS AND OUTLOOK
TG-FRET using lanthanide donors with long PL lifetimes and various acceptors, such as dyes, QDs,
or FPs, can significantly improve multiplexing capabilities in biosensing and bioimaging. Spectral,

temporal, and spectrotemporal multiplexing within a sisgl@ple efficient suppression of sample
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autofluorescenceayashfree assay formats, and high photostabpityvide many opportunities for
implementing TGFRET into clinical diagnostics and bioanalytical resear@iG-FRET can
performin-vitro, in-situ, andin-vivo analysisof low volume serum samples, ilng cells, tissues,

and developing organisms with high spatial resolution, high selectivity, and high sensitivity.
However, 1G-FRET is only one of the many available tools and its benefits must always be
weighed against its limitations (e.g., relatively low photon flux, few available probes, specialized
setups for imaging), some of which present important challenges for fUBIFRRET research. A
perfect method with the best performance for all bioanalytical parameters does unfortunately not
exist. Both analytical priority (e.g., sensitivity, specificity, multiplexing, simplicity) and available
sensing technologies (e.g., opticalectrochemical, magsased) for a specific application must be
carefully considereduringbiosensor developmenthe discovery and understanding of more and
more complicated biological systems comprising multjpeallel and sequenti&iomolecular
interactions in clinicalmolecular, developmental, and neuro biology will make multiplexed
detection and imaging even more demanding and important in the future. Technical advances, new
and better materials, smart multihybrid nanosystems, and interdiscyplstudies with the
potential to implement sophisticated IKRET multiplexing probes into sophisticated biological
systems will beimportant drivers for future applications and the translation of-HRET

multiplexing into a standard technology for mu#tvel analysis in biosensing and bioimaging.

SUPPORTING INFORMATION

7TKH 6 XSSRUWLQJ ,QIRUPDWLRQ LV DYDLODEOH IUHH RI FKDUJ
Additional Information concerning size, orientation, conformation, and proximity for optimizing

QD-based immunoassays (FP
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