
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
11

:1
5:

50
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Enhancing FRET
aInstitute of Low Temperature and Structur

Okolna 2, 50-422 Wroclaw, Poland. E-mail:
bThe Molecular Foundry, Lawrence Berkeley

USA

† Electronic supplementary informa
10.1039/d0na00404a

Cite this: Nanoscale Adv., 2020, 2,
4863

Received 19th May 2020
Accepted 12th August 2020

DOI: 10.1039/d0na00404a

rsc.li/nanoscale-advances

This journal is © The Royal Society o
biosensing beyond 10 nm with
photon avalanche nanoparticles†

Artur Bednarkiewicz, *a Emory M. Chan b and Katarzyna Prorok a

Förster Resonance Energy Transfer (FRET) between donor (D) and acceptor (A) molecules is a phenomenon

commonly exploited to study or visualize biological interactions at the molecular level. However,

commonly used organic D and A molecules often suffer from photobleaching and spectral bleed-

through, and their spectral properties hinder quantitative analysis. Lanthanide-doped upconverting

nanoparticles (UCNPs) as alternative D species offer significant improvements in terms of photostability,

spectral purity and background-free luminescence detection, but they bring new challenges related to

multiple donor ions existing in a single large size UCNP and the need for nanoparticle

biofunctionalization. Considering the relatively short Förster distance (typically below 5–7 nm), it

becomes a non-trivial task to assure sufficiently strong D–A interaction, which translates directly to the

sensitivity of such bio-sensors. In this work we propose a solution to these issues, which employs the

photon avalanche (PA) phenomenon in lanthanide-doped materials. Using theoretical modelling, we

predict that these PA systems would be highly susceptible to the presence of A and that the estimated

sensitivity range extends to distances 2 to 4 times longer (i.e. 10–25 nm) than those typically found in

conventional FRET systems. This promises high sensitivity, low background and spectral or temporal

biosensing, and provides the basis for a radically novel approach to combine luminescence imaging and

self-normalized bio-molecular interaction sensing.
Introduction

Förster Resonance Energy Transfer (FRET) is a photophysical
phenomenon that enables the measurement of the colocaliza-
tion and the distance between two emitting species. In biology,
FRET constructs are routinely used to probe the conformation
of proteins or nucleic acids, DNA hybridization, cellular
membrane potential, and ligand–receptor or antibody–antigen
interactions.1–4 FRET relies on resonant dipole–dipole energy
transfer (ET) between a photo-excited donor (D) and a ground-
state acceptor (A) molecule. For efficient ET, the donors must
lie in close proximity to acceptors and overlap spectrally, i.e., the
donor emission must overlap with the acceptor absorption.
Various FRET detection methodologies1,5–8 and numerous D
and A molecules have been exploited (e.g. uorescent proteins,
organic dyes, and uorescent nanoparticles (NPs))1,5,9–12 so far.
However, exploiting FRET between donor and acceptor mole-
cules separated by distances larger than twice the typical Förster
distance (i.e. more than 8–10 nm) remains a serious challenge.
Various approaches have been proposed to address this issue,
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such as using triplet states of acceptors,13 localized surface
plasmon Au nanoparticles as an intermediate layer between D
and A,14–16 plasmonic nano-antennae,17 photonic wires18,19 and
plasmonic AuNP acceptors,15,16,20 or using multiple acceptors to
promote the energy transfer.21–24 Alternatively, more complex
nanophotonic devices have been designed based on wave-
guides,25 which aim to tailor the electromagnetic eld around
D–A FRET constructs to enhance energy transfer and/or emis-
sion rates. The advantage of such approaches is the ability to
use standard D–A uorophore pairs; however, numerous
corrections and control experiments are still required to extract
quantitative and exact information, such as the D–A distance or
the concentration of A, from FRET experiments.26–28 These
corrections are required for reasons including the photo-
bleaching of D or A molecules, spectral bleed-through, photo-
conversion or photochromism of D or A molecules,
susceptibility of D and A to the local chemical environment (pH,
concentration, viscosity, and aggregation) and nally sample
autouorescence, which complicates reliable and quantitative
data analysis.29,30

FRET donors based on lanthanide doped nanoparticles
(LnNPs) offer a promising alternative to conventional donors
such as uorescent dyes, uorescent proteins, nitrogen vacan-
cies and quantum dots.31–33 LnNPs are used in bio-medical
applications as multi-modal (e.g. uorescence/MRI/CT
contrast agents) and background free multicolour/temporal
Nanoscale Adv., 2020, 2, 4863–4872 | 4863
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Fig. 1 A comparison of LnNPs and conventional LRET based sensing.
(a) Molecular FRET between donor ( ) and acceptor ( ) in the presence
of antigen ( ); (b) lack of FRET due to missing antigen; (c) distance
dependence of RET efficiency (based on eqn (S1)† for R0 ¼ 4 nm); (d)
LnNP as a RET donor contains ca. 3 zones of lanthanide donor ions, i.e.
superficial (s), intermediate (m) and internal (i) donor ions ( , Dx, x ¼ s,
m, i) positioned, respectively, at rs, rm and ri distances from the
acceptor anchored to the surface of NPs through the Ag–Ag reaction.
Ln3+ – lanthanide as the donor, D – donor, Ag – antigen, A – acceptor,
Ab – antibody, L – ligand; bound (b) and unbound (d) Ag–Ab pairs
using organic D and A molecules. All elements are in the scale of the X
axis in (c).
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imaging labels,34–37 FRET donors in biosensors,38–41 remote
optical nano-heaters42 and nano-thermometers,43,44 deep tissue
NIR activatable photodynamic agents,45,46 and labels in super-
resolution imaging.47,48 LnNPs show exceptional photo-
stability, limited toxicity,49 long luminescence lifetimes (101 to
104 ms range), narrow-band absorption and emission at various
wavelengths in the visible and near infrared regions.50–52

Moreover, the background-free detection (i.e. rejection of tissue
autouorescence) with LnNPs is of critical importance for most
bio-detection/bio-imaging applications and may be achieved by
time-gated and/or anti-Stokes emission.53,54 The latter method
originates from the capability of lanthanide-doped upconvert-
ing nanoparticles (UCNPs) to effectively convert long wave-
length photons to shorter wavelength photons (so called
upconversion or UC). Although the absolute quantum efficiency
of emission in such upconverting nanoparticles does not typi-
cally exceed 3%, the anti-Stokes processes in UCNPs are
signicantly more efficient than two-photon absorption or
harmonic generation in non-linear materials.55

LnNPs have been demonstrated to be suitable for FRET anti-
body–antigen reaction or DNA hybridization sensing.56–58

Lanthanide based Resonance Energy Transfer (RET) with
lanthanide ion donor doped inorganic nanoparticles has been
demonstrated with a wide range of acceptors, such as organic
dyes (e.g. rose bengal,59,60 cyanine Cy3.5,61 rhodamine B,62 a DBD-
6 small organic dye63 and others64) and also with inorganic
nanoparticle acceptors, such as quantum dots,9,10,65–73 gold
nanoparticles74 or even lanthanides themselves.75 For the sake of
clarity we will use the term FRET to denote resonant energy
transfer between molecules, while RET acronyms will be used to
discuss cases in which Ln3+ ions are donors. RET from LnNPs is
potentially advantageous over conventional FRET because
lanthanide emission produces large emission (anti)Stokes shis
and narrower emission bandwidths, which reduces background
and the probability of direct photoexcitation of acceptors.

Despite these benets, RET with LnNPs currently still suffers
from insufficient sensitivity and requires further optimization.
Additionally, utilizing UCNPs as RET donors is more compli-
cated than with conventional single molecule uorophores.76,77

Unlike for molecular FRET between two molecules, lanthanide
donors Di (i.e. Di ¼ Ln3+ ions) within a single dielectric donor
nanoparticle (DNP) are capable of transferring their energy to
multiple acceptors (Aj) at the NP surface in an uncorrelated
manner. Moreover, this Di network is distributed randomly
throughout the nanoparticle, resulting in a large distribution of
Di–Aj distances. The bio-functionalization of biologically non-
specic dielectric NPs with appropriate ligands as needed,
e.g., antibodies attached to their surface, shis acceptors
further away from the surface of a DNP and thus donor ions
become available for RET at distances larger than typical Förster
distances (i.e. R0 ¼ 6–12 nm) (Fig. 1a). Following eqn (S1),† it
becomes obvious that increasing the actual D–A distance rD–A to
twice the Förster distance rD–A ¼ 2R0 reduces RET efficiency to
a value as small as 1.5% of the maximum possible value
(Fig. 1c), which obviously is highly disadvantageous.

One complicating issue when using RET from LnNPs is that,
due to the large number of Ln3+ dopants in a DNP and due to the
4864 | Nanoscale Adv., 2020, 2, 4863–4872
large number of acceptor molecules on its surface, there are
many Di–Aj pairs at variable rij distances, resulting in a wide
variation of RET efficiencies (Fig. 1d). RET-active donor ions are
located close to the surface (Ds), while donors located in the
center of the NP (Di) do not participate in RET. Intermediate
zone donors (Dm) have intermediate RET efficiencies. All three
classes contribute to the total rate of energy transfer, but the
presence of the latter two classes of donors (Dm, Di) reduces the
sensitivity of RET-based sensors because these donors emit
photons but are less susceptible to the presence of acceptors.
Proposed solutions to these issues, such as decreasing the
This journal is © The Royal Society of Chemistry 2020
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UCNP size, utilizing undoped-core/doped-shell upconverting
nanoparticles59,61,66,78 or utilizing energy migration in a Gd3+

network,79 have not yet realized radical improvements in RET
efficiency for ultrasensitive biosensing. Thus, there is a strong
demand to better understand how the composition and archi-
tecture of a DNP affect the spectral properties and RET sensi-
tivity of such donors. Moreover, it is important to identify
alternative energy transfer mechanisms that may contribute to
enhanced RET sensitivity.

In this work we theoretically predict and show that donors
that host photon avalanche (PA) upconversion can enhance the
interaction range over which RET can be detected, compared to
conventional FRET length scales. The PA phenomenon is
a highly non-linear optical process in which minute changes in
excitation intensity result in many orders of magnitude changes
in emission intensity critically slowing down emission rise-
times.80,81 We hypothesize and conrm viamodeling that the PA
phenomenon should be exceptionally susceptible to any kind of
perturbation such as the presence of acceptor molecules on the
surface of such photon avalanche nanoparticles (ANPs). Such
a sensitivity would allow ANP–acceptor pairs to operate at long
distances, which would provide new opportunities for biolog-
ical FRET studies.

The basic photon avalanche mechanism is schematically
presented in Fig. 2, where the energy levels of the same donor
ion and the same acceptor are presented under two photoexci-
tation scenarios – ground state absorption (Fig. 2a, GSA) and
excited state absorption (Fig. 2b, ESA). In both cases, the donors
may either emit photons (red arrows), cross-relax (yellow
arrows) or transfer energy to quencher Q (black arrows). In
Fig. 2 Comparison of simplified schemes for conventional luminescenc
the same acceptor. For conventional luminescence, Q reduces the em
avalanche process, the presence ofQ affects the absorption and gain coe
ESA (green) excitation, gain by looping (yellowish), emission (red), D–A R
the two schemes. The thermal population of the N1 level and non-radiat
wave-arrows, respectively.

This journal is © The Royal Society of Chemistry 2020
conventional Stokes luminescence (Fig. 2a), the absorption
occurs from the ground state, whose population is close to Noy
1. The presence of the quencher is therefore competing only
with the emission from the N3 level and ultimately, for rising Q
concentration, donor emission becomes quenched, while in
principle, the acceptor emission intensity rises up. The
phenomena proceeding photon avalanche emission are very
different (Fig. 2b), because the absorption predominantly
occurs via excited state absorption (ESA). In this case, the initial
population of the starting level is therefore almost empty (N1 y
0); to achieve PA emission, the N1 level population must be rst
established. In the course of initial thermal balance with the
ground state, as well as radiative (WR) or non-radiative (WCR)
processes (W denotes the rate constants), this level becomes
populated more and more in a non-linear way. For example, the
cross-relaxation between one excited (N2) and one ground state
(N0) ion doubles the population of the ESA starting level. In
consequence, these phenomena result in a very steep S-shape
power dependence IEMI ¼ (IEXC)

N of photon avalanche emis-
sion, with power N ¼ 1–2 below and above the PA region, and
power N ¼ 10 (and up) above the PA threshold.

We therefore hypothesized that the strongly non-linear
photophysics of PA could be exploited for efficient RET
sensors, since small changes in population driven by RET would
drive disproportionately larger changes in the LnNP lumines-
cence. Bringing an acceptor molecule near a lanthanide ion
donor would depopulate the rst excited state (the starting level
of ESA absorption) via RET, inhibiting the absorption coeffi-
cient (Fig. 2b) and disrupting the otherwise positive gain of
energy looping (CR), which shall ultimately reduce the PA
e (a) and photon avalanche upconversion (b) with the same donor and
ission output proportionally to Q distance and concentration. For the
fficients of the PA donor. The colour arrows indicate GSA (orange) and
ET (black) and A emission (grey). The starting level (Ns) differs between
ive quenching of N1,2 levels are indicated by red-blue and grey dotted-

Nanoscale Adv., 2020, 2, 4863–4872 | 4865
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emission itself (Fig. 2b). We reasoned that even at large D–A
distances (hFRET < 1.5% at e.g. rDA ¼ 2Ro), the RET might still be
competitive to the recurrent population of the starting ESA level
and impede PA emission. In other words, the PA based RET
should not only reduce emission intensity (the result of absor-
bed photons), but also more importantly disrupt the positive
feedback of looping and hinder the photoexcitation itself,
which ultimately becomes a self-limiting phenomenon. The
emission threshold of PA systems should thus be extremely
sensitive to the presence of RET, because they require much
higher excitation intensity to overcome losses as conventional
FRET probes with linear responses.

Although photon avalanche has been successfully demon-
strated in numerous lanthanide doped bulk materials,81 it is not
trivial to achieve PA at room temperature or in nanomaterials
intended for bio-medical purposes. Above cryogenic tempera-
tures, the high non-linearity of PA82 is reduced due to phonon-
assisted GSA and due to faster non-radiative relaxation of
excited states. In nanomaterials, a proper balance must be
Fig. 3 Explanation of the fundamental features of photon avalanche ba
diagram showing resonant (808 nm,➊) and non-GSA-resonant (1064 nm
typical branching-ratios (b0, ., 3, ➍), cross-relaxation (WCR, ➎) leading to
4I11/2 level (➋) and the presence of acceptor species A (➐). Due to a re
feeding among others the 4I11/2 level. The A dissipates the energy either

4866 | Nanoscale Adv., 2020, 2, 4863–4872
achieved between counteracting phenomena such as cross-
relaxation and energy migration (responsible for spreading the
excitation over a NP). This balance is particularly challenging to
maintain in small nanoparticles suspended in aqueous solu-
tions, since energymigration also facilitates quenching of excited
states at surface defects and via high energy phonons of ligands
and solvents. Surface passivation with an un-doped shell can
prevent surface quenching, but thick shells reduce RET efficiency
by increasing the distance between the D and A. Therefore, the
host composition, dopants and their concentrations as well as
the architecture of NPs must be optimized83 before actual ANP
nanoparticles are ready for real-world applications.

To demonstrate our Photon Avalanche Resonance Energy
Transfer (PARET) approach, we computationally investigated
the photophysical dynamics in the excited states of Nd3+ ions in
the presence of a RET acceptor. In our model system, lumi-
nescence in these Nd3+ ions is excited by 1064 nm photoexci-
tation, which lies in the second NIR imaging window.84 Nd3+

doped materials are thought to exhibit PA under 1064 nm
sed on the energy diagram in Nd3+ ion doped nanomaterials. Energy
,➌) photoexcitation, radiative emissionWNd from the 4F3/2 level with its
recurrent population of the 4I11/2 level, initial thermal population of the
latively small energy gap, non-radiative depopulation (❻) takes place,
as luminescence (❽) or in other non-radiative ways.

This journal is © The Royal Society of Chemistry 2020
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excitation since such photons, to a rst approximation, are not
absorbed by Nd3+ ions from the ground state due to signicant,
�2000 cm�1, energy mismatch between the incident photon
energy and the gap between the excited state/ground state
manifolds (Fig. 3, ➊). At physiologically relevant temperatures,
the 4I11/2 level becomes thermally populated (Fig. 3, ➋) to
facilitate the ESA photoexcitation of the 4F3/2 level at�1064 nm.

Because the acceptor depopulates the Nd3+:4F3/2 multiplet
(Fig. 3, ➐), which feeds the intermediate Nd3+:4I11/2 level, the
presence of the acceptor in close vicinity to ANPs and the
consequent D–A RET become a competitive process to the
‘looping’ phenomenon, which is known to be a prerequisite for
photon avalanche to occur. In the absence of PA, the 4F3/2
excited state population would be reduced leading to a decrease
in emission intensity and luminescence lifetime shortening.
However, when PA dominates the photophysics, the 4F3/2
excited state population is critically important to feed the
looping phenomenon and double the population of the inter-
mediate 4I11/2 level (Fig. 3, ➎): (4F3/2;

4I9/2) / (4I11/2;
4I11/2).

Therefore, at the PA threshold, where highly non-linear
behavior is observed, changing the intermediate level pop-
ulation (4I11/2) a tiny bit has a disproportionately larger impact
on the emission than in normal FRET systems. The presence of
a quencher is thus responsible not only for quenching the 4F3/2
level population and its emission, but also for reducing the
absorption coefficient (Fig. 3, ➌) and looping phenomenon
(Fig. 3, ➎), which ultimately reduce the optical gain and affect
the non-linear performance of ANP reporters. Hence RET
sensitivity over longer distances would be expected from PA
systems compared to typical uorescence.

Because the distance- and concentration-dependent RET
phenomenon, described by the term

WRETðr; ½A�Þ ¼ WDAð½A�Þ � n4 � hðrÞ ¼ WDA � n4

1þ
�

r

Ro

�6
(1)
Fig. 4 Photon avalanche enhanced RET (PARET). (a) Susceptibility of PA a

concentrations of acceptor (quantified as a relation ofWRET to theWCR loo

used for simulation: R0 ¼ 5 nm, WCR ¼ 1 � 105, WNR ¼ 1 � 105, T ¼ 32 �C

Susceptibility of PA assisted RET (steady-state USSðr; ½A�Þ ¼ IDA
ID

) to differe

The arrow in (b) indicates the theoretical dose–response curve of a PARET

WCR, quenches PA emission intensity.

This journal is © The Royal Society of Chemistry 2020
competes with the energy looping, the presence of a quencher
should therefore effectively disrupt the PA phenomenon even at
large D–A distances (rD–A > 2R0), where the RET efficiency is
below 1.5%. In eqn (1), r and [A] denote the D–A distance and A
concentration, and n4 is the population of the metastable 4F3/2
level. Because h(r) is Förster efficiency that describes single-D–
single-A interaction and does not take into account specic
situation of multiple D and multiple A species in our RET
system, we proposed to include the WDA term, which denotes A
concentration dependent average D–A energy transfer rate. The
impacts of distance and A concentration on the output RET
sensor behavior were numerically studied (Fig. 4 and S3†) by
providing the ratio of WRET to WCR in a wide variability range
(i.e. [A] ¼ (WRET(r,[Q])/WCR); [A] ∊ 0.001, ., 10). In this way, the
competition of D–A RET in relation to the gain of the system
(proportional to WCR) could be evaluated. Such a relative
approach should simplify the analysis and understanding of the
obtained theoretical data. Intuitively, these processes should
shi the balance between excited state absorption (4I11/2 /

4F5/
2) and emission (4F3/2 /

4IJ, J ¼ 15/2, 13/2, 11/2 and 9/2), and in
consequence, should lead to strong variations of PA emission
intensity in response to minute amounts of quenching mole-
cules at relatively large distances. To model the RET process for
the actual energy level scheme of Nd3+ ions, we constructed rate
equations for PA in Nd with dipole–dipole energy transfer from
the 4F3/2 (n4) level to an acceptor site, with the behaviour of D–A
energy transfer governed by Förster formalism (eqn (S1)†).

To calculate the rates of the optical transitions and energy
transfer processes in Nd3+ ions, we numerically solved a set of
phenomenological rate equations (see the ESI, eqn (S3)–(S8)†),82

and we evaluated them across a range of acceptor concentra-
tions. Our PA modelling produced kinetic proles for the pop-
ulations of all Nd3+ excited states (e.g., ni from i ¼ 0 to 4; for
a detailed explanation, see Section S3†). We found that the 4F3/2
(n4) level was of critical importance since it is effectively
proportional to the emission intensity at 880 nm. We quantied
ssisted RET (steady-state USSðr; ½A�Þ ¼ IDA
ID

) to D–A distance at different

ping rate,WRET/WCR¼ h0.001,., 10.000i pink to blue, the parameters

). The black curve is the
IDA
ID

for conventional FRET with R0 ¼ 5 nm. (b)

nt concentrations of acceptor at variable D–A distance (red to yellow).

sensor for rD–A¼ 12 nm, demonstrating howWFRET, being a fraction of

Nanoscale Adv., 2020, 2, 4863–4872 | 4867
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the steady-state intensity at a sufficiently long excitation pulse
(ISS) as well as the half risetime of the emission intensity (t1/2)
(as dened in Section S4, Fig. S1 and S2†). The ISS and t1/2 values
were calculated as a function of D–A distance (rD–A) and as
a function of the concentration of acceptor molecules (repre-
sentative examples in Fig. S3†). It is intuitive that increasing the
concentration of the acceptor affects the delicate balance
required for PA to occur, which is evidenced (Fig. S3†) as the PA
threshold and t1/2 shi as well as shiing and reducing the non-
linearity of the PA phenomenon. Further, to facilitate compar-

isons, we dened the gure of merit as USSðr; ½A�Þ ¼ IDA
ID

(Fig. 4),

which normalizes the steady-state ISS PA donor emission in the
presence of an acceptor (quencher) (IDA) with the luminescence
intensity of the donor in the absence of an acceptor (ID). For the
t1/2 half-rise times, we dened a similar gure of merit as

Utðr; ½A�Þ ¼ tDA
tD

(Fig. S4d–f†).

The gure of merit for luminescence intensity (USS) was
evaluated versus the distance rD–A between the D ion and A
species (Fig. 4a) and at various concentrations of the acceptor
[A] (Fig. 4b). Similar relationships are shown for D lifetimes
(Fig. S4d–f†). Fig. 4a shows how the D emission intensity
changes upon A binding at various distances. For very weak
interactions (i.e. [A]¼WLRET(r,[Q])/WCR ¼ 0.001) the presence of
an acceptor does not affect PA at all (USSy 1, pink curve). As the
interaction becomes stronger, the presence of the acceptor
quenches PA emission more efficiently (USS y 0, blue curve) at
short D–A distances. In agreement with intuition, the PA
luminescence intensity ‘recovers’ (i.e.USS(r,[A]) approaches 1) as
the A molecule is moved away from the D to distances larger
than 20–30 nm (Fig. 4). The region of high slope visible in
Fig. 4a is a consequence of the FRET process competing with
the PA photoexcitation process. The transition region shis to
larger rD–A as the disruption of the looping (introduced by the
presence and concentration of A molecules) becomes stronger.
Interestingly, this means that the effective Förster distance R0

o

becomes 2–6 fold larger than the original R0 Förster distance
(Fig. 4a, black curve calculated for R0 ¼ 5 nm).

This increased R0
o suggests that ANPs may be used to over-

come the current limitations of LnNP RET donors. Specically,
ANPs can be synthesized with thicker surface passivating shells
and longer linkers for bio-functionalization, while maintaining
sensitivity to acceptors following the ‘spectroscopic ruler’
principle with neither additional experimental nor analytical
complexity or costs. As an illustrative example, let us consider
an 8 nm diameter ANP covered with a 4 nm thick un-doped shell
and acceptors present 4 nm away from the surface of this donor
nanoparticle. The distance between the acceptor and the center
of the donor nanoparticle is thus rDA ¼ 12 nm which conven-
tionally would result in a very low RET efficiency (hRET < 1%). In
the PA regime, however, the WFRET being only a fraction of WCR

(rDA ¼ 12 nm, the curve indicated by the arrow in Fig. 4b) is still
sufficient to make USS responsive to the presence of the
acceptor. This means that a single acceptor molecule could
potentially ‘quench’ all dopants in an entire ANP, which is
promising for biosensing. Even larger D–A distances (e.g. due to
4868 | Nanoscale Adv., 2020, 2, 4863–4872
surface passivation or larger sizes of ligands and bio-
recognition molecules) will impede the PA phenomenon, but
then larger acceptor coverage of the ANP surface is required. We
conclude that the PA system should therefore be particularly
susceptible to the presence and concentration of a quencher at
the surface of a PA nanoparticle.

In conventional short range FRET in NPs, only supercial
lanthanides show sufficiently strong RET to acceptors at the
surface, while all other non-RET ions (i.e. the ones in the center
of a NP) contribute to the overall emission and thus increase the
background signal, reduce the sensitivity and increase the limit
of detection. Conversely, all photon avalanche lanthanide
emitters being present within the whole volume of the NPs
should be capable of responding to the D–A interaction, by
being quenched. Based on the results presented in Fig. 4 and
S4,† we can conclude that already minute disturbances to the
looping process ([A] � 0.1) can change the USS(r,[A]) more
signicantly than in conventional FRET. This is evidenced in
the complete quenching of USS(r,[A]) at r ¼ 12 nm. Therefore,
the monotonic responsivity of ANPs to an acceptor present at
distances 2–4 fold longer than the Förster distance indicates
that the PARET solves many of the currently existing drawbacks
of lanthanide doped nanoparticles in bio-sensing applications.

The sensitivity of PARET systems to dedicated acceptors over
long distances allows the realization of signicantly brighter
assays with simple technical detection setups and further
miniaturization. The brightest UCNPs have passivating shells of
�4 nm thickness, which increase the UC quantum yield by over
3 orders of magnitude.85,86 Moreover, the use of passivating
shells will minimize the impact of the local chemical micro-
environment87 or energy migration to surface unspecic
quenchers.88 Finally, such a long-range sensitivity is also bene-
cial for biosensors based on LnNPs due to the nite length of
ligands and linker molecules that must be attached to the
surface of biologically inert LnNPs to make them biocompatible
and bio-specic.

The presented example of Nd3+ ions acting as donors
requires acceptors whose absorption spectra overlap with Nd3+

emission at 880 nm. Only a few NIR dyes absorb at this wave-
length, but actually, the A does not need to be luminescent –
gold NPs, silver NPs, or some quantum dots (e.g. Ag2S and
CuInS2) with absorption bands in the NIR region should be
sufficient as acceptors (or quenchers) at the required NIR
spectral range. Although we use Nd3+ donors as an exemplary
system, our approach of pairing PA systems with RET is general
in nature, and any other PA systems at any other PA photoex-
citation and PA emission wavelengths should behave in
a similar manner.

One possible concern when imaging PA nanoparticles in
vitro is that the quenching of the PA emission in the presence of
strong D–A interaction would make the visualization or detec-
tion of PA nanoparticles impossible. Fortunately, the advantage
of the presented system is the fact that PA nanoparticles (typi-
cally meant to operate according to the scheme in Fig. 5a under
1064 nm photoexcitation pulses, Fig. 5d) can be independently
excited with photons matching the GSA (e.g. at 808 nm, Fig. 5b
scheme with Fig. 5e pulses) to achieve conventional
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Simulations of PA sensing and luminescent labeling dual functionality of PA nanoparticles. Schematic presentation of energy transitions
for (a) ESA photoexcitation (lEXC ¼ 1064 nm) and (b) conventional GSA photoexcitation (lEXC ¼ 808 nm) regimes and (c) outcoming emission
from the 4F3/2 level (red arrows in (a–c); lEMI ¼ 880 nm). The time resolved excitation traces of (d) ESA at 1064 nm and (e) GSA @ 808 nm
photoexcitation, and (f) the corresponding kinetics of the same ANPs luminescence (lEMI ¼ 880 nm) intensity under ➊, ➋ ESA and ➌, ➍ GSA
photoexcitation at variable concentrations of the acceptor ((f), brown to red). The concentration of the acceptor was fixed to ARET ¼ 1 � 10�5

(brown), 1 � 10�4 (dark red), 1 � 10�3 (red); the parameters R0 ¼ 5 nm, T ¼ 32 �C, Io ¼ 1.07 � 105, and WCR ¼ 1 � 105 were used for simulations.
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luminescence (e.g. at 880 or 1064 nm, Fig. 5c and f, ➌ and ➍),
which would be more efficient than ESA and PA. Because the PA
phenomenon experiences saturation at certain excitation
intensities above the PA threshold (Fig. 5f, ➋), the sufficiently
strong (IEXC > Io) excitation at ESA wavelengths (e.g. at 1064 nm,
Fig. 5d, ➋) can be concurrently used for in situ sensing (Fig. 5f,
➊) or visualization of ANPs as well (Fig. 5f, ➋) independently
from RET. In fact, it could be an internal standard or a method
for estimating the power absorbed by the NP, since the response
would be more linear. In consequence, these features should
limit the required number of negative control experiments and
should simplify the data analysis or correction.

The presented modelling (Fig. 5) indicates that the same PA
nanoparticles may therefore play a dual role. First, they may act
as RET sensors under the PA photoexcitation regime as dis-
cussed above. At carefully adjusted excitation intensity (i.e. lEXC
¼ 1064 nm, IEXC� Io, lLUM¼ 880 nm for Nd3+, Fig. 5a and d), the
luminescence risetimes or steady-state intensities are propor-
tional to the concentration of acceptors (Fig. 5f,➊ and S5†). The
PA nanoparticles can additionally behave as luminescent labels,
whose luminescence intensity is barely dependent on A
concentration (Fig. 5f, ➋, ➌ and ➍) and is signicantly stronger
than in the PA sensing regime. The latter luminescence (lLUM ¼
This journal is © The Royal Society of Chemistry 2020
880 nm) can be achieved either under “above the PA threshold”
ESA photoexcitation (lEXC ¼ 1064 nm @ e.g. IEXC > 10 � Io)
(Fig. 5d, ➋) or alternatively under GSA absorption (lEXC ¼ 808
nm) (Fig. 5b and e, ➌ and ➍). Either approach will reveal the
presence of PA nanoparticles as a reference signal (in homo-
geneous assays or imaging in vitro) independently from bio-
sensing features. Such a two-fold functionality satises the
requirements imposed by functional FRET imaging, where D
and A emission intensity images are mathematically integrated
and transformed to quantify RET efficiency in order to derive
the D–A interaction. This is a known issue in conventional
uorescent FRET species, which spectrally overlap with high
auto-uorescence background and light scattering in a short
wavelength region (Fig. S8†). Moreover, because the emission at
two different spectral bands has to be quantied (separately D
and A emission), the excitation source should selectively pho-
tostimulate only donors but not acceptors, otherwise cumber-
some corrections are required.1,27,89 Using the PA approach
proposed here, not only a large (anti)Stokes shi is achieved,
but also the same emission band is observed under two elec-
tronically switched 808 and 1064 lasers (Fig. 5a and b), or for
a single 1064 nm beam with the excitation adjusted to Io and to
e.g. 10 � Io (Fig. 5d, ➊ and ➋, respectively). Both wavelengths
Nanoscale Adv., 2020, 2, 4863–4872 | 4869
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undergo low scattering and show high penetration depths into
tissue (Fig. S6†), and thus are benecial for biomedical appli-
cations. These features should possibly outperform current
methods with improved sensitivity.

Further biomedical advantages of the PA nanoparticles
compared to conventional organic FRET dyes or uorescent
proteins are their long, micro-to millisecond risetimes and
photostable emission, which may only weakly be susceptible to
the environment (e.g. viscosity and pH). These long risetimes
should facilitate the rejection of any remaining, short-lived
background autouorescence, and in consequence, should
signicantly increase the signal-to-background ratio. Addition-
ally, the technical convenience in recording or imaging lumi-
nescent labels with micro-to millisecond risetimes may enable
PARET imaging with simple and affordable instrumentation, in
contrast to the fs–ps lasers and slow TCSPC scanning lifetime
imaging techniques used for organic uorophores. Finally, we
note that we have predicted82 and experimentally demonstrated
that the highly non-linear behavior of the discussed ANPs
enables them to be used as luminescent labels for single beam
super-resolution optical imaging below the diffraction limit of
light,82,83 which ultimately, all together, may enable sensing and
visualization of molecular interactions at the nanoscale.
Conclusions

Retaining the photostability and NIR spectral region of operation
of Nd3+ ions, the photon avalanche assisted RET (PARET) sensing
modeled here should solve many drawbacks of, otherwise
advantageous, LnNP donors. First, our modelling shows that
depending on the concentration of acceptors on the surface of
a DNP RET system, the photon avalanche emission can be
quenched completely at exceptionally long D–A interaction ranges
exceeding the Förster distance by a few-fold. Similar conclusions
can be drawn from either steady state intensity or from lumines-
cence risetime kinetics. There are two important consequences of
this observation: (i) the surface of a DNP can be passivated with an
undoped shell in order to increase its brightness and (ii) the DNP

surface bio-functionalization, which typically separates acceptor
molecules from donors beyond the Förster radius, would not
impair its sensitivity. Additionally, the ability to photoexcite the
DNPs with either GSA for conventional luminescence or with ESA
for photon avalanche emission can potentially enable combining
the localization of luminescent labels with their sensing capability
by (a) switching between two excitation wavelengths (lGSA �
808 nm, lESA � 1064 nm), (b) switching the excitation intensity, or
(c) switching the detection method (continuous or time-resolved
decay for conventional emission vs. continuous or pulsed rise-
time for the photon avalanche case). These dyadic features should
facilitate bio-detection and bio-functional imaging of PA probes in
vitro, and thus should simplify long-term studies of biomolecular
interactions and biosensing at the nanoscale.
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