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ABSTRACT. Upconversion nanoparticles (UCNPs) are one of the most promising nanomaterials for bioanalytical
and biomedical applications. One important challenge to be still solved is how UCNPs can be optimally
implemented into Forster resonance energy transfer (FRET) biosensing and bioimaging for highly sensitive, wash
free, multiplexed, accurate, and precise quantitative analysis of biomolecules and biomolecular interactions. The
many possible UCNP architectures composed of a core and multiple shells doped with different lanthanoid ions at
different ratios, the interaction with FRET acceptors at different possible distances and orientations via
biomolecular interaction, and the many and long-lasting energy transfer pathways from the initial UCNP excitation
to the final FRET process and acceptor emission, make the experimental determination of the ideal UCNP-FRET
configuration for optimal analytical performance a real challenge. To overcome this issue, we have developed a
fully analytical model that requires only a few experimental configurations to determine the ideal UCNP-FRET
system within a few minutes. We verified our model via experiments using nine different Nd, Yb, and Er doped
core-shell-shell UCNP architectures within a prototypical DNA hybridization assay using Cy3.5 as an acceptor
dye. Using the selected experimental input, the model determined the optimal UCNP out of all theoretically
possible combinatorial configurations. An extreme economy of time, effort, and material was accompanied by a
significant sensitivity increase, which demonstrated the powerful feat of combining a few selected experiments

with sophisticated but rapid modeling to accomplish an ideal FRET biosensor.
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INTRODUCTION

Lanthanoid-doped upconversion nanoparticles (UCNPS) can convert near-infrared excitation into visible emission,
leading to background-free photoluminescence.>? This photophysical feature, combined with high photostability,
the absence of photobleaching, and low toxicity,>* has resulted in a broad application of UCNPs in biosensing,>®
bioimaging,'®*? and theranostics.?*' The most commonly employed UCNPs consist of a NaYF, host matrix
doped with Yb** ions (sensitizers) that absorb around 980 nm and Er** (or Tm**, Ho**) ions (activators), which
produce the upconversion luminescence (UCL) in the ultraviolet-visible-near infrared (UV-VIS-NIR) spectral
regions.'®22 Owing to the very low overall UCL quantum yields, UCNPs require high-power excitation. This
requirement can become a serious disadvantage because the absorption of water in the 980 nm region can result
in heating and damage of biological samples and limits the light penetration depth.?>-% One possibility to overcome
this problem is the use of Nd** ions as sensitizers.?® Not only do they absorb around 800 nm, where water
absorption is strongly reduced, but they also have a higher absorption cross-sections than Yh?® 232728
Unfortunately, Yb®" cannot be simply replaced by Nd** and the design and optimization of Nd**-based UCNPs
with efficient UCL is significantly more challenging.!%2%

Another important level of complexity is added when UCNPs are applied in biosensing using Forster
resonance energy transfer (FRET).3% In principle, UCNP-FRET can merge the advantages of UCNPs for
biosensing with the high sensitivity and simplicity of wash-free FRET assays.?>3*34 The narrow and tunable
emission bands of lanthanoids can be matched with many different FRET acceptors.®>* Moreover, different
strategies for functional bioconjugation of DNA close to the UCNP surface have been developed to respect the
strong distance dependence of FRET.8%%-3° Such thin coatings with direct DNA surface-attachment have the
potential to significantly improve UCNP-based FRET biosensing and bioimaging, which is strongly limited when
thick protective shells, such as silica or polymer shells, are used. Considering the importance of different types of
DNA and RNA as disease biomarkers,***3 UCNP-FRET is seemingly perfect to answer the increasing demand for
nucleic acid-based clinical diagnostics.***> However, for UCNP-FRET, the energy from the activator ions inside
the UCNP must be transferred to suitable FRET acceptors outside the UCNP. Therefore, not the UCL of the entire

UCNP, which consists of the overall emission from all activators distributed over the UCNP, but the UCL of each



individual activator ion and their distance to each individual FRET acceptor define the figure of merit concerning
FRET biosensing. The main dilemma for such UCNP-FRET systems is that the bright activators in the center of
the UCNP (well protected from the environment) are farthest from the FRET acceptors, whereas the activators
right below the surface of the UCNP that are closest to the FRET acceptors are the least bright (efficiently UCL
quenching by the surrounding solvent).*® The many and multidirectional energy transfer pathways between the
initial sensitizer excitation and the final activator emission or FRET to an acceptor make UCNP-based FRET even
more complicated. FRET efficiencies depend on excitation power and time (e.g., pulsed or continuous-wave
excitation) and cannot be easily quantified by steady-state and time-resolved detection or their combination.
Different recent studies have tried to gain a deeper understanding of the UCNP-FRET related mechanisms by
careful investigation of different excitation and detection modes as well as different UCNP architectures.*48

The UCL of UCNPs has been optimized via sizes, shapes, ion doping ratios, and core/shell concepts.*9-5°
However, considering the sophisticated FRET properties with UCNP donors, UCNPs for FRET biosensing
requires a very different optimization strategy that takes into account both UCL and FRET and optimal UCL is
not necessarily ideal for optimal FRET. Advanced modelling of UCL offers the possibility to better understand
experimental results, extract fundamental properties of the investigated nanosystem, and predict expected
properties for specific UCNP designs and syntheses.3%0525¢ Several different modelling strategies can be applied,
including macroscopic (or rate-equation),>>%*%" microscopic,?#’ and (semi-)analytical®®® approaches. Each
category has pros and cons, and combinations are also possible, depending on the focus of the investigation. For
example, macroscopic approaches provide a precise description of the overall energy level dynamics and of their
interactions but require very accurate modelling of the energy transfer (ET) network and precise assumptions of
initial fit parameters.®®-%2 Microscopic approaches can follow the state of each ion in the UCNP, ET step by ET
step, but are computationally expensive and require advanced approaches, such as Monte Carlo simulations.%3-5°
Analytical (or semi-analytical) approaches are usually the fastest and easiest in computational terms, with the
possibility of processing tens of datasets in a few seconds. Moreover, easily determinable properties of the samples
(e.g., size or doping ratio) can be directly linked to the final optical properties (e.g., UCL lifetimes or quantum

yields).%¢%7 However, they necessitate time-consuming physical/mathematical modelling and do not offer the level



of detail that the other approaches can provide concerning fundamental properties and mechanisms. Recently, Park
et al. developed an analytical model that could accurately describe FRET from a Tm3*-doped UCNP to a pH-
sensitive dye attached to the UCNP surface.*® The experimental FRET efficiencies for different UCNP radii and
amounts of acceptor dyes were in very good agreement with the model, which could also predict an ideal UCNP
radius to Forster distance ratio for maximized FRET efficiency. While this study showed that advanced modelling
can be very useful to predict ideal UCNP properties for efficient FRET and biosensing, there is a clear need for
developing a model that can account for the full range of physical processes occurring in the UCNP.

With the aim to optimize and better understand UCNP-FRET systems for application in biosensing and
imaging, in this study we have developed a fully analytical model and tested it on nine DNA-functionalized Nd**,
Yb3, Er®* (for simplicity, we will omit the “3+ superscript of the trivalent lanthanoid ions hereafter) doped core-
shell-shell UCNPs with different architectures (i.e., distribution of the ions within the core and shells), Er doping,
and size of both the core and the shells. Using a prototypical FRET assay, DNA labeled with a FRET acceptor dye
was hybridized to the complementary DNA on the UCNP surface. Quantification of the dye-DNA target was
performed by measuring the intensity ratios of FRET-sensitized dye fluorescence and FRET-quenched Er UCL
upon 808 nm and 980 nm excitation for the entire UCNP library. By fitting the experimental data of both Er UCL
and dye fluorescence, the model could establish a clear relation between excitation wavelength, Er activator doping
ratio, core size, active-shell thickness, and inert-shell thickness on the one and analytical performance of the assay
on the other hand. The model was then used to predict the specific UCNP architecture to accomplish the best assay
performance for both 808 and 980 nm excitation. It is worth noting, that the maximum absorption wavelength for
Nd-doped nanoparticles is usually blueshifted from the 808 nm maximum absorption of Nd:YAG (e.g., ~796 nm
for NaYF4:Nd®*").22 However, 808 nm diode lasers (which are used for pumping Nd:YAG lasers) are easily
available in many different configurations and, in particular, with high power output. Therefore, most laboratories
(including ours) are using high power 808 nm diode lasers for exciting Nd-based UCNPs. Although this

wavelength is not ideal, it is still within the absorption band of NaYF4:Nd®*.
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Figure 1. Prototypical UCNP-dye FRET DNA assay: DNA labeled with a FRET acceptor dye (yellow DNA with red
star) hybridized to the complementary DNA (blue) on the UCNP surface. Upon excitation of Nd (808 nm) or Yb
(980 nm) sensitizers, FRET from Er activators to dyes resulted in FRET-quenched UCL and FRET-sensitized dye
fluorescence.

RESULTS AND DISCUSSION

Model design for UCNP-to-dye FRET DNA hybridization assays. The implementation of a model system
as similar as possible to real-scenario FRET assays is a fundamental step to gain useful insights in the real working
principles of such systems. For this reason, using a recently developed DNA-UCNP bioconjugation strategy for
functional FRET assays,® we attached probe DNAs (DNA;) on the UCNP surface. These probes were
complementary to target DNASs labeled with Cyanine 3.5 dyes (DNA2-Cy3.5). Hybridization of DNA; and DNA-
Cy3.5 resulted in the formation of UCNP-Cy3.5 FRET pairs, which could be analyzed by measuring the FRET-
quenched UCL and the FRET-sensitized dye emission upon 808 nm or 980 nm excitation (Figure 1). In this
prototypical assay, the concentration (c) of the DNA,-Cy3.5 target was thus quantified via the FRET ratio (Fgr(C)

— equation 1):

Ia(c) _ [1i(o)dt
Iy(c)  [I5(c)dt

Fr(c) = (1)

where the intensity ratio of FRET-sensitized dye acceptor fluorescence (1») and FRET-quenched UCNP donor
UCL (lp) was obtained by integrating the time-resolved luminescence intensities 1§ and I5 from t =80 us to

t = 500 ps after the start of a 80 s long excitation pulse (i.e., only the luminescence decays were integrated).



Hypothesizing a linear concentration dependence of F(¢), the slope of the calibration curve presents the analytical

sensitivity (S) of the assay, which can be expressed by equation 2:

S = OFR _ Fr(c) _ 1(1,4(0)) _ l( IDEfRET$A ) _ ﬂ( EfREgT ) $a Kiger )

dc c c \Ip(c) c \IS(1-Efrgr)PD ¢p ¢ \1-Efgpr ¢p ckEL

Due to the linearity of the calibration curve, which starts at ¢ = 0 and Fr = 0, the differentials can be substituted
by Fr at a given c in the numerator and by c the denominator. Because the dye cannot be directly excited in the
NIR, no dye background fluorescence can interfere with the measurement (assay tests containing only the dye
were conducted and no luminescence was registered). Thus, both 1a and Ip can be written as a function of the
initial Er donor luminescence intensity without FRET (I3) and the FRET efficiency (ESgzgr). In the case of FRET,
Ip decreases with Errer (i.€., Ip(c) = IS(1 — Efrer)®p), Whereas I increases with the same amount that Ip
decreases multiplied by the fluorescence quantum yield of the acceptor ¢4 (i.e., I,(c) = ISESzgr$,4). Considering
that the FRET efficiency is the ratio of FRET rate constant and the sum of FRET rate constant plus the total donor
rate constant (i.e., Efggr = kérer/ (KEL + kérer)), the sensitivity can be expressed as an equation of dye and Er
luminescence quantum yields, dye concentration, and rate constants as shown on the right side of equation 2. The

total donor rate constant (or inverse donor UCL decay time tg,) can be expressed by equation 3:
= (KE5) ™" = (kE™ + kT + KERE™ + KERN® + KEgY?)” 3)

It includes the rate constants of Er emission in the absence of any other ions (k£"), environmental quenching of
Er (k&"), Er-to-Er and Er-to-Nd cross-relaxation (k&RE", kERN), and Er-to-Yb energy transfer (kEr*?). Equations
2 and 3 depend on the number of Er ions in the green-emitting state, which is a function of the Yb-to-Er ET
efficiency (EX2E™) that also depends on the interactions with the other ions (Nd-to-Yb and Yb-to-Er energy transfer
(kNGYD | kYPET) and Yb-to-Yb energy migration (kl‘{l‘fgb)) as well as on the environmental quenching of Yb and
Nd (kéb, kgd). The result is a complex (though analytical) inter-dependence between the lanthanoid ions. Each k

term in equations 2 and 3 was derived analytically according to the UCNP configuration (i.e., architecture, doping
ratios, and lattice structure). The FRET and quenching terms were obtained by considering the sum of all ET steps

between the multiple lanthanoid ion donors and the dye acceptors and quenchers on the UCNP surface. Similarly,



the ion-ion interactions were obtained by considering the sum of all ET steps to or from the other lanthanoid ions
in the surrounding. All analytically derived fit parameters were then used to fit the experimental UCL decay times
(equation 3) and FRET assay sensitivities (equation 2) for all UCNPs excited at 980 and 808 nm. The fit results
could then be used to predict decay times and sensitivities for arbitrarily designed UCNPs. The complete model
(including all equations for the different rate constants and the implementation of the structural UCNP parameters)
is described in the Supporting Information (Supporting Figure S1 and Supporting Equations S1 to S25). With
the translation of the model in a Python program, several experimentally determined sensitivities and UCL decay
times can be fit simultaneously using equations 2 and 3.

UCNPs design and experimental determination of UCL decays and FRET assay sensitivities.
When designing UCNPs with Nd sensitizers, one must keep in mind that ET from Nd to Er is unfortunately very
inefficient because cross-relaxation (CR) between these two ions is quite efficient.?”?°3" Therefore, 808 nm
excitable UCNPs are usually prepared by spatially separating Nd and Er in different compartments (core or shells)
and by co-doping with Yb to bridge the excitation between the initial Nd sensitizers and the Er activators.
Moreover, an optically inert (without sensitizer and activator ions) outer shell is usually added to minimize UCL
environmental quenching, which becomes particularly important in aqueous media. Very thick shells can
dramatically increase the UCL quantum yield but also significantly decrease the strongly distance-dependent
FRET efficiency.®®® Hence, one needs to find an optimal shell thickness, at which the two effects are well
balanced.

Following these general guidelines, we devised nine different sub-20 nm diameter UCNPs with two
different configurations (Figure 2) to test our model. The “standard” (ST) configuration was similar to the well-
studied NaYF4:Yb,Er UCNPs, consisting of an emitting core (containing 20% Yb and variable amount of Er),
surrounded by an absorbing shell (containing 20% Nd and 20% Yb), and protected by an undoped shell of NaYF..
The “inverted” (IV) configuration comprised an absorbing core (20% Nd, 20% YD), an emitting shell (20% Yb,
variable amount of Er), and a protective undoped NaYF. shell (Figure 2A). Considering that co-doping of 2% Er
with 20% Yb was found to be somewhat optimal for NaYF4:Yb,Er UCNPs™ but also taking into account that

higher concentrations of Er in a shell may still result in sufficiently large Er-Er distances for suppressing CR, 2%,



5%, and 10% were selected as variable Er fractions for both the ST (ST02, ST05, and ST10) and IV (102, V05,
and 1V10) UCNPs. Moreover, three V02 UCNPs were prepared with a large core (1IV02-C), a thick emitting shell

(IV02-S1), and a thick inert shell (IV02-S2), respectively (Figure 2B).

A

®
®

ST - “standard” IV - “inverted”

emitting core (C) absorbing core (C)

absorbing shell (S1) emitting shell (S1)
inert shell (S2) inert shell (S2)

absorbing: 20% Yb and 20% Nd
emitting: 20% Yb and 2, 5, or 10% Er

-
®
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Figure 2. A: Two different core/shell/shell configurations for Nd, Yb, Er doped UCNPs used in this study. B: Nine
different UCNPs that followed the two configurations from A were synthesized. The sizes of core and shells can
slightly differ within the same ST and IV configurations (see Table S1).
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All UCNPs were synthesized by similar procedures, differing only in the first shell addition (see Materials
and Methods section for details).” Briefly, the initial core was obtained by coprecipitation, whereas the first shell
was added by a seeded growth procedure (adding the core to a reaction mixture containing the shell precursor
salts) for IV NPs or by Ostwald ripening of small Yb, Nd-doped sacrificial a-NPs hot-injected after the formation
of the B-core for ST NPs. Similarly, for both configurations a protective shell was grown by hot-injection method
but using undoped o-NaYF, sacrificial NPs. The composition and sizes of the nine different UCNPs are
summarized in Table S1. The full characterization of the different UCNPs, including transmission electron
microscopy (TEM — Supporting Figure S2), powder X-ray diffraction (PXRD — Supporting Figure S3, Table
S2), steady-state UCL (Supporting Figure S4), and time-resolved UCL (Supporting Figures S5 and S6), is
described in the Supporting Information.

For DNA bioconjugation to the UCNP surface, first the oleate ligands on the as prepared UCNPs were
replaced sequentially by tetrafluoridoborate anions (obtaining BFs;-coated UCNPs) and by poly-sodium 4-
styrenesulfonate (PSS).”? The sulphonate groups (-SOs) on the PSS have the triple function to i) anchor the
polymer on the UCNP surface, ii) make the UCNPs hydrophilic, and iii) provide functional groups for the
attachment of amino-terminated DNA (hereafter DNA;) by a sulphonamide bond.” To satisfy the strong distance
dependence of FRET, the 16 nucleotides (nt) DNA: (including a Cs spacer) was attached on its 5’ end
(sulphonamide bond between a sulphonate group on the PSS and the amino group on DNA;) to the UCNP@PSS,
whereas Cy3.5 was directly attached to the 3’ end of the fully DNA:-complementary 16 nt DNA; (see Table 2 for
DNA sequences). Therefore, the UCNP surface and Cy3.5 were in principle separated only by the thin PSS shell
(~2 nm) and the Cs spacer (~1 nm).® UCNPs prepared with those thin PSS shells and bioconjugated with DNA
previously showed good stability without significant aggregation over up to two weeks and were successfully
applied in DNA and RNA FRET assays.®’? The UCL kinetics (at 540 nm) of all DNA; functionalized UCNPs
(UCNP@PSS-DNA:) were analyzed in HEPES buffer using both 980 nm and 808 nm excitation (Supporting
Figure S7 and Supporting Table S3). Long 80 ps excitation pulses were used to reach intensity saturation and
measure only the UCL decays of the different UCNPs, which were fitted with mono-exponential functions (see

Materials and Methods for details).”



We selected Cy3.5 as FRET acceptor because its absorption provides excellent spectral overlap with the
green UCL band of the Er donor and its fluorescence can be detected without Er UCL background between the
green and red UCL bands (Figure 3A). The assays were performed on a time-resolved fluorescence plate reader
in 96-well microplates with 150 pL volume per well and consisted of UCNP@PSS-DNA; at constant
concentration (1 mg-mL™?) and target DNA,-Cy3.5 at different concentrations (0, 10, 20, 30, 40, or 50 nmol-L™1).
Time-resolved UCNP donor UCL and Cy3.5 acceptor fluorescence were collected in parallel in independent
detection channels (see Figure 3A for spectral bandwidth).

Increasing concentrations of DNA2-Cy3.5 resulted in weak UCL intensity quenching of UCNPs (Figure
3B top) because only the Er ions in a FRET distance range to the dyes were quenched. However, the dye
fluorescence showed a strong FRET sensitization from the UCNPs (Figure 3B bottom), as expressed by the very
long fluorescence decay over several hundreds of microseconds (due to sensitization from the long-lived excited
states of Er) and a DNA,-Cy3.5 concentration-dependent intensity increase. The UCL decay times were not
concentration dependent, which is not untypical when UCNPs are used as FRET donors. Recent studies showed
that the luminescence decay time is not a reliable parameter for analyzing UCNP-based FRET because the energy
stored in the Yb sensitizer ions is continuously transferred to the Er activators during the Er-to-dye FRET
process.>** Therefore, FRET does not significantly influence the overall decay time that depends on both the
incoming and the outgoing energy contributions and is mainly driven by the slow energy transfer from Yb to Er.
The assay calibration curves (FRET ratio from equation 1 with donor and acceptor luminescence intensities
integrated in a time range from 80 ps to 500 s after the start of the excitation pulsed as a function of DNA,-Cy3.5
concentration — Figure 3C and Supporting Figure S8) showed a linear increase over the entire concentration
range, demonstrating that the hybridization assays were functional for DNA;-Cy3.5 quantification. The
sensitivities (slopes of the calibration curves) of all 18 assays (two excitation wavelengths and nine different
UCNPs — Figure 3D) presented significant differences. In general, the sensitivities for 808 nm excitation were
lower compared to 980 nm excitation, which agrees with the lower UCL intensities and shorter UCL decay times.
The trends observed for the increase of Er concentration were similar, showing lower sensitivities for higher

fractions of Er. On the other hand, significant differences were observed when comparing the different UCNP
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configurations (ST and 1V). Although the ST samples showed the brightest UCL and longest UCL decay times,
the highest sensitivities (for both 980 and 808 nm excitation) were accomplished for the IV configurations (Figure
3D). Whereas the differences were not that strong for 980 nm excitation, they were significant when 808 nm
excitation was used. These results show the importance of donor-acceptor distance within FRET assays because
the IV UCNPs have emitting shells that are closer to the dye acceptors compared to the emitting cores in the case
of ST UCNPs. Also, several UCNPs within the same configuration showed quite obvious differences between 980
and 808 nm excitation, e.g., V05, V10, ST02, IV02-C, and IV02-S1 (compare orange and blue bars in Figure
3D), that cannot be simply explained by the differences in the UCNPs. The slightly different sizes of core and
shells within the same configurations (cf. Table S1) and the competition between FRET efficiency and surface
guenching make intuitive estimations even more complicated. Clearly, a sophisticated model that can
quantitatively explain and predict the differences in assay sensitivity would be extremely helpful for the design of

FRET-optimized UCNPs.
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Figure 3. A: Absorption (red) and emission (orange) spectra of Cy3.5 and UCL spectrum of UCNPs (green). The
shaded spectra in the background present the spectral bandwidths (filter transmission) of the UCNP (green) and
Cy3.5 (orange) luminescence detection channels. B: Luminescence decays of UCNP and Cy3.5 at different
concentrations of DNA2-Cy3.5 for the UCNP@PSS-DNA1-DNA2-Cy3.5 FRET assay using V02 as UCNP. C:
Assay calibration curves and linear fits for the FRET assays using 1V02 (black), IV05 (red), and 1V10 (blue) UCNPs
and 980 nm excitation. D: Sensitivities for FRET assays with all nine different UCNPs with 980 nm (orange) and
808 nm (blue) excitation. Error bars in C and D were determined from triplicate measurements.
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Modeling of experimental data. For both excitation wavelengths, modeled UCL decay times (Figure 4A/B)
and sensitivities (Figure 4C/D) corresponded very well to the experimental values with only minor deviations
from strict correlation (diagonal lines in Figures 4A-D) for almost all samples. An interesting feature of the model
is the determination of the Forster distance and the luminescence quantum yield of the Er donors. Modeling the
experimental data resulted in a Forster distance of Ro = 3.45 nm, which corresponded to an Er donor luminescence
quantum yield of 1%, when using the spectral overlap of Er donor emission and dye acceptor absorption (J =
8.98-10" Mcm™nm*), a dynamically averaged orientation factor (x? = 2/3), and the refractive index of water
(n = 1.33). Considering this Ry, the closest FRET distance of ~3 nm (PSS coating and Cs spacer) provided a FRET
efficiency of ~70%, which decreased to ~1% for 7.4 nm Er-dye distance. Although the excitation power
dependence of UCL can in principle be included in the model by adding an absorption cross-section term for Nd
or Yb, we did not use such additional terms because the excitation power density (as well as the excitation time,
UCNP concentration, and sample volume) was kept constant (211.4 mW-cm) for all experiments. The model
was also used to determine the contributions of the different processes to the total UCL kinetic constant k&r
(Figure 4E/F), allowing for a quantitative analysis of the trends shown in the UCL decay curves (Supporting
Figure S7) by correlating the longer or shorter decay times to the dominant physical processes in each UCNP, i.e.,

environmental quenching (kgr, black bars in Figure 4E/F), Er-Er CR (kERET, red bars in Figure 4E/F), and Er-

Nd CR (kEﬁNd, blue bars in Figure 4E/F). When looking at the absolute values of the rate constants for all UCNPs
and both excitation wavelengths, environmental quenching has the highest contribution, followed by Er-Nd CR
and Er-Er CR. This relatively strong environmental quenching (even for the thickest shell) clarified the importance
of a protective shell and confirmed previous findings that suggested a shell thickness of at least 2 nm to efficiently
suppress surface quenching.>® In the most cases, the importance of environmental quenching was significantly
higher for 808 nm excitation, whereas Er-Nd CR and Er-Er CR were less important. A possible reason may be the
higher amount of necessary ET steps from the initial Nd sensitizer to the final Er activator, which provides more

possibilities of quenching via the UCNP surface.

Comparing the relative contributions of each quenching mechanism in reference to the different UCNP
configurations (i.e., direct comparison of the heights of the different bars in Figure 4E/F) provides additional
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interesting information. For example, at 980 nm excitation (where Nd is not excited), the Er-Nd CR was
significantly more important for highly Er doped ST compared to IV UCNPs. This was probably caused by the
higher number of Er ions in close proximity to Nd ions for CR in ST configurations. For the IV UCNPs,
environmental quenching and Er-Er CR were more important for UCNPs with higher Er fractions. In this case,
there were not only less Er-Nd interactions (and therefore relatively more Er-Er interactions), but the emitting shell
was also closer to the outer environment. For 808 nm excitation, Er-Nd CR was important for almost all ST and
IV UCNPs with higher Er fractions. In these cases, Nd was directly excited and transfered its energy to Er,
preferentially via Yb to avoid CR. With higher Er concentrations, direct excitation of Er via Nd and Er-Nd CR
became more likely, leading to an increasing importance of the Er-Nd CR process. These findings confirm that Er

doping concentrations should not be too high to avoid UCL quenching via CR.

Another interesting result that strikes the eye is the importance of environmental quenching in the 1V02-
S1 UCNPs. These UCNPs had a thick emitting shell without protective shell, which explains that quenching via
the UCNP surface was dominant. Surprisingly, changing the C-S1 core-shell volume ratio for the absorbing-
corefemitting-shell 1V configuration from 70/30 (IV02-C) to 40/60 (IV02-S2), did not result in significant
differences for all three contributions (kf', kER", and kER'?) at both 980 and 808 nm excitation. Taking into
account that the volume of the emitting S1 shell in 1V02-C was only ~16% lower than in I\VV02-S2, the much larger
(~2.7-fold) absorbing core most probably compensated the slightly lower S1 volume and the slightly thinner

protective shell (1.2 vs. 1.5 nm).
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Figure 4. Comparison of calculated and experimental results. Top: Correlation plots of experimental and fitted
UCL decay times (t) at 980 nm (A) and 808 nm (B) excitation for all the UCNP@PSS-DNA:. Middle: Correlation
plots of experimental and fitted DNA2-Cy3.5 hybridization FRET assay sensitivity at 980 nm (C) and 808 nm (D)
excitation. Bottom: Contributions of environmental quenching (kgr, black), Er-Er CR (kELET, red), and Er-Nd CR

(kEENY | blue) to overall UCL quenching of the different UCNP@PSS-DNA: at 980 nm (E) and 808 nm (F) excitation.
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Prediction of Er doping and core-shell-shell size effects on sensitivity. Considering that our analytical
model can very well reproduce both the UCL kinetics and the sensitivity of the DNA-hybridization FRET assay,
one of the most interesting features is the possibility to predict the FRET-assay sensitivity for arbitrarily designed
UCNPs as a function of Er doping, configuration, and section sizes. We first optimized each parameter keeping
the others fixed to check the predictivity of the model. Concerning Er concentration (Figure 5A), similar trends
were found for both configurations (ST and IV) and both excitation wavelengths (980 and 808 nm). A steep
sensitivity increase at low doping was followed by a relatively narrow maximum between circa 2 and 3% Er doping
and a constant decrease toward higher doping concentrations. The shape of the curve resulted from two opposite
contributions. By increasing the concentration of Er, the number of donors in the UCNP-dye FRET pair increased,
which led to an increase of kfrgr. On the other hand, with increasing amounts of Er, the different quenching
mechanisms within kE7, (cf. equation 3) also increased (cf. Figure 4), thereby reducing the sensitivity. The first
contribution was dominant at very low concentrations, whereas the second became prevalent for higher Er content.

Concerning UCNP core radius (Rc, Figure 5B), an emitting core (ST) requires a certain size to obtain a
sufficient amount of Er donors for FRET. Thus, the sensitivity increased until a maximum was reached at around
4 to 6 nm, after which too many Er ions were too far away from dye acceptors, resulting in decreased sensitivities
with larger radii. Whereas the results were very similar for both excitation wavelengths, the opposite configuration
with absorbing core and emitting shell (IV) required significantly larger core sizes for reaching maximum
sensitivity. As the core contains only absorbing ions (Nd and YD), increasing radii led to higher absorption cross
sections of the UCNPs. However, energy migration to the emitting shell was only efficient until a certain radius
between approximately 8 and 11 nm. Owing to the closer distance of Er ions in an emitting shell to acceptors at
the surface of the UCNP, the maximum sensitivity in 1V-UCNP-containing FRET assays was ~3-fold higher
compared to ST-UCNPs. This modeling result also confirms the high FRET efficiencies found for 1V-UCNP

configurations (but without Nd) in previous studies.*’
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Figure 5: Modeled sensitivity for IV (solid lines) and ST (dotted lines) UCNP configurations at 980 nm (orange)
and 808 nm (blue) excitation as a function of A: Er doping (Rc =5 nm, ds: =1 nm, ds2 = 1 nm); B: radius of the
core (Xer = 2%, ds1 = 1 nm, ds2 = 1 nm); C: thickness of the first shell (xer = 2%, Rc =5 nm, ds2 = 1 nm); and D:
thickness of the protective shell (xer = 2 %, Rc = 5 nm, ds1 = 1 nm).

Significantly different results were found for the shell thicknesses concerning both the different
configurations and the different excitation wavelengths. Regarding the first shell (Figure 5C), the ST
configuration and 980 nm excitation led to the highest sensitivity without any shell (0 nm thickness) because Yb
ions are present in both the absorbing shell and the emitting core and Nd cannot absorb 980 nm light. Therefore,
this first shell is not necessary for absorption and thicker shells decrease the sensitivity because the increasing Er
donor to dye acceptor distance is prevalent over the additional absorption of Yb in the shell. For 808 nm excitation,
Nd ions are necessary, and a maximum sensitivity was reached at around 1 nm shell thickness. For thicker shells
the Er-to-dye distance increase was again outweighing the higher amount of absorbing Nd ions. We note that the
slight discontinuity in the ST configuration curves (steep decrease around 1.4 nm) was caused by computational
features. For the IV configuration, in which the first shell contained the Er donors, similar trends were found for
both excitation wavelengths. Again, the maxima were reached when the beneficial increase of donors was

outbalanced by the amount of Er ions that were too distant from the dye acceptors for efficient FRET and by the

reduction of ET efficiency from the absorbing core to the emitting shell. The maxima were located between 2 and
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3 nm and their sensitivities were similar to the maximum for 980 nm excitation and ST configuration (without

shell) but approximately 3 to 4 times higher than 808 nm excitation and ST configuration (with a ~1 nm shell).

Regarding the second shell (Figure 5D), the ST configuration and 980 nm excitation also resulted in the
highest sensitivity without any shell (0 nm thickness) because the first absorbing shell already serves as protective
shell. The shallower decrease of the curve with increasing thickness compared to shell 1 (cf. Figure 5C) was most
probably caused by the additional Yb sensitizers in shell 1, which contributed to Er sensitization and were protected
from quenching with increasing shell 2 thickness. Because Nd was present only in shell 1, excitation at 808 nm
required to protect shell 1 from environmental quenching and a maximum sensitivity was attained at a shell 2
thickness between circa 1.5 and 3 nm, after which the sensitivity decreased again. For a thin protective shell 2 the
FRET distance is shorter, but the environmental quenching is more important, whereas for a thick protective shell
2 the quenching is prevented but FRET becomes inefficient. For the IV configuration, similar trends appeared for
both excitation wavelengths, i.e., a relatively sharp increase of sensitivity with shell thickness, followed by a
relatively broad maximum between circa 1.5 and 3.5 nm for 980 nm excitation and 0.5 and 2.5 nm for 808 nm
excitation and decreasing sensitivity for thicker shells due to decreasing FRET efficiencies. Thicker protective
shells were required for 808 nm excitation because the additional ET made the UC process more prone to
guenching. Maximum sensitivities were significantly higher for IV UNCP systems and the highest for 808 nm

excitation.

Overall, the dependence of the FRET assay sensitivity on the different UCNP parameters revealed that
donor-acceptor distance plays the paramount role and that some basic requirements concerning donor
concentration and protection against luminescence quenching must be met. As expected from FRET theory and
the Forster distance of Ro= 3.45 nm, Er-to-dye distances beyond 7 nm cannot significantly contribute to FRET.
Within the ST configuration, this FRET distance constraint is clearly expressed by a relatively small emitting core
(Figure 5B) and relatively thin shells (Figures 5C and D) for sufficient protection against surface quenching.
These shells must be a little thicker for 808 nm excitation because Nd sensitizers are present only in shell 1 and
must be additionally protected from the environment by shell 2. The IV configuration has distinct advantages

because the Er donors can only be found in shell 1 and are therefore closer to the dye acceptors. In this case, the
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absorbing core can be relatively large (Figure 5B) because it can efficiently transfer the energy to the emitting
shell, which can be relatively thin (Figure 5C) for the FRET distance advantage while still possessing sufficient
volume. Shell 2 must protect the emitting shell but it cannot be too thick because of the FRET distance constraint
(Figure 5D). One must keep in mind that the single-parameter optimization was performed by fixing all the other
parameters and thus, the maxima of the curves in Figure 5 are not necessarily the optimum values for the individual

parameters.

Another interesting possibility of our model is the optimization of a dual-wavelength excitable UCNP for
FRET biosensing, i.e., a UCNP that provides the best compromise of sensitivity for excitation at 808 nm and 980
nm. In this way, the same UCNP can be used with 808 nm excitation for samples, in which water absorption and/or
sample heating must be avoided and with 980 nm excitation, when water absorption is of minor importance. Also,
as the UCL decay times are different for the two excitation wavelengths, such a dual-wavelength excitable UCNP
could possibly be used for temporal multiplexing, in which different biological targets are distinguished via their

UCL decay times.'° For a prediction of such a dual-wavelength optimized sensitivity, the two sensitivities (980

nm and 808 nm) from Figure 5 can be simply combined using their geometrical average (x = /[ x;). Especially
for the shell thicknesses, which showed significantly different sensitivity trends at 980 or 808 nm excitation, such

an averaging can be quite useful to find optimal dual-wavelength excitation conditions (Supporting Figure S9).

Determination of the optimal 808/980 nm photoactivatable FRET-UCNP configuration. As
mentioned above, the most powerful feature of a model would be the prediction of an optimal UCNP without
synthesizing, characterizing, and evaluating many UCNPs. Considering that the entire experimental approach
would not only require the production of many different UCNPs but also UCNP-DNA functionalization, dye-DNA
production, and FRET assays, determination of a global sensitivity maximum from a combined analysis of Er
doping, core radius, and shell thicknesses via a straightforward analytical model can save enormous amounts of
time, effort, and chemical and biological components. Such a global analysis would also overcome the limitations
of UCNP optimization when only one parameter is varied while the others are fixed (vide supra). Our model can
provide this predictive power by finding the maximum sensitivity as a function of ye, Rc, ds1, and ds. at the same
time to quantitatively identifying the optimal characteristics of the system for FRET biosensing. The results
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observed at each excitation wavelength for IV and ST configurations are reported in Table 1. As found for the
optimization of each individual parameter (Figure 5), a general trend was a higher sensitivity for the IV
configuration and 980 nm excitation. However, the global maxima for both configurations (IV and ST) and both
excitation wavelengths (980 nm, 808 nm, and combined) were significantly higher than any of the maxima found
for the individual parameter optimization (compare Table 1 to Figure 5 and Supporting Figure S9). Using the
global optimization, even the weakest system (ST and 808 nm excitation) can reach a sensitivity similar to the
strongest system (IV and 980 nm excitation) for individual optimization (7.8x10* L nmol™ in Table 1 compared
t0 9.5x10“ L nmol? in Figure 5B), which exemplifies the benefit of globally optimized modelling not only for
saving time and money but also for improving assay sensitivity. Interestingly, the modelling results showed that
IV requires slightly higher Er doping and larger core sizes but also that different excitation wavelengths can lead
to very different optimal UCNP parameters depending on the configuration. The optimum shell thicknesses in
both configurations (IV and ST) for 808 nm excitation are very similar, whereas they are very different for 980
nm excitation. These findings confirm that it is important to consider all energy transfer paths from the initial
excitation to the final emission. Our results also demonstrate the possible employability of our model as a guideline
for the design and optimization of complex UCNP nanoarchitectures. Instead of the slow and iterative work of
synthesis, functionalization, and characterization of several UCNPs, the procedure can be performed for a limited
selection of representative configurations, the results of their characterizations can be analyzed by our model, and

a global sensitivity maximum can be rapidly determined.

Table 1. Optimal UCNP parameters (atomic % of Er (ygr), core radius (Rc), first shell thickness (ds1), and second
shell thickness (ds2) for maximum sensitivity in the UCNP@PSS-DNA1-DNA>-Cy3.5 FRET assay.

IV configuration ST configuration
Aex = 980 nm Aex = 808 nm Both Aex Aex = 980 Nnm Aex = 808 nm Both Aex
Xer 2.72% 2.85 % 2.62% 211% 2.24% 2.13%
Rc [nm] 8.68 9.16 8.21 5.83 4.89 6.31
ds1 [M] 173 1.10 1.72 0.31 1.11 0.65
ds> [nm] 0.44 0.50 0.21 0.07 0.34 0.36
Sensitivity* 4.1x10°3 2.2x10°3 980: 4.0x102 1.8x10° 7.8x10% 980: 9.0x10
[L nmol*] 808: 2.7x10 808: 8.0x10"*
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* Due to the brute force algorithm of the model, which saves calculation time but sacrifices resolution in finding a maximum
value, the sensitivities have an estimated error of 20%.

CONCLUSIONS

FRET from UCNPs to dyes is a very promising approach to designing highly sensitive assays for the quantification
of DNA or RNA. However, it is very difficult to predict the ideal properties of a UCNP for accomplishing the best
FRET assay performance because over an extended time period of several hundreds of microseconds many
different energy transfer steps occur between the initial excitation of the sensitizer ions, the energy transfer from
the activator ions to the FRET acceptors, and the final emission of the FRET acceptors. Moreover, UCNPs can be
fabricated with different cores and shells, all of which can have different sizes and contain different lanthanoid
ions at different doping ratios. These configurations do not only influence the UCL but also the FRET efficiencies
because of different donor-acceptor ratios and distances. The complicated and correlated interactions make it
almost impossible to experimentally determine the ideal UCNP for FRET assays because it would require the
preparation, characterization, and analytical evaluation of a myriad of different configurations.

To overcome these limitations, we developed a fully analytical model that takes into account several
energy transfer pathways, core and shell sizes, and lanthanoid ion doping ratios to determine the optimal UCNP
configuration for accomplishing the best analytical sensitivity for DNA hybridization assays by rapid calculation.
We tested the model using nine different core-shell-shell UCNPs containing Nd and Yb sensitizers and Er
activators at different doping ratios. By fitting the experimental results (FRET-quenched UCL and FRET-
sensitized dye fluorescence), the model could very precisely reproduce the DNA hybridization assay sensitivities
for both Nd (808 nm) and Yb (980 nm) excitation and also predict the best configuration for UCNP that can be
used for DNA FRET assays using both excitation wavelengths. Most importantly, combination of the experimental
data and the model was used to determine the optimal UCNP configurations leading to the best assay sensitivities,
which were significantly higher than those determined for our nine experimentally produced UCNPs. This result
demonstrates that only a small, selected number of synthesized UCNP configurations and FRET experiments is
necessary to screen the entire combinatorial library of UCNP configurations with our model to determine the

“perfect” UCNP for FRET assay sensitivity within a few minutes. The amounts of time, experimental effort, and
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chemical and biological products that can be saved by this simple approach of selecting a few experimental
configurations and modeling all the others are extremely important. In addition, the sensitivity of an assay can be
significantly improved. It is important to note that our approach aims at optimizing UCNPs and, in this particular
study, UCNP design for analytical sensitivity (slope of the assay calibration curve) in FRET DNA hybridization
assays. The performance of every FRET biosensor or bioassay depends on many different parameters, including
the diagnostic or analytical application, the target to be detected, the target recognition molecules and principle,
the environment, the sample type and volume, the experimental conditions and equipment, the acceptor properties,
and the background or noise signal. Thus, comparison of FRET biosensing performance between different FRET
probes (using UCNPs or any other fluorophores) is only meaningful for a specific target, application, and
experimental condition. In principle, our model is not limited to the proposed UCNP doping ratios and architecture
and can be extended to analyze and optimize UCL and FRET properties for other complex UCNP architectures
and ion combinations and to other analytical performance parameters, such as limit of detection or dynamic range.
For example, it would be interesting to investigate the doping ratio of Nd, which was kept constant in our study,
to better understand the influence of Nd-Nd cross-relaxation on assay performance. The model H-can also be
applied to different FRET assays, including sandwich immunoassays and protein-protein interactions or FRET
imaging applications to become an important tool toward translating UCNP-based FRET into highly sensitive

biosensing and bioimaging ranging from bioanalytical research to clinical diagnostics.

MATERIALS AND METHODS

Chemicals. Yttrium (111) oxide (Y203, 99.9%), ytterbium (I11) oxide (Yb203, 99.9%), neodymium (IIl) oxide
(Nd203, 99.9%), and erbium (111) oxide (Er.03, 99.99%) were purchased from Alfa Aesar. Hydrochloric acid (HCI,
37%), sodium trifluoroacetate (NaTFA, 98%), ammonium fluoride (NH4F, 98%), sodium oleate (NaOA, 97%), 1-
octadecene (ODE, 90%), oleic acid (OA, 90%), 2,4,6-trichloro-1,3,5-triazine (TCT), oleylamine (OM, 97%),
ethanol (EtOH, 99.8%), N,N-dimethylformamide (DMF), toluene (99.9%), n-hexane (99.9%), cyclohexane
(99.9%), nitrosonium tetrafluoroborate (NOBF4, 69.9-78.8 %), poly-sodium 4-styrenesulfonate (PSS, My ~
70.000, 99%), trifluoroacetic acid (TFA, 99%), and HEPES buffer were purchased from Sigma-Aldrich. DNA
oligo strands were obtained from Eurogentec (Table 2) and used as received. All chemicals were used as received
without further purifications. Highly pure water (Millipore) of resistivity greater than 18.0 MQ c¢cm was used in all
experiments.
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Table 2: Label and nucleic acid sequences of the single-stranded DNA (ssDNA) used for the UCNP
functionalization and FRET assay. Orientation adapted to direction of hybridization.
Label Nucleic acid sequence

DNA; (5) H:N-CCC-GCTATATGAATTCCAG (3°)
DNA;-Cy35 | (3") Cy3.5-CGATATACTTAAGGTC (5°)

Synthesis of oleate-coated B-NaYF4:Yb**(20 mol%), Nd**(20 mol %) and B-NaY F:Yb3*(20 mol%), Er¥*( 2,
5, 10 mol %) cores. Both cores were prepared by slightly modifying a previous procedure.” Briefly, LnCls
precursors were prepared starting from the respective Ln,Os. Depending on the desired core, proper amounts of
Ln,Os (for a total of 1.00 mmol of Ln**) were dissolved in hydrochloric acid (4.2 mL, 1.7 mol-L). The mol % of
each Ln** ions in the core are summarized in Table S1. The obtained dried LnCls precursors were first dissolved
under vacuum and magnetic stirring in 6 mL of OA and 15 mL of ODE and then after the addition and complete
dissolution of NaOA (2.5 mmol) and NHsF (4.0 mmol) were left to react under Ar flow at 310 °C for 30 min. After
this time the solution was cooled down to room temperature under argon flow and the nanoparticles were
precipitated with ethanol and collected by centrifugation (2147 RCF for 15 min). The resulting white pellet was
further washed four times with a mixture of hexane/ethanol (1/3) and isolated by centrifugation (2147 RCF, 15
min). Finally, the white pellet was redispersed in ODE. A small amount of powder was dried for XRD and TGA
analysis.

Synthesis of oleate-coated a-NaYF, sacrificial nanoparticles (s-YNPs). a-NaYF, sacrificial NPs were
synthesized via the co-thermolysis of NaTFA and Y(TFA)s using a previously reported procedure.” Briefly, The
Y (TFA); precursor was prepared by refluxing Y203 (1 mmol) in 10 mL of 1:1mixture of TFA and ultrapure water
under stirring at 80°C overnight. Hereafter, at the obtained dried solid 2 mmol of NaTFA was added along with 6
mL of OA, 6 mL of OM, and 10 mL of ODE under argon flow. The mixture was heated to 125 °C under vacuum
and vigorous stirring for several minutes and after at 290 °C under argon flow, where it was kept for 45 min. The
light-yellow turbid solution obtained was cooled to room temperature and the s-YNPs were precipitated by adding
ethanol and isolated by centrifugation (2147 RCF, 15 min). The obtained precipitate was washed twice as reported
for core UCNPs. Finally, the nanoparticles were dispersed in ODE (0.30 mmol-L?).

Synthesis of oleate-coated a-NaYF.:Yb(20 mol%), Nd(20 mol%o) sacrificial nanoparticles (s-NdNPs — see
Figure S10 for characterization). The synthesis of a-NaYF4:Yb®*, Nd*" was carried out exactly as reported for
undoped a-NaYF, sacrificial nanoparticles, starting from Y,0z YDb,Os3, and Nd.Os. Finally, the obtained
nanoparticles were centrifuged and washed as above and dispersed in ODE (0.3 mmol-L™%).

Synthesis of oleate-coated B-NaYF4:Yb**(20 mol%), Nd**(20 mol%)/NaYF4:Yb3 (20 mol%), Er**(2, 5 and
10 mol%)/NaYFs core-shell-shell nanoparticles (102, 1VV05, 1V10, 1V02-C, 1V02-S1, 1V2-S2). LnCls
precursors for the emitting shell were prepared as previously described for 3-cores. In this case after the addition
and complete dissolution of NaOA (2.5 mmol) and NH4F (4.0 mmol) 2 mL of ODE containing the previously
synthesized absorbing B-NaYF4:Yb%*(20), Nd**(20) core (the mols of core introduced depend on the specific
systems) were injected in the reaction flask and the solution was first heated up to 120°C in vacuum and then to
310°C under Ar flow where was kept for 30 minutes after reaching this temperature. At this point first 1.0 mL of
reaction mixture was collected (core-shell sample) and immediately after undoped sacrificial nanoparticles (s-
YNPs) (0.30 mmol in 1 mL of ODE) were injected. Depending on the desired thickness of the inert shell the
injection was repeated after 15 minutes (for 1\VV02-S2). Then, the solution was cooled down to room temperature
under argon flow and the NPs were precipitated from the solution with ethanol and collected by centrifugation
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(2147 RCF for 15 min) and washed several times as reported for core NPs. Finally, the white pellet was stored in
ethanol. A small amount of powder was dried for XRD and TGA analysis.

Synthesis of oleate-coated B-NaYF4:Yb**(20 mol%), Er¥*(2, 5, 10 mol%)/NaYF:Yb**(20 mol%), Nd**(20
mol%)/NaY F, core-shell-shell nanoparticles (ST2, ST5, ST10). The synthesis of core nanoparticles was carried
out as described above. At the end of the core synthesis, i.e., after keeping the reaction mixture at 310 °C for 30
min about 1.0 mL of reaction mixture was collected from the flask (core sample) and immediately after s-NdNPs
(0.30 mmol in 1.0 mL of ODE) were injected by a syringe in a single shot into the reaction mixture and the mixture
was ripened for 15 min at 310 °C. After ripening of the first shell, again 1.0 mL of the reaction mixture was
collected and immediately after sacrificial undoped s-YNPs (0.30 mmol in 1.0 mL of ODE) were injected. The
mixture was ripened for another 15 min to yield the standard core-shell-shell NPs (ST2, ST5, ST10). All the
prepared samples are summarized in Table S1. Then, the solution was cooled down to room temperature under
argon flow and the NPs were precipitated from the solution with ethanol and collected by centrifugation (2147
RCF for 15 min) and washed several times as reported for core NPs. Finally, the white pellet was stored in ethanol.
A small amount of powder was dried for XRD and TGA analysis.

Exchange of the oleate ligand with BFs;~ (UCNP@BF.). All the as prepared oleate-coated core-shell-shell
UCNPs (UCNP@OA) were treated with NOBF4 to remove the oleate ligands following a previously reported
method.” In a 15 mL centrifuge tube 5 mL of UCNP@OA dispersed in cyclohexane (5 mg-mL™) were mixed to
5 mL of 0.01 mol-mL* NOBF, in DMF. After 10 min a precipitate appeared and then was centrifuged (7000 rcf,
5 min). The supernatant was decanted, and the pellet was redispersed in DMF to have a 5 mg-mL™* dispersion, an
amount of five times the volume of DMF of toluene/cyclohexane (1:1) solution was added to precipitate the
UCNPs. The procedure was repeated three times and then the pellet was dispersed in DMF (20 mg-mL™)

Functionalization of core-shell-shell UCNPs with polystyrene sulphonate (UCNP@PSS). The BFs~ was
substituted with PSS by ligand exchange according a previously optimized procedure.”” Then, 5 mL of
UCNP@BF4 in DMF (20 mg-mL™) were mixed with 1.7 mL of 30 %ww PSS in ultrapure water under vigorous
stirring and kept at 60°C for 24 hours. After that, the dispersion was centrifuged (10000 rcf for 30 min). The
supernatant was removed, and the pellet was redispersed in 10 mL of ultrapure water and collected by
centrifugation (10000 rcf for 30 min). This step was repeated for three times. Then the UCNP@PSS were
redispersed in DMF (10 mg/mL). The procedure was applied to all the core-shell- shell NPs synthesized.

Bioconjugation of UCNP@PSS with amino-modified single stranded DNA (UCNP@PSS-DNA;). The
bioconjugation of all the UCNP@PSS with the amino-modified ssDNA (DNA;) was performed according a
previously reported procedure.® A 10 mg/mL solution of TCT in DMF (solution A) was stirred at 600 rpm at 25°C
for one hour. After that, 200 pL of solution A were mixed with 600 pL of 10 mg/mL UCNP@PSS dispersion and
2 mL of DCM, the dispersion was left under magnetic stirring and argon atmosphere for one hour. Then, 100 uL
of 100 pmol-L* solution of DNA in ultrapure water were added and the dispersion was stirred overnight under
Argon atmosphere. The day after the dispersion was transferred in a centrifuge tube and washed three times by
centrifugation and redispersion in ultrapure water at 10000 rcf for 30 minutes. Finally, the samples were
redispersed in ultrapure water, obtaining a 1 mg-mL™* dispersion.

Conjugation of UCNP@PSS-DNA; with cyanine-modified single stranded DNA (UCNP@PSS-DNA;-DNA;-
Cy3.5). For each NPs architecture, the dispersions used for FRET experiments were prepared adding a variable
volume of DNA-Cy3.5 stock solution (concentration 1 pmol-L?) (final concentrations 0, 1, 5, 10, 50, 100 nmol-L"
1) to the same volume of UCNP@PSS-DNA; (initial concentration 20 mg/mL, final concentration 1 mg/mL) and
diluting with HEPES to a final volume of 200 uL. Before the FRET measurements, the obtained dispersions were
magnetically stirred at 600 rcf for 30 min at 35°C.
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Transmission Electron Microscopy (TEM). TEM grids were prepared by drop-casting of oleate-capped UCNPs
dispersion in toluene (1 mg mL™?) onto 400-mesh carbon-coated Cu grids, followed by air-drying. TEM images
were taken on a FEI Tecnai G2 operating at 100 kV, equipped with an Olympus Veleta camera. The Fiji ImageJ
software was used to determine the UCNPSs sizes, which were obtained as the average diameter of 250 individual
NPs. Each intermediate of the core—shell-shell samples were analyzed to determine the shell thickness.

Powder X-ray Diffraction (PXRD). PXRD measurements were carried out with a Bruker D8 Advance
diffractometer using Cu Ka radiation (A = 1.5406 A) at a voltage of 40 kV and current of 40 mA. PXRD patterns
were collected for 20 = 10-70°, with a step size of 0.03° and a counting time of 10 s per step. The crystalline
phases were identified by the search-match method using the JCPDS database. The crystallographic files for cubic
and hexagonal NaYF, were found on Crystallography Open Database’ with database code 15176727 and
15176767°, respectively. The Rietveld refinement of the structures was performed using diffract. TOPAS software
by Bruker. TOPAS is a profile fitting-based software for quantitative phase analysis, microstructure analysis and
crystal structure analysis.

Thermal Gravimetric Analysis (TGA - Supporting Figure S11). Selected samples (IVO2@OA, and
IVO2@PSS) were analyzed with TGA to analyze the coatings via monitoring of the mass loss. Moreover, the TGA
analysis of sacrificial NPs (SNPs) was useful to evaluate the amount to be injected in the synthesis of ST core-
shell-shell NPs (0.30 mmol in 1.0 mL of ODE refers to inorganic mass (without oleate ligands)). TGA was carried
out using the SDT 2960 Simultaneous DSC-TGA system (TA Instruments). Thermograms were collected from
RT to 700 °C at 10 °C min™! heating rates under nitrogen flow.

Energy Dispersive X-Ray (EDX - Supporting Figure S12) analysis. The localization of the different lanthanoid
ions within the UCNPs, IV02 UCNPs was investigated by EDX on a high-resolution TEM instrument (Talos
F200S - Thermofisher Scientific) operating at 200 kV. Elemental maps were obtained considering the Koz and
Koy lines for Y, and Lo and Lo lines for Yb, Nd, and Er.

UCL measurements. Steady-state emission spectra were measured on FLS1000 photoluminescent spectrometer
(Edinburgh Instruments) equipped with a 2 W 980 nm and 808 nm lasers (Changchun New Industries). Samples
had a concentration of 1 mg/mL and were measured in 10 mm quartz cuvettes in the 350-750 nm range with a
power density of 60 W-cm2, an emission slit width of 1 nm and a step size of 0.5 nm.

UCL time-resolved measurements and FRET experiments. Time-resolved measurements of the UCNP@OA
were performed FLS1000 photoluminescent spectrometer (Edinburgh Instruments) equipped with a 2 W 980 nm
and 808 nm lasers (Changchun New Industries) and a PM-1 laser modulation box (Edinburgh Instruments) to
control the temporal parameters of the excitation pulse. Samples had a concentration of 1 mg/mL and were
measured in 10 mm quartz cuvettes at 410 (blue), 540 (green), 660 nm (red) with 10 nm bandwidth and a power
density of 211.4 mW-cm?,

Time-resolved measurements of UCNP@PSS-DNA; were performed using a fluorescence plate reader (Edinburgh
Instruments) equipped with 2 W 980 nm and 808 nm (Changchun New Industries) and a PM-1 laser modulation
box (Edinburgh Instruments) to control the temporal parameters of the excitation pulse. Excitation and emission
were separated using a 900 nm dichroic mirror (Edmund Optics) for 980 nm excitation and an 800 nm dichroic
mirror (Edmund Optics) for 808 nm excitation. The signals were measured with a photomultiplier tube (PMT) by
using 540/56 nm bandpass filter (Semrock) for the UCNP green emission. 150 pL of UCNP@PSS-DNA;

dispersions in HEPES were pipetted into 96-well glass-coated microplates (Thermo Fisher Scientific). The
t
resulting curves were fitted with single exponential fitting functiony = y, + Ae™ =.
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For FRET experiments, the signals were measured using a fluorescence plate reader (Edinburgh Instruments) with
a photomultiplier tube (PMT) by using 540/56 nm and 585/15 nm bandpass filters (Semrock) for the UCNP green
emission and Cy3.5 emission, respectively. 150 pL of UCNP@PSS-DNA;:-DNA,-Cy3.5 dispersions in HEPES
were pipetted into 96-well glass-coated microplates (Thermo Fisher Scientific). All the dispersions contain 1
mg-mL* of UCNP@PSS-DNA; and variable concentration of DNA,-Cy3.5 (0, 1, 5, 10, 50, 100 nmol-L™). The
measurements were performed with a power density of 16.2 mW-cm per pulse and a repetition rate of 200 Hz.
All measurements were done in triplicates.
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