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Rare-earth doped upconversion nanoparticles (UCNPs) have often been used in com-

bination with fluorescent dyes for sensing applications. In these systems, sensing can

be achieved by the modulation of Förster resonant energy transfer (FRET) between

the dye and the UCNP. The effects of FRET in such cases are complex, as the extent

to which FRET is experienced by the rare-earth ions is dependent on their position

within the nanoparticle. Here, we develop an analytical model to accurately describe

the effects of FRET for such a system. As a proof of principle, we verify our model

by considering the case of a pH sensor comprised of Fluorescein Isothiocyanate and

Tm3+ doped UCNPs. We extend our model to the case of core-shell UCNPs and

discuss the design of an optimal FRET based biosensor using UCNPs.
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FIG. 1: General schematic of a dye conjugated UCNP sensor. The fluorescent dye’s

absorption spectrum matches the UCNP emission spectrum and changes in the presence of

the target being sensed. Sensing is achieved by monitoring the modulation in UCNP

emission intensity by the dye under infrared excitation.

I. INTRODUCTION

Upconversion nanoparticles (UCNPs) have been a major topic of research in the biomed-

ical field due to their striking advantages as bioimaging agents. UCNPs are excited by

infrared light which falls in the biological transparency window and thus penetrates deeper

into the body. Furthermore, the infrared excitation does not excite any background tis-

sue fluorescence and does not lead to photobleaching or photoblinking that commonly oc-

curs in conventional fluorescent dyes or quantum dots. Because of these appealing prop-

erties, UCNPs have been studied for frontier applications, including information security1,

bioimaging2–5, and therapeutic purposes6–10.

The strengths of UCNPs as bioimaging agents extend quite naturally to biosensing

applications. UCNPs have been used in a number of sensing schemes for DNA11–13,

biomolecules14–16, metal ions17–19, and physiological indicators such as pH20–23. Figure 1

shows a schematic of a typical UCNP based sensor. The sensor is comprised of a UCNP

whose surface is covered with a fluorescent dye molecule. The dye is chosen such that its

absorption spectrum changes in the presence of the analyte being sensed. By doping the

UCNP with a rare-earth ion whose emission band overlaps with the absorption band of the

fluorescence molecule, it is possible to achieve sensing by reading out the changes in UCNP

emission intensity under infrared excitation.
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Changes in UCNP emission from the conjugated dye can occur in two ways. One way

is through radiative transfer where the UCNP emits photons which then get reabsorbed by

dye molecules within the emission path. This has also been referred to in the literature

as ‘the inner filter effect’24–26. The second way is through nonradiative Förster Resonant

Energy Transfer (FRET) between the UCNP and the molecules attached to its surface14,27–30.

A FRET-based sensor is preferable to one that uses radiative transfer as the dominant

mechanism because FRET can result in much stronger modulation of luminescence, leading

to higher sensitivity. Furthermore, the extremely short range of influence for FRET results

in highly localized sensing that is much more robust against environmental noise.

While FRET-based sensing schemes have a long, rich history of research and development31–33,

most of the discussion typically considers the interactions between a single donor-acceptor

pair. For FRET-based sensing with UCNPs, the situation is much more nuanced as we

now not only have multiple donors to consider (the rare earth ions within the UCNP)

but also have multiple acceptors (the dye molecules attached to the surface) affecting each

donor. As a result, the FRET modulated emission from the donor ions in the UCNPs varies

depending on where in the nanoparticle the ion is located. Donors close to the surface of

the UCNP experience strong FRET while those in the core of the particle might not be

affected by FRET at all. As a further complication, it is a common practice to grow an

inert shell over the UCNPs to negate the effects of surface defects and achieve brighter

upconversion emission34,35. For FRET-based sensors using these core-shell UCNPs, now all

donor ions have an additional layer of separation between them and the acceptor molecules

on the surface. The effects of this separation on the sensitivity of such a system are not

well understood and, as a result, the rational design of an optimal sensor is not possible.

While some modeling of nanoparticle-based FRET systems has been developed36,37, the use

of such models towards sensor design and optimization remains under-explored.

In this paper, we develop an analytical model that captures the effects of FRET for the

case of dye conjugated UCNPs commonly used in sensing applications. We start from the

well-established theory of a single donor-acceptor pair case and extend the theory to the

case of a sphere of donors surrounded by a uniform surface density of acceptors. Using the

basic underlying principles of FRET, we show that it is possible to come up with a purely

analytical description for the FRET experienced by a donor at any point within the sphere.

The model depends on only a few easily measurable variables and thus removes the need for
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exhaustive experimental studies when designing the optimal sensor. Furthermore, it does not

suffer from scalability issues that naturally arise from brute force Monte Carlo simulations

that have been used to describe such systems. We also experimentally monitor the effects of

FRET on Tm3+ UCNPs conjugated with Fluoroscein Isothiocyanate (FITC), a FRET-based

system that has been used for pH sensing22,23,38,39. We show good agreement between the

theory developed and the experimental results thus demonstrating the validity of the theory

for FRET-based sensing in dye conjugated UCNP systems. Finally, we extend the analysis

to core-shell configurations and discuss the design of an optimal UCNP biosensor using this

model.

II. THEORY

We start with the standard FRET equation for a donor-acceptor pair separated by a

distance r. The FRET efficiency in this case is given by:

E =
kET

kf + kET + kNR

=
1

1 +
(

r
R0

)6 (1)

where kET is the rate of energy transfer between the donor and the acceptor, kf is the

radiative decay rate of the donor and kNR is the nonradiative decay rate of the donor33. As

shown in Eq. 1, the FRET efficiency can also be expressed as a function of the Förster radius

R0, which is defined as the distance where the FRET efficiency is 50%. The Förster radius

for a donor-acceptor pair can be calculated by considering a variety of factors such as the

spectral overlap between the donor emission spectrum and acceptor absorption spectrum, the

quantum efficiency of the donor, and the surrounding index of refraction (see Supplementary

Information (SI) 1). We can express the energy transfer rate in terms of the Förster radius

as follows:

kET =

(

R0

r

)6

k0 (2)

where k0 is the total decay rate of the donor in the absence of the acceptor. Equations 1

and 2 are all that is required to fully describe a single donor-acceptor pair. For the case of

a donor in the presence of multiple acceptors we can make use of the fact that decay rates

are additive. Thus, for a donor surrounded by N acceptors all a distance r away, the total
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energy transfer rate is

kET =

N
∑

i=0

(

R0

ri

)6

k0 = N

(

R0

r

)6

k0 (3)

In this scenario we see the ‘antenna effect’33 where one can define a larger effective Förster

radius (i.e R0,eff = N
1

6R0), which scales nonlinearly with the number of acceptor molecules.

We now consider the case of a donor within a sphere of radius R, where the donor is at

radial coordinate a. The sphere is covered with N acceptor ions uniformly distributed across

the surface of the sphere (See Fig. 2a). To calculate the full energy transfer rate for such a

donor, we first note that all acceptors on the infinitesimal cylinder slice shown in Figure 2a

are an equal distance ξ from the donor. Using Eq. 3, we can then calculate the contribution

to the total energy transfer rate from all the acceptors in this slice as:

kET,dA = σdA

(

R0

ξ

)6

k0 (4)

where σ is the density of acceptor molecules on the surface and dA is the area of the

infinitesimal cylinder shown in Figure 2a.

To get the full energy transfer rate, we calculate the contribution from all such infinites-

imals by integrating over θ and we get:

kET =

∫ π

0

k0

(

R0

r(θ)

)6
N

4πR2
2πR2 sin(θ)dθ (5)

Using a change of variables (see SI 2), this integral can be analytically solved to get:

kET =
ā2 + 1

(ā2 − 1)4
N

(

R0

R

)6

k0 (6)

where ā is the position of the donor within the sphere relative to the radius of the sphere

(ā = a/R). Comparing Equation 6 to Equations 2 and 3, we can see both the expected

‘antenna effect’ due to multiple acceptors as well as a prefactor that arises from the spherical

geometry of the problem. The resultant FRET efficiency experienced by the donor can be

calculated as:

E =
kET

kET + k0
=

1

1 + (ā2−1)4

ā2+1
1
N

(

R
R0

)6 (7)

where once more we can see the ‘antenna effect’ scaling term as well as the geometric

prefactor.

Thus, using only knowledge of the size of the particle, the Förster radius, and the number

of acceptor molecules attached to the surface, it is possible to calculate the FRET efficiency
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FIG. 2: (a) A donor (in orange) at radius a away from the center of the nanoparticle

experiences FRET from all equidistant acceptors (in dark green, a distance ξ away from

the donor) on the surface of an infinitesimal cylinder with area dA. The total FRET

experienced by the donor can be calculated by summing over the contributions from all

such cylinders. (b) FRET efficiency obtained with the full analysis suggested in this paper

compared to that obtained with a single donor - single acceptor model, and a single donor

- multiple acceptors model. Only the full analysis adequately captures the efficiency of the

interaction. A denotes acceptors, and D denotes donors.

of a donor ion anywhere within the particle. Figure 2b shows the FRET efficiency for a donor

ion as a function of normalized radial position within the particle using typical parameters

for a UCNP-dye biosensor. We assume a particle radius of 15 nm, Förster radius of 3 nm and

surface density of 3000 molecules per particle. Note that despite that radius being 5 times

the Förster radius, donor ions near the core of the UCNP still experience non-negligible

FRET due to the ‘antenna effect’. Also, as expected, donors near the edge experience

significantly more FRET than donors close to the center. As crude estimates, we also plot

FRET efficiencies for a single donor-acceptor pair, and between a single donor and 3000

acceptor molecules. Clearly, these simpler models either overestimate or underestimate the

effects of FRET for such a system and thus the full analysis is necessary.

The total luminescence intensity and decay waveform can now be obtained by integrating

Eq. 7 over the entire UCNP volume (see SI 3). These quantities are then compared with

the experimental results, as discussed later. We may further consider how the distribution
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of ions within the particle affects the overall emission from the UCNP-dye biosensor. If we

divide the UCNP into infinitesimal shells with an even distribution of donor ions, the outer

shells contribute a lot more to luminescence output than the inner shells purely because

they have more ions within them. Since these outer shells are more affected by FRET, it is

possible that, for certain values of R,R0 and N , the effects of FRET dominate the signal

from the UCNPs. However, for large particle size, small Förster radius and/or poor dye

coverage, there might be negligible effects from FRET as the signal from the unaffected

inner shell ions dominates. This further illustrates the importance of considering the full

theoretical analysis to determine which scenario applies for a particular choice of UCNP-dye

pair in a sensing application. The analysis shown here can be easily extended to core-shell

configurations simply by offsetting the distance between the donor and the surface by the

shell thickness.

III. RESULTS

A. Verification of the theory

To experimentally verify the developed theory for dye-UCNP FRET interactions, we per-

formed photoluminescence lifetime measurements on a dye-conjugated UCNP system that

has previously been used as a pH sensor22,23,38,39. For our study, we use UCNPs with a

NaYF4 host matrix doped with 24.7% Yb3+ and 0.3% Tm3+ as sensitizer and activator

ions, respectively. NaYF4 is a commonly used host matrix due to its low phonon energy

and doping with Yb3+ as a sensitizer ion is standard practice to enhance the upconversion

emission from Tm3+. To investigate the dependence on particle size, we use nanoparticles

of two different sizes. As seen in the transmission electron microscope (TEM) images in

Figure 3a and 3b, the nanoparticles are monodispersed with measured radii of 20.8±1.1 nm

and 13.7±0.5 nm. Figure 3c shows a typical photoluminescence spectrum (PL) from the

nanoparticles upon 980 nm excitation along with the energy level diagram for the upcon-

version process. The nanoparticles have a strong emission line at 475 nm which stems from

a three photon upconversion excitation process to the 1G4 state of Tm3+.

In order to see the effects of FRET, we require a dye with an absorption line that overlaps

the UCNP emission spectrum. For our study, we use FITC, which has strong absorption
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FIG. 3: Representative TEM images and size distribution of the 21 (a), and 14 nm (b)

radius UCNPs. Black lines in the bottom right corner represent 100 nm. (c) Typical

spectrum of synthesized particles under 980 nm excitation. In the figure inset, a simplified

energy-level diagram for the Tm3+UCNPs is presented. In the experiments performed for

this paper, the lifetime of the 475 nm transition is compared across samples with different

concentrations of FITC and diameters.

at blue wavelengths. The structure of FITC molecules is reversibly altered by changes in

pH. At low pH values, it is spirocyclic and does not present fluorescence. As the pH is

increased, it becomes open-ringed and shows fluorescence23 (see Fig. 4a). This makes FITC

a useful pH-sensor. However, photo-bleaching under ultraviolet (UV) excitation40 and its

easy release from cells have limited the use of FITC as a pH-sensor in biological applications.

An FITC-UCNP sensing system is thus advantageous as, by avoiding the UV excitation of

FITC, the photo-bleaching issue is eliminated. Using a UCNP-dye sensor also lends itself

to further conjugation with targeting molecules, e.g. antibodies, for specific binding with

cells10. After accounting for the spectral overlap and other relevant factors (see SI 1 for the

calculation) we estimate a Förster radius of 3.3 nm for the FITC-Tm3+ pair.

The FITC was conjugated with the UCNP using a two-step ligand exchange protocol

described in detail in the methods section. Equation 7 in the previous section shows that

the FRET efficiency is dependent on the number of acceptor molecules attached to the

surface and the ratio of Förster radius to particle radius. We can therefore test the full

range of parameters of the theory by varying the size of the UCNPs and the number of FITC

molecules attached onto the UCNP surface. The number of FITC molecules attached is easily
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FIG. 4: (a) Absorption spectra of FITC dissolved in different pH buffers. As the pH

becomes more basic, the FITC absorption increases. (b) Comparison of the UCNP

emission and the FITC absorption profile in pH 7 buffer. The FITC absorption spectrum

overlaps with the 475nm 1G4 transition of Tm3+ resulting in a high FRET efficiency at

that wavelength.

controlled by adjusting the mass of FITC added during the conjugation step. According

to the theory established in the previous section, we expect that, as the number of FITC

molecules is increased, the effects of FRET should become more prominent for our dye-

UCNP system. Additionally, we expect a stronger FRET effect for the smaller particles as

the donor ions within them are on average closer to the acceptor molecules.

Figures 5a and 5b show the upconversion luminescence lifetime signals measured at 475

nm for the various dye-conjugated UCNPs in Dimethylformamide (DMF) solution. We also

plot the transient PL signal of the particles without any FITC. Additionally, the measured

photoluminescese spectra for the 14nm nanoparticles with different FITC loadings can be

found in the SI 5.

In the absence of FITC, the larger UCNPs had a lifetime τ of 61515 µs, and the smaller

particles had a lifetime of 58510 µs. The particles lack inert shells, so the slight decrease in

lifetime of the smaller particles is expected due to additional nonradiative loss from surface

defects. With the addition of FITC, a clear increase in decay rate (1/τ) can be seen for

all cases, and the samples with more FITC decay faster, as expected. We can also see a

difference across the two sizes, where the smaller particle’s decay rate increases by a lot more
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FIG. 5: Time decay measurement profiles for FITC-UCNPs with (a) 14 nm and (b) 21 nm

particle radius, and different weight concentrations of FITC. As the weight concentration

of FITC increases, the decay rate increases. For comparable FITC loadings, the smaller

14nm radius UCNPs experience a larger rate increase as the donor rare earth ions within

them are on average closer to the acceptor FITC molecules.

than the larger particle for a comparable loading of FITC.

To verify that the theory accurately captures the decay dynamics observed, we plot the

measured decay along with the predicted decay from theory in Figure 6. For our analysis,

we only consider decay starting at 1 ms. At that point, any residual upconversion due to

energy transfer from Yb ions has been completed, and the UCNP luminescence is purely

decaying41. Figure 6a and 6b show the normalized time decays from Figure 5 between 1

ms and 2 ms for particles of both sizes. We also plot the predicted theoretical decay curves

from our model in black. The decay curves have been offset on the y-axis for easier viewing.

According to the theory, the decay should depend on the number of FITC molecules, the

particle radius, and the Förster radius. Note that these three parameters were verified by

completely independent means and no parameters were fit for to match the experimental

results to theory.

The FITC-UCNP decay cannot be modeled as a single exponential as each donor ion’s

decay rate depends on its position within the particle (see SI 3). However, we can extract

an effective time constant by integrating the transient PL curve over time. We can compare

this effective time constant to the time constant in the absence of acceptor molecules to
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FIG. 6: (a,b) Experimental and theoretical time decay profiles between 1 ms and 2 ms for

FITC-UCNPs with different particle radius, and different weight concentrations of FITC.

The measurements are offset to facilitate the reading of the plot. (c) FRET efficiency for

both UCNP sizes as a function of FITC loading. FRET efficiency increases with smaller

particle size and higher FITC loading. The experimental FITC-UCNP effective time

constants (τeff, see SI 6) are obtained by integrating the transient PL curves shown in

Figures 6a and 6b over time. Theoretical effective time constants are calculated by

integrating Equation S.7 over time. Error bars are estimated from the noise in the

normalized PL measurements after the UCNPs have fully decayed.

calculate the FRET efficiency. The FRET efficiency is given by:

E = 1−
τeff
τ0

(8)
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where τeff is the effective time constant obtained from integrating the FITC-UCNP transient

PL curve over time and τ0 is the time constant of the UCNP with no FITC.

Figure 6c shows the measured FRET efficiency for the various UCNP sizes and FITC

loadings studied. The error bars are estimated from the noise in the normalized transient

PL curves once the UCNPs have fully decayed. As expected, FRET efficiency is higher for

smaller particle size and higher FITC loadings. We also plot the theoretical FRET effi-

ciency for both sizes as a function of FITC loading which we obtain by integrating Equation

S.7 over time with appropriate choices of number of FITC molecules, particle radius, and

Förster radius. Both the fits in Figures 6a and 6b and the extracted efficiencies in Figure

6c demonstrate excellent agreement between the experimental results and theory.

B. Design of an ideal FRET-based sensor

Finally, we consider how the model can be applied to design the optimal biosensor. The

relevant parameters to consider are the number of acceptors attached to the surface of the

nanoparticle, the Förster radius of the donor-acceptor pair, and the radius of the particle.

While, as we have shown in this paper, the number of acceptor molecules can be tuned,

eventually there is a hard limit for a given particle size of how many molecules you can attach

onto the particle. Förster radius can be varied by different choices of acceptor molecules and

rare earth ions. However, there might be limited options available for acceptor molecules

that react appropriately to the target being sensed. Similarly, there is only a finite number

of emission wavelengths from the lanthanide ions. The radius of the nanoparticle in contrast

can be very easily tuned and there has been an abundance of work showing a variety of

UCNP particle sizes with various shell thicknesses grown over them as well13,19,23,42–46.

Figure 7a shows the calculated FRET efficiency as a function of the ratio of Förster

radius to particle radius, η. We assume a surface coverage of 3000 molecules per particle.

As seen in Figure 7a, for small ratios (small Förster radius or large particle size), the particle

experiences minimal changes, as the effects of FRET do not extend far into the particle.

At large ratios (large Förster radius or small particle size), all the ions within the particle

experience FRET so the FRET efficiency is high, resulting in the largest drop in luminescence

intensity.

Recall that in a FRET-based sensor, the dye molecule absorption spectrum changes as
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FIG. 7: Design of an optimal biosensor. (a) FRET efficiency, as defined in equation S.6, as

a function of the normalized Förster radius η = R0/R. A larger normalized radius (higher

Förster radius or smaller particle radius) results in a higher FRET efficiency. Also,

derivative of that FRET efficiency with respect to the normalized Förster radius η.

Sensitivity of the biosensor is maximized when this derivative is maximized. (b)

Dependence of the derivative of the FRET efficiency defined in equation S.6 with respect

to the shell thickness and the Förster radius. Even with an inert shell, comparable levels of

sensitivity to the simple core-only structure can be achieved.

a function of the solvent. This corresponds directly to a change in Förster radius (see SI

1) and thus a change in the ratio of Förster radius to particle size. Therefore, an optimally

designed biosensor should experience the largest change in intensity for a given change in

ratio. The derivative of the curve in Figure 7a must be maximized. From Figure 7a, which

shows this derivative, we find that the derivative reaches maximum at a ratio around 0.1.

Consequently, for a surface coverage of 3000 molecules per particle, one should use a UCNP

radius that is ten times the Förster radius of the dye-UCNP system. Figure 7b extends this

line of thinking to a core-shell configuration. Here, we present a surface plot of the same

derivative in Figure 7a but also consider various ratios of inert shell thickness to active core

radius. We find that a similar optimal point occurs for core-shell configurations as well,

albeit at a slightly smaller radius than the simple UCNP case. Note that the maximum

derivative in the core-shell case is of a similar value to the core case. Thus, using a core

shell UCNP with brighter emission does not necessarily compromise the sensitivity of your
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biosensor, if the size of the biosensor is chosen appropriately.

IV. CONCLUSION

By extending the FRET theory for a simple donor-acceptor pair model, we have devel-

oped a model to predict the changes due to FRET for a system comprised of a sphere of

donors surrounded by a surface layer of acceptors. This complex system is more appropriate

for describing dye-conjugated UCNP sensors which work via nonradiative energy transfer

between the dye and UCNP. The extended model is necessary in order to fully capture the

competition between the rare-earth ions close to the edge of the UCNP that experience large

changes due to FRET and the ions close to the core of the UCNP that experience minimal

changes due to FRET.

Our model was verified by comparing theoretical predictions to a system of Tm3+ UCNPs

conjugated with FITC, a system that has been previously used as a sensor for pH. Varying

both the amount of FITC conjugated onto the UCNP surface and the radius of the UCNP,

we observed a change in lifetimes due to FRET that matches the predicted change using our

theory. Our model is appropriate for any FRET-based sensor that has the same geometry

and can be easily extended to more complicated geometries such as core-shell structures.

The overall change due to FRET for such geometries was found to depend only on the radius

of the particle, the Förster radius, and of the number of acceptors attached to the surface.

Using our model, we showed that it is possible to find the optimal size of a particle, for a

fixed Förster radius and surface density, that maximizes the sensitivity. This optimal size

for a core-shell structure was found to have comparable sensitivity to an optimized core-only

structure.

V. MATERIALS

Anhydrous YCl3, YbCl3, TmCl3, Oleic Acid (technical grade, 90%) (OA), 1-octadecene

(technical grade, 90%), ammonium fluoride (NH4F), polyethylenimine (PEI solution, 50%wt.

in H2O, average Mn≈1800), and FITC (Fluorescein isothiocyanate isomer 1) were bought

from Sigma-Aldrich. Nitrosonium Tetrafluoroborate (NOBF4) and solid sodium hydroxide

(NaOH) pellets were purchased from Fisher Scientific. All chemicals were used as received

without further purification.
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VI. METHODS

A. Synthesis of Tm-UCNPs

To synthesize 40 nm UCNPs, we adopted a thermal coprecipitation method where we

dissolved rare earth chlorides in an octadecene/oleic acid solution47. A highly detailed

description of the synthesis methodology can be found in the supplementary information

(see SI 4a and 4b). The same methodology was used to create the smaller 14nm particles,

but with some of the YCl3 precursor replaced with GdCl3.

B. Synthesis of FITC-conjugated UCNPs

The fluorescent FITC dye was conjugated using the ligand exchange method developed by

Dong et al.48. First, OA-coated UCNPs were dispersed in hexane, then added dropwise to a

DMF solution of NOBF4 while stirring. After 45 minutes, the top hexane layer was extracted,

and the particles were collected by centrifuging the DMF phase. The particles were then

redispersed in DMF and added to a DMF solution of PEI while stirring. After letting the

solution mix overnight, the particles were again collected via centrifugation and redispersed

in DMF. These particles were finally added to a DMF solution of FITC, left to react for

24 hours, and collected via centrifugation. A detailed description of the ligand exchange

procedure, including masses and centrifuge speeds, can be found in the Supplementary

Information (see section SI 4c).

VII. METHODS FOR THE MEASUREMENTS

In the transient PL measurements, an excitation laser source (Thorlabs L980P200) was

modulated by a rectangular pulse generated by a function generator (Wavetek model 166).

The duty ratio, pulse duration, and voltage amplitude were set appropriately, so that the

transient PL had enough time to reach the steady state. In this particular scenario, we

defined a period of 10 ms.

The emitted PL from the solutions was collected by a convex lens, and imaged by a 4f sys-

tem of lenses into a monochromator (Sciencetech 9057F) equipped with a visible photomul-

tiplier tube (Hamamatsu H11461P-11 PMT). Finally, a photon counter (Stanford Research
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Systems SR430) was used to convert the photomultiplier tube’s output to digital transient

waveforms, that were recorded and post-processed by using our custom software.

The FITC absorption curves were obtained by using a spectrophotometer (Shimadzu

UV-Vis-NIR spectrophotometer UV-3101). TEM images of the UCNPs were obtained using

a Tecnai T12 Spirit 120kV Electron Microscope. Particle size was calculated by averaging

across several images.

VIII. SUPPLEMENTARY MATERIAL

See supplementary material for additional details of the theoretical model and material

preparation conditions.
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