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ABSTRACT. Photoluminescence (PL) quenching by gold nanoparticles (AuNPs) is a frequently
applied principle in nanobiosensing. The quenching is most often explained in terms of the Förster
resonance energy transfer (FRET) mechanism, and more rarely in terms of the nanosurface energy
transfer (NSET) mechanism. Although both consider non-radiative resonance energy transfer,
there are significant differences in predictions of the strength and the distance-dependence of the
quenching. Here, we investigate energy transfer to AuNPs from a terbium(III)-complex (Tb) with
long (millisecond) PL decay time, with the aim to provide a better understanding of the underlying
energy transfer process. The binding of Tb-labeled streptavidin (Tb-sAv) to biotinylated AuNPs
(biot-AuNPs) was studied using light scattering spectroscopy. Quenching of the PL of Tb-sAv
upon binding to biot-AuNPs of different diameters (5, 30, 50, 80 nm) was studied by time-resolved
PL spectroscopy. Energy transfer efficiencies were found to be practically independent of the
AuNP size. Analysis according to FRET theory yielded donor-acceptor distances that were
inconsistent and far beyond the expected Tb-AuNP distance. In contrast, the NSET model yielded
good agreement between the Tb-to-AuNP surface distance estimated from the geometry of the Tb-
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sAv/biotin-AuNP assembly (4.5 nm) and those calculated from PL lifetime analysis, which range
from 4.0 nm to 6.3 nm. Our findings strongly suggest that NSET (and not FRET) is the operational
mechanism in PL quenching by AuNPs, which is important information for the development,
characterization and application of nanobiosensors based on PL quenching by AuNPs.
Keywords: FRET, NSET, Au NP, Lanthanide, luminescence, lifetime.

The application of excitation energy transfer has expanded the applicability of luminescent probe
methodologies in biochemistry, clinical diagnostics, and biomolecular imaging.1–3 The
understanding of the energy transfer mechanism between donors and acceptors plays a
fundamental role in developing and optimizing biosensing technologies. Förster resonance energy
transfer (FRET) is the best-known energy transfer mechanism and has been confirmed for pairs of
small donor and acceptor molecules. It predicts the energy transfer efficiency to be inversely
proportional to the sixth power of the distance between the donor and acceptor.4 This energy
transfer occurs at intermolecular distances in the small window between approximately 1 and 20
nm,5 a range that is ideally suited for observing dynamic biomolecular interactions, involving
proteins, nucleic acids, cell membranes, and other biological systems.6 However, many
biomolecular processes take place over longer distances and their dynamic interactions are difficult
to follow by FRET. Thus, investigating and understanding longer-range energy transfer processes
and using them for biosensor development is highly desirable.
Theorized by Persson and Lang,7 nanosurface energy transfer (NSET) has emerged as an energy
transfer mechanism that can measure biomolecular interactions over distances up to 50 nm and
thereby more than double the range of FRET.8 Similar to FRET, NSET is a non-radiative dipoledipole energy transfer but in contrast to FRET (in which both donor and acceptor are considered
as point dipoles) the acceptor is a nanometric surface modeled as a collection of many dipoles. In
NSET, the efficiency is inversely proportional to the fourth power of the distance between the
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donor and the acceptor surface of a metallic nanoparticle (in most cases AuNPs).9,10 Research
showed that NSET model was in good agreement with the experimental data on small size AuNPs
(below 3 nm) in combination with organic dyes and quantum dots (QDs) as donors.10–12 NSET
behavior with energy transfer efficiencies independent of the NP size or number of donors was
also demonstrated for larger size AuNPs.13–16 However, in other studies reporting about biosensors
that use PL quenching by AuNPs, the underlying energy transfer mechanism is assumed to be
FRET17,18 or is not specified.19,20
Studies of the NSET mechanism have focused on the interaction of AuNPs with organic dyes
and QDs but have as yet not used luminescent lanthanide complexes as the energy donor. Whereas
hybrid nanomaterials incorporating luminescent lanthanide ions and plasmonic AuNPs have been
reported in the literature,21–23 a quantitative experimental study on the applicability of NSET versus
FRET mechanisms in these materials has not been carried out. In comparison to fluorescent
molecular energy transfer donors, lanthanide ions offer some distinctive features such as long
excited-state lifetimes (in the micro- to millisecond range) and multiple narrow emission bands in
the visible region of the spectrum.24 Thus, the investigation of lanthanide-to-AuNP energy transfer
with AuNPs of different sizes has the potential to provide new insight for the debate on whether
FRET or NSET is the cause of AuNP-based PL quenching.
In the present study, we investigated the energy transfer interactions between Tb and AuNPs in
assemblies of Tb-labeled streptavidin (Tb-sAv) with biotinylated AuNPs (biot-AuNPs) having
diameters of 5, 30, 50, and 80 nm (Figure 1). Resonant light scattering spectroscopy (RLS) and
time-resolved PL spectroscopy were applied to characterize the different Tb-sAv-biot-AuNP
assemblies at various donor/acceptor ratios. PL decays of Tb-sAv-biot-AuNP assemblies at
different concentrations and with AuNPs of all four diameters were studied by both stretchedexponential (Kohlrausch) and multi-exponential PL decay analyses. The energy transfer
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efficiencies were found to be independent of the AuNP size. NSET theory provided excellent
agreement between the time-resolved PL results and the Tb-to-AuNP distances within the different
Tb-sAv-biot-AuNP assemblies, whereas application of FRET theory led to unrealistically long
Förster distances and Tb-AuNP distances without any correlation between the different AuNP
sizes. Our results strongly suggest that energy transfer between Tb and AuNPs is of NSET type,
which is a very important finding for understanding and designing AuNP-based biosensors and
assemblies of AuNPs with photoluminescent units.

Figure 1. Schematic representation (not to scale) of the assemblies of Tb-labeled sAv (Tb-sAv) and
biotinylated AuNPs (biot-AuNPs), in which excitation energy transfer occurs. For clarity only 3 biotins are
shown. The actual number of biotins attached to the surface of each AuNP was determined to be ca. 25,
900, 2500, and 6400 for the 5, 30, 50, and 80 nm diameter AuNPs, respectively. A distance of 4.5 nm was
estimated using a radius of 3 nm for sAv (size of sAv: 5.4 nm x 5.8 nm x 4.8 nm in the solid state)25 plus
1.5 nm for the biotin and linker attached to the AuNP.

Results and Discussion
Characterization of Tb-sAv-biot-AuNP assemblies. The number of binding sites for sAv
on each nanoparticle is of the same order of magnitude as the number of biotins per particle. In
principle, sAv can bind up to four biotins.26 The number of biotins per biot-AuNP were given by
the supplier as a number density of approximately 0.5/nm2 at the AuNP surface. At the same time,
the surface areas were given as 78.5, 2830, 7850, and 20100 nm2 for the 5, 30 nm, 50 nm, and
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80 nm AuNPs, respectively, which led to 39 biotins per 5 nm AuNP, 1415 biotins per 30 nm AuNP,
3925 biotins per 50 nm AuNP, and 10050 biotins per 80 nm AuNP. Because no explanation of this
estimation was provided, we applied our own estimation based on the number of Au surface atoms,
which we calculated to be 500 for 5 nm biot-AuNPs, 18000 for the 30 nm biot-AuNPs, 50000 for
the 50 nm biot-AuNPs, and 128000 for the 80 nm biot-AuNPs. Assuming the number of available
biotins on the surface to be ca. 5% of the number of Au surface atoms led to 25 biotins per 5 nm
biot-AuNP, 900 biotins per 30 nm biot-AuNP, 2500 biotins per 50 nm biot-AuNP, and 6400 biotins
per 80 nm biot-AuNP, which were in good agreement with the estimates of the supplier. Taking
into account that four biotins from the biot-AuNP will be able to bind one sAv, and ignoring any
steric effects, the number of sAv that can bind to one nanoparticle is anticipated to be 6 for 5 nm
biot-AuNPs, 225 for 30 nm biot-AuNPs, 625 for 50 nm, and 1600 for 80 nm biot-AuNPs. PL
titrations reported below enabled us to refine these estimates.
The interaction of Tb-sAv with biot-AuNPs was investigated by monitoring the light scattering
spectra27,28 of the biot-AuNPs and introducing Tb-sAv into the solution. The light scattering
spectra consist of the localized surface plasmon resonance of AuNPs, which is sensitive to the
environment of the particles. In particular, immobilization of biomolecules at the nanoparticle
surface leads to small changes (a few nm) in the position of the maximum of these resonance
bands. Larger shifts of the plasmon maximum (> 10 nm) are in general the result of clustering of
AuNPs into aggregates, which leads to strong coupling between the localized plasmon resonances
of the individual particles27–30. The particular sensitivity of the resonant light scattering spectrum
towards the environment of the AuNPs provides a tool for monitoring the state of the biot-AuNPs
when interacting with Tb-sAv.
Figure 2 shows the evolution of the wavelength of the maximum 𝜆𝜆max of the resonant light
scattering spectrum of biot-AuNPs (30 nm, 50 nm, 80 nm diameter) over time, before and after
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adding Tb-sAv to the solution. The light scattering by 5 nm AuNPs is too weak and was not
studied. The amount of Tb-sAv added was 25% of the amount needed to cover all binding sites on
the AuNPs (see Figure S5 for 200% amount of Tb-sAv added). The position of the maximum did
not change over time before adding Tb-sAv, which was in line with the stability of the biot-AuNPs
in the buffer. A prompt, small wavelength shift was observed in the light scattering resonance of
the biot-AuNPs when Tb-sAv was added to the solution. Subsequently, there was virtually no
evolution of 𝜆𝜆max at longer times after adding Tb-sAv. The observed evolution of 𝜆𝜆max is
consistent with the binding of Tb-sAv to the biot-AuNPs. The absence of changes in 𝜆𝜆max after
binding of Tb-sAv to the biot-AuNPs indicates that no significant clustering of Tb-sAv/biotAuNPs into multi-AuNP aggregates occurred, and that under the experimental conditions the only
donor-acceptor assemblies are based on single AuNPs.

Figure 2. Wavelength evolution of the maximum of the resonant light scattering band of biot-AuNPs (30,
50 and 80 nm diameter AuNPs) as a function of time. At t = 0, Tb-sAv (25% with respect to biot-AuNP
binding sites) was added.

PL titration experiments (Figure 3) provided further insight in the interaction between Tb-sAv
and biot-AuNPs. As the concentration of biot-AuNPs was increased in solutions of constant TbsAv concentration, the integrated time-gated Tb PL intensity decreased sharply (Figure 3a), until
a certain concentration ratio, after which no further decrease took place. The decrease in overall
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intensity was accompanied by the appearance of a short PL decay component in the Tb PL decay
curves (Figure 3b-d), at the expense of the long-lived Tb decay from the initial Tb-sAv, which
indicates energy transfer from Tb to AuNP.

Figure 3. PL titration of Tb-sAv with biot-AuNP (a) Integrated time-gated (0.1 – 2 ms) PL intensities of the
PL decay curves (black: 5 nm biot-AuNPs; red: 30 nm biot-AuNPs; blue: 50 nm biot-AuNPs; green: 80 nm
biot-AuNPs). Crossing of the green dotted lines (at 3 [biot-AuNP]/ [y Tb-sAv] with y = 6 for 5 nm biot-AuNPs,
y = 225 for 30 nm biot-AuNPs, y = 625 for 50 nm biot-AuNPs, and y = 1600 for 80 nm biot-AuNPs) indicates
the maximum number of Tb-sAv per biot-AuNP (6/3=2 for 5 nm biot-AuNPs, 225/3 = 75 for 30 nm biotAuNPs, 625/3 = 208 for 50 nm biot-AuNPs, and 1600/3 = 533 for 80 nm biot-AuNP (b-d): Selected PL decay
curves detected within the Tb donor channel for increasing ratios of (x biot-AuNPs) per (y Tb-sAv). (b)
30 nm biot-AuNPs with y = 225 Tb-sAv; (c) 50 nm biot-AuNPs with y = 625 Tb-sAv; (d) 80 nm biot-AuNPs
with y = 1600 Tb-sAv. Black: x = 0; red: x = 0.2; orange: x = 0.5; green: x = 1; blue: x = 2; violet: x = 3; pink:
x = 4.
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The PL titration behavior can readily be interpreted in terms of the formation of Tb-sAv/biotAuNP assemblies. Taking into account the results from the resonant light scattering spectroscopy,
we can infer that these assemblies exist as isolated biot-AuNPs, bearing one or more Tb-sAv
entities. The concentration ratio [biot-AuNP]/[Tb-sAv] beyond which the PL intensity remains
constant, is the concentration ratio at which all (active) Tb-sAv are bound to biot-AuNP. This
happened in all cases at approximately 3 times the initially estimated concentration of biot-AuNP
necessary to bind all Tb-sAv. This common factor of 3 demonstrates the similarity in binding
behavior of the four diameters of particles, since the initial estimates were based on the same
assumptions for each particle diameter. According to the PL titrations, the binding capacity was 2,
75, 208, and 533 Tb-sAv per biot-AuNP, for 5 nm, 30 nm, 50 nm, and 80 nm AuNPs, respectively.
Using the surface areas of the different AuNPs (vide supra) and the size of sAv in the solid state
(5.8 nm x 5.4 nm x 4.9 nm),25 which would lead to a surface footprint of 24.6 nm2 (π x 2.9 nm x
2.7 nm), the simple geometrical estimates for coverage of sAv per AuNP are 3 (5 nm AuNPs),115
(30 nm AuNPs), 319 (50 nm AuNPs), and 817 (80 nm AuNPs). When taking into account the
curved surface of the AuNPs, the hydration layer of sAv, and possible steric hindrance in sAv
binding to biotin in very close proximity, the 35% lower values determined by PL titration are very
close to full surface coverage in the simple geometric surface approximation. At [biot-AuNP]/[TbsAv] ratios below the equivalence point, biot-AuNPs carry the maximum number of Tb-sAv. At
excess biot-AuNP compared to Tb-sAv, the number of Tb-sAv per biot-AuNP decreases.

Time-resolved PL decay analysis. To investigate the energy transfer mechanism in the TbAuNP assemblies, we analyzed the PL decay curves of solutions containing Tb-sAv and TbsAv/biot-AuNP assemblies. The PL decay of unbound Tb-sAv in buffer slightly deviates from
mono-exponentiality (Figure 4a), which can be attributed to the conjugation of several Tb
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complexes (~4) per sAv. The heterogeneity in the local environment experienced by each Tb ion
at the different sAv sites gives rise to a distribution of decay rates. A straightforward approach for
analyzing the PL decay of such a heterogeneous system is to use a Kohlrausch ('stretched
exponential') decay law as it describes the overall relaxation of systems with an underlying
distribution of relaxation rates using a minimal number of adjustable parameters.31–33 The
Kohlrausch decay law is given by Equation 1.
𝛽𝛽

𝐼𝐼(𝑡𝑡) = 𝐴𝐴 exp �−�𝑡𝑡�𝜏𝜏̃ � �

(1)

For β = 1, a mono-exponential decay is obtained; the underlying distribution is then a Dirac
function centered at the decay time constant. For β going from 1 toward 0, the underlying
distribution becomes increasingly broad. The average decay time constant for a Kohlrausch decay
law is given by Equation 2, where Γ is the gamma function.31
1
〈𝜏𝜏〉 = 𝜏𝜏̃ Γ �1 + �
𝛽𝛽

(2)

The experimental PL decay of Tb-sAv in buffer is well described (Figure 4a) by the Kohlrausch
decay law Equation (2), with 𝜏𝜏̃𝐷𝐷 = 2.07 ms and 𝛽𝛽𝐷𝐷 = 0.88, which yields average decay time
〈𝜏𝜏〉𝐷𝐷 = 2.19 ms. This average decay constant is very close to the average decay constant obtained
from a bi-exponential fit (〈𝜏𝜏〉𝐷𝐷 = 2.2 ms, (Supporting Figure S13). The advantage of using the
Kohlrausch decay law is that it requires only three parameters to be optimized compared to four
for a bi-exponential decay law. The close fit of this decay law to the data demonstrates its relevance
for the analysis of non-exponential PL decays of Tb complexes coupled to proteins, where a
distribution of decay constants is expected and observed.
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Figure 4. (a) PL decay (λex = 337.1 nm; λem = (490±20) nm) of Tb-sAv in buffer (red) and fit (black) using a
single Kohlrausch (stretched exponential) decay law; yielding an average lifetime of ⟨τ⟩ = 2.19 ms. On top:
weighted residuals indicating a good fit between model and experimental data, reduced 𝜒𝜒 2 = 1.26. (b)
Overlap between extinction spectra of 30 nm (black), 50 nm (red), and 80 nm (blue) biot-AuNP acceptors
and emission spectrum of the Tb-sAv donor (green). The extinction spectrum of 5 nm biotin AuNPs, which
is very weak, is given in the Supporting Information (Figure S1).

When biot-AuNPs are added to the solution, Tb-sAv/biot-AuNP donor-acceptor assemblies are
formed leading to a mixture of free (excess) Tb-sAv donors and Tb-sAv/biot-AuNP assemblies.
The overall PL decay can thus be considered to be the sum of the individual decays of these two
species, each described by a Kohlrausch decay, with the subscripts D and DA referring to the free
donor and the donor-acceptor assemblies, respectively (Equation 3).
𝛽𝛽𝐷𝐷

𝐼𝐼(𝑡𝑡) = 𝐴𝐴𝐷𝐷 exp �− �𝑡𝑡�𝜏𝜏̃ � � + 𝐴𝐴𝐷𝐷𝐷𝐷 exp �− �𝑡𝑡�𝜏𝜏̃
𝐷𝐷

𝛽𝛽𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷

�

�

(3)

For the values of 𝜏𝜏̃ 𝐷𝐷 and 𝛽𝛽𝐷𝐷 we used the values obtained from the measurement of the pure TbsAv donor, and we keep these fixed throughout our analysis, leaving only 𝐴𝐴𝐷𝐷 , 𝐴𝐴𝐷𝐷𝐷𝐷 , 𝜏𝜏̃𝐷𝐷𝐷𝐷 and 𝛽𝛽𝐷𝐷𝐷𝐷
to be determined by curve fitting. This was achieved by fitting the model Equation (3) to the data
using the 'lmfit' package34 in Python, by minimizing the sum-over-squares of the residuals with
the Levenberg-Marquardt algorithm. The residual for each time bin was weighted by 1⁄�𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,
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where 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the number of photons counted in the time bin. Reduced 𝜒𝜒 2 values for the fits
obtained were in the range of 1.25 to 1.45.
The analysis of the PL decay titration of Tb-sAv with biot-Au50-NP are shown in Figure 5. In
presence of increasing biot-AuNP concentrations, the PL decay of the Tb-sAv donor is gradually
replaced with a shorter PL decay component. This shorter component is attributed to the PL of TbsAv attached to the biot-AuNPs.

a
b

c

Figure 5. Analysis of PL decays of Tb-sAv (0.22 nM) in the presence of increasing amounts of 50 nm biotAuNP in buffer. (a) Experimental decay traces (red), with fitted two-component Kohlrausch decay laws
(black, Equation 3). The traces were scaled to equal initial amplitude for clarity. (b) Amplitude fraction of
the Tb-sAv/biot-AuNP donor-acceptor assembly PL decay in the total PL decay as a function of biot-AuNP
concentration, obtained from the curve fits. (c) Average PL decay times for the Tb-sAv/AuNP assemblies.
The dotted line indicates the minimal biot-AuNP concentration to bind all available Tb-sAv (i.e. 208 Tb-sAv
per biot-AuNP). The error bars indicate 95% confidence intervals.

From the fits of the model to the data, we obtained the amplitudes of the donor and the donoracceptor assemblies (𝐴𝐴𝐷𝐷 resp. 𝐴𝐴𝐷𝐷𝐷𝐷 ), as well as the kinetic parameters for the donor-acceptor
assemblies, 𝜏𝜏̃ 𝐷𝐷𝐷𝐷 and 𝛽𝛽𝐷𝐷𝐷𝐷 , as a function of 50nm biot-AuNPs concentration. From 𝜏𝜏̃𝐷𝐷𝐷𝐷 and 𝛽𝛽𝐷𝐷𝐷𝐷 ,
we obtained the average decay time constant 〈𝜏𝜏〉𝐷𝐷𝐷𝐷 using Equation 2. The donor-acceptor
amplitude 𝐴𝐴𝐷𝐷𝐷𝐷 and average decay time 〈𝜏𝜏〉𝐷𝐷𝐷𝐷 are plotted in Figure 5b and c, as a function of biot-
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AuNPs concentration. The amplitude fraction of the signal of the Tb-AuNPs donor-acceptor
assemblies gradually increased with increasing concentration of biot-AuNPs and reached a plateau
near 0.9, indicating a small fraction of Tb-sAv that are inactive in terms of binding to biotin. The
luminescence decay due to this non-binding fraction contributes to the signal of the donor-only
decay (described by amplitude 𝐴𝐴𝐷𝐷 and lifetime 〈𝜏𝜏〉𝐷𝐷 ) but does not affect the determination of
lifetime 〈𝜏𝜏〉𝐷𝐷𝐷𝐷 of the donor-acceptor assembly in the curve fits since the model used effectively
separates donor and donor-acceptor contributions.
The average PL decay time of the donor-acceptor assemblies remains constant when excess biotAuNPs is present, i.e. in the cases where only few Tb-sAv are attached to each biot-AuNP. In
contrast, the PL decay becomes shorter when the density of Tb-sAv per biot-AuNPs is higher
(conditions of excess Tb-sAv). We tentatively ascribe this to energy transfer interactions between
Tb-complexes at the surface of the nanoparticles at high Tb-sAv loading levels. Another, less
likely, explanation may be that a dense packing of Tb-sAv at the biot-AuNP surface changes the
structure of the PEG-biotin ligand shell in such a way as to reduce the average distance between
Tb complexes and AuNP surface. In order to avoid contributions of these effects at high loading
level, only the measurements at low loading (higher biot-AuNPs concentrations – where 〈𝜏𝜏〉𝐷𝐷𝐷𝐷
remains constant) are included in energy transfer analysis. In these cases we are approaching the
idealized situation where one Tb-complex interacts purely with one AuNP.
Similar behavior was observed with the 5 nm, 30 nm and 80 nm biot-AuNPs (Figures S10, S11
and S12). Using the analysis procedure based on the Kohlrausch decay law, we are able to find the
average decay times 〈𝜏𝜏〉𝐷𝐷𝐷𝐷 of Tb(III) luminescence in the donor-acceptor complexes. The results
of this Kohlrausch-decay analysis for all AuNP diameters have been collected into Table 1. We
consider the average decay time constants for the Tb-sAv/biot-AuNP at low Tb-sAv loading (i.e.
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high biot-AuNPs concentrations) in order to evaluate the energy transfer efficiency from the Tb
complex to the gold nanoparticle, using Equation 4.
𝜂𝜂 = 1 −

⟨𝜏𝜏⟩DA
⟨𝜏𝜏⟩D

(4)

Table 1. Tb donor and Tb-sAv/biot-AuNP donor-acceptor decay times obtained from fits of decay models
to the experimental Tb(III) luminescence decay. Uncertainties are reported as 95% confidence intervals.

Kohlrausch decay model

Multi-exponential decay model

AuNP
diam. (nm)

〈𝜏𝜏〉𝐷𝐷
(ms)

〈𝜏𝜏〉𝐷𝐷𝐷𝐷
(ms)

5

2.17(±0.02)

0.80(±0.01)

0.63(±0.01) 2.15(±0.02) 0.81(±0.02) 0.62(±0.01)

30

2.23(±0.02)

0.19(±0.01)

0.91(±0.01) 2.20(±0.02) 0.31(±0.02) 0.86(±0.02)

50

2.20(±0.02)

0.46(±0.01)

0.79(±0.01) 2.19(±0.02) 0.47(±0.01) 0.79(±0.01)

𝜂𝜂

〈𝜏𝜏〉𝐷𝐷
(ms)

〈𝜏𝜏〉𝐷𝐷𝐷𝐷
(ms)

𝜂𝜂

80[a]
1.66(±0.02) 0.14(±0.02) 0.92(±0.02) 1.78(±0.02) 0.22(±0.03) 0.87(±0.02)
[a] Measurements for 80 nm biot-AuNPs were done in pure water instead of buffer; the donor
lifetime is slightly shorter in this solvent.

In all cases, the energy transfer efficiency was larger than 50%, but less than 95%, leaving some
Tb(III) luminescence available for detection. In spite of the giant oscillator strengths of the
localized plasmon resonance, luminescence quenching is incomplete, and incorporation of
photoluminescent entities into assemblies of plasmonic particles for fluorescence tracking and
sensing purposes remains feasible.
In addition to the Kohlrausch decay model introduced here, the PL decay curves were analyzed
with a multi-exponential analysis (Supporting Information) that has been successfully applied in
past studies for Tb-to-quantum dot FRET systems.34-36 The multi-exponential analysis led to
similar results as the Kohlrausch analysis (see Table 1), indicating the consistency between the
two models. The Kohlrausch model has the advantage of carrying less adjustable parameters and
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providing a clearer separation between donor-only and donor-acceptor contributions to the overall
luminescence decay.

Energy transfer mechanism: FRET vs NSET. The energy transfer efficiencies indicate that
PL quenching takes place by non-radiative energy transfer, and also that this quenching is
incomplete, leaving some emission to be detected. Gold nanoparticles are known to be efficient
quenchers for luminophores very close to their surface35–38 and the mechanism for this quenching
has been attributed to either FRET or NSET mechanisms.9,10,39,11–18 We therefore subjected our PL
decay time results to both FRET and NSET theory with the aim of contributing to the
understanding of energy transfer processes in assemblies of photoluminescent entities and
plasmonic nanoparticles, in particular to find out which theory, FRET of NSET, makes the best
predictions about energy transfer in these systems. The long-lived PL emission from Tb enables a
clear distinction of the Tb from other, short-lived background PL, while still being subject to
electric dipole-dipole energy transfer.40
For FRET model analysis, the overlap integral (J) and Förster distance (R0) were calculated
using Equations 5 and 6.
𝐽𝐽 = � Ī𝐷𝐷 (𝜆𝜆)𝜀𝜀A (𝜆𝜆)𝜆𝜆4 d𝜆𝜆

(5)

where ĪD(𝜆𝜆) is the area-normalized emission spectrum of donor, εA(𝜆𝜆) is the molar absorptivity
spectrum of the acceptor in M-1cm-1, and λ is the wavelength in nm. Figure 4b shows the intensitynormalized (area under the emission spectrum from 450 to 700 nm normalized to unity) PL
spectrum of Tb donor and the absorption spectra of the differently sized biot-AuNP acceptors (30,
50, and 80 nm).
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𝑅𝑅0 = 0.0211[𝜅𝜅 2 ΦD (𝑛𝑛)−4 J(λ)]1/6

(in nm)

(6)

Where κ2 is orientation factor (κ2=2/3 due to dynamic averaging as found for other Tb-NP donoracceptor systems),24,41 ΦD is Tb-centered quantum yield of the Tb donor (0.64), and n is the
refractive index of the surrounding medium. The molar extinction coefficients 𝜀𝜀AuNP (𝜆𝜆) for gold
nanoparticles were obtained from the extinction cross sections calculated with analytic Mie
expressions.42 These are known to have excellent agreement with experimentally determined cross
sections.27
Förster distances (R0) were calculated to be 14.1 nm, 34.8 nm, 46.8 nm, and 60.7 nm (for 5, 30,
50, and 80 nm AuNPs, respectively) when using the refractive index of the aqueous buffer (Table
2) or 17.4 nm, 43.1 nm, 57.9 nm, and 75.1 nm, when using the refractive index of gold (Table S5).
To fit the FRET model to different sizes of AuNPs, Wu et al. have suggested to subtract the radius
of the AuNPs from the R0 values.17 In our case, that would lead to R0 distances 11.6 nm, 19.8 nm,
21.8 nm, and 20.7 nm when using the refractive index of the aqueous buffer and 14.9 nm, 28.1 nm,
32.9 nm, and 35.1 nm when using the refractive index of gold. All R0 values are far beyond the
expected Tb-sAv/biot-AuNP distances, which provides good evidence that the FRET mechanism
is not operational here.
Table 2. FRET model evaluation of resonance energy transfer from Tb to AuNPs

5 nm

30 nm

50 nm

80 nm

κ² :

2/3

2/3

2/3

2/3

ΦD :

0.64

0.64

0.64

0.64

N (refractive index):

1.35

1.35

1.35

1.35

J(λ) (M-1 cm-1 nm4):

6.9 x 1017

1.6 x 1020

9.3 x 1020

4.4 x 1021

R0 (nm):

14.1

34.8

46.8

60.7

15

This is the initially submitted version of the paper ”C. Chen, C. Midelet, S. Bhuckory, N. Hildebrandt, and M. H. V. Werts. Nanosurface
Energy Transfer from Long-Lifetime Terbium Donors to Gold Nanoparticles. The Journal of Physical Chemistry C 2018, 122,
17566−17574.” DOI: 10.1021/acs.jpcc.8b06539; https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b06539.

Within the FRET model, the Tb-AuNP distance (r) was calculated using Equation 7. 5
1/6
𝜏𝜏𝐷𝐷𝐷𝐷
𝑟𝑟 = 𝑅𝑅0 �
�
𝜏𝜏𝐷𝐷 − 𝜏𝜏𝐷𝐷𝐷𝐷

(7)

As shown in detail in Tables S6 and S7, the calculated distances between Tb and the AuNP
surface globally range from 4.2 nm to 50.5 nm (excluding an unrealistic 0.8 nm value). The
calculated distances span a very large range with almost all values far beyond a distance that could
be attained by the dimensions of the streptavidin-biotin pair separating the Tb donors from the
gold nanosurface. Moreover, these calculated distances do not show much consistency between
the results for 5 nm, 30 nm, 50 nm and 80 nm particles, and there is ambiguity in how to handle
the fact that the AuNPs cannot be treated as a point dipole.

For NSET analysis, the R0 was calculated by Equation 8. 11,12
𝑅𝑅0

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

(8)

ΦD 1 3 1/4
= �0.225
𝑐𝑐 �
𝜔𝜔D 𝜔𝜔F 𝑘𝑘F

where ωD is the angular frequency resonant with the donor electronic transition, ωf and kf are
the angular frequency and the Fermi vector for bulk gold, respectively, and c is the speed of light.
The calculated R0NSET was 7.2 nm for all three different sizes of AuNPs (Table 3). In NSET, R0 is
independent of nanoparticle diameter, since the energy transfer is assumed to be to a flat surface,
which is a good approximation for a small emitting dipole in proximity to a much larger sphere.
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Table 3. NSET model evaluation of resonance energy transfer from Tb to AuNPs

c (m/s):

3 x 108

ΦD:

0.64

ωD (s-1):

3.8 x 1015

ωF (s-1):

8.4 x 1015

kF(m-1)

1.2 x 1010

R0 (nm):

7.2

The Tb-AuNP distance (r) was subsequently calculated using Equation 9.5
𝑟𝑟 = 𝑅𝑅0 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 �

1/4
𝜏𝜏𝐷𝐷𝐷𝐷
�
𝜏𝜏𝐷𝐷 − 𝜏𝜏𝐷𝐷𝐷𝐷

(9)

With the PL decay times for the donor and the donor-acceptor assemblies as determined above,
and the 𝑅𝑅0 determined using NSET theory, Tb-AuNP distances r were obtained that are collected
in Table 4. All distances found are in the 4.0 to 6.4 nm range, and do not show a strong dependence
on the acceptor AuNP diameter. Moreover, these distances are well in line with the estimated
average distance of the Tb complexes conjugated randomly to the sAv binding via biotin to the
surface of the AuNP (Figure 1).
Table 4. Tb-AuNP surface distances r calculated from the experimental luminescence decay times and the
NSET theory. Distances were calculated from both the Kohlrausch PL decay analysis and the
multiexponential decay results.

Kohlrausch decay model
AuNP diam.
(nm)

𝑟𝑟⁄𝑅𝑅0

r (nm) [a]

Multi-exponential decay model
𝑟𝑟⁄𝑅𝑅0

r (nm) [a]

5

0.87 (±0.01)

6.3 (±0.6)

0.88 (±0.01)

6.4 (±0.7)

30

0.55 (±0.01)

4.0 (±0.4)

0.63 (±0.03)

4.5 (±0.3)

50

0.72 (±0.01)

5.2 (±0.5)

0.72 (±0.01)

5.2 (±0.6)

0.55 (±0.02)
4.0 (±0.4)
0.62 (±0.03)
[a] using 𝑅𝑅0 = 7.2(±0.7) nm, assuming 10% uncertainty on 𝑅𝑅0

4.5 (±0.5)

80
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When considering the overall uncertainty on the donor-acceptor distances r derived from the
experimental luminescence decay measurements, we distinguish two main sources of
uncertaintity, the first being the experimental error on the experimental decay times, the second
the uncertainty on the value on 𝑅𝑅0 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 . In order to separate these two contributions to the overall
uncertainty, we have included the ratio 𝑟𝑟⁄𝑅𝑅0 in Table 4. This ratio thus depends solely on the
uncertainty of the experimental measurements, which is relatively small. The uncertainty on
𝑅𝑅0 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 was estimated to be 10 % and represents a systematic uncertainty. The NSET model
afforded a set of donor-acceptor distances that are similar for the various AuNP diameters studied
and consistent with the expected structure of Tb-sAv/biot-AuNP assemblies.

Conclusion
We have demonstrated efficient energy transfer between Tb donors and AuNP acceptors within
different Tb-sAv/biot-AuNPs assemblies for AuNPs of 5 nm, 30 nm, 50 nm, and 80 nm diameter.
Characterization by RLS and time-resolved PL spectroscopy demonstrated the assembly of TbsAv to biot-AuNP with ratios up to 2 (5 nm AuNPs), 75 (30 nm AuNPs), 208 (50 nm AuNPs), and
533 (80 nm AuNPs) Tb-sAv per biot-AuNP, in good agreement with expectations based on the
surface areas of the particles and the biotinylation density of the AuNPs. The stable Tb-sAv/biotAuNP assemblies were investigated at different Tb-sAv per biot-AuNP ratios, and AuNP sizes in
aqueous solutions by time-resolved PL spectroscopy. The resulting PL decay curves were studied
using both Kohlrausch (stretched exponential) and multi-exponential PL lifetime models, which
yielded mutually consistent results. The Kohlrausch method introduced here requires less fitting
parameters and is therefore attractive for analysis of this type of donor-acceptor systems, in which
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a heterogeneity exists in the chemical environments of the luminescent species. The analyses
showed that energy transfer efficiencies were independent of the AuNP size. In contrast to FRET,
NSET theory provided a coherent analysis of the experimental energy transfer results. The Tb
donor to Au-NP surface acceptor distances determined based on NSET proved in excellent
agreement with the structural conditions of the biotin-sAv binding on the AuNP surface. Our
results present strong evidence favoring NSET over FRET as the operational energy transfer
mechanism for the PL quenching of electric dipole emitters by AuNPs.
When comparing the quenching efficiencies predicted by NSET and by FRET, we find that
NSET predicts less quenching for a given donor-acceptor distance, especially at shorter distance.
This makes it more likely that fluorescence of fluorophores attached to plasmonic nanoparticles is
partially retained and can still be useful for detection of such assemblies. Moreover, successful
design and optimization of biosensors such as “nano-flares”19,20 and molecular rulers10 based on
AuNP PL quenching is clearly dependent on the understanding of the underlying energy transfer
mechanism, to which our study has contributed important findings in favor of NSET.

Materials and Methods
Reagents. The biot-AuNPs were purchased from Sigma-Aldrich (5, 30, 50, and 80 nm diameter,
biotin-terminated PEG mol. wt. 5000, dispersion in H2O). For the measurements of 5, 30 and 50
nm Au NPs, 2 mM Tris-HCl (pH 8.5) was used as a solvent, for the measurements of 80 nm Au
NPs, pure water was used as a solvent. Black Costar Half Area 96 well microtitration plates were
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purchased from Corning Inc. (Corning, NY, USA), and Tb complexes (Lumi4-Tb) functionalized
to sAv at a ratio of 4 Tb/sAv were provided by Lumiphore Inc. (Berkeley, CA, USA).
Optimization of buffer conditions. Optical extinction and light scattering spectra were
measured on solutions of the biot-AuNPs in a selection of aqueous buffers. These spectroscopic
measurements enabled to determine the long-term stability of biot-AuNPs in these buffers.
Colloidal stability is a requirement for reliable results when forming donor-acceptor assemblies.
Aggregation of instable AuNPs would lead to clearly observable changes in the optical spectra.
Light scattering spectroscopy is particularly sensitive towards even slight changes in the chemical
environment of plasmonic AuNPs.27,28 From these measurements (see Figure S2 to S4), it was
concluded that 2 to 4 mM Tris-HCl buffer at pH 8.5, and pure water were the most suitable media
for the experiments. An alternative buffer, phosphate-buffered saline (10 mM phosphate, pH 7.2,
137 mM NaCl, 2.7 mM KCl) also yielded stable nanoparticle solutions (no shift of the localized
surface plasmon resonance maximum) but led to more pronounced “sticking” of the biot-AuNPs
to the walls of the spectroscopic cells.
Formation of Tb/AuNP donor-acceptor assemblies. We used different but constant
concentrations of Tb-sAv for the experiments with each of the three AuNPs. To these constant
concentrations of Tb-sAv, increasing amounts of biot-AuNPs were added, such that the fraction
of biot-AuNPs (x) was given per 6 Tb-sAv for 5 nm biot-AuNPs (25/4 = 6; 25 biotins on 4 sAv
binding sites), per 225 Tb-sAv for 30 nm biot-AuNPs (900/4 = 225), per 625 Tb-sAv for 50 nm
biot-AuNPs (2500/4 = 625), and per 1600 Tb-sAv for 80 nm biot-AuNPs (6400/4 = 1600). TbsAv was dissolved to 20.7 µM in anhydrous DMF, which corresponded to 82.8 μM of Tb
(conjugation ratio of 4 Tb/sAv). For 5 nm biot-AuNPs, Tb-sAv was diluted to 2.73 nM in pure
water. For the total measuring volume of 150 µL, 50 μL of Tb-sAv solutions were mixed with
100 µL of biot-AuNP solutions containing increasing amounts (0, 1, 5, 10, 20, 30, 40, 50, 60, 70,
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80 μL) of 5 nm biot-AuNPs (9.09 nM) in 2 mM Tris-HCl buffer at pH 8.5. The mixtures were
incubated for 2 h at 37° C. For 30 nm biot-AuNPs, Tb-sAv was diluted to 1.33 nM in pure water.
For the total measuring volume of 150 µL, 50 μL of Tb-sAv solutions were mixed with 100 µL of
biot-AuNP solutions containing increasing amounts (0, 1, 2, 5, 10, 20, 30, 40, 50, 60, 80 μL) of 30
nm biot-AuNPs (29.6 pM) in 2 mM Tris-HCl buffer at pH 8.5. The mixtures were incubated for 2
h at 37° C. For 50 nm biot-AuNPs, Tb-sAv was diluted to 0.65 nM in pure water. For the total
measuring volume of 150 µL, 50 μL of Tb-sAv solutions were mixed with 100 µL of biot-AuNP
solutions containing increasing amounts (0, 1, 2, 5, 10, 20, 30, 40, 50, 60, 80 μL) of 50 nm biotAuNPs (5.3 pM) in 2 mM Tris-HCl buffer at pH 8.5. The mixtures were incubated for 2 h at 37° C.
For 80 nm biot-AuNPs, Tb-sAv was diluted to 0.72 nM in pure water. For the total measuring
volume of 150 µL, 50 μL of Tb-sAv solutions were mixed with 100 µL of biot-AuNP solutions
containing increasing amounts (0, 1, 2, 5, 10, 20 μL) of 80 nm biot-AuNPs (2.24 pM) in pure
water. The mixtures were incubated while shaking slowly overnight at room temperature.
Analytical Methods. Extinction spectra were acquired using a Lambda 35 UV/Vis
spectrophotometer from Perkin Elmer or on a modular fiber-based spectrometer system
(OceanOptics LS-1 white light source and USB4000- VIS-NIR CCD spectrometer). Resonant light
scattering spectroscopy (RLS) of the AuNP and AuNP-Tb-sAv solutions was performed using a
fibre-coupled incandescent white light source (AvaLight-HAL-(S)-mini) and an OceanOptics
QE65000 spectrograph, at right angle, using our published method,27,28,43 A 200x diluted Ludox
solution44 in 50 mM aqueous NaCl was used as the reference. The corrected light scattering spectra
represent the relative light scattering cross sections as a function of wavelength.
In the kinetics experiments probing the stability of the biot-AuNP solutions and the binding of
Tb-sAv to biot-AuNP, corrected light scattering spectra were recorded at evenly spaced time
intervals (rate typically 1 spectrum per 10 s). The position of the maximum of the resonant light
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scattering band 𝜆𝜆RLS
max in each recorded spectrum was determined by fitting a parabola through the
data points in a narrow spectral window (Δ𝜆𝜆 = 10 nm) around the numerical maximum. The
maximum of the parabola obtained from this first fit was then used as the center point for a second
parabolic fit through the measured spectral data points over a narrow window (Δ𝜆𝜆 = 10 nm), from
which a refined determination of the position of the maximum was deduced. This procedure
yielded stable and reproducible measurement of the position of the resonant light scattering
maximum 𝜆𝜆RLS
max and mitigates problems due to noise on the measured spectrum.
For the measurement of the PL decay curves of the Tb to AuNPs, an EI fluorescence plate reader
(Edinburgh Instruments, UK) was used. For the multichannel scaler, 4000 detection bins of 2 μs
integration time were used. A nitrogen laser (LTB, Berlin, Germany) was used for excitation
(337.1 nm, 20 Hz, 600 flashes). (494 ± 20) nm bandpass filter was used for analyzing the Tb PL.
Multi-exponential fits to the data were done with FAST software version 3.1 (Edinburgh
Instruments, UK). Kohlrausch decay analysis was done using the Python programming language
and the 'lmfit' package.34 All assays were measured in black 96-well microtiter plates with an
optimal working volume of 150 μL.
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and additional FRET investigations (Tables S5 and S7). The Supporting Information is available
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