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he design and development of novel

functional hybrid nanomaterials is of

great current interest in supramole-
cular chemistry and nanochemistry, parti-
cularly for applications in biotechnology,
such as sensing, molecular diagnostics, and
imaging. Systems such as quantum dots and
metal nanoparticles (NPs), which exhibit inter-
esting and tunable, size- and shape-dependent
properties, have been widely developed dur-
ing the past decade,' > where they have
found applications in drug delivery,® > cancer
research,®” such as photodynamic therapy,?
and tissue engineering.> In particular, gold
nanoparticles (AuNPs) have attracted much
attention owing to their biocompatibility and
their relatively simple functionalization with
various organic and biological molecules.'®~ "2
To date, the detection and sensing of various
analytes using AuNP systems is well estab-
lished and is commonly based on observing
the changes in the surface plasmon resonance
(SPR) absorption band of the AuNPs them-
selves, upon recognition or binding of the
analytes.'* "> In contrast, the use of fluoro-
phore-functionalized AuNPs has been less ex-
plored for sensing,'® the reason being that
AuNPs and other metal-based nanoparticles
have often proved to be efficient lumines-
cence quenchers.'”'® Therefore, the use of
fluorescence spectroscopy, even though being
more sensitive than UV—visible absorption
spectroscopy, is usually avoided for studying
the sensing ability of such AuNPs-based
systems. Nevertheless, recent studies have
shown that such quenching can be circum-
vented'®'®? and also demonstrated that,
in most of the cases, the quenching efficiency
of AuNPs is strongly distance dependent and,
thus, can be minimized by increasing the
separation (longer spacer) between the gold
surface and the fluorophores.?'*
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ABSTRACT As luminescent surface-functionalized gold nanoparticles emerged as potential
powerful analytical tools in the biomedical fields, understanding the interaction of such systems
with proteins has become crucial. In the present study, the interaction of luminescent water-soluble
gold nanoparticles (AuNP-1-Eu-nta), obtained through the self-assembly of a naphthalene
[-diketone antenna with a Eu(lll) cyclen complex tethered to the gold surface via a C;; alkyl thiol
spacer, with bovine serum albumin (BSA) was investigated. The changes in the UV—uvisible
absorption and fluorescence spectra of both the antenna and protein, as well as in the time-resolved
Eu(lll)-centered emission, of the resulting self-assembly were monitored, at physiological pH, as a
function of the BSA concentration. We demonstrate that the Eu(lll) emission arising from the self-
assembly on the AuNP surface is almost completely quenched upon addition of BSA. Binding constant
determination clearly showed that the sensitizing antenna was not displaced and that the quenching
was the result of the interaction between the antenna and BSA. Detailed spectroscopic studies
performed on the nta—BSA system brought a better insight in the strength of such interaction as
well as its effect on the protein secondary structure. Finally, the information gathered on each
system resulted in applying AuNP-1- Eu-nta—BSA for the luminescent detection of drugs via the
perturbation of the nta—BSA interaction. Competitive titrations using ibuprofen and warfarin
showed that nta was located in the binding site Il of BSA and that the presence of warfarin, a site |
drug, did not interfere with the detection of site Il ibuprofen.

KEYWORDS: Eu(lll)-functionalized gold nanoparticles - luminescent ternary complex -
bovine serum albumin - protein—nanoparticle interaction - luminescence quenching -
competitive displacement assay

Concomitantly, lanthanide (Ln) com-
plexes have been widely used as lumines-
cent tools for optical imaging and sensing of
biological species due to their unique
photophysical properties, such as long-lived
excited states (us—ms range) and narrow,
easily recognizable line-like emission bands
(with large Stokes' shifts) in either the visible
or near-infrared region.>* 3 These charac-
teristics are highly attractive for biological
use compared to commonly used fluoro-
phores, as they allow overcoming autofluor-
escence and light scattering from the bio-
logical samples and, hence, provide a signi-
ficant signal-to-noise ratio enhancement.?
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The potential of such Ln-based probes for the lumines-
cent sensing of biological substrates can be further
enhanced by conjugating lanthanide complexes to
NPs. Indeed, such functionalization allows high loading
of probes/sensors/imaging agents, etc., while possibly
improving both the selectivity and sensitivity of such a
device'?? Furthermore, the presence of large num-
bers of complexes on the NP surface can also allow for
the detection of several analytes in a single assay;
moreover, the targeting of larger biological structures
through multiple binding site interactions is also pos-
sible with such structures.' Most of the lumine-
scent Ln-based NPs developed to date are based on
silica,®' ** polystyrene,®*>° or quantum dot®” NPs, and
only a few examples of luminescent Ln-functionalized
AuNPs have been reported.3® 4! Recently, we showed
that the heptadentate Eu(lll) macrocyclic cyclen com-
plex 2-Eu, used previously in our group to form
luminescent ternary complexes with carboxylates
and p-diketonates?®*? in aqueous solution, can be
synthetically modified®® to allow for the introduction
of an alkyl thiol group at the free amino moiety of 2 - Eu,
yielding 1-Eu, which enabled the adsorption of this
complex onto the surface of AuNPs. Addition of a well-
suited antenna to the water-soluble Eu(lll)-functiona-
lized AuNPs resulted in the formation of highly red-
emitting ternary complexes on the surface of the
AuNPs upon excitation of the antenna, the character-
istic Eu(lll) emission being sensitized via energy trans-
fer from the antenna triplet state?>?%?742 This
particular system was shown to behave in a similar
manner when attached to a flat gold surface.** We
further demonstrated the application of this design for
use in displacement assays, with the sensing of biolo-
gically relevant anions in aqueous solution.*°

I

SH

2:Eu
With the interest for these new types of functional
nanomaterials growing considerably, great attention
has to be put on how such nanoprobes, having
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comparable sizes to biomolecules, interact with the
biological system and more particularly with pro-
teins.** % Indeed, it has been shown that NPs could
bind/absorb many plasma proteins, with either nega-
tive or positive outcomes; for instance, the protein
coating can enhance the stability of NPs or assist cell
internalization, where the surface charges dramatically
affect the cellular uptake of AuNPs.***° On the other
hand, interactions with NPs have been found to induce
protein aggregation, misfolding, and deactivation (loss
of protein activity) and could also affect protein—pro-
tein interactions, possibly resulting in protein malfunc-
tioning, which ideally should be avoided.*>*" In the
present study, we evaluated the interaction of the
luminescent AuNP-1-Eu-nta system with proteins, fo-
cusing our current study on the use of serum albumin,
which has previously been shown to bind to lanthanide
complexes,®** such as cyclen-based systems,>*>8
while concomitantly being the main plasma carrier for a
wealth of both endogenous and exogenous substances.>®
The influence on the luminescent properties of both
AuNP-1 - Eu-nta and bovine serum albumin (BSA) has been
carefully examined, and the data obtained were fitted
using linear and nonlinear regression analysis to determine
the binding constants for the different species formed in
solution. Taking advantage of the relatively strong inter-
action occurring between these two components, this
system was further exploited as a site Il selective drug
sensor at physiological pH and its applicability demon-
strated using the two universal drugs warfarin and
ibuprofen.

RESULTS AND DISCUSSION

Eu(lll) Cyclen-Capped Gold Nanopartices. We reported
previously the synthesis of 1-Eu and its use to functio-
nalize the surface of AuNPs, yielding the water-soluble
system AuNP-1-Eu; see schematic representation in
Scheme 1.%°

The functionalized AuNP-1-Eu synthesized in the
present work was stable in buffered solution, and no
aggregation was observed through time, as confirmed
by the characteristic gold SPR absorption band at
~515 nm. Similarly, transmission electron microscopy
(TEM) images indicated the presence of monodis-
persed spherical nanoparticles, Figure 1A, with an
average gold core diameter of ~5 nm (TEMs of all
batches gave rise to similar images as shown in
Figure 1A). These results were further corroborated
by measuring the actual functionalized AuNP spherical
size, including the 1-Eu capping layer, and their dis-
tribution in solution using dynamic light scattering
(DLS), Figure 1B. The measurements showed that the
average hydrodynamic diameter of AuNP-1:-Eu in
water was 12.8 nm, with the nanoparticle distribution
(5.6—28.2 nm range) reaching a maximum at 11.7 nm.
On the basis of MM2 calculations performed on the
1-Eu complex, the maximum distance between the
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Scheme 1. Schematic representation of AUNP-1-Eu, AuNP-1-Eu-nta, and AuNP-1-Eu-nta—BSA. (A) Cyclen complex 1-Eu
conjugated to AuNP, giving AuNP-1-Eu (each NP has ca. 120 1-Eu complexes; see Figure 2). (B) The binding of nta gives the
luminescent ternary complexes AuNP-1 - Eu-nta, which then interact with BSA to give AuNP-1 - Eu-nta—BSA. BSA is shown here
schematically as interacting with AuNP-1- Eu-nta; the exact number of BSA is not known, although the number of equivalents
needed to quench the Eu(lll) emission is in agreement with the number of BSA found to be associated with AuNP; see

discussion below.
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Figure 1. Size characterization of the functionalized gold nanoparticles, AuNP-1-Eu: (A) TEM image (a representation of the
many TEM images recorded as part of this work) of the gold core and (B) DLS analysis of the same AuNP in water.

thiol group binding to the gold surface and the most
external dimethyl acetamide arm was calculated to be
around 23.6 A. If this distance is added twice to the
average gold nanoparticle core diameter obtained by
TEM analysis, the estimated diameter is matching the
experimental values determined by DLS (Figure ST,
Supporting Information), considering that the light
scattering from the gold core and that of the capping
layer are different, and the effect of both are not just
additive.

Due to the absence of a sensitizing antennain 1-Eu,
combined with the presence of two metal-bound
water molecules, the Eu(lll)-centered emission was
found to be weak upon direct excitation of the metal
ion. We have shown that the use of an external antenna
such as 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione
(Hnta) allows the displacement of the aforementioned
two metal water molecules,** while concomitantly
offering an efficient sensitization of the metal center.
This was clearly visible by the appearance of the
characteristic Eu(lll) emission in the 570—720 nm range

COMBY AND GUNNLAUGSSON

upon titrating 1-Eu with nta in HEPES-buffered solu-
tion. The changes in the Eu(lll) *Dy—"F, (J = 0—4)
transitions upon antenna excitation at 330 nm re-
vealed the formation of a 1:1 ternary complex, 1-Eu-
nta, involving the direct coordination of the antenna to
the lanthanide ion. The formation of such luminescent
ternary complexes has been used to estimate the
number of 1-Eu complexes attached onto the AuNP
surface. In the present work, titrations of AuUNP-1-Eu
(0.1 uM) with nta showed that ca. 120 & 20 complexes
were covalently linked to each AuNP (Figure 2). Sensi-
tization of the Eu(lll) emission by nta is ascertained by
the excitation spectrum monitored at 617 nm, which
closely matches the absorption spectrum of the dike-
tone, as shown in Figure S2A, Supporting Information.
It is important to notice that upon excitation of AuNP-
1-Eu-nta at 330 nm, both ligand- and metal-centered
luminescence are observed; the residual nta fluores-
cence indicates that even if the sensitization of the
Eu(lll) emission is efficient, the energy transfer to the
metal center is not complete.
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Interaction of AuNP-1- Eu-nta with BSA. The photophysi-
cal properties of AUNP-1 - Eu-nta at physiological pH, in
the presence of BSA, were investigated by using
UV—visible spectroscopy as well as both steady-state
and time-resolved luminescence techniques. Lumines-
cent NPs were prepared prior to each BSA titration by
adding 120 equivalents of nta to a solution of AuNP-
1-Eu (0.1 uM) in Hepes buffer. Addition of BSA to the
solution resulted in a significant quenching of the
Eu(lll) emission from AuNP-1-Eu-nta, where at high
protein loading (675 equivalents) more than 95% of
the initial luminescence was quenched, Figure 3. Anal-
ysis of the changes in the emission as a function of
added BSA is shown as an inset in Figure 3A, which
demonstrates that most of the quenching is observed
after the addition of ca. 150 equivalents of BSA.

This is close to the number of estimated lanthanide
complexes on AuNP-1-Eu, Figure 2, as well as being in
good agreement with the work of Feldheim et al.,*°
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Figure 2. Changes in the Eu-centered emission of AuNP-
1-Eu (107 M) in Hepes-buffered solution (pH 7.4) upon
addition of nta (0—500 equivalents) at 298 K; A, = 330 nm.
Inset: Changes in the Eu(lll) emission integrals for J = 0—4
and J = 2 vs the number of equivalents of nta added.
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who have shown that ca. 160 [Ru(2,2’—bipyirdine)3]2+—
labeled BSA complexes were found to be associated on
each 20 nm diameter AuNP, using time-correlated
single-photon  counting measurements.  Similar
quenching behavior in the presence of serum albumin
was recently observed to a lesser extent for both Eu(lll)
and Tb(lll) cyclen-based complexes, incorporating an
azaxanthone sensitizing unit, where Parker and co-
workers* attributed the partial loss of the Ln-centered
emission to be consistent with static quenching of the
azaxanthone excited state by the HSA protein.

The “switching off” of the Eu(lll) emission in the
presence of BSA was investigated to determine the
origin of the quenching. For this purpose, both the
excitation spectra and the Eu(°D,) excited-state life-
times were measured. The excitation spectra displayed
the same feature throughout the titration, with an
intense band centered at 343 nm and with a further
two less intense bands in the 250—300 nm range.
Normalization of the spectra demonstrated that the
contribution from the higher energy excitation bands
(relative to the lower energy one) continuously wea-
kened upon addition of BSA (see Figure S2B). This
behavior is explained by the strong absorption of BSA
in the 250—300 nm range, which implies that the protein
fluorophores (tryptophan and tyrosine moieties) do not
participate, or only to a small extent if they do, in the
sensitization of the Eu(lll) emission in the presence of nta.

The luminescence decays, obtained upon excita-
tion through the nta electronic levels at 330 nm, were
best fitted to a double-exponential function, in both
the absence and presence of BSA (see Figure S3). The
corresponding lifetimes of the °Dg excited state of
Eu(lll) as a function of the equivalents of BSA added,
their relative contribution to the total luminescence
decay, and the average lifetime values (see Experi-
mental Section) are summarized in Table S1. In the
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Figure 3. (A) Evolution of the Eu(lll) emission of AuUNP-1-Eu-nta upon titration with BSA in Hepes buffer (pH 7.4). Inset:

Intensity changes observed for the Eu(lll) 5Dy—"F, transition vs equivalents of BSA added; [AuNP-1 - Eu] = 1077 M, [nta]=1.2 x
107> M, and Aex = 330 nm. (B) Average lifetimes of the Eu(°Dy) excited state as a function of the equivalents of BSA added to a
solution of AuNP-1-Eu-nta. The gray scale displays the percentages of each species calculated from the lifetimes obtained
(see Table S1).
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absence of BSA, the AuNP-1-Eu-nta system was char-
acterized by two lifetimes, measured as 7; = 0.16(2) ms
and 7, =0.67(2) ms, accounting for 10% and 90% of the
total luminescence, respectively. As BSA was added, an
increase in the average lifetime, (7,,), was observed
before reaching a plateau around 150 equivalents, at
which the maximum 20% increase was observed
(Figure 3B). In contrast, only minor changes were
noticed in the overall lifetime speciation, i.e., in the %
ratio of 7; and 7,, where the longer lifetime consisted of
~90% of the total emission decay, the remaining 10%
corresponding to the shorter-lived species. Therefore,
the increase observed in the lifetime is likely to be
caused by a shielding of the Eu(lll) ion from the bulk
solvent. Indeed, the addition of the relatively hydro-
phobic protein potentially led to a decrease in second
sphere nonradiative deactivations.

To investigate further the origin of the lumines-
cence quenching, a Hepes-buffered solution of AuNP-
1-Eu was titrated with BSA (0—400 equivalents), prior
to the addition of the nta antenna. It was observed that
the weak metal-centered emission arising from the
AuNP-1-Eu was enhanced upon addition of BSA (see
Figure S4). Thus, after the addition of ca. 150 equiva-
lents of BSA, a plateau was reached and the integration
of the Eu(lll) emission, corrected for the absorbance
changes at the excitation wavelength, corresponded
to ~2-fold enhancement of that observed for the Eu(lll)
emission in the absence of the protein. The lumines-
cence enhancement observed was attributed to a
more efficient protection of the Eu(lll) ion from its
environment and/or weak sensitization of the Ln-cen-
tered emission through the protein chromophoric
groups, i.e., tryptophan and tyrosine residues. Indeed,
in the absence of any other chromophores, the latter
possibility could not be ruled out. The final solution,
namely, AuNP-1-Eu + 400 equivalents of BSA, was
then titrated with nta, the results of which are shown in
Figure 4. A significant 5-fold increase in the emission
was observed after the addition of only 10 equivalents
of nta, while the addition of a further 10 equivalents led
to an order of magnitude enhancement (see Figure
S5A).

This behavior, at such low nta:BSA ratios (i.e., 1:40,
1:20), demonstrated that if an interaction occurred
between the protein and the Eu-functionalized AuNP,
this interaction was probably much weaker than the
one between nta and the metal center itself; which is
not surprising, given the fact that the 5-diketonates are
known to have high affinity for Ln(lll) ions.®! This theory
was further verified by looking at the changes ob-
served in the Eu(lll) emission, especially in the intensity
of the hypersensitive >Do—F, transition relative to the
magnetic dipole one (°Dy—F). Indeed, these values,
shown in Table S2, clearly indicated a significant
change in the Eu(lll) environment upon addition of
nta, even in the presence of BSA in the solution, the
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Figure 4. Evolution of the Eu(lll) emission of AuUNP-1-Eu-
BSA upon addition of nta (0—1000 equivalents) in Hepes-
buffered solution (pH 7.4); [AUNP-1-Eu] = 107 M, [BSA] =
3.78 x 107> M, and A¢x = 330 nm. Inset: Changes observed in
the emission integrals of the Eu(lll) >°D,—F, transitions (J =
0—4) vs equivalents of nta added.

protein itself having only little effect on the F,/F, ratio
(see Figure S5B).

Steady-state and time-resolved fluorescence mea-
surements were also carried out on the protein itself in
the absence and the presence of 1-Eu and AuNP-1-Eu,
to determine the nature and strength of the interaction
taking place between the lanthanide ion and the
protein. The intrinsic fluorescence of BSA is mainly
due to tryptophan residues, Trp-134 and Trp-212, and
to a much lesser extent to tyrosine and phenylalanine
residues.”®2 Of these, Trp-134 is located at the surface
of the protein, in domain |, while Trp-212 is located in
domain Il, buried inside the protein structure, within a
hydrophobic binding pocket. The fluorescence spec-
trum of BSA presents a strong emission maximum at
348 nm, when excited at 278 nm in Hepes buffer
solution. Conversely, the nta antenna was almost non-
fluorescent under these experimental conditions,
while the Eu(lll) emission occurred at much lower
energy. The addition of 1-Eu to BSA in Hepes buffer
resulted in a significant quenching of the protein
fluorescence (see Figure S6A). This quenching can be
initiated by different mechanisms, usually classified as
dynamic and static quenching, which can be distin-
guished by their differing dependence on temperature
and viscosity, or preferably by lifetime measurements,®®
and hence, the influence of 1-Eu on the fluorescence
lifetime of BSA was measured. The fluorescence decay of
BSA in the absence and presence of 1 Eu was best fitted to
a biexponential function (Figure S6B), and the correspond-
ing average lifetimes, (z,,), are summarized in Table S3.
Here, the BSA fluorescence lifetime remained unaltered
upon addition of 1-Eu, indicating that the quenching
follows a static mechanism. The formation of a ground-
state complex between BSA and 1-Eu was further con-
firmed by the appearance of a weakly absorbing band/
shoulder in the UV—visible absorption spectrum of BSA at
around 320—330 nm (see Figure S6C). This band was also

VOL.5 = NO.9 = 7184-7197 = 2011 @M\

WWwWW.acsnano.org



observed in the excitation spectra, recorded at the Eu(lll)
>Dy—"F, transition (616 nm), of 1-Eu in the presence of
increasing amounts of BSA.

The same behavior was also observed in both the
steady state and the time-resolved fluorescence mea-
surements, when such titrations were carried out,
where increasing amounts of AUNP-1-Eu were added
to a solution of BSA (7.5 uM) (see Table S3 and Figure
S7). Again, here, the excitation spectra were monitored
at 616 nm and showed the appearance of the same
band around 330 nm, clearly indicating the sensitiza-
tion of the Eu(lll) emission by the protein chromo-
phores (e.g., essentially tryptophan), in the absence of
nta (Figure S7B). As the quenching was shown to be
purely static, the fluorescence data were analyzed
using the modified Stern—Volmer equation (see eq 1,
Experimental Section) to determine the binding con-
stant of 1-Eu with BSA,®* which is directly obtained
from the linear regression when Fy/(Fy — F) is plotted
against [Q]"', as shown in Figure S6A, where the
binding constant log K was determined as 4.3 + 0.3
for this interaction. This binding constant, while corre-
sponding to the values determined for similar cyclen
chelates,®”8 is particularly interesting, as it is of the
same order of magnitude as the binding (association
constant) of a wide range of drugs, or small organic
molecules, with serum albumin.®*®® This result was
further confirmed by analyzing the changes in the
UV—visible titration of BSA with 1-Eu using the non-
linear regression analysis program SPECFIT,%”%® which
yielded log K = 4.9 £+ 0.1 (Figure S6C). On the other
hand, the binding constant of 1-Eu with nta has been
determined, by both linear and nonlinear regression
analysis, to be log K ~ 86 + 0.3 and 88 + 0.5,
respectively (see Figure S8 and eq 2). Consequently,
according to these binding results, the quenching of
the Eu(lll) emission observed earlier for the AUNP-1 - Eu-
nta system upon addition of BSA (Figure 3) is more
likely to be the result from an antenna—protein
(nta—BSA) interaction, rather than a displacement of
the nta from the Eu(lll) first coordination sphere by the
protein. This assumption was further strengthened by
the significant decrease in the average fluorescence
lifetime of BSA once nta was added to both the BSA-
1-Eu and the BSA-AuNP-1-Eu systems, as shown in
Figures S6B and S7B, respectively.

Unraveling the BSA—nta Interaction. In order to further
investigate the interaction between the nta antenna
and the protein, as well as the mechanism of the
quenching of the Eu(lll) emission, both steady-state
and time-resolved fluorescence measurements were
carried out using the simple nta—BSA system. These
measurements showed that the addition of nta to a
solution of BSA gave rise to complete quenching of the
protein fluorescence. However, no shift in the emission
maximum was observed (Figure 5), indicating that the
interaction between nta and BSA did not alter the local
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Figure 5. Observed quenching of the BSA fluorescence
(Aex =280 nm) upon addition of increasing amounts of nta in
Hepes buffer (pH 7.4) at 298 K. Inset: Resulting Stern—
Volmer plots (Fo/F vs [nta]) at two temperatures (298 and
318K); [BSA]=7.5 x 10" ® M and [nta] = (0—9.41) x 10> M.

dielectric environment of the fluorescent amino acid
residues in the protein. The fluorescence quenching
data were analyzed using the Stern—Volmer method
(see eq 3), and the resulting Stern—Volmer plots, at two
different temperatures (T=298, 318 K), are shown as an
inset in Figure 5. Taking into the account the concen-
tration range (0—4) x 10°° M, where the Stern—
Volmer plots remained linear, average quenching con-
stants Ksy were estimated as 8.80 x 10*and 8.29 x 10*
M~ at 298 and 318 K, respectively. The decrease in Ksy
with increasing temperature clearly indicated the pre-
sence of static quenching. However, the upward cur-
vature of the plots strongly suggested that both static
and dynamic quenching are occurring for this
system.%® The dynamic quenching contribution was
confirmed by measuring the fluorescence lifetimes of
BSA in Hepes buffer in the absence and presence of
nta, where the BSA fluorescence lifetime was best fit to
a biexponential function, yielding an average lifetime
of 6.35 £+ 0.03 ns, which is in agreement with that
reported by Togashi et al.*® When nta was added to this
protein solution, the decay profiles were no longer
found to be biexponential, but best fit to a triexponen-
tial function, where the average fluorescence lifetimes
((Tav) were significantly shortened, giving (t,,) = 5.42
ns once one equivalent of nta was added. The decrease
in the BSA lifetimes as the concentration of nta was
increased (see Table S4) confirmed the occurrence of a
dynamic quenching process for this system. These
changes were analyzed using eq 3, from which the
quenching constants Ksy and k; were estimated as
(236+£0.04) x 10*M 'and 3.7 £0.1) x 10"°M " "-s ",
respectively (see Figure S9A), demonstrating that the
bimolecular quenching rate constant was 2 orders of
magnitude higher than the value for maximum scatter-
ing collision quenching constant with biopolymer
(kg =20 x 10" M~"-s7") and thus suggesting that
the excited state of the protein is affected not only by
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Figure 6. (A) Saturation binding curve of BSA as a function of the concentration of free nta and the resulting fit using the Hill
equation. (B) Double-log plot of nta quenching effect on the BSA fluorescence and the resulting linear fits; [BSA] = 7.5 x 10~°

M in both cases.

collisional quenching. Indeed, fluorescence resonance
energy transfer from the protein to the diketonate is
expected to take place as well, considering the large
overlap between the BSA fluorescence and the absorp-
tion of nta (Figure S9B). Since dynamic quenching
affects only the excited states of the fluorophores,
the presence of static quenching and thus formation
of a ground-state complex between BSA and nta were
further ascertained from UV-—visible spectroscopic
studies (Figure S10). Upon addition of BSA, the lower
energy absorption band of nta at 330 nm displayed a
marked hypsochromic shift of 8 nm, with a concomi-
tant decrease of 10% in absorbance. The difference
absorption spectrum (curve 4, Figure S10B) obtained
by subtracting the absorption spectrum of nta from the
one obtained for BSA—nta at the same concentration
clearly demonstrated the presence of static quenching,
the existence of a negative band indicating that the
absorption spectrum of BSA—nta does not overlap
with the sum of the absorption spectra of nta and BSA.

The binding constants of the ground-state com-
plexes formed between BSA and nta were determined
using both linear and nonlinear least-squares analysis,
by globally fitting the changes in the absorption and
the emission spectra. The fluorescence data were first
analyzed using the Hill equation, eq 4, Experimental
Section,”® by plotting the fractional saturation of the
protein as a function of the quencher concentration (in
this case, nta), resulting in the saturation binding curve,
shown in Figure 6A. This allowed for the determination
of an average binding constant log K as 5.35 £ 0.02.
The Hill coefficient, ny, representing the degree of
cooperativity of the binding, was found to be ny = 1.24,
indicative of positive cooperativity. To further ascertain
this, the Hill equation was linearized to obtain eq 5,
which has been used to determine the number of
binding sites (n) as well as the individual bind-
ing constants. The resulting double-logarithm plot
(Figure 6B) displayed two distinct linear regressions,
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depending on the ligand concentration range, which
are characteristic of a multisite cooperative binding
event. At low nta concentration, a slope close to unity
was obtained, indicating the presence of a single
binding site for nta with a binding constant log K;; =
5.5 £ 0.2. When reaching higher nta concentrations,
the slope of the linear fit indicated the presence of two
binding sites, from which the binding constant for the
formation of the 1:2 BSA:nta complex was estimated to
be log 31, = 10.6 & 0.1 (a log K, value of 5.1).

The formation of two different species in solution
was further confirmed by the method of continuous
variation (Job's plot analysis) and by fitting both the
nta-induced BSA fluorescence quenching data and the
changes observed in the UV—visible absorption titra-
tion of nta with BSA, using the nonlinear regression
analysis program SPECFIT (Figure S11). The binding
constants obtained from these different fitting proce-
dures are summarized in Table 1.

Since the nta-induced fluorescence quenching of
the protein was highly effective, it was assumed that
the nta molecules were interacting and thus quench-
ing both of the Trp fluorophores, independently from
their location (e.g., Trp-134 is located on the protein
surface, while Trp-212 is buried inside the protein
structure). This assumption was confirmed by record-
ing the "°F NMR spectrum of the nta in the absence and
presence of the protein. The spectrum of a 470 uM nta
solution in phosphate buffer displayed two main re-
sonances at —75.3 and —85.6 ppm, corresponding to
the enol and keto forms, respectively (Figure S12). The
addition of one equivalent of BSA led to a significant
broadening of these resonances, appearing as a set of
three resonances, between —72 and —76 ppm. The
aforementioned broadening is a clear indication that
nta was able to penetrate inside the protein structure
and interact with the Trp-212 residue. This would result
in direct change in the intrinsic fluorescence of the Trp-

212 residue, which we indeed observed in our
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TABLE 1. Binding Constants for the BSA—nta System in Buffered Solution (pH 7.4, T = 298 K) Obtained Using Linear and

Nonlinear Fitting Procedures

method (spectroscopic data)

log 3 (BSA:nta) 11
1:2

Hill method (fluorescence)

535£0.02

investigations discussed above. Furthermore, when 6
M guanidine hydrochloride, a common protein dena-
turant, was added to the NMR sample, the two main
signals, initially observed at —75.3 and —85.6 ppm,
respectively, were reinstated (see Figure S$12). How-
ever, a small downfield shift of the keto peak from its
original position, considered as arising from a change
in susceptibility due to the addition of 6 M guanidine
hydrochloride, was observed.”’

Having quantified the binding affinity between nta
and BSA and shown the ability of nta to reach the
interior of the protein, it was important to investigate
to what extent the conformation and/or microenviron-
ment of BSA are affected upon binding. Synchronous
fluorescence spectroscopy is often employed to pro-
vide information about the molecular environment in
the vicinity of fluorophores. In proteins, characteristic
synchronous fluorescence of tyrosine and tryptophan
residues are obtained when A4 is set as 15 and 60 nm,
respectively.”>”®> Synchronous fluorescence spectral
changes of BSA upon addition of increasing amounts
of nta are shown in Figure S13A, where the Armax Of the
protein was slightly blue-shifted (~1—2 nm) when A4
was set as 15 nm, while remaining unchanged when
AA =60 nm. The blue-shift observed was attributed to
a minor change in the polarity of the microenviron-
ment around the tyrosine residue, but the polarity
around the tryptophan residues did not seem to be
affected by the binding process. However, the similar
quenching percentages of fluorescence intensity for
tyrosine and tryptophan implied that the binding site
of nta should be located in the vicinity of both amino
acids. To further investigate whether any conforma-
tional changes occurred in the structure of BSA upon
binding of nta, circular dichroism (CD) experiments
were carried out, and these showed that the CD
spectrum of BSA exhibited a strong negative ellipticity
at 209 and 222 nm, characteristic for a protein with a
predominant a-helix structure.”>~”*> The CD spectra of
BSA in the absence and presence of nta were similar in
shape and thus indicated that the binding of nta did
not affect considerably the BSA secondary structure,
the latter remaining predominantly a-helical. To con-
firm this, secondary structure analysis showed a small
1.0% reduction of a-helical structures at a 1:4 molar
ratio of BSA to nta, while for a higher 1:8 or 1:16 ratio,
typically encountered in our full system, a 1.5% and
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nonlinear

SPECFIT (fluorescence)

linear

SPECFIT (UV—vis) double log (fluorescence)

55£02
10.6£0.1

5.64 £ 0.04
10.82 +0.04

58+02
1.2+£02

1.8% decrease in the a-helical content are observed for
these ratios, respectively (see Figure S13B). These
results demonstrate that the BSA does not undergo
significant conformational changes upon interacting
with nta, which is important for the use of this system,
for instance in sensing applications, as it indicates that
tertiary interactions such as those occurring between
proteins or protein—drugs would not be affected by
the presence of the nta.

Use of AuNP-1- Eu As Luminescent Reporter for the Binding of
Drugs to BSA. The investigation performed on the
nta—BSA system clearly demonstrated the existence
of a strong interaction between the protein and nta,
while the binding does not lead to structural changes
within the protein. This interaction has been assumed
to be at the origin of the Eu(lll) emission quenching
observed previously when AuNP-1-Eu-nta was titrated
with BSA, as shown in Figure 3. With this in mind, we
foresaw that the Eu(lll) emission could act as an
impartial reporter, which could be used to observe
the interaction between the protein and substrates,
regardless of all the intermediate energy transfer and/
or quenching processes that can occur as a conse-
quence of the formation of a protein:substrate assem-
bly; that is, the emission arising from AuNP-1-Eu-nta
could be used to signal such reversible interactions. To
verify this hypothesis, the quenching of the Eu(lll)
emission observed upon binding of nta to BSA was
analyzed using eq 1. The binding constant obtained
from the linear regression analysis of these changes
gave log K= 5.06 £ 0.03, which is close to the binding
constant obtained in our analysis above, Table 1. This
suggests that the nta—BSA binding event is the main
contributor to the quenching of the Eu-centered emis-
sion, confirming the above hypothesis.

Taking advantage of such nta—BSA interaction, we
used this self-assembly as a sensing tool for observing
the binding of small molecules, such as drugs and
toxins, to serum albumin. Here the AuNP-1-Eu-nta—B-
SA system would function as a displacement self-
assembly unit, where the drug would compete with
nta for binding to the protein, partially or completely
displacing the antennae from the protein structure.
This would result in concomitant changes in the
photophysical properties of the AuNP-1-Eu-nta sys-
tem, which would be directly correlated to the con-
centration of the competing analyte. We thus next
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Figure 7. Evolution of the Eu(lll) emission of AuNP-1-Eu-nta
in the presence of BSA (BSA:nta in a 1:1 ratio) upon titration
with ibuprofen ((0—1.08) x 10* M) in Hepes buffer (pH
7.4). Inset: Fractional occupancy of BSA by nta (red circles)
and the emission enhancement (squares) observed for the
integrals of the Eu(lll) >Dy/”F, transition as a function of the
concentration of ibuprofen added.

carried out competitive titrations, where the Eu(lll)
emission of the AuNP-1-Eu-nta system bound to BSA
was measured upon addition of a specific competitor,
such as ibuprofen, a well-known BSA site Il (subdomain
IIIA) marker.557%”7 The overall changes in the Eu(lll)
emission of AuNP-1-Eu-nta—BSA upon titration with
ibuprofen ((0—1.08) x 10~*M, 0— 10 equivalents) are
shown in Figure 7, demonstrating that the emission
was enhanced by ca. 1.8-fold. Despite the enhance-
ment, the metal-centered emission was, however, not
fully recovered from the initial 75% quenching result-
ing from the binding of AUNP-1 - Eu-nta to BSA (nta:BSA
1:1). Hence, these results demonstrate that ibuprofen
only partially displaces the antenna, but to a measur-
able extent. The fractional occupancy (f) of the protein
by nta in the presence of ibuprofen was calculated
using eq 6, and the results are shown in Figure 7,
together with the total Eu(lll) emission enhancement.
The inset in Figure 7 clearly demonstrates that as soon
as f decreased, a concomitant enhancement was ob-
served in the metal-centered luminescence, which can
be viewed as a direct consequence of the competitive
drug—BSA interaction, where the emission enhance-
ment occurs mainly within the uM concentration
range, reaching saturation at >0.1 mM concentrations
of the drug.

To confirm that the binding of ibuprofen, and thus
the concomitant displacement of the antenna occur-
ring, several additional spectroscopic experiments
were undertaken. The normalized excitation spectra,
when recorded at 616 nm (Eu(lll) >Dy—"F, transition),
were shown to be fully superimposable throughout
the course of the titration, indicating that the Eu(lll)
emission enhancement was due to a more efficient
sensitization of the Eu(lll) by nta and not from an addi-
tional energy transfer involving ibuprofen (Figure S14).
Displacement of the protein from the nta antenna was
also confirmed by UV—visible absorption spectroscopy,
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Figure 8. Evolution of the Eu(lll) emission of AuNP-1-Eu-nta
in the presence of BSA (BSA:nta in a 1:1 ratio) upon titration
with warfarin ((0—1.08) x 10~* M) in Hepes buffer (pH 7.4).
Inset: Changes in the Eu(lll) >D,—F, emission integrals
calculated as a function of the concentration of warfarin
added.

where upon the addition of ibuprofen, the low-energy
absorption band of nta at 332 nm, which was initially blue-
shifted by ca. 14 nm by the addition of BSA, was red-
shifted, almost recovering its initial (free) position once 10
equivalents of ibuprofen were added (see Figure S15). The
same series of measurements were performed with site |
(subdomain 11A) marker warfarin.?®7%”7 Addition of the
latter to a solution of AUNP-1 - Eu-nta containing BSA (in 1:1
nta:BSA ratio) did not result in any enhancement in the
Eu(lll) emission. On the contrary, a steady decrease was
observed in the Eu(lll) emission intensity, as shown in
Figure 8.

The further quenching of the metal-centered emis-
sion upon addition of warfarin was attributed to the
strong absorption of the coumarin-based drug (Amax =
309 M, €390 = 13591 + 82 M~ "-cm ™) in the absorp-
tion range of the nta antenna (Figure S16), resulting in
an alteration of its sensitization efficiency. The excita-
tion spectra, recorded at 616 nm (Eu(lll) *Dy—"F,
transition) and normalized at the 340 nm maximum,
showed a continuous intensity decrease for all excita-
tion wavelengths lower than 335 nm, as a result of the
strong warfarin absorption in the 300—340 nm range
(Figure S17). Indeed, the relative decrease at both 309
and 330 nm in the excitation spectrum matched,
within the experimental error, the relative increase in
the absorption spectrum at the same wavelengths (see
Figure S18). However, when the excitation was per-
formed at 345 nm (instead of 330 nm, to avoid the
warfarin absorption band), a similar quenching in the
Eu(lll) emission was observed, indicating that an alter-
native quenching pathway was operational. A possible
explanation for this would involve a conformational
change in the protein structure upon binding of war-
farin in site I, consequently, leading to a slight mod-
ification in the nta—BSA binding/interaction. Even if
this is the case, these results demonstrate that the
warfarin and nta do not share a common binding site
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Figure 9. Eu-centered emission enhancement observed for
AuNP-1 - Eu-nta—BSA (black, —) upon addition of ibuprofen
alone (blue, —) or warfarin + ibuprofen (red, ---) in Hepes-
buffered solution (pH 7.4).

within the structure of BSA. On the contrary, ibuprofen
has been shown to compete with nta for binding to BSA,
and therefore nta has been located in the same binding
site as ibuprofen, namely, site Il. Interestingly, the pre-
sence of warfarin in the site | of BSA has no, or little,
influence on the detection of the site Il drug, as shown in
Figure 9. Indeed, the luminescent Eu(lll) enhancement
factor upon addition of 5 equivalents of ibuprofen (1.65)
remained identical, within experimental error, even in
the presence of 10 equivalents of warfarin (1.60).

CONCLUSIONS

In this article, the photophysical properties of the
luminescent AuNP-1-Eu-nta, obtained through the
self-assembly, taking place at the gold surface, be-
tween the Eu-1 cyclen complex and the sensitizing
naphthalene S-diketone antenna, nta, were investi-
gated in the presence of the protein BSA. Using TEM
and DLS analyses we confirmed the stability of the
AuNP-1-Eu in water over a long period, as no NP
aggregation was observed, which was further ascer-
tained by the position of the SPR absorption band. The
Eu(lll)-centered emission was shown to be greatly
enhanced by the addition of nta due to the efficient
sensitization of the Eu(°Dy) excited state. This emission
enhancement was used to estimate the number of
Eu-1 complexes attached at the surface of each AuNP,

EXPERIMENTAL SECTION

Materials and Methods. All solvents and chemicals were pur-
chased from commercial sources and used without further
purification. Water was purified using a Millipore Milli-Q water
purification system. BSA (fraction V, >96%), nta (4,4,4-trifluoro-
1-(2-naphthyl)-1,3-butanedione, 99%), ibuprofen (2-(4-isobutyl-
phenyl)propionic acid, > 98.0%), and HEPES buffer (titration,
>99.5%) were from Fluka, Aldrich, TCl, and Sigma, respec-
tively. The HEPES buffer solution was prepared by dissolving
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which was found to be ca. 120. When BSA was added to
a solution of AUNP-1 - Eu-nta, a significant quenching of
the metal-centered was observed. The evolution ob-
served in the excitation spectrum of AuNP-1-Eu-nta
and the binding constants determined for the forma-
tion of the self-assembly between Eu- 1 and nta, as well
as between Eu-1 and BSA, demonstrated that a dis-
placement of nta from the Eu(lll) first coordination
sphere by BSA was not possible. Moreover, a complete
photophysical investigation including fluorescence
quenching and time-resolved measurements was car-
ried out on the simple nta—BSA system and showed
that a strong interaction took place between the
protein and the nta antenna. In addition to the fluo-
rescence measurements, the information obtained
from '°F NMR experiments brought evidence for the
nta penetrating the interior of BSA without, however,
resulting in a sizable perturbation of the protein sec-
ondary structure, as demonstrated by SFS and CD
spectroscopic techniques. The modulation observed
in the Eu(lll) emission upon addition of BSA to the
AuNP-1-Eu-nta was analyzed, and the binding con-
stant determined was found to be in good agreement
with that obtained from the fluorescence quenching
data, indicating that the AuNP-1-Eu-nta system can
function as an accurate reporter for the binding/inter-
action of small molecules with proteins, regardless of
all the different energy transfer and/or quenching
processes taking place prior to reaching the Eu(lll)
excited state. This finding was applied further for the
detection of universal drugs, where the partially
“switched off” AuNP-1-Eu-nta—BSA system was
“switched on” again upon addition of a competitive
drug, i.e., ibuprofen. The competitive titrations carried
out with both site | (warfarin) and site Il markers
(ibuprofen) allowed the localization of nta within the
binding site Il of BSA. Interestingly, the presence of a
site | drug did not affect the detection of a site Il drug, in
this case ibuprofen. In conclusion, the system designed
and studied in the present article demonstrates the
successful combination of the unique properties of
both lanthanides and AuNPs within the view of devel-
oping promising nanomaterials that will find numer-
ous applications in the biomedical fields, as sensors
and/or imaging agents.

4-(2 hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES,
0.1 M) and NaCl (ionic strength) in Millipore water before
the pH was adjusted to 7.4 with NaOH. "F NMR (376.6 MHz)
spectra were recorded using a Bruker Spectrospin DPX-400
spectrometer. The samples were measured in 10 mM phos-
phate buffer.

Characterization of the Surface-Modified AuNPs. The size of the
functionalized AuNP and their distribution in aqueous solu-
tion were determined by transmission electron microscopy
and dynamic light scattering, respectively. TEM analyses were
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carried out at the Centre for Microscopy and Analysis (CMA,
Trinity College Dublin) using a JEOL 2100 microscope. DLS
measurements were performed on (1—3) x 107 M solutions
of AuNP in distilled water using a Zetasizer Nano Series
(Malvern Instruments). The number of Eu(lll) cyclen com-
plexes attached to the AuNP has been determined by mea-
suring the changes in the Eu(lll)-centered emission when a
1077 M solution of AuNP-1-Eu was titrated with nta. The
maximum emission observed corresponded to the saturation
of the Eu(lll) first coordination sphere of each cyclen complex
present on the AuNP surface. Therefore, knowing that nta
forms 1:1 ternary complexes with 1-Eu, the number of
equivalents of nta required to reach the maximum emission
enhancement has been considered as a reasonable approx-
imation for the number of cyclen complexes attached to each
AuNP.

Photophysical Measurements. Unless otherwise stated, all mea-
surements were performed at 298 K in Hepes buffer at pH 7.4,
while the ionic strength was kept constant by the addition of
NadCl (0.1 M). UV—visible absorption spectra were measured in
1 ¢m quartz cuvettes on a Varian Cary 50 spectrophotometer.
Baseline correction was applied for all spectra. Emission
(fluorescence, phosphorescence, and excitation) spectra and
lifetimes were recorded on a Varian Cary Eclipse fluorimeter.
Quartz cells with a 1 cm path length from Hellma were used for
these measurements. The temperature was kept constant
throughout the measurements by using a thermostatted unit
block. CD spectra of BSA in the absence and presence of nta
were recorded with a JASCO J-810 spectropolarimeter using a
quartz cell with a path length of 0.4 cm. Three scans were
accumulated at a scan speed of 50 nm- min~', with data being
collected every 0.5 nm from 200 to 300 nm. For CD studies, the
BSA solution was prepared in 10 mM phosphate buffer at a
concentration of 1.5 x 107° M. Prediction of the secondary
structure was derived by deconvoluting the data sets by a
neural approach”® using the CDNN 2.1 program. Synchronous
fluorescence spectra of BSA in the absence and presence of
different amounts of nta were measured with A4 = 15 and
60 nm on a Fluorolog FL 3-22 spectrophotometer from Horiba
Jobin Yvon.

Spectrophotometric Titrations and Binding Parameters. In a typical
experiment, 120 equivalents of nta were added prior to titration
to a 2.7 mL HEPES-buffered solution of 1077 M AuNP-1-Eu. The
resulting solution was then titrated with BSA (0—675
equivalents). After each BSA addition, UV—visible, fluorescence,
phosphorescence, and excitation spectra as well as the Eu(SDO)
excited-state lifetimes were recorded at 298 K. Fluorescence
quenching of BSA in the presence of 1-Eu was measured at 298
K, and the data collected were analyzed using the modified
Stern—Volmer equation:5>®*

Fo 111
=+ —
FO —F fa faKa [Q]

M

where f, represents the fraction of the initial fluorescence
accessible to the quencher; F and F, are the fluorescence of
BSA in the presence and absence of the quencher, respectively.
The binding constant, K, for the complex formation between
BSA and 1-Eu was then given by the inverse of the slope
multiplied by the ordinate at the origin (f, ). Factor analysis
and mathematical treatment of the UV—visible spectra were
performed with the SPECFIT program.®”*® Spectrophotometric
titrations of 1-Eu (10~> M) with nta were also performed, and
the data obtained were fitted using SPECFIT as well as eq 2 to
determine the binding constant K for the interaction between
nta and 1-Eu’®

FFu
log <7m> — log K, + n logintal (2)
Fmax -F

where F is the emission intensity, Fpy;, the minimum emission
intensity at zero [ntal, and F,,, the maximum emission inten-
sity at saturating [nta], i.e., when each 1-Eu formed a ternary
complex with nta.

Quenching experiments with nta were conducted at
both 298 and 318 K. The quenching processes between the
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protein and nta were first analyzed using the Stern—Volmer
equation:®3

F
§:§:wmmzuﬂmm 3)

where Ksy represents the Stern—Volmer quenching con-
stant, which is defined as the product of kg, the bimolecular
quenching rate constant, and 7o, the BSA fluorescence life-
time in the absence of quencher.

The binding constant for the association between nta and
BSA was determined by fitting the data collected according to
the saturation binding model using the Hill equation:”®

ul
o — Yy _ Bmax[Ql ()

1T—y K™ +[Q™
where © represents the fractional saturation of the protein,
namely, the fraction or percent of protein to which the ligand is
bound, and By is the maximum amount of the complex
BSA—nta formed at saturation of the ligand. Plotting © as a
function of the free nta concentration in solution allows the
determination of the equilibrium dissociation constant Ky

(defined as 1/K,) and ny, the Hill coefficient.
The number of binding sites (n) per BSA and the individual
binding constants were evaluated from the linear double-

logarithm plot:%*

Fo —F
Iog( OF

The binding constants obtained were further ascertained by
fitting both absorption and fluorescence data with SPECFIT.

Competitive Titrations. In order to identify the binding sites of
nta on BSA and investigate the potential of our system as a drug
sensor, warfarin and ibuprofen were used as the markers
for sites | and II, respectively. In a typical experiment, the ratio
of nta:BSA was kept at 1:1, while the concentration of the
marker was progressively increased from 0 to 10 equivalents
((0—1.08) x 10~* M). After each addition, the absorption and
emission spectra were measured as previously described. The
data collected were analyzed using the agonist—antagonist model,
which describes the receptor (BSA) occupancy by agonist (nta)
in the presence of a competitive antagonist (ibuprofen):

[A]
[A] +Kg <1 +%>

d

) = log K; +n log[Q] (5)

f = (6)

where [A] and [B] are the concentrations of the nta and
ibuprofen, respectively and Ky is their dissociation constant.®°
The fractional occupancy was calculated using the average
dissociation constant determined using the Hill equation for
nta (log K = 5.35, K4 = 447 x 10~° M), while that of ibuprofen
was taken from the literature (log K=5.52, Ky =3.02 x 10 °M).°®

Time-Resolved Luminescence Measurements. Phosphorescence
lifetimes of the Eu(5DO) excited state were measured in time-
resolved mode throughout the titration with BSA. They are
averages of three independent measurements, which were
made by monitoring the emission decay at 616 nm, which
corresponds to the maxima of the Eu(lll) Dy—"F, transition,
enforcing a 0.1 ms delay. Both mono- and biexponential decays
were analyzed using Origin 7.5.

Fluorescence lifetime measurements were performed with
a Horiba Jobin Yvon Fluorolog FL 3-22 equipped with a Fluor-
oHub v2.0 single-photon controller using the time-correlated
single-photon counting method, run in reverse mode. The
sample solutions were excited at 261 nm with a pulsed nano-
second light-emitting diode (NanoLED). The time distribution of
the lamp pulse (<1.0 ns), also called the instrument response
function, was recorded prior to lifetime measurements in a
separate experiment using a scatter solution, in this case a
solution of Ludox (Aldrich). All the measurements were per-
formed at 298 K.

The decays were analyzed using IBH DAS6 software, and the
data fitted as a sum of exponentials, employing a nonlinear
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least-squares error minimization analysis:

n
10 = Y ajexp (—t> )
i=1 Ti

The pre-exponential factors (a;) are shown normalized, and
the errors are taken as two standard deviations. The goodness
of the fit was assessed by the chi-squared value as well as the
symmetric distribution of the residuals about the zero axes. The
average lifetime (z) is given by®>

.2
@ = ZZ‘ITTT = St (8)

where the fractional contribution of the lifetime i, f;, is defined as
fi = aiTi/ ST
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