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Abstract

®

CrossMark

The vast majority of proteins are intrinsically fluorescent in the ultraviolet, thanks to the
emission from their tryptophan and tyrosine amino-acid constituents. However, the protein
autofluorescence quantum yields are generally very low due to the prevailing quenching

mechanisms by other amino acids inside the protein. This motivates the interest to enhance the
radiative emission rate of proteins using nanophotonic structures. Although there have been
numerous reports of Purcell effect and local density of optical states control in the visible range
using single dipole quantum emitters, the question remains open to apply these concepts in the
UV on real proteins containing several tryptophan and tyrosine amino acids arranged in a highly
complex manner. Here, we report the first complete characterization of the Purcell effect and
radiative rate enhancement for the UV intrinsic fluorescence of label-free 5-galactosidase and

streptavidin proteins in plasmonic aluminum nanoapertures. We find an excellent agreement
with a calibration performed using a high quantum yield UV fluorescent dye. Demonstrating
and intensifying the Purcell effect is essential for the applications of UV plasmonics and the

label-free detection of single proteins.

Keywords: Purcell effect, plasmonics, ultraviolet UV, label-free protein, aluminum

nanoapertures, single molecule

(Some figures may appear in color only in the online journal)

1. Introduction

The spontaneous emission depends on the photonic environ-
ment and is not an inherent process. This phenomenon, also
called the Purcell effect [1], has been observed in photonic
crystal microcavities [2, 3] or plasmonic optical nanoanten-
nas [4-8]. The Purcell effect finds its applications for single
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molecule microscopy [9], single photon sources [10, 11], and
sub-wavelength lasers [12].

While the spontaneous emission rate enhancement has been
widely observed for single quantum emitters in the visible
range, its extension into the UV domain remains essentially
limited to simple fluorescent dyes such as p-terphenyl or isol-
ated tryptophan amino acids [13-16]. Using the concepts of
local density of optical states (LDOS) and Purcell effect with
real proteins is complicated by the complex nature of the pro-
tein. Each system contains typically several tens of tryptophan
emitters which are closely packed at a nanometer distance sur-
rounded by other amino acids acting as fluorescence quench-
ers via electron or proton transfer [17, 18]. The modifications
of emission rates for specific proteins have been revealed in

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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the optical range, including the pigment protein complex LH2
[19, 20] and the green-fluorescent protein GFP [21]. However,
these cases refer to specific pigment protein families featuring
high absorption and emission in the visible, it cannot account
for the collective UV emission of tryptophan and tyrosine
amino acids present in the majority of proteins. Indeed, most
proteins in nature contain those amino acids and, hence, can
be potentially studied label-free in the ultraviolet range using
conventional fluorescence microscopy. Boosting the radiative
rate in the UV is of great importance as proteins exhibit inher-
ently low quantum yield autofluorescence [18, 22]. However, a
clear demonstration of the Purcell enhancement of the intrinsic
protein radiative rate in the UV has not been reported yet. The
limited photon count rate in our previous work prevented the
clear observation of any change in the fluorescence lifetime of
label-free 3-galactosidase protein [14].

Here, we report the first complete characterization of
the Purcell effect and radiative rate enhancement for the
UV intrinsic fluorescence of label-free S-galactosidase and
streptavidin proteins in plasmonic aluminum nanoapertures
(figures 1(a)—(d)). Aluminum (Al) is a well-established metal
for UV plasmonics [23-27], and its applicability has already
been reported for label-free sensing of biomolecules at high
concentrations [28], as well as for UV photocatalysis [29],
and optoelectronics [23]. We use a combination of meas-
urements based on fluorescence correlation spectroscopy
(FCS) and time-correlated single photon counting (TCSPC)
to quantify the different photokinetic rates contributing to the
fluorescence process [30]. Our approach allows us to com-
pletely map the different physical contributions which give
rise to the observation of enhanced fluorescence emission
for single label-free proteins inside a plasmonic nanoaper-
ture. Our results stand in excellent agreement with a separ-
ate calibration using the high quantum yield UV fluorescent
dye p-quaterphenyl (PQP). This importantly shows ways to
improve the net detected autofluorescence signal by increas-
ing the radiative emission and the autofluorescence quantum
yield. The clear demonstration of Purcell effect applied to
real label-free proteins is relevant for the emerging field
of UV plasmonics and the applications of single molecule
microscopy [23, 31].

2. Methods

2.1. Nanoaperture fabrication

A 100 nm thick layer of aluminum was deposited on top of
cleaned quartz coverslips using electron—beam evaporation
(Biihler Syrus Pro 710). The deposition parameters (cham-
ber pressure 10~% mbar, deposition rate 10 nm s~!) were
set to reduce the amount of aluminum oxide in the bulk
metal [27]. Nanoapertures with 65 nm diameter (figure 1(d))
were milled using gallium-based focused ion beam (FEI dual
beam DB235 Strata, voltage 30 kV, ion current 10 pA).
This nanoaperture diameter corresponds to a cut-off dia-
meter in the UV [15], where the real part of the propaga-
tion constant vanishes and the intensity evanescently decays

inside the nanoaperture. While smaller diameters would fur-
ther promote the localization of electric field and the excita-
tion intensity enhancement, significant quenching losses occur
for diameter below the cut-off, which decrease the overall
fluorescence enhancement [14]. The 65 nm diameter used
here provides the highest fluorescence enhancement for the
nanoaperture. The fabrication includes a 50 nm undercut into
the quartz substrate to optimize the fluorescence enhancement
[13, 15, 32].

2.2. Nanoaperture protection

To protect the aluminum surface against the accelerated pho-
tocorrosion in the UV [33], we deposited a 10 nm thick
SiO, layer by plasma-enhanced chemical vapor protection
(PECVD) using a PlasmaPro NGP80 from Oxford Instru-
ments. After a pumping step of 20 min at 300 °C, the SiO;
layer is deposited at the same temperature using two precurs-
ors: 5% SiH4/N, and N,O with flows of 160 and 710 sccm,
respectively. The chamber pressure is set at 1000 mTorr and
high-frequency power of 20 W. The silica is deposited at the

rate of | nms—!.

2.3. Nanoaperture passivation

To avoid the non-specific adhesion of [-galactosidase and
streptavidin proteins on the surfaces, we passivated the
samples with polyethylene glycol (PEG) [34]. Silane-modified
PEG of molecular weight 1000 Da (PEG 1000) is purchased
from NANOCS. The PEG-silane is dissolved at the concentra-
tion of 1 mg ml~! in ethanol with 1 v/v% acetic acid. The solu-
tion of the PEG-silane is placed on the surface of the nanoaper-
tures covered with the SiO, layer for 3 and 4 h, resulting
in a satisfactory monolayer PEG-coating of the nanoaperture
interior surface.

2.4. UV dye and protein samples

PQP is a UV fluorescent dye featuring a high quantum yield
of 89%, which serves here as a reference to calibrate the
nanoaperture influence in the UV. PQP (purity >98%) was
purchased from TCI and dissolved in cyclohexane. As natural
(label-free) proteins, we have selected [-galactosidase and
streptavidin which contain respectively 156 and 24 tryptophan
amino-acid residues in their sequence. Tryptophan emission in
proteins is often inherently quenched due to electron transfers
to the neighboring amino acids or energy homotransfer among
the tryptophan residues in the protein structure [18, 35]. Thus,
[-galactosidase and streptavidin possess low quantum yields
of 1.6% and 3.5%, respectively [36].

(B-galactosidase from E. coli (156 tryptophan residues,
466 kDa, Sigma—Aldrich) was stored in Hepes buffer (Hepes
25 mM, NaCl 300 mM, 0.1 v/v% Tween20, DTT 1 mM, EDTA
1 mM, pH 7) at —20 °C temperature. For the measurements,
the stock solution was diluted in a Hepes buffer including the
GODCAT oxygen scavenger [37] (100 nM glucose oxidase,
830 nM catalase, 10 w/v% D-glucose), 0.5% Tween20, and
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Figure 1. Aluminum nanoaperture to enhance the radiative rate of label-free proteins in the UV. (a) Notations describing the decay
pathways of protein excited in the homogeneous space (free solution). (b) Schematic view of the experiment in the presence of Al
nanoapertures. (c) Notations describing the protein decay pathways modified in the presence of nanoapertures. (d) Scanning electron
microscope image of a 65 nm diameter nanoaperture. (¢) Normalized absorbance and fluorescence spectra of the UV dye PQP and two
proteins 3-galactosidase and streptavidin. The violet vertical lines correspond to the excitation wavelength of 295 nm, while the shaded

regions show the wavelength range used for fluorescence detection.

2 mM urea at pH 7. GODCAT was added to deplete the oxygen
dissolved in the buffers and improve the UV photostability
[36-38].

Streptavidin from Streptomyces avidinii (24 tryptophan
residues, 60 kDa, Sigma—Aldrich) was stored in a Hepes buf-
fer (Hepes 25 mM, NaCl 100 mM, 0.1 v/v% Tween20). For
the measurements, the stock solution was diluted in a Hepes
buffer including GODCAT and 10 mM ascorbic acid at pH 4 to
promote photocorrosion resistance [33]. Figure 1(e) shows the
absorption and fluorescence spectra of PQP, 3-galactosidase,
and streptavidin recorded using a cuvette spectrophotometer
(Tecan Spark 10 M).

2.5. Experimental setup

The experiments were performed on a custom-built confocal
microscope described in detail in [14] using a 295 nm pico-
second laser (Picoquant VisUV-295-590, 70 ps pulse dura-
tion, 80 MHz repetition rate). With this 295 nm excitation,
only the tryptophan residues contributed to the detected pro-
tein intrinsic emission, as the other aromatic amino acids such
as tyrosine and phenylalanine are not excited above 290 nm
[18]. The experiments on PQP were implemented using a Zeiss
Ultrafluar 40, 0.6 NA, glycerol immersion objective in the
epi-fluorescence configuration at the laser power of 120 pW.

The proteins were measured with a LOMO 58x, 0.8 NA,
water immersion objective. [-galactosidase and streptavidin
were excited at 10 W and 50 W, respectively. A dichroic
mirror (Semrock FF310-Di01-25-D) and two emission filters
(Semrock FFO1-300/LP-25 and Semrock FF01-375/110-25)
filtered the fluorescence light in the wavelength range between
310 and 410 nm, which covered a major part of the fluores-
cence spectra from the samples (figure 1(e)). The detection
was performed by a single photon-counting photomultiplier
tube (Picoquant PMA 175) after a 50 ym pinhole conjugated
to the object plane. The photomultiplier tube output was recor-
ded with a TCSPC module (Picoharp 300, Picoquant) featur-
ing 150 ps overall temporal resolution. Correlation functions
in the nanoapertures were obtained for both [-galactosidase
and streptavidin proteins within 2 min acquisition.

2.6. FCS analysis

FCS is used to analyze the temporal fluctuations of the
fluorescence intensity on a microsecond to second timescale
[39]. FCS involves computing the intensity-normalized cor-
relation function G (1) = (51(0)61(¢)) /(I (t))?, where 0I(t) =
I(t)— (I) is the intensity fluctuation around the average.
From this function, we extract the average number of detected
molecules allowing to compute the average fluorescence
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Table 1. FCS fit results corresponding to the correlation data displayed in figure 2.
F (kHz) B (kHz) Niot Ta (us) CRM (kHz)

PQP (confocal) 45 0 112 25 0.4

PQP (nanoaperture) 7.7 0.65 4 10 1.79
[3-galactosidase (confocal) 57.9 15.5 380 800 0.11
[-galactosidase (nanoaperture) 3.6 1.5 4.6 367 0.44
Streptavidin (confocal) 240 90 870 220 0.17
Streptavidin (nanoaperture) 13.4 5.9 10.1 230 0.75

brightness per molecule without any assumption on the
molecular concentration or the size of the detection volume.
The FCS correlation data was fitted by Levenberg—Marquardt
optimization using the commercial software SymPhoTime 64
(Picoquant). The three-dimensional Brownian diffusion model
was employed to describe the data as in the previous works

[14, 15]
2 —0.5
7 )

where N, denotes the number of molecules in the detection
volume, B is the background noise intensity from the photosta-
bilizing buffer and the empty nanoaperture itself, F is referred
to the total fluorescence intensity, 74 denotes the mean diffu-
sion time, and « is the aspect ratio of the axial to lateral dimen-
sions of the detection volumes (x = 8 for the confocal illumin-
ation and x = 1 for the nanoaperture). This model was found
to sufficiently describe the FCS correlation data [14, 15, 30].
As we are primarily interested here in the number of molecules
and their fluorescence brightness, the choice of the FCS model
for the translational diffusion plays no specific role. All the fit
results from the FCS analysis for the different cases are sum-
marized in table 1.

1
N, mol

B
1-=
F

T

= 1 —
G(r) +Z

2.7 Fluorescence lifetime analysis

The fluorescence decay histograms were fitted using
Picoquant SymPhoTime 64 software with an iterative recon-
volution fit that considered the instrument response function
(IRF). The fits were performed in the data range account-
ing for 95% of the total collected photons. For the confocal
reference for PQP, a single-exponential fit was enough to
interpolate the lifetime decay owing to the large fluorescence
signal and the low noise from the cyclohexane solvent. For
all the other cases, we detected background noise in the UV,
stemming from fast-lived photoluminescence of aluminum,
gallium ions, organic additives, and laser back-scattered light,
we fixed one component 7; = 0.01 ns for the fits and this
contribution was not considered for the determination of
fluorescence lifetime from the sample. For the fluorescence
decay of PQP in nanoapertures, we observed that in order
to take well into account the decay tail at long time delays,
we had to consider a contribution with a fixed lifetime of
0.76 ns corresponding to the lifetime of PQP in the con-
focal case. This was referred to as a residual fluorescence
contribution from molecules lying away from the aperture

whose fluorescence emission was not enhanced by the plas-
monic nanostructure. Therefore, the read-out lifetime value of
PQP corresponds to the second 7, component. We used the
same procedure for the fluorescence decays of S-galactosidase
and streptavidin proteins in nanoapertures. The fluorescence
decays in the free solution yielded two exponential compon-
ents which stem from the formation of rotational isomers of
tryptophan [40]. Thereby, the read-out lifetimes for the pro-
teins in the free solution and the nanoaperture were referred
to as the intensity average of the two components 7, and 73.
All the fit results for the lifetime analysis are summarized in
table 2.

3. Results

Figures 1(a)—(c) introduces the concept of the protein UV
emission modification in the presence of Al nanoapertures and
our notations. In the homogeneous solution case, the protein
total decay rate constant '), is the sum of the radiative rate
constant F?ad and the internal non-radiative decay rate constant
['Y.. In the case of protein UV autofluorescence, the internal
non-radiative rate ') generally largely exceeds the radiative
rate I'?; so that the quantum yield ¢ =19,/ (F‘r)ad + Fgr) is
around 1%-10% depending on the protein of interest [41].
The presence of the plasmonic nanoaperture modifies the
LDOS [4, 20] and accelerates the relaxation rate from the
excited state to the ground state. The radiative rate F:ad is
enhanced, and we define the Purcell factor np_, = F:ad / F?ad
as the enhancement of the radiative decay rate introduced
by the plasmonic nanostructure. The occurrence of quench-
ing losses into the metal opens an additional energy trans-
fer pathway with a rate constant FTOSS. The total decay rate
constant becomes I'y,, = I'yq + 't + I as we assume that
the internal conversion rate I'?. is unchanged by the photonic
environment (losses introduced by the photonic environment
are accounted by Ffoss). In the following, we aim at meas-
uring experimentally these different decay rate constants for
two different proteins (/3-galactosidase and streptavidin) to
quantify the influence of a plasmonic nanoaperture on the
LDOS and explore if Purcell enhancement can be demon-
strated for label-free proteins. We also compare our results
with PQP, a well-established high quantum yield fluorescent
dye in the UV range [42]. While it is now well established
that a single fluorescent dye can be approximated by a point
electromagnetic dipole whose radiation can be controlled

by the LDOS [1], the extension of the LDOS enhancement

rad
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Figure 2. Experimental characterization of intrinsic protein fluorescence and total decay rate in the Al nanoaperture of 65 nm diameter.

(a) Fluorescence intensity time traces, (b) FCS correlation functions, and (c) fluorescence lifetime decay of diffusing PQP molecules under
confocal illumination and in the nanoaperture. PQP concentration in cyclohexane is 20 nM in the free solution and 2 M in the
nanoaperture. (d) Fluorescence intensity time traces, (e) FCS correlation functions, and (f) fluorescence lifetime decay of 3-galactosidase
protein for the confocal reference and the nanoaperture. 3-galactosidase concentration in the aqueous buffer is 0.5 M in the free solution
and 1.7 uM in the nanoaperture. (g) Fluorescence intensity time traces, (h) FCS correlation functions, and (i) fluorescence lifetime decay of
streptavidin protein for the confocal reference and the nanoaperture. Streptavidin concentration in the aqueous buffer is 1.5 uM in the free
solution and 6 M in the nanoaperture. The values of fluorescence enhancement corresponding to each UV emitting molecule are shown in
panels (b), (e), and (h), while the gains of total decay rate are indicated in panels (c), (f), and (i). IRF denotes the instrument response
function of the experimental setup.

Table 2. Fit results for the fluorescence lifetime analysis of the histograms depicted in figure 2.

71 (ns) 72 (ns) 73 (ns) I I I3 Tot
PQP (confocal) — 0.76 — — 1 — 0.76
PQP (nanoaperture) 0.01 0.31 0.76 0.13 0.38 0.49 0.31
[-galactosidase (confocal) 0.01 0.35 2.17 0.08 0.25 0.67 1.68
[-galactosidase (nanoaperture) 0.01 0.14 1.32 0.64 0.15 0.21 0.85
Streptavidin (confocal) 0.01 0.39 2.01 0.2 0.2 0.6 1.61
Streptavidin (nanoaperture) 0.01 0.28 1.48 0.27 0.25 0.48 1.07
and Purcell effect to protein UV autofluorescence is not Figure 2 gathers the raw experimental data for all the three

completely straightforward. Each protein contains several investigated molecules. Each line of three graphs corresponds
tens of tryptophan emitters which are closely packed at to a different molecule and shows the fluorescence intensity
a nanometer distance and are surrounded by other amino time traces, the FCS correlation functions computed from the
acids acting as fluorescence quenchers via electron or proton intensity time traces, and the corresponding fluorescence life-
transfer [17]. time decays, for both the 65 nm diameter nanoaperture and
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the reference confocal case. All the fit results for the different
cases are summarized in table 1 for the FCS analysis and
table 2 for the lifetime analysis.

The FCS data on proteins exhibit a higher level of noise
as compared to PQP. The FCS signal-to-noise ratio depends
linearly on the fluorescence brightness per molecule (CRM)
[43], which is lower for the proteins as compared to PQP. This
highlights an additional advantage of the nanoaperture for UV-
FCS: the higher photon count rates reduce the statistical noise
and allow decreasing the experiment integration time. These
features are important as in the UV, the microscope objectives
have a limited numerical aperture for fluorescence collection,
and the target biomolecules have a quite low photostability and
quantum yield as compared to conventional fluorescent dyes in
the visible [36].

From the fit of the FCS data, we measure the average num-
ber of molecules Ny, detected for each experiment, which
allows us to compute the fluorescence brightness per molecule
as the ratio of the average total fluorescence intensity (cor-
rected for the background) by the average number of fluor-
escent molecules CRM = F — B/N,,,. Please note that this
molecular brightness is averaged over all the spatial positions
and orientations of the molecules inside the detection volume.
We then determine the net fluorescence enhancement g as
the CRM increase in the presence of the nanoaperture. For
PQP, the molecular brightness increases from 0.4 kcounts s~!
to 1.8 kcounts s~! in presence of the nanoaperture, corres-
ponding to a fluorescence enhancement ng of 4.3 + 0.3.
Similar fluorescence enhancement values are found with -
galactosidase and streptavidin proteins, with 4.2 + 0.4 and
4.4 4+ 0.4, respectively.

From the fit of the fluorescence decay histograms, we
determine the average fluorescence lifetime 7, which corres-
ponds to the inverse of the total decay rate constant I'yoe = 1/7.
The reduction of the fluorescence lifetime in the presence of
the nanoaperture quantifies the gain of the total decay rate
N = Liot/T. For PQP, the fluorescence lifetime is reduced
from 0.76 ns to 0.3 ns with the nanoaperture, so that the
total decay rate is enhanced by nr,, = 2.5 £ 0.2. The fluor-
escence lifetimes measured for proteins are also shortened
in the presence of the nanoaperture, with an acceleration of
Nr, = 2.0 £ 0.3 for $-galactosidase and 1.5 + 0.2 for strep-
tavidin. However, while the shorter autofluorescence lifetime
for proteins in the nanoaperture indicates a change in the
LDOS, it does not constitute by itself a demonstration of the
radiative rate enhancement. Indeed, the presence of quench-
ing losses to the metal I'}  contribute to the observation of an
increased total decay rate in presence of the nanoaperture, and
this contribution must be taken into account. To disentangle
the modification of the radiative rate from the total decay rate,
we analyze further the fluorescence brightness enhancement.

The net fluorescence enhancement 7ng in the vicinity of
the nanoaperture depends on three factors: the increase of the
excitation intensity, quantum yield (¢), and the collection effi-
ciency [30]. It can be expressed as:

g = Tlcoll Mexc TTyag )
nF‘Ol

where 7con is the gain in collection efficiency, 7ex. is the
local excitation intensity enhancement and nr,,/ 7r,, corres-
ponds to the quantum yield gain. Our experiments in figure 2
measure the gains 7 and nr . To extract the radiative decay
rate enhancement 7, ,(the Purcell factor), we use two extra
pieces of information. First, the antenna reciprocity theorem
states the excitation intensity gain 7ex. amounts to the product
of the collection efficiency gain 7, and the radiative rate
gain nr_, [4, 44]. Second, we set the collection efficiency
gain 1, = 1.44 for the 65 nm nanoaperture, relying on
the previous descriptions of the directionality of bare alu-
minum nanoapertures [45, 46]. Altogether, the radiative rate
enhancement becomes 7r,,, = /7 7r,,/ 1.44, and we use this
expression for all the three different fluorescent samples (pro-
teins and PQP). Moreover, once all the rate enhancements
are known, then the knowledge of the reference fluorescence
quantum yield in the confocal case allows us to compute
back all the different decay rate constants contributing to the
fluorescence process both in the confocal and nanoaperture
case.

Figure 3 and table 3 summarize our main results regarding
the UV fluorescence photokinetic rates enhancement for label-
free proteins inside an aluminum nanoaperture. We measure
a radiative rate enhancement (Purcell factor) of 2.0 & 0.2x
for (-galactosidase and 1.8 + 0.2x for streptavidin. These
values correspond also to the radiative rate enhancement of
2.3 + 0.2 for found for PQP (figure 3(a)), which is within the
value range computed for Al nanoapertures of similar design
independently [47]. Remarkably, these results are achieved
even though the fluorescence quantum yield between PQP
and the proteins differ up to nearly two orders of mag-
nitude (figure 3(b)). Altogether, this provides the first clear
demonstration of radiative enhancement and Purcell effect
applied on label-free proteins in the UV. These observa-
tions validate the possibility to control protein intrinsic auto-
fluorescence by modifying the LDOS with plasmonic and
nanophotonic devices. Importantly, in our approach, the fluor-
escence enhancement is measured based on FCS calibration
of the number of molecules, implying that the resulting gains
are not biased by possible concentration variations of the
proteins.

Figure 3(c) shows all the deduced enhancement factors that
constitute the net fluorescence gain measured in the UV. Des-
pite the very different nature of the fluorescent emitters, the
parameters retrieved for the influence of the photonic structure
are similar, confirming the validity of our approach. Moreover,
the derived excitation intensity gain goes along with the sim-
ulations reported in the previous work [14].

Based on the deduced enhancement factors, we can reveal
the decay rates of I';,; and I'}. For PQP, which is a high
quantum yield dye, the radiative rate constant I'’, | dominates
over the internal non-radiative rate I').. Therefore, the Pur-
cell enhancement of the radiative rate does not affect substan-
tially the quantum yield. The losses T}, induced by coup-
ling to the metal induce a slight reduction of its quantum
yield from 89% to 81% inside the nanoaperture. On the con-
trary, proteins are intrinsically poor emitters, their radiative

rate constants ', are small as compared to their internal
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Figure 3. Enhancement of the different decay rate constants and comparison between label-free proteins and PQP. (a) Radiative rate
enhancement (Purcell factor). (b) The average quantum yield of the UV fluorescent molecules. The data for the confocal reference is
displayed in pastel colors, while the brighter colors represent the nanoaperture. (c) Excitation intensity gain, collection efficiency gain,
quantum yield gain, and net fluorescence enhancement. The gray shaded areas represent the error bars.

Table 3. Photokinetic rate constants deduced from the experimental data. All I'; values are expressed inns™ .

Sample Configuration Traa Tor Tloss T ot Ttot (NS) @ (%)
PQP Confocal 1.17 0.15 — 1.32 0.76 89
Nanoaperture 2.68 0.15 0.5 3.33 0.3 81
[-galactosidase Confocal 0.01 0.59 — 0.6 1.68 1.6
Nanoaperture 0.02 0.59 0.57 1.18 0.85 1.6
Streptavidin Confocal 0.02 0.6 — 0.62 1.61 35
Nanoaperture 0.04 0.6 0.29 0.93 1.07 4.2

non-radiative rate Fgr (figure 3(b), table 3). In this case, the
quantum yields are increased inside the nanoaperture thanks
to the radiative rate enhancement, with a factor of 1.2x
for streptavidin (figures 3(b) and (c)). Lastly, we point out
that the quenching losses induced by the metal structure
I'; .. remain of similar amplitude for all three investigated

loss
molecules.

4. Conclusion

We report the observation and thorough quantification of the
Purcell effect for the intrinsic UV emission of label-free (-
galactosidase and streptavidin proteins in plasmonic nanoaper-
tures. The detected spontaneous emission originates from the
constituent tryptophan residues, implying that our conclusion
and the techniques described here are valid for most of the pro-
teins. Regardless of the complexity of protein structure and
its dominating non-radiative decay rate, we measure a spon-
taneous emission gain matching that of a high quantum yield
PQP UV fluorescent dye. This shows that the concepts and res-
ults of nanophotonics to control the LDOS can also be largely
applied to label-free proteins featuring hundreds or thousands
of aminoacids. Our observations importantly show ways to
improve the net detected autofluorescence signal by increas-
ing the radiative emission and the autofluorescence quantum
yield. Altogether, our experiments demonstrate the possibil-
ity to control and measure the intrinsic spontaneous emission
of single protein molecules in the UV, which is an important

finding for future development of label-free protein detection
and sensing.
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