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ABSTRACT: Förster resonance energy transfer (FRET) between
fluorescent dyes is a frequently applied technique for analyzing
concentrations and conformations of biomolecules. Optimizing FRET by
controlled dye-surface functionalization is an important requirement to
develop sensors based on surface−biomolecule interactions. Here, we
investigate the silanization of silica with aminosilanes ((3-aminopropyl)-
triethoxysilane, APTES) and their subsequent functionalization with
commercial organic fluorophores (ATTO-550 and ATTO-647N) for
controlling the fluorescence intensity and FRET interaction between the
dyes. Owing to the growing application of aluminum in plasmonics and the
possibility to enhance FRET with aluminum nanostructures, we used
plasma-enhanced atomic layer deposition (PEALD) to cover aluminum
layers with thin silica coatings (∼4 nm) as a prototypical system to apply
and characterize our controlled APTES−dye functionalization procedure. Detailed spectroscopic and fluorescence imaging
analyses were used to optimize the silanization, control the dye functionalization, and rule out aluminum-related fluorescence
quenching. The optimized protocol was then used to attach both dyes on the same surface, which enabled efficient FRET. As
PEALD is in principle applicable to different substrates, we believe that our controlled FRET-functionalization approach may be
adaptable to many other surfaces and nanostructures and may become a useful tool to advance the development of fluorescence
biosensors.

■ INTRODUCTION

Silanization is a well-known and stable surface functionaliza-
tion method that has been applied for the attachment of
various biomolecules on silicon, silica, glass, or poly-
(dimethylsiloxane) for bioanalytical devices, biosensors,
diagnostics, and microfluidics.1−4 Many of these biosensing
applications based on silanized substrates used optical
detection, including plasmonics,5 fluorescence,6,7 and Förster
resonance energy transfer (FRET).8 Although such biosensing
devices usually apply silanization to immobilize biomolecules
on their surfaces, and optical probes are attached to these or
other biomolecules that participate in the biological recog-
nition process, direct attachment of fluorescent dyes to the
surfaces and detection of the interaction of label-free
biomolecules with these fluorescent surfaces are rather
unexplored. Owing to its nanometric distance dependence,
FRET is one of the most important techniques to qualify and
quantify biomolecular interactions on the nanoscale.9−15 A

biosensing device functionalized with FRET pairs (donor and
acceptor dyes coassembled to the surface) may provide
interesting information concerning biomolecule−surface inter-
actions or biomolecules in close proximity to the FRET-
functionalized surfaces.
Plasmon-based sensing via enhanced fluorescence on the

surfaces of metal nanoparticles or nanostructured metal
surfaces has become an important method for the detection
of biological or biochemical molecules and interactions.16−28

Although gold and silver are arguably the most applied
plasmonic materials, which can be functionalized by sulfhydryl-
reactive chemistry without additional surface modification,29

the advantages of aluminum concerning costs, natural
abundance, and manufacturing have resulted in many
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applications of aluminum plasmonics.30−35 Recently, Wenger
et al. demonstrated significant enhancement of FRET when a
DNA conjugated with a dye−dye (ATTO-550 and ATTO-
647N) FRET pair moved into close proximity of aluminum
nanoapertures or nanoantennas.36,37 The combination of these
plasmonic-FRET results, the successful coating of gold
nanostructures by thin silica layers using plasma-enhanced
atomic layer deposition (PEALD),38 and the general higher
flexibility of PEALD39 motivated us to develop a surface
functionalization strategy for aluminum. Direct and controlled
dye functionalization of aluminum via thin silanized silica
coatings should be able to take into account the fine line
between decreasing (very short fluorophore−surface distances)
and increasing (few nanometers of fluorophore−surface
distances) fluorescence intensities.26,40−43 Thus, it has the
potential to become useful for investigating label-free
biomolecules in future plasmonic studies using nanostructured
metal surfaces.
Here, we show that thin aluminum films can be coated by

PEALD with ca. 4 nm-thick silica layers that can be further
functionalized by (3-aminopropyl)triethoxysilane (APTES).
Extensive optimization and characterization of the silanization
protocol allowed us to graft APTES molecules with a well-
controlled density on the silica coating. The aminosilanes were
then used to attach two different organic dyes, namely, N-
hydroxysuccinimide (NHS)-terminated ATTO-550 and
ATTO-647N, on the outer surface layer. Dye-concentration-
dependent fluorescence intensities were analyzed by fluo-
rescence microscopy and revealed an optimum concentration
region and confirmed the smooth silanization with evenly
distributed APTES. The optimized protocol was then used to
functionalize both dyes to the silanized aluminum surfaces with
the aim to investigate their interaction as donor−acceptor
FRET pairs. Indeed, fluorescence imaging of the surfaces with
a camera resolution of 1024 × 1024 pixels (ca. 1 million
fluorescence pixels) showed efficient FRET (average EFRET =
0.7 ± 0.2) and corroborated the close distance (ca. 5.5 nm in
average) of the APTES molecules and the sufficient thickness
of the silica−APTES coating to avoid fluorescence quenching
by the underlying aluminum surface. The dye fluorescence and
FRET results were very useful for analyzing the coating
properties, which may become an important tool for
characterizing silanized silica surfaces for biosensing devices.
Taking into account that PEALD deposition of thin silica
coatings may be transferable to other metals and nano-
structured metal surfaces, our method has the potential to
become a valuable tool for plasmonic fluorescence and/or
FRET biosensing.

■ RESULTS AND DISCUSSION
Silanization and Characterization of Silica-Coated

Aluminum Films. Al layers that were 100 nm thick were
deposited by e-beam lithography on commercial Si3N4
membrane chips. Directly after Al deposition, the Al films
were coated by PEALD with a 4 nm-thick layer of SiO2, as
verified by ellipsometry. To prepare the SiO2-coated aluminum
films (Al−SiO2) for the attachment of fluorescent dyes, the
silica layer was functionalized with (3-aminopropyl)-
triethoxysilane (APTES) aminosilanes (Scheme 1),4 following
an optimized protocol. Samples were rinsed and then cleaned
with oxygen plasma, which was an indispensable pretreatment
step to avoid nonspecific adsorption and to guarantee a
reproducible functionalization. Silanization with APTES was

performed during 10 h (reaction time was carefully optimized)
at a controlled humidity (2%), temperature (21 ± 1 °C), and
pH (pH 5−6), and afterward the silanized samples were rinsed
and dried.
Contact angle measurements were used to characterize the

surfaces after the different treatment and functionalization
steps. The hydrophobic untreated samples (SiO2-coated Al
films), which showed a large contact angle of 86.7 ± 1.2°,
became hydrophilic after oxygen plasma cleaning with a low
contact angle of 5.3 ± 1.0°. This result confirmed the
enhancement of the silanol group density on the silica surface.
After silanization, the presence of the amino groups and the
carbon backbones of APTES, which are more hydrophobic
than silanol groups,44 resulted in a more hydrophobic surface
with a contact angle of 78.1 ± 8.7°. The presence of amino
groups limited the full-hydrophobic characteristics of the
surface. To confirm the chemical nature of the grafted silanes
and to provide another qualitative control of successful
silanization, we characterized the silanized surfaces by
Fourier-transform infrared (FTIR) spectroscopy. The spectra
of silanized SiO2-coated Al films in Figure 1 highlight the
specific absorption bands of aminosilanes. They show two
characteristic peaks relative to N−H bonds localized at the
terminal groups of silane chains. Precisely, a small shoulder at
3240 cm−1 is ascribed to the N−H asymmetric stretching of
the amine H bonds, which is representative of a possible NH2
interaction toward the silica surface.45 A broad band at 1440
cm−1 is assigned to the N−H stretching vibration, which is
indicative of the free amino groups.45,46 These characteristic
peaks do not appear in the spectra of silanized aluminum
(Figure S1) but are confirmed in silanized SiO2 without
subjacent aluminum (Figure S2), which confirms the
successful APTES silanization specifically on SiO2 surfaces.

Dye−APTES Functionalization. In a first approach to
demonstrate the functionality of the APTES-coated surfaces,
we aimed at attaching N-hydroxysuccinimide (NHS)-activated
organic dyes to the terminal amino groups of APTES (cf.
Scheme 1). First, 20 μL of ATTO-647N−NHS (1 mg/mL) in
carbonate buffer (pH 9) was deposited on the surfaces for 1 h,
and after washing and drying the contact angle was measured.
The moderate hydrophilicity of ATTO-647N led to a slight
decrease of the contact angle from 78.1 ± 8.7 to 63.0 ± 8.0°,
which was a first good evidence for a successful dye
functionalization. Further characterization of the dye-coated

Scheme 1. Attachment of Aminosilanes (APTES) on the
SiO2-Coated Al Films
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Figure 1. FTIR spectrum (bottom) and enlargement of specific spectral regions (top) of silanized SiO2-coated aluminum surfaces. Peaks at 3240
and 1440 cm−1 were characteristic of N−H stretching and deformation, respectively.

Figure 2. Background-corrected false color (0−200 counts from blue to red) fluorescence images (1500 × 1500 pixels cropped image) of Al−
SiO2−ATTO-647N (a), Al−SiO2−APTES−ATTO-647N (b), and SiO2−APTES−ATTO-647N (c). Scale bars correspond to 50 μm.

Table 1. Fluorescence Intensities after Attachment of ATTO-647N and Subsequent Cleaning

O2 plasma treatment sample typea mean intensity ± distributionb average of mean intensitiesc

silanized samples yes Al−SiO2−APTES 54 ± 17 52 ± 4
SiO2−APTES 49 ± 14
Al−APTES 30 ± 15

control samples (nonsilanized) yes Al−SiO2 9 ± 7 9 ± 7
SiO2 9 ± 7
Al 4 ± 5

no Al−SiO2 57 ± 16 63 ± 56
SiO2 122 ± 27
Al 11 ± 8

aAll samples were incubated with 20 μL of ATTO-647N−NHS (1 mg/mL for silanized samples and 2 mg/mL for controls). Background was
measured on the same sample type without O2 plasma treatment, silanization, and ATTO-647N. bBackground-corrected fluorescence intensities
(mean intensity and intensity distribution of intensity histograms acquired from three different ROIs with 3 × 106 ± 1 × 104 pixels per ROI) after
mask correction. Measurements were also performed on Al−SiO2 samples for 0.5 mg/mL ATTO-647N−NHS, which corresponded to the
maximum of intensity in Figure 3, and gave similar values of 8 ± 7 with and 77 ± 18 without O2 plasma treatment. cAl samples without SiO2 were
not taken into account for averaging because of different conditions for APTES functionalization.
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surfaces was performed by fluorescence imaging. Figure 2
shows background-corrected fluorescence images of SiO2-
coated Al films, without (a) and with (b) APTES, and a SiO2
layer (without the subjacent Al film) with APTES (c) after
ATTO-647N coupling and subsequent rinsing. The differences
in fluorescence intensities can be readily distinguished by the
naked eye and confirm the successful dye attachment on
silanized SiO2 and SiO2−Al layers (Figure 2b,c). Indeed, the
similar fluorescence intensities of SiO2 layers with and without
subjacent Al films suggest that the thickness of the SiO2 layer
was sufficient to prevent any fluorescence quenching by
aluminum.
To gain more insight into the importance of the various

treatment and functionalization steps of the complete
silanization and dye-coupling protocol, we performed a
quantitative assessment of the fluorescence intensities of
various types of samples. Several samples at different steps of
the protocol were incubated with 20 μL of ATTO-647N−
NHS (1 or 2 mg/mL) for 1 h, and fluorescence images were
taken after rinsing and drying. Because the final step always
used the same dye solution and the dyes always attached to flat
surfaces, we could reasonably assume that the fluorescence
quantum yields of the dyes did not change, and a direct
comparison of the fluorescence intensities on the different
samples could be used. Fluorescence intensity values for each
image were determined from the average photon counts from
all camera pixels (2560 × 2160) after correction of aggregates
or surface defects that led to extremely high fluorescence
intensities (see the Supporting Information (SI) for the
correction procedure). The average fluorescence intensities
from three regions of interest (ROIs) (Table 1) contained
important information regarding the surface treatment and dye
functionalization. Successful dye coupling was evidenced by
the strong intensity increase of ATTO-647N-functionalized
Al−SiO2−APTES samples (54 ± 17 counts) compared to the
nonsilanized control (9 ± 7 counts). Similar fluorescence
intensities from SiO2−APTES−ATTO-647N samples without
Al (49 ± 14 compared to 54 ± 17 counts with Al) indicated
that the SiO2-coated aluminum layer did not lead to
fluorescence quenching of the ATTO-647N. We note that
the aim of our study was not to accomplish plasmonic
enhancement of fluorescence (which would also be unreason-
able from a flat Al film) but to provide and characterize a
reproducible dye-coating procedure. Samples without SiO2
coating (Al−APTES−ATTO-647N) were also tested and
showed a reduced fluorescence intensity (30 ± 15, ca. 60% of
the samples with SiO2 coating), which may have resulted from
fluorescence quenching due to the closer distance (4 nm SiO2
coating was missing) of the dyes to the Al film. However, we
could not rule out that APTES functionalization of Al was less
efficient than the one of SiO2, which would also lead to lower
fluorescence intensities. Despite the uncertainty of the origin of
reduced fluorescence, the results determined from various
samples clearly showed a successful ATTO-647N functional-
ization on Al−SiO2−APTES samples without fluorescence
quenching and nonspecific adsorption.
Another interesting point concerns the importance of O2

plasma treatment of the samples, which removes all
contaminants from the surfaces to be functionalized.47 As
shown in Table 1, the fluorescence intensity values of
untreated samples were very randomly distributed (between
11 ± 8 and 122 ± 27 in this set of control experiments), which
was most probably caused by nonspecific and uncontrolled

adsorption of ATTO-647N−NHS to the different surfaces.
Although such nonspecific adsorption can lead to higher
fluorescence values than for O2-plasma-cleaned samples (e.g.,
122 ± 27 compared to 54 ± 17), the large sample-to-sample
variation is a clear disadvantage for the production of
biosensing devices that necessitate a high reproducibility. O2-
plasma-treated control samples all showed low fluorescence
intensity values between 4 ± 5 and 9 ± 7, which confirmed the
very low degree of dye attachment to these cleaned surfaces.
On average, plasma-cleaned samples resulted in mean
fluorescence intensities of 52 ± 4 counts per pixel for silanized
and 9 ± 7 counts per pixel for nonsilanized samples, whereas
the untreated samples resulted in a mean intensity of 63 ± 56
counts per pixel. Clearly, the O2 plasma treatment adds an
important degree of control and reproducibility to the
functionalization strategy, which is of paramount importance
for any fluorescence application on functionalized surfaces.

Concentration-Dependent Dye−Surface Coupling.
Because fluorescence intensity is the signal that will be used
in the final biosensing device, it would be the most
advantageous if the same signal could be used to evaluate
the influence of the dye concentration on the functionalization
procedure instead of using other techniques that may not be
available in all laboratories and would necessitate an additional
characterization step. We investigated several different Al−
SiO2−APTES samples (three to four per dye concentration)
using the same functionalization protocol as mentioned above
but with ATTO-647N−NHS concentrations ranging from 0.01
to 2.0 mg/mL. The fluorescence measurements revealed a
clear concentration dependence that could be divided into
three concentration ranges (Figure 3). In the lower

concentration regime (0.01−0.3 mg/mL), the fluorescence
intensity can be almost linearly tuned (from ca. 5 to 60 average
counts per pixel) by adjusting the initial dye concentration. At
concentrations from ca. 0.3 to 0.7 mg/mL, the fluorescence
intensity is at a constant level (around 60 average counts per
pixel), which provides a comfortable range for reproducible
functionalization results. At higher concentrations, the

Figure 3. Background-corrected fluorescence intensities of ATTO-
647N dyes applied at different concentrations to Al−SiO2−APTES
samples. Average pixel intensities calculated from three to four
samples (9−12 ROI, ∼3 × 106 ± 1 × 104 pixels per ROI) per
concentration.
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fluorescence intensity slightly decreases, which may be caused
by charge transfer, energy transfer, or local inner filter effects
between the closely packed dyes (high local concentration on
the surface).12,48 Although such fluorescence quenching was
certainly not desirable, it provided good evidence that the
APTES molecules are efficiently covering the substrate with
limited free surface, enough to allow for FRET between two
different dyes.
Surface-FRET between ATTO-550 and ATTO-647N.

Encouraged by the concentration-dependent fluorescence
results, we challenged our Al−SiO2−APTES samples with
the simultaneous attachment of two different dyes that could
act as a FRET donor−acceptor pair. To show the possible
application of our technology for future plasmonic biosensing
devices, we used the same FRET pair (ATTO-550 donor and
ATTO-647N acceptor) that was applied for FRET efficiency
enhancement on plasmonic Al nanostructures.36,37 Absorption
and fluorescence spectra of both dyes are presented in Figure
4, together with the bandwidths of the excitation and emission
filters used for fluorescence imaging.

For FRET analysis, several FRET parameters need to be
determined.49,50 The Förster distance (R0) of the ATTO-550/
ATTO-647N donor−acceptor pair, which is the distance at
which FRET is 50% efficient, was calculated to R0 = 6.4 nm
using eq 1

κ ϕ
π

λ=R
n N

J
9 ln(10)

128
( )0

6
2

D
5 4

A (1)

where κ2 is the dipole−dipole orientation factor that was
assumed to be κ2 = 2/3 (dynamic averaging due to the free
rotation of the dyes that are coupled via flexible linkers to
amines on top of the APTES molecules), ΦD is the
fluorescence quantum yield of the ATTO-550 donor (ΦD =
80%), n is the refractive index of the sample-surrounding
medium (n = 1.35 for buffered aqueous medium), NA = 6.02 ×
1023 mol−1 is Avogadro’s constant, and J(λ) in (M−1 cm−1

nm4) is the spectral overlap integral as calculated by eq 2

∫λ λ ε λ λ λ=J F( ) ( ) ( ) dD A
4

(2)

where FD(λ) is the area−normalized fluorescence intensity of
the donor in nm−1, εA(λ) is the extinction coefficient of the
acceptor in M−1 cm−1, and λ is the wavelength in nanometers.
Figure 5 shows representative fluorescence images of dye-

functionalized Al−SiO2−APTES surfaces with only ATTO-
550 (donor control), only ATTO-647N (acceptor control),
and a 1:1 mixture of both dyes (FRET). Owing to the similar
structures and sizes and the same functional group (NHS) of
the two ATTO dyes, we assumed very similar coating
conditions and thus selected a 1:1 mixture for the dyes.
Three different dye concentrations (0.25, 0.5, and 1.0 mg/mL)
that were within or close to the maximum fluorescence
concentration region (cf. Figure 3) were used for surface
functionalization. Owing to the large amount of samples used
within our study, aggregates or surface defects (vide supra)
could not be avoided. However, these high-intensity regions
(and also the vertical smearing effects caused by the short
exposure times to avoid photobleaching) could be filtered for
fluorescence intensity quantification (vide infra). Despite these
artifacts, the fluorescence images for all three dye concen-
trations clearly showed energy transfer from ATTO-550 to
ATTO-647N. Both significant donor quenching (left rows,
top, and bottom images) and acceptor sensitization (right
rows, top, and bottom images) were readily observable. Donor
and acceptor control experiments also revealed that there was
negligible spectral cross-talk of donor emission in the acceptor
detection channel (top line, left, and right images) and only
very few acceptor fluorescence upon direct excitation by the
donor excitation wavelength (center line, right images),
confirming that the acceptor fluorescence in the FRET
experiments (bottom right images) was caused by energy
transfer.
To provide a more quantitative evaluation than can be

provided from the single-ROI images in Figure 5, we analyzed
the fluorescence intensities of all camera pixels from nine ROIs
taken from three different samples for each concentration.
Fluorescence data treatment was performed as described in the
Experimental Section, by applying a mask allowing to suppress
signals originating from aggregates and surface defects (see the
SI for details of the filtering procedure). The different
fluorescence intensity values (Table 2) were used to determine
the FRET efficiency EFRET (eq 3), the FRET ratio (eq 4), and
the distance between donor and acceptor R (eq 5).49,50

= −E
I
I

1FRET
DA

D (3)

where IDA (exc: D; em: D; FRET) and ID (exc: D; em: D;
donor control) are the fluorescence intensities of the donor in
the presence and absence of the acceptor, respectively.

− =
I
I

FRET ratio AD

DA (4)

where IAD (exc: D; em: A; FRET) is the intensity of the
acceptor upon donor excitation.

i
k
jjjjj

y
{
zzzzz=

−
R R

I
I I0

DA

D DA

1/6

(5)

The three FRET parameters for each concentration are
presented in Table 3. Both FRET efficiency and FRET ratio

Figure 4. Absorption (dashed lines, left ordinate) and emission (solid
lines, right ordinate) spectra of ATTO-550 (blue) and ATTO-647N
(red). Transmission spectra of the detection bandpass filters are
shown in gray (right ordinate). Dichroic mirrors (not shown) for
excitation/emission separation had their transmission/reflection
turnover at 562 nm for donor and FRET detection and at 649 nm
for acceptor detection.
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slightly increased (and therefore the distance between the dyes
slightly decreased) when the FRET-pair dye concentration was
increased from 0.25 to 0.5 mg/mL. Although intuitively one
might have expected a larger change of the FRET parameters
when doubling the dye concentration, the rather small
alterations confirm the concentration-dependent functionaliza-
tion results from Figure 3. Because 0.25 mg/mL is already very
close to the fluorescence intensity saturation range, the
changes in FRET (which mainly depend on the dye−dye
distance) are rather small when the concentration was
increased to the saturation range. Another doubling of the
FRET-pair concentration to 1.0 mg/mL led to a more drastic
change of the FRET efficiency and dye-to-dye distance and a
large increase of the FRET ratio. As already discussed for the
concentration-dependent functionalization, this concentration
may have led to a relatively dense packing of the dyes and
concomitant charge or energy transfer or inner filter effects,
which probably resulted in stronger donor quenching while
still efficiently sensitizing the acceptor dyes and thus led to a
stronger modification of the FRET parameters. Although such
high FRET ratios may be advantageous for some applications,
the additional quenching parameters may lead to unstable
fluorescence conditions, and therefore a general recommenda-
tion would be not to use too high fluorophore concentrations
for surface functionalization.

■ CONCLUSIONS

A generic method to attach fluorophores or biomolecules in a
controlled and reproducible way to different surfaces would be
a very useful tool for the development of reliable and accurate
biological or chemical sensing devices. In this study, we have
used Al-coated silicon wafers as a prototypical system to
demonstrate that the deposition of thin silica layers (∼4 nm)
and a subsequent silanization with APTES can be used to
attach fluorescent dyes in a controlled, homogeneous, and
reproducible manner. Successful attachment of silanes was
confirmed by contact angle and FTIR measurements, and dye
functionalization was followed by fluorescence imaging. The
investigation of many different samples ranging from the pure
wafer to the final Al−SiO2−APTES−dye system (and all
systems in between), the optimization of the functionalization

Figure 5. Background-corrected false color (0−300 counts from blue to red) fluorescence images of dye-functionalized Al−SiO2−APTES samples.
Donor control contains only ATTO-550, acceptor control contains only ATTO-647N, and FRET contains both dyes at concentrations of 0.25 mg/
mL (a), 0.5 mg/mL (b), and 1.0 mg/mL (c). Left rows present donor excitation (exc: D) and emission (em: D), center rows present acceptor
excitation (exc: A) and emission (em: A), and right rows present donor excitation (exc: D) and acceptor emission (em: A). The size of each image
is 332.8 μm × 332.8 μm. Selected intensity histograms of the images can be found in Figure S3.

Table 2. Fluorescence Intensities for the Donor Alone
(ATTO-550), the Acceptor Alone (ATTO-647N), and the
FRET Pair (Ratio 1:1) in Each Detection Channela

sample
dye concentration

(mg/mL)

exc: D exc: A exc: D

em: D em: A em: A

donor
control

0.25 116 ± 46 0 ± 20 0 ± 23

acceptor
control

0.25 0 ± 39 143 ± 40 33 ± 28

FRET 0.25 42 ± 42 69 ± 31 54 ± 33
donor
control

0.5 105 ± 45 0 ± 18 0 ± 22

acceptor
control

0.5 0 ± 37 198 ± 44 63 ± 31

FRET 0.5 36 ± 42 91 ± 33 57 ± 32
donor
control

1.0 145 ± 49 0 ± 20 0 ± 25

acceptor
control

1.0 0 ± 35 167 ± 55 81 ± 34

FRET 1.0 27 ± 40 195 ± 45 150 ± 43
a(Exc: D and em: D): donor channel = excitation 543/22, dichroic
562, emission 586/20. (Exc: A and em: A): acceptor channel =
excitation 623/24, dichroic 649, emission 676/29. (Exc: D and em:
A): FRET channel = excitation 543/22, dichroic 562, emission 676/
29. FRET pair ratio is 1:1. Around 1 × 106 ± 1 × 104 pixels were
considered for each ROI. Note: All values were background-corrected
but the intensity distribution over all pixels (error) was conserved,
which may lead to negative error ranges.

Table 3. FRET Parameters for Different FRET-Pair (ATTO-
550 and ATTO-647N) Concentrations

concentration
(mg/mL)

FRET
efficiencya FRET ratiob

D−A distance
(nm)c

0.25 0.64 ± 0.03 1.29 ± 0.11 5.82 ± 0.12
0.50 0.66 ± 0.02 1.58 ± 0.07 5.74 ± 0.06
1.0 0.81 ± 0.02 5.56 ± 0.39 5.01 ± 0.09

aCalculated with eq 3. bCalculated with eq 4. cCalculated with eq 5.
Note: Errors were calculated for n = 9 by using the standard
deviations of the average corrected fluorescence intensities from nine
different ROIs. The pixel distributions (errors in Table 2) are not
important for the FRET parameters and were therefore not taken into
account.
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environment and pretreatment of the surfaces by O2 plasma,
and a dye (ATTO-647N)-concentration-dependent surface
attachment analysis allowed us to develop a protocol for
controlled dye−surface coupling. This optimized protocol was
then applied to attach a dye FRET pair (ATTO-550 donor and
ATTO-647N acceptor) to the silanized Al−SiO2 surfaces,
which led to efficient FRET (with both donor quenching and
acceptor sensitization) with efficiencies between ∼60 and 80%
depending on the dye concentrations. These FRET results
were of 2-fold importance. First, they confirmed the
homogeneous silanization that can attach dyes at distances of
ca. 5−6 nm to each other, and therefore FRET measurements
on a standard fluorescence microscope can be used to
characterize the quality and quantity of surface functionaliza-
tion. Second, successful FRET between two dyes attached to
an aluminum surface via a PEALD-deposited silica coating (to
prevent fluorescence quenching from the underlying metal and
to protect the Al film against oxidation) presents an interesting
strategy to use FRET-functionalized metal nanostructures for
plasmonically enhanced FRET to investigate label-free
biomolecules.

■ EXPERIMENTAL SECTION
Silica-Coated Aluminum Samples. Samples used for the

functionalization were prepared following a process of several
steps. Commercial Si3N4 membrane chips (thickness: 100 nm;
area: 500 × 500 μm2) were used as substrates. These were
rinsed in ethanol before utilization. Next, 100 nm-thick Al
layers were deposited by means of e-beam physical vapor
deposition in high vacuum (1 × 10−6 mbar) at the standard
deposition rate of 0.3 Å/s. After Al deposition, the samples
were immediately transferred to the PEALD facility. The
employed instrument was a commercial PEALD reactor
“FlexAL” (Oxford Instruments), which has a remote,
inductively coupled plasma capability. The bis(tert-
butylamino)silane precursor was heated at 35 °C to supply a
vapor pressure of approximately 3 torr and was delivered to the
reaction chamber by the vapor-draw method. The substrate
temperature was 80 °C. The oxidant was an oxygen plasma
generated at 300 W at a flow rate of 60 sccm. The precursor
dose was 1.0 s and the plasma dose was 5.0 s. The process has
been developed by Oxford Instruments (https://www.oxinst.
com/) and has been previously described in the literature.39 In
total, 28 cycles of SiO2 deposition (0.145 nm/cycle, 80 °C)
were applied. The final thickness of 4 nm SiO2 was
characterized by means of ellipsometric reflectometry using a
WVASE instrument (www.jawoolam.com) and fitting the
experimental data on different samples with increasing SiO2
thickness. After SiO2 deposition, samples were analyzed by an
optical microscope to verify the cleanliness of the substrates
and the homogeneity of the deposited coating (Figure S4).
The roughness of the coating was checked through scanning
electron microscopy imaging (Figure S5).
Silanization of Silica-Coated Aluminum Samples.

Silica-coated aluminum samples were washed in acetone and
isopropanol and dried with nitrogen in a clean room
environment. Afterward, the samples were cleaned and
activated with oxygen plasma treatment (0.4 mbar, 1 min,
160 WPico, Diener). A solution of 4% of 3-amino-
propyltriethoxysilane (APTES, Sigma) in acetone (Sigma)
was prepared and then sonicated for 1 min and heated at 60 °C
for 15 s. The samples were immersed in the solution and
maintained in a glovebox under nitrogen for 10 h under

stirring. The humidity was kept at a constant value of 2%, and
the temperature was 21 ± 1 °C. The pH was controlled at the
beginning and end of the experiment and was checked to be
slightly acidic (pH 5−6). The samples were then rinsed (twice
in acetone for 5 min and in deionized water for 5 min) and
dried with compressed air.

Contact Angle Measurements. Contact angle measure-
ments were performed at room temperature in a clean room on
a Contact Angle System (OCA 20, Dataphysics), and contact
angle values were acquired using SCA20 software. For each
sample, a 1 μL droplet was deposited at a slow rate of 0.5 μL/s
on at least six areas per sample. Final contact angle values were
the average of six measurements per sample performed on two
different samples.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
measurements were performed on a setup composed of a
spectrometer (Varian 670-IR, Agilent), coupled to a micro-
scope (Varian 610-IR, Agilent) equipped with two objectives
(15× IR, 40× visible). Measurements were acquired in single
point reflection mode with a mercury cadmium telluride
detector cooled at 77 K with liquid nitrogen and a scan speed
of 25 kHz (1.58 cm/s). In addition, a mid-infrared KBr splitter
was used for the IR source. Measurement conditions were as
follows: wavenumber resolution was fixed at 8 cm−1, number of
scans for signal acquirement at 64, and for background
(performed on untreated surface) at 96 scans. The wave-
number range was established to be 500−4000 cm−1 for each
scan. All zones of interest were defined under the microscope
(visible) before starting the FTIR measurements using the IR
objective. The IR spectrum analysis was performed by Varian
Pro software to highlight the characteristic peaks of silanes and
adjust the fitting curves for semiquantitative evaluation of the
corresponding amino group vibrations.

Dye Grafting. Silanized surfaces were functionalized with
commercial N-hydroxysuccinimide (NHS)-terminated organic
dyes “ATTO-550” and “ATTO-647N” (ATTO-TEC), which
react with the amine groups on the APTES silanes to form
covalent dye−APTES conjugates.4,51 These dyes are standard
organic dyes that have been used in several plasmonic-
enhanced FRET studies.36,37,52 ATTO-550 (structure has not
been published) is a rhodamine dye with a molecular weight of
791 g/mol (including the NHS function), a maximum
extinction coefficient of 120 000 M−1 cm−1, a fluorescence
quantum yield of 0.80, and a fluorescence lifetime of 3.6 ns.
ATTO-647N (cf. Figure S6 for structure) is a carbo-
rhodamine dye with a molecular weight of 843 g/mol
(including the NHS function), a maximum extinction
coefficient of 150 000 M−1 cm−1, a fluorescence quantum
yield of 0.65, and a fluorescence lifetime of 3.5 ns. Taking into
account these very similar properties of ATTO-550 and
ATTO-647N (as provided by ATTO-TEC) and the same
NHS function, very similar coating conditions can be
reasonably assumed for both dyes. Because the ATTO−NHS
dyes are provided in milligram quantities and our surface
functionalization procedure is based on the initial concen-
trations used for the functionalization (for each investigated
dye concentration, a 20 μL droplet was deposited on the 1 cm2

surfaces for 1 h in carbonate buffer at pH 9), all concentrations
are reported in mg/mL. The corresponding molar concen-
trations can be found in Table 4.
After dye deposition and incubation, samples were washed

three times for 5 min in deionized water, dried with
compressed air, and stored in Fluoroware boxes (VWR).
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Fluorescence Quantification Experiments. Images of
the structures were acquired with a wide-field luminescence
inverted microscope (Olympus IX71) using a 40× water
immersion objective, a wide-field fluorescence microscope
excitation light source (X-Cite 120Q), and a sCMOS camera
(PCO edge) for detection. The lamp was set to provide a
power of 14.4 W. Images were taken with 300 ms acquisition
time with the following optical filters (Semrock) for ATTO-
647N imaging: 620/14 nm BrightLine single-band bandpass
filter for excitation, 649 nm edge BrightLine single-edge
standard epi-fluorescence dichroic beamsplitter as dichroic,
and 660/13 nm BrightLine single-band bandpass filter for
emission.
Absorption/Fluorescence. Absorption spectra were

acquired using a Lambda 35 UV/Vis spectrophotometer
(Perkin Elmer). Fluorescence emission spectra were recorded
on a Xenius spectrofluorometer (SAFAS).
FRET Imaging. Images of the structures were acquired with

a wide-field luminescence inverted microscope (Olympus
IX83) using a 40× oil immersion objective, a wide-field
fluorescence microscope excitation light source (X-Cite
exacte), and an EMCCD camera (Andor iXon 888 Ultra) for
detection. The lamp was set to provide a power of 20 W.
Images were taken with a 5 ms acquisition time and an
electron-multiplying gain set at 200. The following optical
filters (Semrock) were used for the donor dye ATTO-550:
543/22 nm BrightLine single-band bandpass filter for
excitation, 562 nm edge BrightLine single-edge standard epi-
fluorescence dichroic beamsplitter as dichroic, and 586/20 nm
BrightLine single-band bandpass filter for emission; for the
acceptor dye ATTO-647N: 623/24 nm BrightLine single-band
bandpass filter for excitation, 649 nm edge BrightLine single-
edge standard epi-fluorescence dichroic beamsplitter as
dichroic, and 676/29 nm BrightLine single-band bandpass
filter for emission; and for the FRET pair: 543/22 nm
BrightLine single-band bandpass filter for excitation, 562 nm
edge BrightLine single-edge standard epi-fluorescence dichroic
beamsplitter as dichroic, and 676/29 nm BrightLine single-
band bandpass filter for emission.
Fluorescence Data Treatment. Each acquired image was

analyzed with a home-made program using Icy.53 Background
correction was applied on each image before mask application
by subtraction of a mean value corresponding to the signal of
an untreated (neither oxygen-plasma-treated nor silanized nor
dye-grafted) Al−SiO2 sample (or Al or SiO2 for control
experiments). A mask characterized by an intensity threshold
and a pixel distance security (around pixels above the intensity
threshold) was then applied to suppress aggregates in the
average fluorescence intensity calculation. Data obtained were
then fitted with a kernel function on a 50 bins basis in order to
determine the mean value (μ) and the associated standard

deviation (σ) and plotted together with the histogram
corresponding to the fluorescence image. In addition,
corrected images (after mask application) were displayed in
Icy (Figure S7), and the total number of pixels used for
intensity calculation after mask application was determined.
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