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at the single- and sub-nanoparticle level†
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The fluorescence intensity of a fluorescent molecule can be strongly enhanced when the molecule is

near a metal nanoparticle. Hence, fluorescence enhancement has a lot of applications in the fields of

biology and medical science. It is necessary to understand the mechanism for such an attractive effect, if

we intend to develop better materials to improve the enhancement. In this paper, we directly image the

diverse patterns of fluorescence enhancement on single Ag nanoplates by super-resolution microscopy.

The research reveals that the edges or tips of the Ag nanoplate usually show a much higher ability of flu-

orescence enhancement than the mid part. The spatial distribution of fluorescence enhancement strongly

depends on the size of the Ag nanoplate as well as the angle between the Ag nanoplate and the incident

light. The experimental results above are essentially consistent with the simulated electric field by the

theory of localized surface plasmon resonance (LSPR), but some irregularities still exist. We also find that

fluorescence enhancement on small Ag nanoplates is mainly due to in-plane dipole plasmon resonance,

while the enhancement on large Ag nanoplates is mainly due to in-plane quadrupole plasmon resonance.

Furthermore, in-plane quadrupole resonance of large plates has a higher ability to enhance the fluore-

scence signal than the in-plane dipole plasmon resonance. This research provides many valuable insights

into the fluorescence enhancement at the single- and sub-nanoparticle level, and will be very helpful in

developing better relevant materials.

1. Introduction

The fluorescence intensity of a fluorescent molecule can be
enhanced up to 100 times when the molecule is adjacent to
metal nanoparticles.1 Such an attractive effect is very useful in
detecting low concentration or even single fluorescent mole-
cules, which are widely used as labels in biology2–6 and
medical science.7–10 Fluorescence enhancement already has
some related applications, such as the detection of RNA,11

cancer cells,9,12,13 and proteins,4,14 and immunoassay.7 The
enhancement can make these applications work at a lower
cost, with a faster detection rate, higher sensitivity, etc.
However, the fluorescence enhancement factor is far less than
100 in most cases.

It is necessary to understand the mechanism for such an
attractive effect, if people intend to develop better materials to

improve the enhancement. But the mechanism of fluorescence
enhancement is actually very complicated. Usually, fluore-
scence enhancement can be attributed to three mechanisms
including a local enhanced electric field,15 surface plasmon
coupled emission,16 and increased radiative decay rate of the
fluorescent molecule.17 In addition, some other factors, such
as collection efficiency of the far-field light in the experimental
geometry, also can induce fluorescence enhancement.

Hence, fluorescence enhancement is highly sensitive to
many parameters, such as composition, size, shape, sharpness
of the nanostructure, the environment surrounding the nano-
structure, distance to the nanoparticle, and so on. Among
these parameters, the structure of the nanoparticle has already
been studied by many researchers due to its high
significance.18–23 For example, the spherical nanoparticle,24

triangular nanoplate,18,19 nanorod,25–27 nanowire,20 core–shell
structure21–23 etc.28 have been proven to be effective in
fluorescence enhancement. Furthermore, the fluorescence
intensity could be enhanced more dramatically, when a nano-
particle was coupled with another nanostructure in a short
distance.29–31

If the spatial distribution of fluorescence intensity is clearly
resolved on a single nanostructure, we can understand the
mechanism of fluorescence enhancement better. Currently,
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the pattern of fluorescence enhancement usually can be
obtained by simulation according to the theory of localized
surface plasmon resonance (LSPR).15,32,33 The simulation can
predict the fluorescence enhancement, which is dependent on
the local intensity of the electric field. According to the simu-
lation, we know that the electric field is unevenly distributed
around the nanostructure, since the LSPR is extremely
sensitive to the parameters, such as size, distance and
shape.1,29,34,35 Some special locations called “hot spots” have
much stronger electric fields than others. Consequently, the
fluorescence intensity of the fluorescent molecules at these
“hot spots” may be dramatically enhanced. Although the fluo-
rescence enhancement distribution on the single nano-
particles could be simulated by theory, it is rarely uncovered by
experiment directly.35

Actually, many researchers have done outstanding work
about fluorescence enhancement and Raman enhancement on
nanostructures by using super-resolution microscopy,27,36–38

since super-resolution microscopy is a very effective method to
localize the emissive object at sub-nanoparticle accuracy.39

Meanwhile, super-resolution microscopy also can provide
some other information, such as emission intensity and
polarization. Benefiting from the rapid development of single
molecule super-resolution technology in recent years, people
can image the fluorescence enhancement profile of single “hot
spots” on the surfaces of aluminium thin films and silver
nanoparticle clusters.37 Super-resolution microscopy was also
applied to study the surface-enhanced fluorescence on metal
nanostructures.27,36 But the fluorescence enhancement distri-
bution on single nanoparticles has not yet been clearly
obtained. Moreover, some important and interesting para-
meters, such as the size of the nanoparticle and the angle
between the nanoparticle and the incident light, have rarely
been studied in fluorescence enhancement.

Here we use super-resolution microscopy to image the
diverse patterns of fluorescence enhancement on single tri-
angular silver nanoplates. The research found that the fluo-
rescent molecules at different locations of a single Ag
nanoplate have a different ability of fluorescence enhance-
ment. The pattern of fluorescence enhancement in the experi-
ment is essentially consistent with that of the simulated
electric field by the finite difference time domain (FDTD)
method, but is not consistent in some special cases. So our
research here strongly supports the prediction in theory, and
also indicates a more complicated mechanism of fluorescence
enhancement at the single- and sub-nanoparticle level.

2. Results and discussion
2.1 Localize the position of a single fluorescent molecule on
a single Ag nanoplate

Triangular silver nanoplates were chosen as the fluorescence
enhancement material in this paper (Fig. 1), since silver nano-
materials have many advantages, such as low toxicity, low cost,
high enhancement ability, etc. The triangular silver nanoplates

of size 30–150 nm (edge length) were synthesized by reducing
silver nitrate with NaBH4 according to the previous report.40

The Ag nanoplates were immobilized on a quartz slide by
dropping the diluted colloidal solution on the slide directly.
The Ag nanoplates were dispersed on the slide very well, and
the distance between them was usually larger than 2 μm
(Fig. S4†), which was enough to differentiate the single silver
nanoplates. A microfluidic reactor was fabricated by the above
slide for the single nanoparticle and single molecule study as
shown in Fig. 1a and S8.†

The microfluidic reactor was mounted on a total internal
reflection fluorescence microscope (TIRFM) to detect the fluo-
rescence signal of single fluorescent molecule on a single Ag
nanoplate. But the fluorescence might be quenched if the fluo-
rescent molecule is too close to the nanoparticle.41 The fluo-
rescent molecule resorufin could directly bind on the Ag
nanoplate when resorufin directly flowed into the microfluidic
reactor. Consequently, the control experiment showed that
very few fluorescence events were detected under these con-
ditions (Fig. S5†). However, previous research shows that
fluorescence enhancement only happens when the fluo-
rescent molecule has a certain distance away from the
nanoparticle.41–43 The surface of the nanoparticle was usually
modified by non-metal materials, such as DNA,18,29 SiO2

44–47

and proteins,48 with a controllable thickness in fluorescence
enhancement research. Therefore, in this paper, alcohol dehy-
drogenase (ADH) (SI-2†) was used as a spacer to separate the
fluorescent molecule resorufin from the Ag nanoplate by
several nanometers in distance (Fig. 1b).

Since ADH has the ability to interact with the –OH func-
tional group under the assistance of the coenzyme NAD+,
resorufin combined with ADH to form an enzyme–substrate
complex (resorufin-ADH-NAD+) (Fig. 1a). Then resorufin-
ADH-NAD+ adsorbed onto the single Ag nanoplate by electro-
static interaction (Fig. S6†), and was excited by a circular polar-
ized 532 nm laser (a linear polarized laser was also tried, but
could not give enough events) at 20 mW (Fig. 1a and b). The
single resorufin molecule gave a burst of photons, which were
detected by an EMCCD camera (Fig. 1c). Moreover, the control
experiment showed that a large number of fluorescence
signals could be detected only if these three species (resorufin,
ADH and NAD+) existed at the same time (Fig. S5†). This
phenomenon indicates that ADH only works at the conditions
when all three species exist in the solution. Therefore, we have
successfully detected the fluorescence signal from a single
resorufin molecule on a single Ag nanoplate.

The position of the single resorufin molecule was deter-
mined by super-resolution microscopy at the accuracy of
∼20 nm.49 By localizing the position of each resorufin-
ADH-NAD+ adsorbed on the Ag nanoplate one by one, we can
plot the profile of the nanoplate in Fig. 1d.50 The profile will
be clear, if there are a large number of resorufin molecules
adsorbed on the nanoplate (∼366 resorufin molecules in
Fig. 1d). In addition, some other valuable information, such as
the size and orientation of single Ag nanoplates, could be
obtained from the analysis of super-resolution microscopy.
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Such information is very important for further study of fluo-
rescence enhancement as follows.

2.2 Spatial distribution of fluorescence intensity on a single
Ag nanoplate

Although Fig. 1d presents the positions of resorufin molecules,
it can’t give the accurate fluorescence intensity of them. Since
the fluorescence intensity is the number of photons within a
unit time, its calculation needs to obtain both the number of
photons and the corresponding duration time of emission.
However, a fluorescent molecule usually is not always emissive
in the first frame and last frame of the on-time (Fig. 2a). There-
fore, the first frame and last frame of the on-time can’t be
taken into account in the fluorescence intensity calculation.
That is to say, only the frames in the mid part of the on-time
can be used to calculate the fluorescence intensity.

In order to calculate the fluorescence intensity of the single
resorufin molecules, only the events with more than 2 on-time
frames, i.e. Nframe ≥ 3, will be selected for further analysis
(Fig. 2a). Then, the mid frames of the on-time (red dots in
Fig. 2a) are combined together to one frame, which is fitted by
a two-dimensional Gaussian function to calculate the fluo-
rescence intensity of a single resorufin molecule. The intensity
of each molecule will be divided by the number of mid frames
in the on-time. At last, the positions of the single resorufin
molecules are plotted with their intensity in Fig. 2b. The
spatial range of the intensity will be extended to a round,
whose center and radius are the position and the error bar of
position from the Gaussian fitting as shown in Fig. 2b, respecti-

vely. If there is overlap between neighbouring molecules, the
maximum intensity will be used.

Fig. 2b shows that the fluorescence intensity is not evenly
distributed on a single Ag nanoplate of size ∼70 nm (edge
length). Some “hot spots”, which are near the edges and tips,
have a much higher fluorescence intensity than others, indi-
cating a stronger local fluorescence enhancement effect. For
example, Fig. 2b shows that the bottom of the nanoplate has
the strongest fluorescence intensity, which is ∼12 times higher
than that of the weakest location. By overlapping the relative
intensity of three single Ag nanoplates, more “hot spots” are
localized in Fig. 2c. So we achieve the challenging work of
directly imaging the “hot spots” for the fluorescence enhance-
ment on a single nanoparticle at sub-nanoparticle accuracy.

Fig. 2d shows that the simulated pattern of the electric field
intensity essentially agrees with the pattern of fluorescence
intensity in Fig. 2b and c. For example, fluorescent molecules
at positions 1′ and 2′ in Fig. 2d have a higher fluorescence
intensity, which is similar to those at positions 1 and 2 in
Fig. 2c. So the fluorescence enhancement on a single Ag nano-
plate is mainly due to the enhanced electric field by LSPR.

However, the simulation in theory cannot predict all the
positions with a higher fluorescence intensity. For example,
the electric field intensity at position 3′ in Fig. 2d is not very
high, while fluorescent molecules at position 3 in Fig. 2c have
the highest fluorescence intensity. This phenomenon is actu-
ally observed in many other single Ag nanoplates (Fig. S11†).
So there should be other factors, such as the orientation of the
molecule, more structure details, the environment surround-
ing the nanostructure etc., affecting the local fluorescence

Fig. 1 Localizing single resorufin molecules on a single Ag nanoplate by super-resolution microscopy. (a) Experimental design using a TIRFM and a
microfluidic reactor to image the enzyme–substrate complex resorufin-ADH-NAD+ on the surface of the triangular silver nanoplate. (b) Schematic
of an excited resorufin-ADH-NAD+ on a single Ag nanoplate modified with 2-mercapto-ethylamine. The inset is a TEM image of a single Ag nano-
plate. (c) Wide-field fluorescence image of a single resorufin molecule excited by a circular polarized 532 nm laser. (d) Positions of single resorufin
molecules on a single Ag nanoplate localized by super-resolution microscopy. Each dot is one resorufin molecule. There are ∼366 resorufin mole-
cules in (d). The measurements were performed for 12 hours with 7 mM pH 6.8 phosphate buffer containing 4 × 10−4 M NAD+, 1.125 × 104 unit per L
ADH, 2.84 × 10−17 M resorufin and 32 mM L-ascorbic acid.
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intensity at the single nanoparticle level.16 Further work needs
to be done to reveal the mechanism of such a kind of fluo-
rescence enhancement. Therefore, this work not only strongly
supports the prediction from the simulation, but also reveals
that there are other factors strongly affecting the fluorescence
enhancement, simultaneously.

2.3 Size and spectrum dependent fluorescence enhancement
on single Ag nanoplates

In order to study the size dependent fluorescence enhance-
ment, it’s necessary to obtain the size of each single Ag nano-
plate first. Unfortunately, it is very difficult to directly measure
the size of a single Ag nanoplate on a glass slide in a microflui-
dic reactor. In this paper, the size of the Ag nanoplate was
measured by the profile of a single nanoplate in super-resolu-
tion imaging. On the other hand, people are also interested in
the spectrum dependent fluorescence enhancement. In order
to measure the LSPR spectra of many single Ag nanoplates
more efficiently, we developed a home-built spectrometer to
massively screen the spectra of many single Ag nanoplates
during one time of measurement (SI-6†). Actually, the size and
spectrum dependent fluorescence enhancements have a very
close relationship, since the LSPR spectrum of a Ag nanoplate
has a strong correlation with its size (SI-8†).51,52

In common research, the fluorescence enhancement can be
expressed as:

r ¼ I
Ifree

ð1Þ

where r is the fluorescence enhancement factor, I is the fluo-
rescence intensity of a single molecule in research, and Ifree is
the fluorescence intensity of the free molecule under the same
conditions. However, we cannot obtain Ifree in this research,
because no free molecule was detected in our experiment (the
detected molecules were all on the Ag nanoplates). In order to
compare the fluorescence enhancement ability between
different nanoparticles, the normalized fluorescence intensity
(NFI) by the local intensity of the excitation light is calculated:

r′ ¼ I
Ilocal

ð2Þ

where r′ is the NFI, and Ilocal is the local intensity of the exci-
tation light. Since the fluorescence intensity is dependent on
the intensity of the excitation light:

Ifree ¼ kIlocal ð3Þ

then

r′ ¼ kr ð4Þ

So r′ is proportional to the fluorescence enhancement
factor, and can be used to compare the fluorescence enhance-
ment ability between different molecules on different nano-
particles. In the experiment, the fluorescence intensity of each
fluorescent molecule can be normalized by the intensity of the
excitation light. r′ has an advantage that it is independent of
the local intensity of the excitation light. So we can compare r′
for the single Ag nanoplates at different locations with
different local intensities of the excitation light.

Fig. 2 Fluorescence intensity at different locations on a single Ag nanoplate. (a) Fluorescence intensity versus time trajectory for a single nanoplate
under the adsorbing and desorbing of the enzyme–substrate complex resorufin-ADH-NAD+. Only the events with more than 2 on-time frames, i.e.
Nframe ≥ 3, will be selected for the fluorescence intensity calculation. (b) Relative intensity pattern of the fluorescence signal from single resorufin
molecules on a single Ag nanoplate of size ∼70 nm (edge length). The relative intensity is calculated by dividing the intensity on each position by the
lowest intensity on the Ag nanoplate. About 29 molecules are included. (c) Overlapping the relative intensity of three single Ag nanoplates with
similar size. About 122 molecules are included. (d) Electric field distribution on a single Ag nanoplate of size 70 nm simulated by the FDTD method.
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Fig. 3a shows the lowest NFI, i.e. NFImin, on single Ag nano-
plates versus the size of the Ag nanoplate. A peak appears at
λmax = ∼570 nm (or ∼57 nm size of the Ag nanoplate), which is
very close to the maximum excitation wavelength of resorufin
(∼571 nm). In this paper, this means that the brightest fluo-
rescence will be observed if the dye is adsorbed to particles
with LSPR peaks at ∼570 nm.18 This wavelength is slightly
lower than the maximum emission wavelength of resorufin
(∼585 nm), but quite a bit higher than the wavelength of the
excitation light in the experiment (532 nm). Therefore, the
fluorescence intensity of a dye adsorbed to a silver nano-
particle is also strongly dependent on the overlap between the
LSPR of the nanoparticle with the spectral properties of the
dye. The literature suggests that the highest fluorescence inten-
sity is observed when the dye emission peak is red-shifted
from the LSPR peak.18,53 Moreover, our research covers a larger
range of LSPR wavelengths from ∼500 to ∼1000 nm in com-
parison to the literature.18 We further see that the NFImin on
single Ag nanoplates keeps decreasing after 700 nm. Therefore,
the rule in the literature is still working for the NFImin after
700 nm.

By looking into the pattern of fluorescence intensity in
Fig. 2 (SI-6 and SI-7†), we can more deeply understand the
relationship between the NFImin versus the size. These figures
show that the minimum intensity usually exists at the center
of the nanoplate for all sizes. For smaller sizes, the whole
nanoplate is excited, and the minimum intensity |E| at the
center is usually bigger than 10. But, for the bigger sizes, only
the tips and edges are excited, and the minimum intensity |E|
at the center is usually less than 2. This might be the reason
for the decay of the minimum intensity with the increase of
size.

Interestingly, Fig. 3b shows that the highest normalized
fluorescence intensity NFImax on single Ag nanoplates has two
peaks with the increase of size. The first peak appears at λmax =

∼575 nm (or ∼60 nm size of the Ag nanoplate), which is
almost as same as that in Fig. 3a. The enhancement mechan-
ism of the highest fluorescence should be similar to that of
the lowest one in the wavelength range from ∼500 to ∼700 nm.
That is to say, either the mid part or edges and corners of a
single Ag nanoplate have a similar enhancement mechanism
at such a wavelength range.

However, besides the peak at λmax = ∼575 nm, there is a
second peak appearing at λmax = ∼830 nm (or ∼115 nm size of
the Ag nanoplate) for the NFImax. This peak is not observed in
Fig. 3a nor by other researchers.15 This wavelength is far from
the wavelength of the excitation light and the fluorescence of
resorufin. What’s the reason for the appearance of this peak?

In order to find the reason for the appearance of the
second peak, the full spectra of large Ag nanoplates are shown
in Fig. 4a. There is indeed another strong LSPR peak from 500
to 600 nm for such big nanoplates. In theory, the silver nano-
plate mainly exhibits three absorption peaks of different inten-

Fig. 3 Minimum NFI (a) and maximum NFI (b) of single Ag nanoplates with different sizes or λpeak. The arrows point to the peak locations of the NFI.
The black number near the arrow is the λmax of the LSPR, while the blue number is the size of the Ag nanoplate. The green (EX) and yellow (EM) lines
in (a) mark the position of the maximum excitation wavelength of resorufin (∼571 nm) and the maximum emission wavelength of resorufin
(∼585 nm).

Fig. 4 (a) Spectra of single Ag nanoplates of different sizes, i.e. ∼88 nm
(round), ∼99 nm (triangular), and ∼108 nm (diamond). (b) Relationship
between the peak wavelength of dipole plasmon resonance and quad-
rupole plasmon resonance. The blue and yellow dots are from the
experiment and literature,40,54,57–59 respectively. The Pearson’s corre-
lation coefficient is 0.68.
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sity, assigned to the in-plane dipole plasmon resonance,
in-plane quadrupole resonance and out-plane quadrupole res-
onance, respectively.54–56 The LSPR peak from 500 to 600 nm
for such big nanoplates could be assigned to the in-plane
quadrupole resonance. Fig. 4a shows that the peaks of both
the in-plane dipole plasmon resonance and the in-plane quad-
rupole resonance increase with the size of the Ag nano-
plate.54,57,60 The Pearson’s correlation coefficient between
these two types of plasmon resonance is up to 0.68 as shown
in Fig. 4b.

Especially, the larger Ag nanoplate (∼115 nm) has an
∼830 nm absorption peak of the in-plane dipole plasmon reso-
nance, and the corresponding absorption peak of the in-
plane quadrupole resonance is at ∼570 nm.61,62 This peak
wavelength (∼570 nm) is the same as that of the in-plane
dipole resonance for smaller Ag nanoplates ∼60 nm in Fig. 3.
For the larger Ag nanoplates (∼115 nm), the highest normal-
ized fluorescence intensity NFImax on single Ag nanoplates has
a peak in Fig. 3b. Therefore, the rule that the fluorescence
intensity of a dye adsorbed to a silver nanoparticle is strongly
dependent on the overlap between the LSPR of the nano-
particle with the spectral properties of the dye is still working.
The second peak of fluorescence enhancement in Fig. 3b
could be attributed to in-plane quadrupole resonance.

In fact, the absorption peak of the in-plane quadrupole
resonance is relatively weaker than that of the in-plane dipole
resonance in Fig. 4a. Such a weak peak of in-plane quadrupole
resonance rarely attracts much attention for fluorescence
enhancement research, although quadrupole resonance also
can contribute to the near-field enhancement of nano-
particles.57,60 Our research indicates that the weaker absorp-
tion peak of the in-plane quadrupole resonance could have a
greater ability to enhance the fluorescence. If we look into the
simulated electric field intensity pattern in Fig. S10,† we can
find that the tiny area on the sharp corner or edge still has a
strong electric field on a large nanoplate. The maximum inten-
sity |E| at the corner or edge for a big sized nanoplate is
usually up to 20, which is stronger than that for a small sized
nanoplate. So in-plane quadrupole resonance has a very high
ability to enhance the local intensity of the electric field on a
nanoplate, and enhance the fluorescence intensity.

Moreover, the intensity of the second peak for a larger size
is higher than that of the first peak at a smaller size in Fig. 3b.
In addition, quadrupole resonance much more easily happens
on a larger sized nanoparticle, which is usually more stable
and easier to synthesize than a smaller sized one. Therefore,
the quadrupole resonance mode might provide an effective
way to induce a higher signal of SERS and surface-
enhanced fluorescence.63,64 This finding is helpful to develop
high quality nanomaterials with higher fluorescence
enhancement.

2.4 Size and spectrum dependent inhomogeneity of
fluorescence enhancement on a single Ag nanoplate

To compare the inhomogeneity of fluorescence enhancement
at different positions within a single nanoparticle, an intra-

particle fluorescence enhancement factor (IPFEF) is defined in
this paper. The IPFEF for experiment is defined as dividing
the highest 10% fluorescence intensities by the lowest 10%
ones on the same single Ag nanoplate, while the IPFEF for
simulation is defined as dividing the highest 10% electric field
intensities by the lowest 10% ones on the same single Ag
nanoplate. So the IPFEF can be expressed as:

IPFEF ¼ highest 10% fluorescence=electric‐field intensities
lowest 10% fluorescence=electric‐field intensities

ð5Þ
The IPFEF has an advantage that it is independent of the

intensity of the light field. Although the light field of the exci-
tation light is inhomogeneous in the field of vision (∼100 μm
× 50 μm), the intensity of the excitation light on one nanoplate
is almost homogeneous since a single nanoplate is small
enough (less than 200 nm). So the IPFEF can reflect the
fluorescence enhancement effect within the same single
nanoplate.

Fig. 5a shows the variation of the IPFEF versus the size or
λpeak of single Ag nanoplates. With the increase of size or λpeak,
the IPFEF increases for both experiment and simulation. A
higher IPFEF means a larger spatial inhomogeneity of fluo-
rescence intensity on the same nanoplate. Obviously, the
IPFEF in theory is up to ∼30, which is much higher than ∼12
in the experiment. One possible reason for the difference is
that the simulation result has a much higher spatial resolution
(∼2 nm), which can find the locations with a higher IPFEF. But
the spatial resolution of super-resolution microscopy is
∼20 nm, for which it is possible to miss some locations with a
higher IPFEF. Another possible reason is that the energy trans-
fer from the electric field to a fluorescent molecule is not
efficient enough.

2.5 Angle dependent fluorescence enhancement on a single
Ag nanoplate

It is worth noting the results for both the experiment and
simulation scatter around the visual guidance curves in
Fig. 5a. For an example, the IPFEFs vary a lot even at the
similar size of ∼90 nm. We plot the ratio between the
maximum IPFEF and minimum IPFEF (IPFEFmax/IPFEFmin) in
a certain range of size as shown in Fig. 5b. The ratio from the
experiment (blue dots) agrees well with that from the simu-
lation (yellow dash curve). Moreover, Fig. 5a shows that the
variation of the IPFEF for simulation is due to the angle
between the Ag nanoplate and the incident light. Therefore,
the IPFEF for experiment is at least partly angle dependent.
Besides the simulation, we indeed see that the orientations of
the Ag nanoplates are different from particle to particle in the
experiment. Fig. 6a shows that the orientations of the Ag nano-
plates are randomly distributed, since the Ag nanoplates are
immobilized by directly dropping the colloidal solution of Ag
nanoplates onto the quartz slide. Fig. 6b shows the schematic
of the single Ag nanoplates with different angles between the
nanoplate and the incident light. But we couldn’t take any
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clear images for the nanoplates on the quartz slide due to the
non-conductivity of the quartz slide and the thin thickness of
the nanoplate (∼7 nm), even if the quartz slide is coated with a
layer of carbon or gold.

In order to see the effect of the angle in detail, Fig. 7 pres-
ents some representative nanoplates of the same size ∼55 nm
at different angles, i.e. 0°, 15°, and 30°. The patterns of fluo-
rescence intensity on the single Ag nanoplates vary a lot with
the change of angle. These different patterns indicate that the
fluorescence enhancement strongly depends on the orien-
tation of the single Ag nanoplate. For example, Fig. 7a–c show
that the location of the highest intensity varies with the
increase of the angle. Fig. 7d shows that the maximum
enhancement decreases with the increase of the angle (more
examples in Fig. S11†).

3. Conclusions

In this paper, super-resolution microscopy is applied to
directly image the pattern of fluorescence enhancement on
single Ag nanoplates. The research reveals that the fluo-
rescence intensity of a single fluorescent molecule is unevenly
distributed on a single Ag nanoplate. In most cases, the fluo-
rescent molecule on the edges or tips of the Ag nanoplate has

Fig. 5 Size dependent fluorescence enhancement on a single Ag nanoplate. (a) Variation of the intraparticle fluorescence enhancement factor
(IPFEF) versus the size or λpeak of single Ag nanoplates. Simulation at each size is performed at three angles, i.e. 0°, 15°, and 30°, between the Ag
nanoplate and the incident light. The curves are for visual guidance. (b) The ratio IPFEFmax/IPFEFmin in (a) versus the size or λpeak of single Ag
nanoplates.

Fig. 6 SEM image and schematic of the single Ag nanoplates with
different orientations. (a) SEM image of the single Ag nanoplates with
different orientations on the ITO slide. The Ag nanoplates are proven to
lie down on the slide. A higher concentration of Ag nanoplates was used
to increase the density of the Ag nanoplates. (b) Schematic of three
examples, which have different angles, i.e. 0°, 15°, and 30°, between the
nanoplate and the incident light.

Fig. 7 Distributions of fluorescence intensity and simulated electric
field intensity for the single Ag nanoplates with different angles between
the nanoplate and incident light. (a–c) Distributions of fluorescence
intensity (big panel) and simulated electric field intensity (small panel
with red frame) for the single Ag nanoplates of the same size ∼55 nm at
different angles (i.e. 0°, 15°, and 30°). (d) IPFEF for the Ag nanoplates in
(a–c). The orange squares and curve are the IPFEF in the experiment,
while the green diamonds and curve are the IPFEF in theory.
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a higher fluorescence intensity, while the molecule in the mid
part has a lower intensity. So the edges or tips of the Ag nano-
plate usually show a relatively higher ability of fluorescence
enhancement. The patterns of fluorescence enhancement also
vary with the size of the Ag nanoplate and the angle between
the Ag nanoplate and the incident light. It is found that fluo-
rescence enhancement on small Ag nanoplates is mainly due
to in-plane dipole plasmon resonance, while the enhancement
on large Ag nanoplates is mainly due to in-plane quadrupole
resonance. Furthermore, the in-plane quadrupole resonance of
large nanoplates has a higher ability to enhance the fluo-
rescence signal than the in-plane dipole plasmon resonance.
Most of the above experimental results can be interpreted by
the electric field simulation, but some special ones still can’t
be. Especially, the simulation cannot predict some certain
locations with a much higher ability of fluorescence enhance-
ment on single Ag nanoplates. In future research, it is still
necessary to use super-resolution microscopy to reveal the
mechanism of fluorescence enhancement on single nano-
particles, and to design better materials.

4. Experimental
4.1 Preparation of triangular silver nanoplates

We synthesized triangular silver nanoplates of size 30–150 nm
(edge length) by reducing silver nitrate with NaBH4 and H2O2

according to the previous report.40 The UV-vis spectrum of the
Ag nanoplate has a broad peak at ∼600 nm (SI-3†), which
means that the size of the nanoplate is not uniform. The
average size of the nanoplate is ∼60 nm measured by TEM
(Fig. S3†).

4.2 Single molecule and single nanoparticle experiment

A microfluidic reactor was fabricated according to our previous
work50 (refer to SI-6† for more details). The surface plasmon res-
onance spectrum of single nanoplates was measured by a
home-built spectrometer (SI-6†). In order to image the fluo-
rescent molecule on Ag nanoplates, super-resolution imaging
was performed by an Olympus IX71 microscope. The single Ag
nanoplates were excited by a 532 nm laser with a TIRFM. The
excitation spot size is ∼100 μm × 50 μm. The fluorescence
signal was collected by a 60× NA1.2 water-immersion objective,
and detected by an ANDOR Ixon DU-897D-CS0-#BV EMCCD
camera operated at a 25 ms frame rate. More than 1.5 million
frames were recorded in order to detect enough number of
single fluorescent molecules. The gold nanoparticles with an
average diameter of ∼45 nm were prepared and used as markers
for the drift correction in super-resolution imaging.50,65

To increase the number of events, we let ADH and Ag nano-
plates carry different types of charges (Fig. 1b). In order to let
the Ag nanoplates carry some positive charges, the nanoplate
was modified by 2-mercapto-ethylamine (Fig. 1b). The –SH
group of 2-mercapto-ethylamine can bind on the nanoplate
through the S–Ag bond firmly, while the –NH2 group will be
exposed to the solution. The Ag nanoplate will carry some posi-

tive charges if the pH value is lower than 10.6. On the other
hand, in order to let ADH carry some negative charges, the pH
value should be higher than the isoelectric point of ADH
5.4–5.8. Moreover, these negative charges will be concentrated
at some areas with more carboxyl groups to form some nega-
tive charge areas (SI-2†). These areas have a higher affinity to
bind on the positively charged surface of single Ag nanoplates,
and facilitate the adsorption of the enzyme–substrate complex
resorufin-ADH-NAD+. By trying several pH values, we found
that the optimum pH value is 6.8, where the largest number of
events was obtained (SI-5†).

4.3 Binding of ADH on single Ag nanoplates

In the first step, the Ag nanoplates were modified with 50 mM
2-mercapto-ethylamine for 10 min at a flow rate of 8 μL min−1

to make the Ag nanoplates take positive charges. In the second
step, the residue 2-mercapto-ethylamine was washed off by
pH 6.8 phosphate buffer for 10 min at the same flow rate. In
the third step, 1.125 × 104 unit per L ADH in pH 6.8 phosphate
buffer was injected into the flow cell for 20 min at 8 μL min−1.
In the fourth step, phosphate buffer containing 4 × 10−4 M
NAD+, 1.125 × 104 unit per L ADH, 2.84 × 10−17 M resorufin
and 32 mM L-ascorbic acid, was injected into the microfluidic
reactor at the flow rate of 8 μL min−1. L-Ascorbic acid was used
as a reducing substance to protect the Ag nanoplates from the
corrosion of light and oxygen. Since ADH carries negative
charges and the Ag nanoplate carries positive charges, the
binding of ADH will happen on the Ag nanoplates.

4.4 Simulation of electric field distribution on the nanoplate

The electric field distribution on the nanoplate was simulated
by the FDTD method, which was widely used for the electric
field simulation of nanoparticles. The evanescent wave with
circular polarization was simulated by a 532 nm wavelength
laser. During the simulation, many parameters, such as the
refractive index of solution and the quartz slide, the direction
of the incident light, the angle between the nanoplates and
the incident light and so on, were taken into account. The
spatial precision is 2 nm.
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