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Measurements on biological samples are often hampered by auto-
fluorescence from inherent compounds in tissue or cells, limiting
the achievable contrast. Both the signal of interest and the auto-
fluorescence are usually detected on the Stokes side of the excita-
tion laser. In this communication, we present two new microscopy
modalities, based on the emission of a red-emitting DNA-stabilized
silver nanocluster (DNA-AgNC). Its bright fluorescence can be
generated on the anti-Stokes side of the readout laser, allowing
easy spectral separation of the signal of interest from the Stokes
side auto-fluorescence.

Due to its sensitivity, fluorescence microscopy has enabled
countless advances in material and life sciences."” Even
fluorescence from a single molecule can be detected, enabling
localization microscopy and imaging beyond the diffraction
limit.* For in vivo and in vitro bio-imaging, good contrast and
certainty over the origin of the collected photons are essential
in addressing biological questions.*™® Several approaches exist
to increase the signal-to-background ratio. The most common
approach is labeling with bright fluorophores in order to out-
shine the auto-fluorescence. Since the advent of single molecule
spectroscopy,” individual fluorophores are used in samples with
increasingly higher background (e.g. in vivo tissue) which pushes
the performance of existing bright fluorophores to the edge of
their capabilities. Further increasing brightness can be accom-
plished by combining multiple absorbers, e.g. in polymeric light
harvesting nanoparticles at a cost of increasing size.'® A second
concept uses pulsed excitation sources and separates the auto-
fluorescence from the signal of interest in time, leading to a time-
gated signal with virtually no background.'* To achieve this,
fluorophores with long excited-state lifetimes are needed, which
have low optical transition probabilities and hence weak
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fluorescence signals.'> Common emitters used for this approach
are organic dyes with long lifetimes or lanthanides.’*** Other
methods rely on modulating the signal of interest which enables
sensitive lock-in detection/demodulation."”'® A final approach is
based on anti-Stokes emission that is realized in literature by
multiphoton absorption, either by simultaneous two-photon
excitation (TPE),"” or by two consecutive photon absorption in
fluorescence upconversion particles (usually lanthanide-based).'®"®
Although both methods have found many applications, we present
in this study two new anti-Stokes imaging modalities using direct
and indirect dark-state formation of DNA-AgNCs that require
significantly less excitation power than TPE.>

The steady-state and time-resolved photophysical properties
of the red-emitting DNA-AgNC used, have been described
previously by Cerretani et al. (see also ESIT).”" It is known from
literature that upon exciting DNA-AgNCs, the Franck-Condon
state (FC) can evolve into a microsecond-lived dark state.'>>>"2¢
Besides dark state formation, the FC state can either relax to the
ground state (S,) or evolve to the emissive state (S,).>” All these
initial processes are ultrafast and occur on a sub-picosecond
timescale.””*° Generally, the quantum yield of dark state
formation (Qp,) is in the order of a few percent, but values
around 25% have been reported.””>® According to literature
and in compliance with the phenomenological electronic state
diagram in Fig. 1A, the dark state (D) can be optically depopulated
by absorbing a photon from a secondary laser, which can bring the
DNA-AgNC to the emissive state, as was recently demonstrated by
Fleicher et al.*

We started by confirming that the red-emitting DNA-AgNCs,
used in this study, can be optically pumped from the D, state to
the S, state (see Fig. SI1, ESIf). In solution, the optically
activated delayed fluorescence (OADF) has an intensity of about
1% of the primary fluorescence (PF) intensity, using primary
and secondary excitation intensities of 3.7 kW cm > and
85 kW cm 2, respectively.

OADF can also be generated from DNA-AgNCs immobilized
in a polyvinyl alcohol (PVA) film, as shown in Fig. 1B. First, the
primary 560 nm excitation laser brings the DNA-AgNCs to the
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Fig. 1 Optically activated delayed fluorescence microscopy. (A) Energy
diagram for OADF of DNA-AgNCs. Vertical colored arrows indicate
absorption of a photon from the primary (560 nm) and secondary (765-
850 nm) excitation laser and the fluorescence emission at 630 nm,
respectively. (B) Fluorescence decay curve (first decay after excitation with
560 nm at 7 ns) and OADF decay curve (second decay after illumination
with 765-850 nm at 46 ns) for DNA-AgNCs embedded in PVA. (C-E)
Fluorescence images of a heterogeneous sample of fluorescently-labeled
polystyrene microspheres (acting as auto-fluorescence) and DNA-AgNCs
within PVA film (representing the signal of interest). The images were
constructed using (C) all the detected photons (0-65 ns), (D) the primary
fluorescence (7-17 ns) and (E) the OADF signal (46—55 ns). The scale bar in
(C) corresponds to 10 pm. The time gates used to construct images (D) and
(E) are shown in (B) with the same colors. The image was acquired with a
primary excitation power of 3.7 kW cm™ and a secondary excitation
power of 85 kW cm~2. The resolution of the image is 300 x 300 pixels
and the integration time is 5 ms per pixel.
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FC state, where a fraction will evolve to the D, state. 40 ns later,
a secondary broadband (765-850 nm) laser pulse can transfer
the DNA-AgNCs trapped in the D, state, to the S; state. When
immobilized in PVA, the OADF intensity is significantly higher
than in solution - around 7% of the primary fluorescence
intensity (see Fig. SI1, ESIf). The origin of this apparent
increase is not clear, but could be due to the immobilization
or the different polarity of the PVA that might affect Qp;.
Since OADF can be realized, we performed OADF micro-
scopy with our DNA-AgNCs. The sample (Fig. 1C) consists of a
heterogeneous mixture of a PVA film containing DNA-AgNCs
and fluorescently-labeled polystyrene (PS) microspheres. The
PS microspheres serve as the unwanted auto-fluorescence that
can be excited with the 560 nm laser. During the confocal
imaging, we acquired both macro- and micro-times of every
detected photon.*" The macro-times allow us to link photons to
a specific pixel in the image, while the micro-times allow to
create software-gated images based on the photon arrival time
with respect to the excitation pulse.’® An image containing all
photons in the 0-65 ns window is shown in Fig. 1C. The image
displays the emission from DNA-AgNCs dyed PVA film and
the polystyrene microspheres. Fig. 1D shows the signal in the
7-17 ns time range, which contains only emission from the
primary excitation laser, i.e. the emission from the polystyrene
spheres and the DNA-AgNCs that did not evolve to the D; state.
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Fig. 1B shows that a ~40 ns delay is sufficient to eliminate
all emission and auto-fluorescence from the primary excitation.
In Fig. 1E, only the OADF signal, generated by the secondary
laser (85 kW cm™2), is selected in the 46-55 ns time window.
Fig. 1E shows a complete removal of the unwanted auto-
fluorescence from the polystyrene microspheres. More details
can be seen in Fig. SI2 (ESIT). Using a short pass filter, potential
auto-fluorescence on the Stokes side of the secondary laser can
be easily removed, since the OADF is on the anti-Stokes side. To
verify that the signal in the 46-55 ns region is OADF, we
switched off the primary excitation laser. Although the OADF
signal dropped dramatically, a small signal was still present
(~19% of the signal with primary excitation on).

At an excitation intensity of 85 kW ¢cm ™2, TPE is unlikely.
Looking back at the electronic state diagram in Fig. 1A, the
most probable process is a two consecutive photon absorption
process, with D; as the intermediate state that leads to the
emission from S;. We will refer to this excitation process as
upconversion fluorescence (UCF), due to the similarities with
upconverted luminescence from lanthanide particles.'® It was
introduced previously for DNA-AgNCs by Cui et al.®>* Keeping
the primary excitation laser blocked, we increased the average
intensity of the secondary laser to about 1 MW c¢m ™. This
excitation intensity is sufficient to achieve a good UCF contrast.
As a result of the consecutive excitation from S, via D; to S,
(Fig. 2A), DNA-AgNC emission was observed in the 46-55 ns
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Fig. 2 Upconversion fluorescence microscopy. (A) Energy diagram for
UCF (upconversion fluorescence) of DNA-AgNCs. Vertical colored arrows
indicate absorption of a photon from the secondary (765-850 nm) excita-
tion laser and the fluorescence emission at 630 nm. The primary 560 nm
excitation laser is blocked. (B) UCF decay curve (decay after illumination
with 765-850 nm) for DNA-AgNCs embedded in PVA. (C~E) Fluorescence
images of a heterogeneous sample of fluorescently-labeled polystyrene
microspheres (acting as auto-fluorescence) and PVA containing DNA-
AgNCs (representing the signal of interest). The image was constructed
using (C) all the detected photons (0-65 ns) (D) the photons in the
previously primary fluorescence range (7-17 ns) and (E) the UCF signal
(46-55 ns). The time gates used to generate images (D) and (E) are shown
in (B) with the same colors. The scale bar in (C) corresponds to 10 um.
The image was acquired with a resolution of 100 x 100 pixels and
an integration time of 5 ms per pixel. The secondary excitation intensity
was 978 kW cm 2.
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time window (Fig. 2B). Since UCF is generated on the anti-
Stokes side of the secondary laser, auto-fluorescence-free
images can again be easily created, using a short pass filter.
In theory, UCF does not require time-gating in order to create a
background-free image. However, in this case we used time-
gating to suppress a minor scatter contribution (IRF-limited
decay at 11 ns in Fig. 2B) from the continuum laser. Both
Fig. 2C and E show an image very similar to the OADF image in
Fig. 1E that displays no emission contributions from the
polystyrene microspheres. An image created from the photons
in the 7-17 ns range (Fig. 2D), shows no features related to
either the DNA-AgNCs emission or the auto-fluorescence from
the polystyrene beads, confirming that this signal is derived
from the laser scatter and detector dark counts. The excitation
intensity required for UCF is significantly lower than that of
TPE for organic fluorophores,?® due to the consecutive photon
absorption and the long-lived intermediate dark state. Conse-
quently, the UCF signal depends linearly on the excitation
intensity, unlike the quadratic dependence for TPE. To verify
the linear dependence, we measured the UCF signal as a
function of excitation intensity. Fig. 3A shows a clear linear
trend in the 40 kW ecm ™ to 1 MW cm™> regime (see also
Fig. SI3, ESIt). Furthermore, we compared the UCF spectrum
with the primary emission spectrum (excitation at 560 nm) in
PVA. Despite a minor 10 nm red-shift of the UCF spectrum,
both spectra present the typical Gaussian-shaped DNA-AgNC
emission (Fig. 3B). Similar minor variations of the average
fluorescence lifetimes can be seen, comparing the direct excita-
tion (2.6 ns in solution, Fig. SI1, ESIt), the OADF (2.0 ns in PVA,
Fig. 1B) and the UCF (2.3 ns in PVA, Fig. 2B). In a next study we
will investigate these differences at the single molecule level
and check if certain DNA-AgNCs conformations/spectral sub-
populations have different efficiencies for generating OADF and
UCF signals, which can account for the variations in emission
maximum and fluorescence lifetime. We also tested whether we
could observe UCF in solution. Fig. SI4 (ESIt) shows the evolution
of the OADF/PF and UCF/PF ratio as a function of secondary
excitation intensity. Both the OADF/PF and UCF/PF ratios are lower
in solution in comparison to the polymer case, as mentioned
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Fig. 3 Characterization of the UCF signal. (A) Secondary excitation inten-
sity dependence of the UCF signal. Overall integration time is 50 s per data
point. (B) Emission spectrum of DNA-AgNCs in PVA for direct excitation at
560 nm (black curve) and a UCF emission spectrum excited with 765—
850 nm broadband laser (red curve). The cut-offs in the spectra are due to
long and short pass filters.
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previously. Like the polymer case shown in Fig. 3, the UCF signal
in solution increases linearly with secondary excitation intensity.
The OADF/PF increases as a function of secondary excitation
intensity and will saturate at a specific intensity, when all dark
states are depopulated. Estimation of this saturation OADF/PF
ratio and the quantum yield of fluorescence upon primary excita-
tion (Q) allow us to estimate Qp;. For the red-emitting DNA-AgNCs
(in solution) presented here, we estimate Qp; between 3.9-20%
(see ESIt for estimation).

In summary, we presented two new imaging modalities,
OADF and UCF microscopy, which are based, respectively, on
the indirect and direct dark state formation of DNA-AgNCs.
Both OADF and UCF modalities were able to fully remove the
unwanted auto-fluorescence from fluorescent polystyrene
beads. Advantages of OADF are the lower primary and secondary
excitation power needed to create images. However, time-gating
is necessary to separate the signal of interest from the auto-
fluorescence. OADF can be further improved by screening for
DNA-AgNCs with a higher Qp;. Benefits of UCF microscopy
include the use of a single excitation source and the redundancy
of time-gating. In addition, UCF was proven to depend linearly on
the excitation intensity. Future experiments will probe the
absorption from the ground state to the dark state and from
the dark state to the emissive state to determine the OADF and
UCEF excitation efficiency. Additionally we would like to point out
that the presented OADF and UCF modalities are not necessarily
limited to DNA-AgNCs specific dark states, but that triplet and
other dark states, present in organic fluorophores or fluorescent
proteins could potentially also be applied.**™*
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