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A near-infrared emitting DNA-stabilized silver nanocluster (DNA-AgNC)
with an unusually high fluorescence quantum yield is presented.
The steady-state and time-resolved fluorescence properties of the
DNA-AgNC were characterized, together with its ability to generate
optically activated delayed fluorescence (OADF) and upconversion
fluorescence (UCF).

DNA-AgNCs are a relatively new class of emitters, first intro-
duced in 2004." DNA-AgNCs are composed of a limited number
of silver atoms and cations (typically 2-30) wrapped in one or
more DNA strands.® The easiest way to tune the optical
properties is by varying the DNA sequence, which has an effect
on the type of silver cluster that can be stabilized.*™ Not all
DNA sequences yield DNA-AgNCs with useful properties, e.g.
high brightness or photostability. In order to shed light on the
relationship between DNA sequence and the optical properties
of DNA-AgNCs, we have in recent years focused on studying
the photophysical properties of HPLC-purified DNA-AgNCs;
this step of purification ensures that a single type of emissive
DNA-AgNC species is studied.®® Recently, crystal structure data
of DNA-AgNCs has appeared in the literature, which will
become a key part in understanding the relationship between
DNA sequence and optical properties of the DNA-AgNCs.'>*!
In this paper, we have studied the photophysical properties
of a NIR-emitting DNA-AgNC, stabilized by the sequence
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5'-CCCGGAGAAG-3'. This 10-base DNA oligomer was initially
reported by Copp et al. in a study on the relationship between
emission color and DNA sequence. The NIR part of the
electromagnetic spectrum is of particular interest for imaging
biological material due to regions of high transparency.'?
However, a drawback of designing fluorophores in the NIR
range is that, due to the small energy gap between excited state
and ground state, non-radiative decay pathways tend to out-
compete the radiative pathways, resulting in low fluorescence
quantum yields. Thus, it is especially notable that the NIR-
emitting DNA-AgNC presented in this paper has an unusually
high fluorescence quantum yield of 73%."

The DNA-AgNCs were synthesized by mixing 5'-CCCGGAGAAG-3’
with AgNO; in a 10 mM ammonium acetate (NH,OAc) solution.
After 15 minutes, NaBH, was added in order to reduce the silver
cations. The ratio of the components in the final mixture was
[DNA]: [Ag']:[BH, ] = 20 uM: 100 pM : 50 pM. A single fraction with
a retention time around 12 minutes was collected by HPLC purifica-
tion. Further information can be found in the (ESIt). Fig. 1 shows
the absorption and emission spectra of the HPLC-purified DNA-
AgNCs. The DNA-AgNC has an absorption maximum at 640 nm and
an emission maximum centered at 721 nm at 25 °C. Fig. 1B
indicates a single type of emissive species, since no shift in the
emission maximum versus excitation wavelength is found.'*'?

Absorption and emission maxima recorded at different
temperatures can be found in Table 1, which show no signifi-
cant changes in the 5 to 30 °C range. Next, we determined the
fluorescence quantum yield (Q) at 25 °C which has a high
value of 73%. In order to test the temperature stability of the
NIR-emitting DNA-AgNC, we applied several heating and
cooling cycles to the DNA-AgNCs in a 10 mM NH,OAc solution.
Fig. 2A shows 5 heating and cooling cycles from 10 to 40 °C.
From 5 to 30 °C the fluorescence intensity changes linearly and
reversibly with temperature. Above 30 °C an irreversible loss in
the overall fluorescence intensity is observed (see also Fig. S3,
ESIt). To confirm the reversibility in the 5-30 °C range, we
repeated the experiment and the results can be seen in Fig. 2B.
Fig. 2B demonstrates that the fluorescence intensity can be
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Fig. 1 (A) Absorption and emission (excited at 637.8 nm) spectra of the
purified DNA-AgNCs in 10 mM NH4OAc solution, recorded at 25 °C. Both
spectra were normalized. (B) 2D emission vs. excitation plot of the purified
DNA-AgNCs in 10 mM NH4OAc solution.

Table 1 Absorption and emission maxima, intensity-weighted average
fluorescence decay time (z,) and fluorescence quantum yield (Q) at
different temperatures. Emission data was recorded exciting at 637.8 nm
for DNA-AgNCs in 10 mM NH4OAc

Temp. [°)C]  —196° —78° 5 10 15 20 25 30
J-abs max [NM] 640 640 640 640 640 640
Jemmax [NM] 706 710 721 721 721 721 721 721
(tw)® [ns] 3.63 374 3.75 3.74 3.74 3.73 3.72 3.72
lodd 0.73

¢ Intensity-weighted average decay time, weighted by the intensity over
the whole emission range. ? Terrylene diimide in toluene was used as a
reference (Q = 0.69).'° ¢ Measurements performed in liquid nitrogen
(=196 °C) and a mixture of dry ice and acetone (—78 °C), respectively.

cycled quite reversibly in this temperature range. The change
above 30 °C is due to an irreversible conversion to a different
species with an absorption maximum in the 400-500 nm range
(see Fig. S3, ESIT). This new absorption feature could be due to
silver nanoparticles formation, indicating a limited thermal
stability of the DNA-AgNCs. The most intriguing observation
however is the Q value of 73% (see Fig. S5, ESIt), which is very
high for the NIR range."® The lowering of fluorescence quan-
tum yield for organic fluorophores with increasing wavelength
can be rationalized by the smaller energy gap that starts to favor
non-radiative decay over radiative decay.'” Conceptually, this
can be explained by internal conversion from the excited state
to an excited vibrational state in the ground state. As the energy
gap between ground and excited state narrows, their respective
vibrational energy levels (and overtones thereof) overlap more
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Fig. 2 (A) Fluorescence intensity of DNA-AgNCs as a function of tem-
perature for five consecutive heating—cooling cycles: 10—-40 °C, in steps of
2 °C. The fluorescence intensity is normalized to the initial fluorescence at
10 °C. The cycles start with the purple color and end with the red color.
(B) Emission intensity at 720 nm (leye = 637.8 nm) for three consecutive
heating—cooling cycles, from 5-30 °C, in steps of 5 °C. The fluorescence
intensity is normalized to the starting fluorescence at 5 °C.

and more. This is especially pronounced for organic dyes made
from light elements that can form bonds with high vibrational
frequencies, compared to heavier elements.'® A possible expla-
nation for the high fluorescence quantum yield in our case is
that the AgNC is weakly bound to the DNA scaffold (agreeing
with the observed limited thermal stability), limiting solvent
and/or DNA-mediated non-radiative decay. This could be a very
important discovery, opening up the possibility to find other
DNA-AgNCs that emit even further in the NIR,® while retaining
a high fluorescence quantum yield. Such fluorophores are
currently missing and in high demand since they could find
uses for in vivo tissue imaging.'® Time-resolved anisotropy
measurements revealed that the NIR-emitting DNA-AgNC
has a hydrodynamic volume of 19.6 nm® (see Fig. S4, ESIY),
indicating that two, if not three, DNA strands stabilize this
AgNC. The latter argument is based on comparing the hydro-
dynamic volume of another NIR-emitting DNA-AgNC composed
of 16 silver atoms stabilized by two 10-base oligonucleotides®
which has a hydrodynamic volume of 10.5 nm”.

Coming back to the reversible fluorescence intensity change
in the 5 to 30 °C range, the most obvious explanation for a
temperature-dependent change in fluorescence intensity would
be a change in Q due to a temperature dependent non-radiative
decay pathway. However, we just argued that this might not
be the case here. One way to probe this is to measure the
fluorescence decay at different temperatures, since the fluores-
cence decay time is the inverse of the sum of the radiative and
non-radiative decay rates. Interestingly, unlike a previously
studied red-emitting DNA-AgNC,” whose (t,,) changes with
temperature, no significant difference (~1%) in the fluorescence
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decay time was observed for this NIR-emitting DNA-AgNCs in
the 5-30 °C range (see Table 1). An intensity-weighted average
fluorescence decay time of 3.72 ns was found at 25 °C. It was
shown before that longer DNA oligonucleotides (19-30 bases)
generate DNA-AgNCs characterized by multi-exponential fluores-
cence decays due to slow spectral relaxation on the time scale of
the fluorescence decay time. However, this NIR-emitting DNA-
AgNC, like another previously reported 10-base DNA-AgNC,® seems
to have an almost negligible amount of slow spectral relaxation, as
can be seen in the time-resolved emission spectra (TRES) in Fig. S6
(ESI%) and the reduced > values for mono-exponential fits in Table
S1 (ESIt). Based on a phenomenological model of the electronic
states presented by Cerretani et al. and Krause et al.,”* this could
mean that the temperature dependent change of fluorescence
intensity is due to either a temperature-dependent quantum yield
of the emissive state formation (Qs;) or due to a change in
absorption with temperature and hence lowering the overall
fluorescence, or a combination of both. Another scenario would
be that the radiative and non-radiative rates change in opposite
direction so that the sum is unaltered (this seems rather unlikely
looking at the decay time measurements at —78° and —196 °C
discussed below and listed in Table 1).

Fig. S3 (ESIt) shows a minor drop in the absorption from
10 to 25 °C of about 2.8%. In this temperature range the
fluorescence decreases about 7.9%. This indicates that not all
the loss of fluorescence can be attributed to a change in
absorption, but there should also be an additional drop in Q.
The change in absorption could be due to a temperature-
dependent molar extinction coefficient or a reversible partial
dissociation of the DNA-AgNCs. We did not determine Q at
different temperatures since the expected change is too small to
be determined accurately. Instead, we decided to freeze the
DNA-AgNCs to evaluate if very low temperatures affected the
decay time in a way that could help interpret the photophysical
properties. DNA-AgNCs in 10 mM NH,OAc were frozen in an
NMR tube and the fluorescence decay times and emission
spectra were recorded at —78 °C (acetone/dry ice mixture) and
—196 °C (liquid nitrogen). The results of these experiments can
be found in Fig. 3 and Table 1. Surprisingly, the (t,,) is nearly
unchanged with a value of 3.74 ns at —78 °C. The emission
spectrum narrows and blue shifts to a maximum centered at
710 nm. Interestingly, the fluorescence decay time becomes
multi-exponential, as can be seen by the rise in the average
decay time as a function of emission wavelength in Fig. 3B and
the TRES in Fig. S7 (ESIt). The freezing restricts the conforma-
tional flexibility of the DNA-AgNC and the slow spectral relaxa-
tion on the timescale of the fluorescence decay time becomes
visible again. This observation is in line with a previous report
where changing the viscosity dramatically enhanced the slow
spectral relaxation.® However, it is still remarkable that even
when the DNA-AgNC studied here is frozen solid, slow spectral
relaxation occurs. The effect becomes even more pronounced at
—196 °C (see Fig. 3B). The emission spectrum narrows further
and the maximum is now centered at 706 nm. The (t,) at
—196 °C is 3.63 ns, which is comparable to, but about 0.1 ns
shorter than (z,,) at room temperature. These observations lead
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Fig. 3 (A) Normalized emission spectra of the DNA-AgNCs in 10 mM

NH4OAc at different temperatures (lexe = 637.8 nm). (B) Average decay
time of DNA-AgNCs in the same solution as a function of emission
wavelength at different temperatures.

us to conclude that non-radiative decay from the emissive state
due to internal conversion must be negligible. Based on previous
phenomenological photophysical models of DNA-AgNCs, we
assume that Q is the product of the quantum yield of emissive
state formation (Qg;) from the Frank-Condon state and the
fluorescence quantum yield from the emissive state (Qg).”

It has been previously demonstrated for a large number of
DNA-AgNCs that dark state formation from the Frank-Condon
state is a common process.””>’ This dark state can be
optically excited by a secondary NIR laser that pumps the
dark state to the emissive state in a process termed optically
activated delayed fluorescence (OADF).”*** We performed
OADF measurements, since this allows to estimate the
minimum value for the quantum yield of dark state formation
(Qp1), as was previously demonstrated for a red-emitting DNA-
AgNC.*%?%29 After determining the OADF and upconversion
fluorescence (UCF) contributions to the secondary fluores-
cence (SF, see ESIT for details) and normalizing it to the
primary fluorescence (PF), a minimum Qp, value of 4.3% was
found.?® This value is very similar to the minimum Qp; value
of 3.9% previously found for a red-emitting DNA-AgNC.>°
Interestingly, the contribution of UCF to the SF seems
much higher here than for the red emissive DNA-AgNC.>° As
demonstrated before,*® the UCF signal is not due to a coherent
two-photon absorption process, but a consecutive photon
absorption process, since a rather linear relationship can be
found for the UCF signal versus secondary excitation intensity
(see Fig. 4A).>® The easily detectable OADF and UCF signals of
this NIR-emitting DNA-AgNC make it an interesting candidate
for anti-Stokes fluorescence imaging.>® Besides dark state
formation, the Frank-Condon state could partially undergo
ultrafast ground state recovery, as was demonstrated pre-
viously for red-emitting DNA-AgNCs.>"

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) Contribution of OADF and UCF to the SF signal, relative to the

PF signal. (B) Decay curves of the NIR-emitting DNA-AgNCs in 10 mM
NH4OAc. The PF region (excitation with the 640 nm pulse, see Fig. S8A,
ESIt) is from about 45 to 70 ns, while the SF region (excitation with the
760-850 nm pulse, see Fig. S8A, ESI) is from 7 to 30 ns. The primary

excitation intensity was 127 W cm™2, whereas the secondary excitation

intensity was varied from 1.7 to 106 kW cm~2. Decay curves with only the
secondary excitation to untangle the UCF from the OADF contribution can
be found in Fig. S8B (ESI+).

In summary, we present a NIR-emitting DNA-AgNC with an
unusually high fluorescence quantum yield of 73% at 25 °C.
This result suggests that there may exist more DNA-AgNCs
further out in the NIR range that can maintain their high
fluorescence quantum yield. These high fluorescence quantum
yield NIR emitters are new and promising candidates for tissue
imaging in the biological transparent NIR windows. We
hypothesized that low coupling of the AgNC to the DNA bases
could be the reason for both the high fluorescence quantum
yield and the limited thermal stability. The NIR emitter con-
verts irreversibly to a non-emissive compound upon prolonged
heating above 30 °C. Additionally, we demonstrated that this
DNA-AgNC can produce easily detectable OADF and UCF
signals that make it potentially suitable for anti-Stokes fluores-
cence imaging.
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