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Near-infrared (NIR) emitters with high two-photon absorption (2PA) cross-sections are of interest to enable
in vivo imaging in the tissue transparency windows. This study explores the potential of DNA-stabilized silver
nanoclusters (Agy-DNAs) as water-soluble two-photon absorbers. We investigate 2PA of four different
atomically precise Agy-DNA species with far-red to NIR emission and varying nanocluster and ligand
compositions. 2PA cross-sections, ¢,, were determined by two-photon excited luminescence (2PEL)
technique for a wide wavelength range from 810 to 1400 nm. The Agn-DNAs exhibited reversed
strength of corresponding transitions in the two-photon regime, as compared to one-photon, which
further demonstrates the complex photophysics of these emitters. Maximal 2PA cross-section value
(~582 GM) was observed for (DNA)s[Ag,4]*>", which is stabilized by 3 DNA oligomers. (DNA),[Ag6CL18*
presented distinct 2PA behavior from the Agy-DNAs without chlorido ligands, with a high 2PA of 176 GM

Received 31st August 2024 at 1050 nm. Our findings support the potential of Agy-DNAs as NIR-to-NIR two-photon probes that are
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both excited and emit in the NIR. Their high ¢, and fluorescence quantum yield values result in superior

DOI: 10.1039/d4sc05853d two-photon brightness on the order of ~10%2 GM, significantly higher than water-soluble organic
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Introduction

DNA-stabilized silver nanoclusters (Agy-DNAs) are an emerging
class of biocompatible fluorescent nanomaterials with
sequence-tuned optical properties.’” These ultrasmall emitters
have unique and diverse photoluminescence properties that
span visible and near-infrared (NIR) wavelengths. The optical
properties of Aga-DNAs depend strongly on the size, shape, and
effective valence electron count of the nanocluster core, which
are governed by the nucleobase sequence of the DNA oligomer
template.*® Thus, DNA oligomer selection enables tunable
design of Agyx-DNA properties,”® making Agy-DNAs promising
and versatile emitters to meet the needs of bioimaging.

Recent tandem efforts to harness machine learning-guided
experiments and to prepare and investigate atomically precise
Ag\-DNA species have accelerated the discovery of Agy-DNAs.>™
Many recently discovered Agy-DNAs emit at NIR-I and NIR-II

“Institute of Advanced Materials, Wroclaw University of Science and Technology,
Wroclaw, Poland. E-mail: joanna.olesiak-banska@pwr.edu.pl

*Department of Materials Science and Engineering, University of California, Irvine, CA
92697, USA

‘Department of Chemistry, University of California, Irvine, CA 92697, USA
“Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
‘Department of Chemical and Biomolecular Engineering, University of California,
Irvine, CA 92697, USA

T Electronic  supplementary  information
https://doi.org/10.1039/d4sc05853d

(ESI) available. See DOI:

© 2025 The Author(s). Published by the Royal Society of Chemistry

wavelengths (700-1000 nm and 1000-1300 nm, respectively)'>**
with high fluorescence quantum yields* (FQY, ¢) compared to
other NIR emitters, such as organic dyes. Water soluble NIR emit-
ting probes are highly desirable for optical imaging of biological
samples because scattering, absorption, and autofluorescence of
tissues are significantly reduced at NIR wavelengths compared to
visible wavelengths.”** The remarkably high FQY and inherent
water solubility of NIR Agy-DNAs make these promising emitters
for overcoming the issue of low FQY of NIR-emitting organic fluo-
rophores, which limit in vivo fluorescence imaging.

In contrast to their one-photon (1P) properties, the nonlinear
optical (NLO) properties of Agy-DNAs have been far less
explored. Two-photon absorption (2PA) is a third order NLO
phenomenon that occurs upon simultaneous absorption of two
photons, each with half the excitation energy of the chromo-
phore, thereby exciting an electron from the ground state to the
excited state. This excitation process requires high-intensity
pulsed laser irradiation and is induced at long wavelengths,
which are more favorable for deeper penetration into biological
samples. 2PA can be followed by two-photon excited fluores-
cence (2PEF), which enables two-photon fluorescence micros-
copy (2PFM). 2PFM at NIR-I or NIR-II wavelengths' presents
multiple advantages compared to the standard 1P fluorescence
microscopy, such as deeper sample penetration, reduced
phototoxicity and photobleaching, 3D imaging within tissues,
selective excitation of femtoliter-scale volumes, and visualiza-
tion over long time periods (longitudinal imaging).>*>
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Atomically precise silver or gold nanoclusters (Ag/Au NCs)
were reported as strong two-photon absorbers.”®*° 2PA cross-
section (o,, expressed in Goeppert-Mayer units, GM) for Ag/Au
NCs varies from ~10> GM to ~10° GM and is dictated by
nanocluster properties, such as the number of metal atoms,
protecting ligands, and doping with other metal atoms.”**
However, Ag/Au NCs generally display low ¢ and low two-photon
brightness (defined as g, , = ¢ x 0,), limiting their relevance in
2PFM. Early studies of 2PA of Agx-DNAs suggested the promise
of these emitters for 2PFM, but these studies preceded the
robust development of purification strategies to produce Agy-
DNA emitters with defined chemical compositions.**** While
the 2PA of atomically precise Aga-DNAs has not been explored
in detail, application of this effect is now emerging.*

To advance in vivo fluorescence imaging, it is a major goal to
develop water-soluble, 2PEF probes that both excite and emit at
NIR wavelengths with high FQY and high two-photon bright-
ness (0,1, above 50 GM).>** In this study, we investigate 2PA of
four different atomically precise Aga-DNAs with far-red to NIR
emission, which were recently investigated by Guha, et al.®> We
find that 2PA spectra of the four Agy-DNAs, measured from
810 nm to 1400 nm, show significant differences between 1P
and two-photon (2P) response. We then present a detailed
analysis of NLO properties (specifically two-photon absorption)
of the NIR-emissive Agx-DNA with chlorido ligands and known
X-ray crystal structure, (DNA),[Ag;¢Cl,]*". Finally, we compare
the 2P brightness of Agy-DNAs to organic fluorophores and
commercially used NIR markers, demonstrating their utility for
applications in NIR-to-NIR 2P bioimaging.

Results and discussion

To investigate the NLO properties of far red and NIR emitting
Agn-DNAs, we selected four Agy-DNAs with different molecular
compositions, including total number of Ag atoms, effective
valence electron count (Ny), and the numbers of DNA oligomer
ligands (ns) and chlorido ligands (Table 1). Emitters were
selected from a recent study by Guha, et al., which reported the
molecular compositions and one-photon absorbance (1PA) and
emission spectra of four distinct structural/compositional
groups of HPLC-purified far-red to NIR emitting Agx-DNAs.?
One emitter from each group was selected to study the breadth
of possible 2PE properties of far red and NIR emitting Agy-
DNAs. To ensure agreement with past studies,” molecular
compositions confirmed by mode

were negative-ion
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electrospray ionization mass spectrometry (see Experimental
methods and ESIt), and 1P optical properties of the Agy-DNAs
(absorption and emission) were measured to ensure consis-
tency with prior reports. For the first time, we present one-
photon excitation (1PE) spectra of these clusters (Fig. 1). 1PA
and 1PEL maxima, FQY, and Stokes shifts are reported in Table
1, and Fig. 1 presents 1P properties of the four Agy-DNAs.

Fig. 1 shows that the most prominent Ag,y-DNA excitation
peaks are Gaussian-shaped bands located at the longest wave-
length transition in 1PA, indicating that these emitters follow
Kasha's rule. We observe no difference in shape or intensity of
peaks in 1PA and one-photon excitation (1PE) spectra for Ag,;-
DNA (Fig. 1b) and Ag;6-DNA-Cl, (Fig. 1c). For Ag,5-DNA, the
peak bands in 1PA and 1PE occur at the same wavelength, but
the ratio of the longest-wavelength band and the band located
between 400 and 450 nm is significantly higher in 1PE than in
1PA (Fig. 1a). The most significant deviations between 1PA and
1PE are observed for Ag;o-DNA (Fig. 1d). This emitter's 1PE
spectrum contains four distinct peaks (347 nm, 401 nm,
450 nm, and 620 nm), while far more peaks are observed in the
1PA spectrum, as previously reported.” This suggests that
absorption at certain wavelengths does not result in radiative
recombination and fluorescence emission for Ag;o-DNA. Ag;s
DNA, Ag,,-DNA, Ag,5-DNA exhibit Stokes shifts between 0.2 and
0.3 eV whereas, Ag;,-DNA-Cl, displays a Stokes shift of 0.7 eV
(Table 1)."* Comparison with FQY shows that energy gap law
does not hold for these nanoclusters. Ag,;-DNA displays a high
73% FQY at room temperature in aqueous solution,'® which is
unprecedented for NIR emitters, however it displays the lowest
Stokes shift.

Ag;6-DNA-CI, has molecular composition (DNA),[Ag;6CL,]*";
i.e. the species is stabilized by two copies of the ssDNA template
and two additional chlorido ligands, which significantly
contribute to nanocluster stability and optical properties.® Ag;¢-
DNA-CI, is the only Agy-DNA in this study with a reported high-
resolution X-ray crystal structure (and one of only two Agy-DNA
species with high-resolution structural information about both
nanocluster core and ligand shell reported to date).*® This
emitter has 26% FQY and a high Stokes shift of 0.7 eV, impli-
cating a large energy difference between the Franck-Condon
excited state and the S;-S, transition (fluorescence). The emitter
has been well-studied by the Vosch group.'®*”-*° Theoretical
analysis of its 1PA properties identified silver — silver, silver —
base and base — silver electronic transitions.**

Table 1 Composition and optical properties of Agy-DNAs, selected from a previous study.® ng: number of ssDNA template stabilizing the Agy-
DNA, Ng: effective valence electrons of Agy-DNAs, 1PA: one-photon absorption, FQY: fluorescence quantum yield, 1PEL: one-photon excited

luminescence

DNA sequence

ng and no. of CI™

Name Molecular formula (5’ to 3') ligands N, 1PA(nm) 1PEL (nm) FQY, ¢ [%]  Stokes shift (eV)
Ag1s-DNA (DNA),[Agy5]°" ACCAATGACC 2 and 0 6 550 652 11 0.35
Ag,,-DNA (DNA),[Ag,, ] CCCGGAGAAG 3 and 0 6 640 721 73 (ref. 16)  0.22
Ag16DNACl,  (DNA),[Ag;¢Cl,]*" CACCTAGCGA 2 and 2 6 525 744 26 (ref. 15)  0.70
Ag;o-DNA (DNA),[Ag;o]"" GCGCAAGATG 2 and 0 8 480, 615 730 16 0.31
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Fig. 1 Comparison between 1PE (one-photon excitation), 1PA (one-photon absorption, black curve), and 1PEL (one-photon excited lumines-
cence) spectra of (A) Agi;s-DNA, (B) Ag1-DNA, (C) Agis-DNA-Cl,, and (D) Agio-DNA.

Finally, = Agi;oDNA  has molecular  composition
(DNA),[Ag1o]'™" and contains 8 effective valence electrons (N, =
8), unlike the N, = 6 of the rest of the Agx-DNAs studied here.
Because N, = 8 is a magic number for spherical superatoms,**
and due to its distinctly different absorption and circular
dichroism spectra, Ag;o-DNA has been hypothesized to possess
spheroidal nanocluster geometry** rather than the rod-shaped
structures of Ny = 6 Agy-DNAs.*

After characterization of one-photon properties, we
measured the NLO properties of the Agy-DNA species. The 2PA
cross-sections, o,, of Agy-DNAs and reference samples (Styryl
9M or LDS-698) were evaluated by two-photon excited lumi-
nescence (2PEL) technique using femtosecond pulsed laser
excitation in a wide range of wavelengths (see Experimental
section).** As a luminescence-based technique, 2PEL provides
information about 2PA cross-section values only for wave-
lengths at which 2PE leads to luminescence.>® In systems for
which absorption perfectly overlaps with excitation, 2PA spec-
trum determined with 2PEL can be directly compared with 1PA.
However, in systems for which absorption differs from excita-
tion, the measured 2PA spectrum should be compared with the
1PE spectrum. Because excitation and absorption spectra differ
for Ag,5-DNA and Ag,o-DNA (Fig. 1), we compare 2PA cross-
sections to 1PE spectrum. Wavelength ranges were selected
such that emission wavelengths do not interfere with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

excitation wavelength range. Moreover, the 2P nature of the
observed processes was determined based on the quadratic
dependence of photoluminescence intensity (PL intensity) on
the incident laser power, P, which indicates a two-photon
process in Agy-DNAs (the slope of log(PL intensity) vs. log(P)
plots equal ~2.0, Fig. S71).*® The values of ~1.9 support a 2P
process (small deviations from 2.0 were also seen for reference
organic dyes with known 2P behaviour). In case of lower values,
contributions from upconversion may be present, as is observed
for Ag,;-DNA for excitation <850 nm (Fig. S7bt). Therefore, it
should be noted that ¢, values for Ag,,;DNA at 810 and 820 nm
may have contributions from 1P processes. Ag;oDNA seems to
have significant one-photon process contribution at wave-
lengths below 980 nm (Fig. S77), nevertheless transitions
involving higher energy states are the most prominent under fs
laser excitation. Due to this fact, we present results for Ag;oDNA
in the ESI,} and the measured 2PA spectra for Ag;oDNA pre-
sented in Fig. S81 need to be considered as qualitative. Taking
into account, that there is no other experimental or theoretical
data for this nanocluster, its response under fs laser illumina-
tion needs extended studies, out of the scope of this manu-
script. Ag,9-DNA will be excluded from further comparisons
with the other nanoclusters. We ensure lack of photobleaching
by using low laser power ~10 mW and a short 5 s exposure time,

Chem. Sci., 2025, 16, 1737-1745 | 1739
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with samples exposed to laser irradiation only during signal
collection.

Fig. 2 compares the ¢, values of Ag\-DNAs to their 1PE
spectra. Agy-DNAs exhibit maximum o, values of several
hundred GM at <950 nm, which corresponds to one-photon
transitions at <475 nm. At longer wavelengths, two different
types of g, behavior are observed. Ag;s-DNA and Ag,;-DNA
exhibit significantly lower o, above ca. 1000 nm, in the range of
the most prominent S; — S, transitions in the 1P regime. In
contrast, the 2PA spectrum of Ag;sDNA-Cl, is distinctly
different, with similar ¢, values at 800 nm and 1050 nm
(Fig. 2¢).

1PE and 2PA spectra can be compared using the ratio of
intensity of higher energy to lower energy transitions in 1PE and
2PA spectra. For Ag;s-DNA, the ratio between 1PE transitions at
420/550 nm is ~1 : 20. In contrast, the 2PA ratio at 840/1100 nm
is 17 : 1. Thus, this emitter displays a reversal of the intensities
of 2P transitions compared to 1P transitions.

For Ag,,-DNA, 0, is largest for 820 nm and 940 nm excitation,
which overlap with low-intensity peaks in the 1PE spectrum
(Fig. 2b). The 2PA is nearly zero between 1000 and 1150 nm,
similar to 1PE in the 500-550 nm range. However, as mentioned
before, the dominant 1PE peak at 640 nm is not the most
prominent in 2PA (Fig. 2b). A closer look at 1PE between 400-
500 nm (Fig. S21) shows that high ¢, bands correlate with very
weak 1P S, — S, transitions (where n > 1). The ratio of 1P
transition intensity at 410/460/635 nm is ~3:1:67, while for
2PA (at double wavelength) the ratio is 50:35: 1.
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For Ag;6-DNA-Cl,, the locations of 2PA transitions are well-
aligned with 1PE transitions (Fig. 2c¢). Surprisingly, however,
the 2PA band at longer wavelengths has one order of magnitude
higher o, value than the other three Ag\-DNA species. This Ag;6-
DNA-CIl, is discussed in more detail later.

A trend of opposite strength of 1PE and 2PA bands is
observed in Ag,5-DNA, Ag,;-DNA and Ag,s-DNA-Cl,. Past studies
of unpurified Agy-DNAs by Patel, et al** reported a similar
phenomenon where two-photon excitation (2PE) was more
prominent at shorter wavelengths. Thus, such opposite strength
of 1PA and 2PE bands could be a more general observation for
this type of nanostructures could be a more general observation
for this type of nanostructures. 1P and 2P transitions may follow
distinct selection rules and resonant enhancements of selected
transitions in 2PA, thus giving rise to the possibility of such
phenomena. Generally, in molecules with more complex energy
landscapes like porphyrins*” or fluorescent proteins,*® reso-
nance effects with various electronic or vibrational states
contribute to the enhancement of certain 2P transitions. In
fluorescent proteins, 2PA corresponding to S, — S transition is
often less prominent than for transitions at shorter wave-
lengths, which gain intensity due to the resonant enhancement
effect related to the proximity of virtual state energy (at 1/2
transition energy) and real S, state.** Such a phenomenon
may exist in Agy-DNAs.

Ag,6-DNA-CI, has one order of magnitude higher ¢, at longer
wavelengths than the other Ag\-DNAs. Ag;,-DNA-Cl, is distinct
for containing chlorido ligands. As one of the most
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Fig. 2 Comparison between one photon excitation (1PE, filled bands) and two photon absorption (2PA, points and lines) of (A) Agis-DNA, (B)

Ag21-DNA, (C) Agys-DNA-Cl,.
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Ag,1-DNA (blue circles), Agie-DNA-CIL, (pink stars). The standard deviation of presented values is estimated to be + 15%, not included in figures

for more clarity.

electronegative atoms, chlorine influences electron density,
electric transition dipole moment and increases the inter- and
intra-molecular charge-transfer effects. Indeed, computational
modelling** shows that chloridos modulate electron density
and optical properties of Ag;6-DNA-Cl,, stabilizing the elec-
tronic structure by reducing the electron density in the metal
core and thereby leading to shifts in the nanocluster energy
levels, affecting both the HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital)
energies. Calculations also revealed that the experimentally
observed absorbance peak at 525 nm consists only of a HOMO-
to-LUMO molecular transition (S,-S; *) located at the silver core
of Ag;6-DNA-CL,,** while higher energy transitions also contain
contributions from silver-base and base-silver transitions,
making these transitions more complex. Ag,,-DNA-CI, presents
also complex emission, with nanosecond and microsecond
components. In previous reports, excited state dynamics was
probed by transient absorption (TA) spectroscopy for Ag;s-DNA-
Cl,, revealing that upon excitation, electrons are transferred to
the Franck-Condon state and then rapidly depopulate to
vibrationally hot levels of the fluorescent state within 100 fs.>
Hot vibrational levels thermalize on a timescale of 6.2 ps.
Radiative relaxation (emission) to the ground state occurs with
a lifetime of 4.7 ns. In a fraction of cases, the transition to
a microsecond-lived state is observed with a decay time of ca. 70
us. TA spectra showed a positive signal between 1000-1200 nm,
which blue-shifts over several ns.>* Recently, the simulated TA
spectra by Malola, et al. presented a broad peak between 1100-
1400 nm related to S; and T, transitions with absorption
maxima at 1244 nm and 1181 nm, respectively.*® Because this
range of wavelengths overlaps with the 2PA band of Ag,s-DNA-
Cl,, a possible contribution of transitions in a long-lived T; state
in measurements at NIR wavelengths were considered. There-
fore, we investigated the optical properties of Ag;s-DNA-Cl, in
more detail. Standard 2PEL measurements involve the use of fs
lasers with 80 MHz repetition rate, corresponding to a 12.5 ns
window between consecutive pulses. Because the long-lived
state in Ag;,-DNA-Cl, has 70 ps lifetime, we also performed

© 2025 The Author(s). Published by the Royal Society of Chemistry

2PEL measurements using a laser system with a 1 kHz repeti-
tion rate (1 ms window between pulses) Fig. S6T compares 2PA
spectra obtained at 1 kHz and 80 MHz laser repetition rates,
which show no significant changes in ¢, value or maximum
wavelength. We do observe a slight alteration in the shape of the
2PA band at 1000-1150 nm, with higher values of ¢, at 980-
1060 nm.

Finally, 2P brightness (o, = ¢ X 0,) of each Ag,-DNA
species was calculated and compared with commercially avail-
able probes to evaluate the potential of Aga-DNAs for 2PFM.>>>*
Fig. 3a and b present ¢, and o, of the Agy-DNA species,
respectively, over a range of 810-1400 nm, which spans the NIR-
I and NIR-II biological tissue transparency windows. Most
notably, Ag,;-DNA has both high ¢, and exceptionally high FQY
compared to commonly used NIR-emitting fluorophores,
resulting in the highest value of 2P brightness in the NIR-I
window (ca. 582 GM at 930 nm, Fig. 3b). Ag;cDNA-Cl,

Table 2 Comparison of optical properties of Agy-DNAs (measured in
10 mM ammonium acetate solution, pH 7) with commercially available
and water-soluble fluorescent probes with emission wavelength
above 600 nm (measured in H;O). [o2: 2PA cross-section, o, two-
photon brightness]

Emission Excitation

Probe 7, [GM] 0,5 [GM] [nm] window
mCherry®® 25 5.5 610 NIR-IT
tdTomato™® 108 60 581 NIR-IT
Alexa Fluor (ref. 21) 647 133 44 671 NIR-II
Cy5 (ref. 21) 143 40 670 NIR-I
Cy7 (ref. 21) 200 60 779 NIR-II
Alexa Fluor (ref. 21) 680 203 73 704 NIR-IT
ICG™ 210 6.3 813 NIR-II
Cy5.5 (ref. 21) 286 60 695 NIR-IT
Ag,;-DNA 582 425 >700 NIR-I

17 12 NIR-IT
Ag16-DNA-CL, 211 54 >700 NIR-I

176 45 NIR-IT
Agy5-DNA 340 37 650 NIR-II

25 3 NIR-I

Chem. Sci., 2025, 16, 1737-1745 | 1741
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exhibits high ¢,;, in the NIR-II window. Moreover, the
combined use of Ag;s-DNA with other emitters could enable
two-color, 2P imaging,**® as the emission of this species is blue-
shifted by 50 to 100 nm from the other three Agyx-DNAs, which
would enable simultaneous 2PE of two distinct probes using
a single laser line.

There is a major need for water-soluble NIR-emitting probes
with 2PE > 1000 nm, which currently are scarce because most
available probes are insoluble in water due to the presence of
highly hydrophobic units. Table 2 compares the NLO properties
of the four Aga-DNA species with commercially available water-
soluble dyes and fluorescent proteins used in 2PFM. ¢, and 2P
brightness values of Agy-DNAs are comparable or significantly
greater than the commercial fluorescent probes. The ability of
Agn-DNAs to combine water solubility with NIR-I emission, high
2P brightness, low toxicity, and functionalization via click-
chemistry for applications such as targeted staining of certain
cell lines®” positions Ag,-DNA as promising emitters to address
the shortage of probes that are suitable for 2PFM.

Conclusions

We investigated the 2P properties of four atomically precise Agx-
DNAs with far-red to NIR-I emission. These four species present
distinct ligand compositions and valence electron counts,
enabling us to probe the diversity of optical properties that may
vary with nanocluster composition and structure. Agy-DNA
species were measured with the same optical setup and the use
of HPLC purification and ESI-MS allowed us to accurately esti-
mate nanocluster concentration, an essential property for
accurate g, calculation. Thus, our results provide quantitative
information to advance understanding of structure-optical
properties relationship of these nanoclusters. For Ag;s-DNA and
Ag16-DNA-Cl,, the same transitions take part in 1PA and radia-
tive relaxation (1PA and 1PE spectra overlap). In contrast, some
excited states are not involved in radiative relaxation for Ag,;-
DNA and Ag,9-DNA, which results in differences in 1PA and 1PE
spectra, particularly in case of Ag;o-DNA. All nanocluster species
present high 2PA cross-sections. For Ag;s-DNA and Ag,;-DNA,
maximum ¢, values are obtained at the low-wavelength transi-
tions, contrary to 1PA. In case of Ag;s-DNA-Cl,, strong 2PA is
also present at NIR-II wavelengths. For Ag;4-DNA, one-photon
process contributes to excitation under fs laser illumination,
and further studies on this cluster are needed to fully under-
stand its nonlinear optical properties. At present, the relation-
ship between nanocluster structure and two-photon properties
still remains poorly understood, and additional Agx-DNA crystal
structures are needed to enable theoretical studies that inves-
tigate how chemical composition and structure relate to
observed 2P properties. However, our findings confirm that Agy-
DNAs are a new class of promising markers for NIR imaging and
2PFM, presenting high values of two-photon brightness
together with other properties beneficial for bioimaging, such
as NIR emission, large Stokes shifts, and water solubility. Our
findings further identify the optimal excitation wavelengths to
achieve a strong 2P fluorescence signal from these emitters. A
deeper understanding of their photophysics and NLO
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properties could enable rational design of these unique emit-
ters for advanced two-photon deep tissue bioimaging
applications.

Methods

Synthesis and purification of Agy-DNAs

An aqueous solution of single stranded DNA oligomer and
AgNO; in 10 mM ammonium acetate (pH 7) was prepared and
incubated at room temperature for 15 minutes, followed by
reduction by a freshly prepared aqueous solution of sodium
borohydride (more details in ESI and Table S1t). The solution
was stored in the dark at 4 °C for several days to allow the
fluorescent Agy-DNA to form. Each Agy-DNA was then purified
by high-performance liquid chromatography (HPLC) to obtain
atomically precise Agy-DNAs. The molecular compositions of
HPLC-purified Agy-DNAs were determined using negative-ion
mode electrospray ionization mass spectrometry (ESI-MS). The
ESI-MS methods and the mass spectra of the Agx-DNAs studied
are shown in Fig. S1-S4.7 The concentrations of HPLC-purified
Agy-DNAs were estimated using the sample's absorption at
260 nm, the known molar extinction coefficient of the sSDNA
oligomer template, and the number of DNA oligomers per
nanocluster (Table 1). Detailed synthesis procedures (including
concentrations of DNA oligomer and AgNO;, and storage
conditions), HPLC chromatograms, and mass spectra of Agy-
DNAs are reported in ref. 5.

One-photon measurements

All measurements were carried out in 10 mM ammonium
acetate solution (pH 7). Absorption spectra were recorded using
a Jasco V-670 spectrophotometer. Excitation and fluorescence
spectra using an FS5 Spectrofluorometer (Edinburgh Instru-
ments) equipped with a Xenon lamp.

FQY measurements

First, the FQY of the LDS-698 in CHCI; was determined using an
integrating sphere (FS5 Spectrofluorometer) and by the
comparative method. The standard in the comparative method
was DCM (4-(dicyanomethylene)-2-methyl-6-(4-dimethylami-
nostyryl)-4H-pyran) in EtOH with FQY = 43.5%.% Finally, the
FQY (¢) was determined using the following formula:

o) A7) 2

Ss(Aex) f Fi(Aem) 1

Aem

¢ = ¢,

fS(Acx) =1- IOA\‘(ACX)

where, s and r stand for the sample and reference, respectively,
¢ is the quantum yield, and »n is the refractive index of the
solvent, [ F(Aem) corresponds to the fluorescence integral of the

em

sample or reference, and fi(Aex) refers to the corresponding
absorption factor at the excitation wavelength. The results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained using the comparative method and the integrating
sphere were almost identical, within the standard deviation
margin for the integrating sphere (2%). FQY of LDS-698 in
CHCI; was 14% for the absolute method and 15.5% for the
comparative method. Hence, LDS-698 was used as a standard to
determine the quantum yield for Ag;s-DNA and Ag;o-DNA. For
Ag,;-DNA and Ag;6-DNA-Cl,, FQY values were taken from

previous reports.*>

NLO measurements

Two-photon excited photoluminescence (2PEL) was measured
using a custom-built multiphoton setup. The excitation source
was femtosecond mode-locked Ti:Sapphire laser (~100 fs, 80
MHz, Chameleon, Coherent Inc. with a wavelength range 680 to
1080 nm), combined with an optical parametric oscillator
Chameleon OPO (Coherent Inc., applied in 1100-1600 nm
range). The signal was collected, and emission spectra were
measured with a spectrograph - Shamrock 303i (Andor) with an
iDUS camera (Andor). Depending on excitation wavelength
ranges, optical filters were also used: FELH0950 — @ 25.0 mm
Longpass Filter (Thorlabs), FELH0800 — @ 25.0 mm Longpass
Filter (Thorlabs). The power of the laser irradiating the sample
was measured and calibrated for each wavelength. Laser power
was kept at ~10 mW for most measured wavelengths, to ensure
quality signal of detectors and no photobleaching. Samples
were irradiated only at the time of signal collection to avoid
photobleaching. The sample and reference dye were always
measured at the same excitation power. 2PA cross-sections were
calculated with the following equation.*>**

o FZ‘sCr(i)rnr2

O2s = =~ 7 3%2r
FZ‘r Csd)snsz

where, r and s denote reference and sample, respectively. ¢, and
¢ is the fluorescence quantum yield. F, ¢ and F,, is the inte-
grated two-photon fluorescence intensity at a particular excita-
tion wavelength, n is the refractive index of the solvent. C; and
C; is the concentration of the sample and reference, respec-
tively. Styryl 9M and LDS-698 in CHCl; were used as a reference.
FQY of Styryl was taken from literature.”” FQY of LDS-698 in
CHCI; was measured for this work and is described in the FQY
measurements section. 2PA cross-sections of Styryl 9M and LDS-
698 were obtained from previously reported literature.*>** Laser
system employed in additional measurements of Ag;s-DNA-CI,
was a Coherent Ti: Sapphire Astrella regenerative amplifier
combined with an OPA TOPAS Prime (Coherent) optical para-
metric amplifier providing tunable ~60 fs pulses at 1 kHz.

Two-photon brightness (o,5) was calculated using the
equation:

Oop =02 X ¢

Power dependence of luminescence intensity

To confirm the two-photon nature of the observed fluorescence
excited by laser pulses, we measured fluorescence intensity vs.
incident laser excitation power and determined the power
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exponent, n. 2PEL was collected by photon-counting avalanche
photodiode (IDQ id100) or spectrograph - Shamrock 303i
(Andor) with an iDUS camera (Andor). To avoid photobleaching,
we recorded three separate spectra at each power or recorded
for 30 s on an avalanche photodiode to detect any change in
intensity. The power exponent was calculated using the
equation:

_log(PL intensity)
a log(P)

where PL intensity is a 2P excited photoluminescence intensity
and P is the average incident laser power.
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