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Fluorescence resonance energy transfer (FRET) reporters are commonly
used in the final stages of nucleic acid amplification tests to indicate the
presence of nucleic acid targets, where fluorescence is restored by nucleases
that cleave the FRET reporters. However, the need for dual labelling and
purification during manufacturing contributes to the high cost of FRET
reporters. Here we demonstrate a low-cost silver nanocluster reporter that
does notrely on FRET as the on/off switching mechanism, but rather ona
cluster transformation process that leads to fluorescence color change upon
nuclease digestion. Notably, a 90 nmred shift in emission is observed upon
reporter cleavage, aresult unattainable by asimple donor-quencher FRET
reporter. Electrospray ionization-mass spectrometry results suggest that
the stoichiometric change of the silver nanoclusters from Ag;; (in the intact
DNA host) to Ag,, (in the fragments) is probably responsible for the emission
colour change observed after reporter digestion. Our results demonstrate
that DNA-templated silver nanocluster probes can be versatile reporters

for detecting nuclease activities and provide insights into the interactions
between nucleases and metallo-DNA nanomaterials.

While recent advances in nucleic acid detection methods have
bypassed the need for specialized equipment', the highly reliable
and sensitive nucleic acid assays still rely on fluorescence detection
in their final stages*’. For instance, TagMan® and DNaseAlert* are the
most commonly used fluorescent reporters in quantitative PCR and
DNA endonuclease-targeted clustered regularly interspaced short
palindromic repeats (CRISPR) trans reporter (DETECTR)*’ assays,
respectively. Although these fluorescence resonance energy trans-
fer (FRET) reporters light up upon digestion by Taq polymerase or
Casl2a, with the restored fluorescence reflecting the abundance of
thetarget"’, they are merely turn-on sensors that only rely on emission

intensity for quantification. Notably, a no-target control is always
required to provide a baseline for intensity comparison*, given that
undigested FRET reporters are not completely dark®. Furthermore,
FRET reporters require dual labelling of the oligonucleotides with
adonor and a quencher at each end, and the need to remove excess
reactants and singly labelled impurities during manufacturing con-
tributes to the increased probe cost’. Thus, there is an unmet need
to develop alow-cost substitute that does not rely on FRET for signal
transduction and can provide amore quantitative sensing result upon
nuclease digestion (for example, changing emission colour rather
than changing intensity).
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Fig.1|A schematic of Subak reporters and their fragmentation-induced
colour-switching property. a, Subak reporters are fluorescent silver
nanoclusters hosted in hairpin DNA strands that change emission colour upon
nuclease digestion. b, Photograph images under UV excitation (365 nm).
DNA/AgNCs can be universally excited by a UV light source. Upon adding

5pg pl DNasel toa purified 20 uM Subak-1solution, an obvious change in
emission colour (fromgreen to red) is seen within 20 min. ¢, Three-dimensional
fluorescence spectrabefore (bottom) and after (top) DNase [ digestion. In
Subak-1, the green emitters (excitation/emission: 480/540 nm) are directly
converted into the red emitters (excitation/emission: 565/630 nm) upon
DNase I fragmentation, showing a red shift of 90 nmin the emission spectrum.

The green and red boxes represent the bandwidths (40 nm) of the excitation/
emission filter pairs in the green and red detection channels, respectively. The
fluorescence enhancement ratio of Subak-1upon digestion is as high as 20-fold.
d,InaDETECTR assay, in the presence of target strands, Cas12a unleashes its
trans cleavage activity, which fragments Subak-2 and changes its colour. Subak
reporters are not only fluorescence sensors but also colorimetric sensors. In
Subak-2, achange of absorption peak from 480 nm to 560 nm is observed after
Casl2acleavage. e, Aradar chart comparison between Subak and DNaseAlert.
Compared with DNaseAlert, Subak-2 has one-sixtieth of the cost and offers

15 times higher fold change with comparable LOD (-1.19 pM) and dynamic range
but the reaction velocity (v) is 36 times slower.

In this Article, we describe a DNA-templated silver nanoclus-
ter (DNA/AgNC) probe termed Subak (which means ‘watermelon’
in Korean, Fig. 1a) for nuclease activity detection. Subak exhibits a
green fluorescence emission (540 nm) in its intact form but changes
its emission colour to bright red (630 nm) when fragmented due to
nuclease activities. This fragmentation-induced colour-switching
property is not known to be shared among other highly fluorescent
nanomaterial probes. Compared withthe commercially available FRET
reporters, Subak has a substantially lower cost (US$1versus US$62 per
nanomole) and supports ratiometric sensing of nuclease activities as
well as single-colour detection. As all DNA/AgNCs can be effectively
excited by a ultraviolet (UV) light source'® ™, the fluorescence colour
change of Subak after fragmentation can be easily seen by the naked
eye under a UV lamp (Fig. 1b), even for the unpurified Subak (Supple-
mentary Fig.1).

The colour-switching mechanism behind Subak is not FRET, but
rather a combinatorial effect of the altered base-cluster interacting
footprint and the changed size/shape of the fragmented silver nano-
cluster (AgNC). Using electrospray ionization-mass spectrometry
(ESI-MS)", we have identified the preferred cleavage sites of the Subak
reporters and the silver stoichiometries (the total number of silvers,
Ny + N,z inacluster) before and after fragmentation. We speculate that
the green emission of intact Subak (Subak-1) originates from Ag;; and
Ag,, clusters, while the red emission of the fragmented Subak comes
from a Ag,, cluster. The breakdown of Ag;; into Ag,, and Ag; under-
lies the fragmentation-induced colour-switching property of Subak
reporters. Unlike the traditional nucleation-and-reduction methods
that typically produce Ag,, clusters with low or green fluorescence
emission™ ", post-processing methods such as complementary strand
hybridization®'*"” and DNA host fragmentation (this report) could
generate bright red-emitting Ag,,. We believe these post-processing

stepsnotonly change the AgNC stoichiometry (for example, an additive
process from-Ag,to ~Ag,, during strand hybridization" or asubtractive
process from Ag;; to Ag,, during strand fragmentation in this report),
buttransformthe AgNCintoanew geometry withafootprintinthe DNA
host that is unattainable by the traditional nucleation-and-reduction
method (Supplementary Fig. 2). This combinatorial effect results in
the colour-switching phenomenon observed in Subak. Althoughsome
AgNC probes were previously reported to detect nuclease activities,
they are turn-off sensors'® or require multiple steps in detection”. In
contrast, our Subakis asimple, one-step and colour-switching reporter
for detecting nuclease activities in nucleic acid detection assays. The
fragmentation method outlined here also provides astrategy to create
new types of AgNC fluorophores that were previously unattainable by
the traditional nucleation-and-reduction process.

Subak design and nuclease activity detection

Subak reporters were prepared in hairpin DNA templates using the
conventional nucleation-and-reduction process to form AgNCs in
DNA?°? (Fig. 1a and Methods). We started our investigation among
short strands (for example, 10 nt oligomers) as the biophysical prop-
erties of their hosted AgNCs were well characterized'**. Despite the
potential for these DNA/AgNC probes to exhibit strong fluorescence,
they did not display any discernible colour change upon fragmenta-
tion (Supplementary Fig. 3a). This could be attributed to the fact that
most bases in short strands directly interact with the encapsulated
AgNCs?, making the strands resistant to nuclease cleavage. When mov-
ing fromshortstrands to longer strands (>30 nt), we eventually found
a 34 nt hairpin structure that gives a small but reliable emission peak
red shift upon DNase I digestion (from 570 to 580 nm, Supplementary
Fig.3b-d). This hairpin construct served as a starting point for Subak
evolution (Supplementary Table1and Supplementary Fig. 4). Although
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Fig. 2| Quantification of DNase I using Subak-1. a, Subak-1in a 96-well plate under
UV excitation (top) and the corresponding laser-scanned images under 473 nmand
532 nm laser excitation (EX) (bottom). Laser-scanned images were false coloured in
green (510 nm long-pass (LP) emission (EM) filter used) and red (575 nm LP EM filter
used) on the basis of fluorescence intensity, respectively. DNase I concentration
increased from 0t0 6,250 pg pl™* (from left to right). b, Twenty per cent PAGE
showed the true fluorescence colour of Subak-1before and after DNase I digestion
under UV excitation. The intact green Subak-1reporters were cleaved into red
fragments, where two major red-fragment species were noted (red triangles).

¢, Fluorescence emission spectra of Subak-1in response to various amounts

of DNase I. The red fluorescence (/,;,) was measured at 630 nm under 565 nm

T
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T
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excitation. The lines represent the mean values, while the shadings represent the
standard deviations (n =3 replicates). d, Time-dependent fluorescence spectra
were measured every 5 min under 280 nm excitation. e, Single-colour (/s;,) and
ratiometric sensing (/s//540) results of purified Subak-1on DNasel. The green
fluorescence (/5,,) was measured at 540 nm under 480 nm excitation, while
thered fluorescence (/g;,) was measured at 630 nm under 565 nm excitation.

f, Absorption at 565 nm (Ass) was measured using a plate reader. Both fluorescence
and absorption were measured after 20 min of incubation at 37 °C. Sigmoidal
regression curves were fitted using a weighted 5-PL regression (Supplementary
Equation2). Theerror bars represent the standard deviations (n =3 replicates),
while dashed lines represent the mean background values from the blank samples.

the fragmentation-induced colour-switching property of Subak was
first evaluated using DNase I as amodel enzyme (Fig. 1b,c), our main
goal was to develop AgNC probes that can respond to nucleases used
in the nucleic acid detection assays (such as Cas12ain the DETECTR
assay, Fig. 1d).

Subakreporter design consisted of three parts—aloop, astemand
two overhangarms (5-armand 3’-arm). The loop was composed of only
thymines, which have minimum interactions with the encapsulated
AgNC?. The stem was 7-bp-long, which holds the preferred nuclease
cleavagessites. The overhangs (5-arm and 3’-arm) were designed based
on the previous reports in fabricating highly emissive DNA/AgNC
probes (Supplementary Fig. 5)°*?2. Two Subak reporters, Subak-1and
Subak-2, were our primary interest for investigation, where Subak-1
was specifically designed for DNase I activity detection (Fig. 1a-c)
while Subak-2 was tailored for Cas12a trans cleavage in the DETECTR
assay (Fig.1d,e).

Subak-1suspended in the DNase reaction buffer was mixed with
different concentrations of DNase I (from 0 t0 6,250 pg pl™) to quantify
the nuclease activity (Fig. 2). The buffer only induced aminor emission
red shift in Subak-1 (from 530 nm to 540 nm, Supplementary Fig. 6).
Upon addition of DNase I, the colour of the Subak-1 solution gradu-
ally changed from green (peak at 540 nm) to red (peak at 630 nm) in
20 min (Fig. 2a). Polyacrylamide gel electrophoresis (PAGE) further
confirmed the fragmented Subak-1to be red (Fig. 2b). The green and
red gel bands shown in the figure were the true colours of intact and

fragmented Subak-1 reporters under UV excitation, respectively.
Although unpurified Subak worked well in detection (Supplementary
Fig.1), gel-purified Subak was employed for more precise quantifica-
tion of nuclease activities throughout this investigation (Fig. 2b and
Supplementary Fig. 7).

The fluorescence conversion (from green, /s,,, to red, /;,) cor-
related well with the DNase I quantity (Fig. 2c), with a clear isoemis-
sive point in the emission spectrum (Fig. 2d and Supplementary
Videos1and2). Using these two distinct emission peaks (/5,0 and /),
highly quantitative and reproducible ratiometric sensing of nucle-
ase activity was obtained (/4;0//s40, Fig. 2€), which outperformed
the red fluorescence-only quantification (/,;,, Fig. 2e) in both the
dynamic range (10* versus 10?) and limit of detection (LOD, 3 versus
53 fg pl™). Subak also supported colorimetric sensing. The increase
in absorbance at 565 nm (A;;) correlated well with increasing DNase
I concentration (Fig. 2f, Supplementary Fig. 8 and Supplementary
Videos 3 and 4).

In the gel image, two fragment bands in lane 2 were particularly
noted (red triangles in Fig. 2b) whereas the cleavage patterns of the
DNA-only sample were more diverse (Supplementary Fig.9), suggest-
ingthe presence of preferred cleavage sites in Subak-1. Earlier findings
indicated that the footprint sizes of two spectrally distinct Ag;, chromo-
phores may substantially vary within their respective DNA hosts”. Itis
possible that AgNC serves as a nuclease cleavage mask and its footprint
determines the preferred cleavage sites in DNA.
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Fig.3| ESI-MS results of the gel-purified Subak-1reporters before and after
DNasel digestion. a, Gel-purified Subak-1reporters before (green) and after
digestion (red) were characterized by ESI-MS. b, Deconvoluted MS1spectrum
of Subak-1before digestion. The dominant species of the freshly prepared, gel-
purified sample contained Ag,; and Agy,. ¢, Hypothetical configuration of Ag,,
clusterin Subak-1.Itis possible that three silver atoms in Ag,; are on the outer
face of the cluster, which are weakly associated with the rest of the silver atoms

AACCACCCCATCGTCTTTTTTAAGAI/GAGTTCCCCGC

A-AZ5 + Ag, I co6-car+ag,,

that are strongly templated in the 5-arm. d, Deconvoluted MS1spectrum of the
digested Subak-1. Ag,; or Ag,, clusters in the intact Subak-1template decomposed
into Ag,,and Ag,_, in the two 5’-arm fragments (A1-T16 and A1-A25) and the two
3’-arm fragments (T17-C37 and C26-C37), respectively. e, We hypothesize that
Ag,,clustersinthe two 5’-arm fragments (A1-T16 and A1-A25) are responsible
for the observed red fluorescence, while Ag, ,in the two 3’-arm fragments are
non-emissive.

MS characterization
The gel-purified Subak-1samples were further analysed by ESI-MS to
identify their silver stoichiometries (Fig. 3a)>*°. The ESI-MS results
indicated that the dominant speciesinintact Subak-1are Ag;;and Ag,,
(Fig. 3b,c). While other minor species (Ag,o, Ag, Ag,, Agisand Agy, in
Fig.3b) might also exhibit green emission, Ag;; and Ag,, were believed
to be the main contributors to the observed green fluorescence. This
prominence was attributed to the gel-purification process, which
effectively preserved Ag,;/Ag,, species and the green emission, while
suppressing all other species (Supplementary Fig. 7). To completely
remove the minor species from the sample, a different purification
scheme, suchas high-performance liquid chromatography®, is needed.
Using isotope pattern analysis'®*, we further confirmed that the Ag,, is
actuallyaAg,,’* cluster while the Ag,, isaAg,,’* cluster (Supplementary
Figs.10-12). With four and five neutral Ag atoms in their respective
cores, Ag,;”" and Ag,,”* could be green chromophores with distinct
chemical stability’®*. Indeed, we observed that Ag,,’* (with an even
number of valence electrons) is more stable than Ag,,” (with an odd
number of valence electrons) over 4 weeks (Supplementary Fig.13).
The two preferred cleavage sites in Subak-1 by DNase | were
foundinbetween T16/T17 and A25/C26 within the stem (red arrowsin
Fig. 3c), generating two 5’-arm fragments (A1-T16 and A1-A25, both
hosting a Ag,, clusterinthem) along with two 3’-arm fragments (T17-
C37 and C26-C37, both hosting a Ag,_, cluster) (Fig. 3d,e). Clearly
the breakdown of green-emitting Ag;; and Ag,, into red-emitting
Ag,, and non-emissive Ag, , was responsible for the observed
fragmentation-induced colour-switching phenomenon in Subak-1.
Fromthe atomically precise structures of Agsand Ag,, recently revealed
by X-ray crystallography®¥, somesilvers on the outer face of the AgNC
were found loosely associated with the silver core™. In our case, three
to four silvers might be weakly associated with the rest of the silvers,

which are tightly templated in the 5-arm. During fragmentation, we
believe the nuclease not only cuts the DNA but also separates the
loosely bound silvers templated in the 3’-arm from the core tightly
encapsulated in the 5’-arm (Fig. 3e). This conjecture was further sup-
ported by the observation of the change of the most dominant cluster
species in intact Subak-1from Ag,,/Ag,, to Ag,,/Ag,, during long-term
storage (>3 weeks), possibly due to the dissociation of weakly bound sil-
vers fromthessilver core (but the Subak-1 colour remained unchanged,
Supplementary Fig.13).

Following the isotope pattern analysis, Ag;; and Ag,, clusters have
four and three neutral Ag atoms (N,) in their respective cores (Sup-
plementary Figs. 11 and 14-16). It was previously shown that N, =4 is
amagic number (that is, one of the most abundant AgNC core sizes
given by the standard nucleation-and-reduction process)", and the
AgNC with a magic-number core size is likely to be rod-shaped™.
Besides, many reported AgNCs with N, = 4 (such as Ag,,*") are green
emitters with emission peaks ranging from 540 to 550 nm">'*** which
are identical to our Ag,;** emitter. In contrast, since our Ag,,”* emit-
ter is made by the nuclease fragmentation process, it is not surpris-
ing Ag,,”* adopts a non-rod shape and has a non-magic-number core
(N, =3), with a footprint in the DNA host that is unattainable by the
traditional nucleation-and-reduction process (Supplementary Fig. 2).
This explains why the Ag,,”* is ared emitter while most of the reported
Agoclustersare green or dark emitters®. Itis the combinatorial effect
(the altered base-cluster interacting footprint and the changed size/
shape of the fragmented AgNC) that leads to the colour-switching phe-
nomenoninSubak. Further footprint studies are needed to support this
idea; however, analysing the footprints of AgNCs within DNA fragments
is currently challenging due to the difficulty in sample purification
(that is, removing all minor species that are not responsible for the
observed fluorescence).
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Fig. 4 |Subak optimization viasingle- and double-mutation tests. a, The
sequence and structure of Subak-seed, with red arrows indicating critical base
positions. b,c, Green (b) and red (c) fluorescence fold changes compared with the
Subak-seed reporter (which was normalized to unity). d, Based on the single-
mutation results, 29 double-mutation variants (magenta boxes) were generated
and tested. When compared with the Subak-seed, two variants with substantially
improved performance were identified: Subak-1 (with T12C/C36G mutations,
yellow box) and Subak-2 (with T12C/T17C mutations, blue box). Subak-1gave
3.2-fold and 1.3-fold increases in green (before fragmentation) and red emissions
(after fragmentation), respectively. Subak-2 gave 3.7-fold and 4.7-fold increases

Emission wavelength (nm)

Emission wavelength (nm) Emission wavelength (nm)
ingreen and red emissions, respectively. Though T12C/C36A showed a high
increase in the green channel (5.3-fold) with a reasonably good enhancementin
the red channel (1.3-fold), it had residual green fluorescence after fragmentation,
whichled to alower ///54 ratio in the ratiometric sensing (Supplementary
Fig.17). e-g, Fluorescence emission spectra of Subak-seed (e), Subak-1 (f) and
Subak-2 (g) under 280 nm excitation. The lines represent the mean values, while
the shading represents the standard deviations (n = 3 replicates). To preserve

the stem-loop structure, when a base in the stem (T11-T17) was mutated, the
complementary base was also mutated to maintain the base pair formation.

Optimization of Subak reporters

To optimize Subak reporters, we focused on a 37-nt-long strand that
we called ‘Subak-seed’ (Fig. 4a) and tested its 78 single-mutation
(only inarms and stem, Fig. 4b,c) and 29 double-mutation (Fig. 4d)
variants. The optimization goal was to increase green and red fluores-
cence intensities before and after fragmentation, respectively. Some
mutations showed a notable increase in green emission (/s,,) before
fragmentation (for example, C4T gave 6.6-fold enhancement), but
if their red emissions after fragmentation (/;,) were low, they were
discarded (Fig. 4b,c). On the basis of these criteria, 9 mutations
(red arrows in Fig. 4a and magenta boxes in Fig. 4b,c) were chosen
to generate 29 double-mutation variants for further investigation
(Fig. 4d).

Two double-mutation variants, Subak-1and Subak-2 (highlighted
by yellow and blue boxes in Fig. 4d), showed notable performance
improvement over Subak-seed (Fig. 4e-g). Onone hand, T12C substitu-
tionwasfoundtogive the highest enhancementinred emission (2.3-fold
increase as compared with Subak-seed, Fig. 4c). On the other hand,
C36A (4.6-fold) and C36G (6.1-fold) substitutions gave the two greatest
increases in green emission (Fig. 4b). By combining these and other
mutations, we obtained Subak-1(T12C/C36G, Fig.4f and Supplementary

Fig.17) and Subak-2 (T12C/T17C, Fig. 4g) that both showed improved
performance over Subak-seed (Fig.4e). Compared with Subak-1, Subak-2
showed an even stronger fluorescence response to DNase I digestion,
whichwaslaterused for Cas12aactivity detectioninthe DETECTR assay.
Further investigations on the thermodynamics of Subak reporters were
then performed using UNAfold software®® and variable-temperature
ESI-MS?**° (Supplementary Table 2). Variable-temperature ESI-MS
results indicated that the dominant green-emitting species (Ag;;_14)
are stable until 70 °C (Supplementary Fig. 18).

Colour conversion of the two Subak reporters

The observed fragmentation-induced colour-switching phenomenon
in Subak could have two possible explanations. First, the green AgNC
species in the intact Subak is directly converted into ared AgNC spe-
ciesin the fragments. Second, the green AgNC species is turned into
anon-emissive, dark species, while a relatively dark species becomes
bright red after fragmentation. Since the gel-purified Subak-1gave a
strong red fluorescence enhancement upon digestion, we concluded
that the green AgNC species of Subak-1is directly convertedintoared
species (Fig. 5a,b). Since naked DNA and ill-prepared, non-emissive
DNA/AgNC species were removed during the gel purification, the

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-024-01612-6

= =

Fig. 5| Working principles of Subak-1and Subak-2. a,b, The green-emitting
band was selectively eluted and mixed with DNase I. The gel-purified Subak-1
reporter showed strong red fluorescence upon digestion. c,d, Although Subak-2
provided higher fluorescence enhancement upon fragmentation, it clearly had
aminor, low-emissive DNA/AgNC species that could be eluted from the second
band (ii). This low-emissive DNA/AgNC species was solely responsible for the
observed red fluorescence after digestion, whereas the green-emitting species
from the first band (i) became low emissive after digestion.

purified Subak-1responded more strongly to nuclease activity than
the unpurified Subak-1 (Supplementary Fig. 1).

In contrast, Subak-2 worked in a different way that follows our
second hypothesis (Fig. 5c,d). Inthe gellane of intact Subak-2, a minor,
low-emissive band (iiin Fig. 5c) was observed just below the prominent
green band (i in Fig. 5¢). ESI-MS identified the low emissive and the
strong green bands are Ag,;/Ag,, and Ag,,/Ag,,, respectively (Supple-
mentary Fig.19). Therelatively dark species (Ag;,/Ag,,, ii in Fig. 5¢c) was
responsible for the strong red emission observed after fragmentation,
while the green-emitting species (Ag,,/Agy,, i in Fig. 5¢) became low
emissive after digestion (Fig. 5d). Thus, unlike Subak-1, which refers
toasingle AgNC species (Ag,; or Ag,,) thatis directly convertedintoa
red species (Ag,,) upon fragmentation, Subak-2 collectively represents
two AgNC species: one shows green-to-dark conversion while the other
exhibits dim-green-to-red conversion upon fragmentation. While both
Subak-1and Subak-2 change fromgreento red upon fragmentation, the
principles behind the observed phenomenon are different. Despite the
differenceintheir conversion principles, both Subak reporters support
ratiometric sensing of DNase I activity.

Subak-2in amplification-free DETECTR assay

Although Subak-1 works well for detecting DNase | activity, it does
not respond strongly to activated Casl12a (Supplementary Fig. 20).
In contrast, Subak-2 responds strongly to the Casl2a trans cleavage
activity (Fig. 6).Itis possible that Subak-2 offers more favourable cleav-
age sites for the Casl2a nuclease to act on (Supplementary Fig. 21).
Once activated by a severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) complementary DNA strand (Supplementary Table 3),
Casl2a trans cleaved Subak-2, turning the solution from green to red
under UV excitation (Fig. 6a). Compared with the reactions where
DNaseAlert was used as areporter (Fig. 6b), Subak-2 provided acom-
parable LOD (1.19 pM versus 0.54 pM, Fig. 6¢c-e) and dynamic range
(10% under the same reaction conditions in an amplification-free assay.
Due to the ratiometric sensing capability of Subak-2, the fold change
of Subak-2 was 15 times higher than that of DNaseAlert at one-sixtieth
ofthe cost (Fig. 6e and Supplementary Table 4). The only drawback of
Subak-2 is its slower reaction velocity by activated Casl2a (36 times
slower than that of DNaseAlert®; Fig. 6e, Supplementary Fig. 22 and 23
and Supplementary Equation 1). This might be because Cas12a trans
cleaves single-stranded DNA more effectively than double-stranded
DNA (dsDNA)***3, and, similar to Subak-1, Subak-2’s preferred cleav-
agesites arein the stem (Supplementary Fig. 21). The ESI-MS results
also confirmed that the Ag;; to Ag,, conversion was behind the
dim-green-to-red conversion of the AgNC species eluted from the
second gel band (2 in Fig. 5¢), upon Casl12a fragmentation (Supple-
mentary Figs. 24-26).

Conclusions
Wepreviouslyreportedtheguanine-inducedfluorescence-enhancement
property of dark AgNCs templated in DNA”****, creating a unique class
of activatable molecular probes termed nanocluster beacons (NCBs)
for the detection of single-nucleotide polymorphisms', topoisomer-
ase activities® and DNA methylation®. In NCBs, when the additional
nucleobases (mainly guanines) are brought close to the dark AgNC,
they turnonits fluorescence. Although NCBs have made a substantial
impact in the molecular sensing field***, how NCBs are transformed
fromadark speciesinto abright speciesis stillamystery. In contrast,
here we have strong evidence that Subak reporters are converted from
onespecies (for example, agreen species) into another (forexample,
ared species) due to the subtractive process (for example, Ag;;/Ag,,
to Ag,,). Although it is believed that the number of neutral Ag atoms
ina AgNC core (N,) is a key determinant of the AgNC colour'**®, there
was no previously known well-controlled method that can convert a
AgNC of apredefined core size/shape stabilized by nucleobase ligands
(not by small-molecule ligands®) into another AgNC species with a dif-
ferent core size/shape and emission colour. This is the first report to
demonstrate such a possibility. Whereas NCBs work by bringing addi-
tional nucleobases close to AgNCs to activate them, Subak reporters
workinthe completely opposite way, making them the ‘inverse’ NCBs
(i-NCBs).

Although the name ‘Subak’ (meaning watermelon in Korean)
implies a green-to-red conversion upon cutting (most watermel-
ons are green on the outside and red in the inside), Subak reporters
showing other types of colour conversions are also discovered by us
(for example, Subak-3 showed a green-to-yellow colour conversion
upon fragmentation, Supplementary Fig. 4). In general, if a DNA/
AgNC probe’s colour conversion mechanism is due to the subtrac-
tive process of AgNCs during fragmentation, it should be called a
Subak reporter. We also showed that Subak is not limited to detecting
DNase activity but can also be used for detecting RNase detection (by
incorporating ribonucleotidesin the reporter design, Supplementary
Fig. 27).

Whereas almost all digestion-and-light-up reporters available
today are FRET reporters (with a few exceptions*’), Subak reporters
offer a low-cost, non-FRET probe with ratiometric sensing capabil-
ity for the community to use. Our results not only demonstrate that
DNA/AgNC probes can be versatile reporters for detecting nucle-
ase activities but also provide insights into the interactions between
nucleases and metallo-DNA nanomaterials. Further improvement of
Subak will facilitate the detection of various targets including small
molecules and RNA, in combination with RNA-cleaving DNAzymes**
and RNA-targeting Cas effectors such as Casl13 (ref. 5).
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Fig. 6 | Subak-2 reporting synthetic SARS-CoV-2 cDNA in amplification-

free DETECTR assay. a,b, Schematic diagrams of Subak-2 and FRET reporter
DNaseAlertin DETECR assay. ¢, Subak-2 response to activated Cas12ain the
presence of various amounts of SARS-CoV-2 cDNA. Both single-colour (/,s, black
line) and ratiometric sensing (/,s//54,, red line) results were obtained. The green
fluorescence (/5,,) was measured at 540 nm under 480 nm excitation, while the

red fluorescence (/4,s) was measured at 625 nm under 565 nm excitation. d, Single-
colour (/5;s) DNaseAlert response to activated Cas12a under 535 nm excitation.
Sigmoidal regression curves were fitted using a 5-PL regression (Supplementary
Equation 2). The dots represent the mean values, while the error bars represent
the standard deviations (n = 3 replicates). e, Comparison between Subak-2 and
DNaseAlertin five sensing parameters.
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Methods

DNA/AgNC preparation

The oligonucleotides (Integrated DNA Technologies, IDT) were sus-
pendedat 500 pMin DNase-free water and then thawed in waterat 70 °C
for 2 min and cooled for at least 5 min. To make 1 ml of solution, 80 pl
of 500 uM DNA was added to 100 ml of 200 mM sodium phosphate
buffer (SPB, pH 7.4) with 748 pl of nuclease-free water. The solution
was then mixed with 48 pl of 10 mM silver nitrate (AgNO,, cat. no.
204390, Sigma-Aldrich) solution, and then vortexed and centrifuged
for 1 min at 14,000g. After equilibration for 20 min, the mixture was
reduced with 24 pl of 10 mM freshly prepared sodium borohydride
(NaBH,, cat.no.480886, Sigma-Aldrich) to formthe DNA/AgNCs. The
solution was then vortexed and centrifuged again for1 minat14,000g.
Thefinal concentrations were 40 pM DNA, 20 mM SPB, 480 pM AgNO,
and 240 pM NaBH,. The product was stored at 4 °C for at least 1 week
before further analysis. SPB was prepared by mixing sodium phosphate
dibasicanhydrous (Na,HPO,, cat.no.S375-500, Fisher Scientific) with
sodium phosphate monobasic monohydrate (NaH,PO,°H,0, cat. no.
S$468-500, Fisher Scientific).

Optical characterization

Three-dimensional excitation-emission matrices were collected on
a fluorometer (FluoroMax-4, Horiba) using a quartz cuvette (cat. no.
16.100F-Q-10/Z15, Sterna Cells). The scan ranges for both excitation
and emission were set to be 400-800 nm in increments of 5 nm. The
slit size and integration time were 5 nm and 0.1 s, respectively. Unless
otherwise stated, 120 pl of 1 uM sample was used for one measure-
ment. The acquired data were post-processed and visualized using a
Python script.

All other fluorescence data were collected using a plate reader
(SpectraMax i3, Molecular Devices) and a half-area UV transparent
96-well microplate (cat.no. 675801, Greiner Bio-One). The bandwidths
for excitation and emission were 9 nm and 15 nm, respectively. The
microplate was shaken for 2 sbetween reads. Each read was averaged
with 20 lamp flashes. The read height was optimized before measure-
ment. Each well was filled with 80 pl of 500 nM sample. For emission
spectrumscanning, theincrement was 5 nm; for akinetic read, the data
were collected every 2 minat 37 °C.

Absorption data were also collected using the same plate reader
and microplate. For a kinetic read, 80 pl of 2 uM sample was loaded
into each well. The data were measured every 2 minat 37 °C. For spec-
trum scanning, the absorption was scanned from 400 to 700 nm in
increments of 5 nm. The concentration of all DNA-related samples
was quantified and validated using a spectrophotometer (NanoDrop
One Microvolume UV-Visible Spectrophotometer, Thermo Fisher
Scientific).

Gel electrophoresis
Handcast polyacrylamide gels (20-25%) were prepared. For example,
16 ml of 20% gel was prepared as follows: 6.224 ml of nuclease-free
water wasadded to 8 mlof 40% acrylamide solution (cat. no. HC2040),
and the solution was mixed with1.6 ml of 10x Tris-borate-ethylenedi-
aminetetraacetic acid (TBE) buffer (cat. no. BP1333-1, Fisher Scientific).
Then,16 plof N,N,N',N’ -tetramethylethylenediamine (TEMED) (cat. no.
HC2006) was added. After mixing 160 pl of 10% ammonium persulfate
(cat.no.HC2005), the gel solution was quickly pouredinto anempty gel
cassette (cat.no.NC2010) installed in a customized handcast station.
A gel comb (cat. nos. NC3002, NC3010 and NC3012) was then slowly
inserted, and the gel was polymerized for >30 min at room tempera-
ture. The gel can be used immediately or stored at 4 °C with adamp
paper towel wrapped for future use. Sixteen millilitres of gel solution
was sufficient for preparing two gels.

Gelelectrophoresis was conducted using XCell SureLock Mini-Cell
(cat.no.EI0001) connected to a power supply (cat.no.PS0120). Sample
(20 pl) wasloadedinto each well of aprecast gel. The sample was loaded

with10x TBE loading buffer, which was prepared by mixing 2 ml of 10x
TBE buffer with 3 g Ficoll type 400 (cat. no. F10400-10.0, Research
Products International) and nuclease-free water to 10 ml. The sample
was concentrated up to 250 pM using a 3 kDa molecular weight cut-off
(MWCO) centrifugalfilter (cat.no. UFC5003, Sigma-Aldrich) if necessary.
Every gel contained at least one ladder lane using a DNA oligo stand-
ard (cat. no. 51-05-15-01, IDT) labelled with SYBR gold (cat. no. S11494,
Thermo Fisher Scientific). Then, the gel was runat 160 V for 150 minin
1x TBE buffer unless stated otherwise and visualized using a UV transil-
luminator for true colourimages (model no. GV4L20X20, Syngene) or a
gelimager (Typhoon FLA 9500, GE Healthcare) for false colour images.
The UV transilluminatoris equipped witha365 nm UVlamp, and thetrue
colour UV photos were taken by aiPhone 12 Pro (Apple) using Adobe
Lightroom (ISO 500, 1/40 s for shutter speed and f/1.6 aperture) ina
custom-builtimaging system (Supplementary Fig. 28). For false colour
images, long-pass emission filtersinstalled in the gelimager were used
withthe cut-onwavelengths of 510 nmand 575 nmfor 473 nmand 532 nm
inexcitation wavelengths, respectively. The photomultiplier tube gain
was 500 Vand the pixel size was 50 um. Materials for gel electrophoresis
were purchased from Thermo Fisher Scientific unless stated otherwise.

Gel purification

Subak reporters were purified by a modified crush-and-soak method
using high-percentage PAGE (Supplementary Fig. 7). Then, 350 pl
of 150 pM Subak reporters were loaded into a 24% handcast PAGE
gels with a two-dimensional well comb. The loading sample included
35 plof the aforementioned 10x loading buffer. After runningat160 V
for 400 min, the gel was visualized under a UV transilluminator, and
then a fluorescent gel slab was cut and eluted using a gel cutter (cat.
no. 10048-876, VWR). This eluted gel was crushed as small as possi-
ble, and then soaked in 20 mM SPB (pH 7.4) overnight. This solution
was transferred to a 0.45 pm polyvinylidene difluoride column filter
(cat. no. F2517-6, Thermo Fisher Scientific), and then centrifuged at
7,000g for 30 min to remove any remaining gel fragments. The con-
centrate was quantified by measuring A,¢, by a spectrophotometer
andstored at4 °Cfor future use otherwise used immediately. By doing
so, alarge amount of DNA/AgNCs could be collected. One gel yielded
>400 pl of 50 M Subak reporters given that the synthetic yield was
40% (Supplementary Fig.9).

DNasel digestion

DNaseland 10x DNase reaction buffer were purchased from New Eng-
land Biolabs (cat. nos. M0303S and BO303S, respectively). The 1x
reaction buffer was composed of 10 mM Tris-HClI, 2.5 mM MgCl, and
0.5 CaCl, (pH 7.6). The specific activity of DNase | is approximately
20,000 units mg™, by which the stock concentration was converted
to 0.1 pg pl™. A fivefold serial dilution of DNase I was conducted for
DNase quantification. DNase I quantification experiment was started
by mixing 8 pl of 10x buffer with 54 pl of nuclease-free water ina 96-well
plate. Then, 8 pl of 5 pM reporters were then loaded and mixed with a
microplate centrifuge (cat. no. 14-955-300, Fisher Scientific). Next,
8 nl of 10x DNase I was mixed and incubated at 37 °C for 20 min for an
endpointread and different times for akinetic read.

LOD calculation

Assay data were fitted using a five-parameter logistic (5-PL) equation
(Supplementary Equation 2). Raw data and curve fitting parameters
arereported in Source data. Using this fitted curve, the LOD was then
determined by the concentration that gives the mean + 3 s.d. of the
control (dashed lines).

MS

Before nanoelectrospray ionization (nESI)-MS, solutions contain-
ing 10 uM Subak reporters in 10 mM ammonium acetate were puri-
fied using a Micro Bio-Spin P-6 Gel Column (Bio-Rad). Octylamine
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was added to the solution at a concentration of approximately 0.1%
(vol/vol). Samples were infused into an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific) using Au/Pd-coated borosili-
cateemitters fabricated in-house for nESI. Mass spectra were collected
in negative ion mode between m/z400 and 2,500 using a resolving
power of 120,000 at m/z 200, an automatic gain control target of
1x10° charges, and an ionization voltage of 550-600 V. For experi-
mentsinvolving variable temperature ESI (vT-ESI), ahome-built vT-ESI
source was interfaced with a Q Exactive HF-X Biopharma Orbitrap Mass
Spectrometer (Thermo Fisher Scientific) that was modified with a
193 nm excimer laser****. The design of the home-built temperature
vT-ESI source used in the experiments was described previously®.
Temperature-dependent mass spectra of the Subak-1reporter were
collected atatemperature range of 20-100 °Cinincrements of 10 °C.
Mass spectra were collected in negative ion mode for 1 min at each
temperature point using a resolving power of 120,000 at m/z 200,
automatic gain control of 1x 10%, and ionization voltage of 750 V. The
mass spectrometer was operated in high mass range mode withatrap-
ping gas setting of 1 (a.u.). All mass spectra were deconvoluted using
Xtractin FreeStyle version1.8 (Thermo Fisher Scientific). The following
deconvolution parameters were applied: signal-to-noise threshold of 3,
fitfactor of 80% and remainder threshold of 25%. Theoretical isotopic
distributions were calculated using Xcalibur Qual Browser (Thermo
Fisher Scientific). All mass spectra were interpreted and annotated
manually with the aid of Mongo Oligo Mass Calculator v2.06. The mass
spectrometer was calibrated using amixture of components designed
for the negative ionization mode to ensure high mass accuracy
(forexample, <10 ppmerror).

Invitro CRISPR-Cas reaction

Lachnospiraceae bacterium (LbCasl2a) and rCutSmart buffer were pur-
chased from New England Biolabs. First, 100 pl of 10 uM ribonucleopro-
tein (RNP) complexes were made by mixing 20 pl of nuclease-free water,
10 pl of 10x rCutSmart buffer (cat. no. B6004S), 10 pl of 100 pM stock
LbCas12a(cat.no.M0653T) and 60 plof20 pM guide RNA (gRNA, IDT).
The final ratio between Cas12a and gRNA was 1:1.2 to fully form RNPs.
The 1x buffer components were 50 mM potassium acetate, 20 mM
Tris—acetate, 10 mM magnesium acetate and 100 pg ml™ recombinant
albumin (pH7.9). After 10 min atroom temperature, the RNP solution
was activated by loading dsDNA of target strands (IDT, Supplementary
Table 3) of different concentrationsinafinal reaction volume of 60 pl,
which consisted of 42 pl of nuclease-free water, 6 pl of 10x buffer, 6 ul of
10 pM RNP and 6 pl of 10x target strands. This solution was then incu-
bated at 37 °C for 20 min before mixing with 500 nM reporters. Target
strands in the no-target control were substituted with nuclease-free
water. For 80 pl of trans cleavage reaction, 8 pl of 10x buffer, 8 pl of
1M activated RNPs and 8 pl of 5 uM reporters were mixed with 56 pl
of nuclease-free water. The final concentrations were 100 nM Casl2a,
120 nM gRNA and 500 nM reporters with various concentrations of
target strands.

We compared Subak-1and Subak-2 probes with the commercially
available FRET probes, DNaseAlert (cat. no. 11-04-02-04, IDT). For
three-dimensional fluorescence measurements using a fluorometer
(Fluoromax-4, Horiba), the solution was incubated at 37 °C for 30 min.
For kinetic and titration analysis, the fluorescence was monitored in
aplate reader (SpectraMax i3, Molecular Devices). To validate that
Subak-2 reporters were specifically cleaved when gRNA was matched
with the pair target strands, another dsDNA target/gRNA pair was used
(Supplementary Table 3 and Supplementary Fig. 29).

Thefold change was calculated by dividing the fluorescence or the
fluorescence ratio in the presence of target strands (31.25 nM) by the
fluorescence or theratioin the control sample (without target strands)
after 60 minincubation (Figs. le and 6e).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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