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Abstract: In this study we applied the dual-responsive chromo-fluorescent Cu** chelate 1C for the
recognition of miRNA-146a through a pyrophosphate (PPi) sensing strategy in a rolling circle
amplification (RCA) process. This approach for the recognition of miRNA-146a was highly robust,
selective, and sensitive down to the attomolar (fluorogenic) and sub-micromolar (chromogenic)
ranges under modified biochemical conditions at elevated temperature. Probe 1 selectively recognized
Cu?" and PPi ions in a sequential manner, as evidenced by colorless—pink—colorless transitions; the
fluorescence emissions centered at 480 nm underwent a corresponding on-off-on sequence in the
bluish-green region. We attribute this reversible switching upon the addition of Cu®/PPi ions to
effective chelation-induced ligand-to-metal charge/electron transfer that resulted in opening of the
lactam ring upon complexation and closing of the lactam ring upon decomplexation. We also report a
label-free approach for monitoring miRNA-146a amplification in an RCA process under modified T4
ligase and ¢,, buffer conditions, using the Cu** ensemble 1C at pH 7.0 (4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid: HEPES, 10 mM MgCl,); the time required to perform this process (40-50 min)
was shorter than conventional RCA process. This ensemble 1C could recognize miRNA-146a
colorimetrically (from pink to colorless) and fluorimetrically (“turn-on” mode) at concentrations
within the highly sensitive atto-/nanomolar range under physiological conditions. This cost-effective
label-free sensing strategy appears to be a universal method for detecting miRNAs according to the

specified length of the template.
Keywords: Chromo-fluorogenic Cu?* ensemble, miRNAs, modified buffers.

Introduction

Label-free optical methods for the identification of genetic materials as vital targets have several
advantages over labeling approaches-in particular, higher spatial and temporal resolutions relative to
those obtainable using electro-analytical approaches, nuclear magnetic resonance (NMR)
spectroscopy, high-performance liquid chromatography (HPLC), and mass spectrometry [1]. Labeling

approaches require the synthesis of modified oligonucleotides complimentary to a particular analyte,



with the function based on a Watson—Crick base-pairing mode (duplex) to cause structure-related
photophysical changes. Although such processes can have high sensitivities and selectivities, the
syntheses can be laborious and time-consuming, and expensive in terms of the chemicals consumed
and the highly sophisticated instruments required for characterization [2,3]. Accordingly, in this study
we have developed a label-free method to identify miRNAs-short non-coding single-stranded RNA

sequences (18-24 nt) in the untranslated region of messenger RNA (MRNAS).

Generally, miRNAs are involved in gene regulation, through induced degradation of mRNA,
thereby regulating protein translation. In addition, several miRNAs are also involved in cell
proliferation, differentiation, apoptosis, hematopoiesis, and stress resistance, and also play roles in
various diseases in humans and animals [3]. A recent investigation revealed that miRNAs are
excellent biomarkers-they are stable in serum, plasma, and whole blood lines-and that they exist
primarily in encapsulated form in the exosome [4]. Conventional strategies for miRNA sensing rely
on a complimentary DNA/RNA (preferably DNA) sequence and fluorophore/quencher, fluorophore
(quencher-free), or fluorophore/fluorophore (donor/acceptor pairs for fluorescence resonance energy
transfer:FRET) units, in addition to signal amplification techniques [5]. In addition, several miRNA
recognition approaches have been developed based on DNA-protein and RNA—protein interactions
involving chromofluorescent labels [6]. These strategies typically provide outstanding selectivity
toward a specific miRNA under ambient physiological conditions, even in complex biological fluids.
In general, the use of labeled oligonucleotides/genetically modified fluorescent proteins requires
highly aseptic media, buffers, and dissolved salts (cations or anions) to ensure modulation of the
photophysical properties through weak noncovalent interactions-typically, conventional multiple
hydrogen bonding (Hoogsteen or Watson—Crick mode), non-classical cation—r, anion—r, NH-rx, and
OH-= interactions, and van der Waals forces [7]. Exploiting such weak nonspecific interactions could
increase the probability of false-positive signals when recognizing low concentrations of miRNA,
piRNA (piwi interacting RNA), and mRNA (ca. 10°-10"* M) in complex biological fluids [8]. To
gain high sensitivity and selectivity and allow qualitative analysis, signal amplification methods are

required.



Isothermal methods of amplification (rapid amplification kinetics and efficiency) are
especially useful for shorter oligonucleotides, including miRNAs; they have several advantages over
methods based on the real-time polymerase chain reaction (RT-PCR), northern blotting, or micro
arrays [9,10]. Such methods are less destructive toward biomacromolecules, retain the viability of
recognition sites, allow variations in the photophysical properties of the fluorophores, and ensure the
structural stability of the amplified nucleic acids during the entire process, including the isolation and
separation steps [11]. Several isothermal DNA/RNA amplification methods have been developed
previously: nucleic acid sequence—based amplification; strand displacement amplification; loop-
mediated isothermal amplification; branched DNA, hybrid capture, and DNA cleavage—based signal
amplification; the ligase chain reaction; and rolling circle amplification (RCA) [12]. RCA uses a
circular template that is generally produced in the presence of the perfectly matched nucleic acid
sequence and T4 ligase at ambient temperature. RCA techniques have been applied to identify
DNA/RNA with excellent sensitivity (down to attomolar concentrations) and selectivity (1 in 10°) in

complex mixtures.

In this study, we exploited the complexation and decomplexation processes of the hydrazone-
based probe 1 (Scheme 1) upon the sequential additions of Cu** and pyrophosphate (PPi) ions to
develop a simple and robust label-free method for the recognition of miRNAs using a convenient
RCA process under modified buffer conditions. Several reports describe the identification of PPi ions
during nucleic acid amplification processes, mainly relying on PCR [13-15]. Furthermore, various
label-free methods have been developed for real-time monitoring using RCA [16-18]. Inspired by
those studies, here we initiated a simple and robust label-free method for the recognition of miRNAs

in a colorimetric and fluorimetric manner, along with their real-time monitoring.

To establish a simple and handy devise for the nucleic acid chemist to perform isothermal
amplification, in this study we investigated some new chromo-fluorogenic techniques. Because of the
great significance of miRNA-146a in genetics [21,22], we chose it as the prime target for the RCA
process. Herein, we report the highly selective, sensitive, and robust chromo-fluorogenic Cu?**-based

ensemble 1C for the detection of miRNA-146a, along with amplification monitoring with the aid of



PPi (HP,O;*) recognition (PPi produced during the RCA process) under modified ligation (T4
ligase)/polymerase (¢9) buffer conditions through a switch-on response in the blueish-green (1)
emission channel, as well as a red-to-colorless transition of the solution. We also describe a simple
formulation for modification of the T4 ligation and ¢,y buffer to improve the sensitivity of miRNA
detection in terms of the PPi produced through the enzymatic isothermal amplification process under
physiological conditions. To the best of our knowledge, colorimetric and fluorimetric methods for
miRNA-146a recognition, performed using a PPi sensing platform involving enzymatic isothermal

amplification of nucleic acids under modified buffer conditions, have not been reported previously.

Experimental Section

General Materials and Methods

'H and **C NMR spectra were recorded using a Bruker AM-400 spectrometer. UV—Vis absorption
spectra were recorded using a Shimadzu UV-1650PC spectrophotometer. Fluorescence spectra were
recorded using a JASCO FP-6500 fluorescence spectrometer (equipped with a Xe discharge lamp)
and 1-cm quartz cells, with an excitation and emission slit width of 1/10 nm (readings obtained in 96-
well plates). All optical measurements were performed at 25 °C. Solutions of the probe 1 were
prepared, stored, and analyzed in the dark, and special care (always using freshly prepared solutions
and avoiding exposure to sunlight) was taken during analysis. Analytical-grade ethanol (EtOH) and
acetonitrile (MeCN) were purchased from Merck. Tris (hydroxymethyl)aminomethane), HEPES,
metal salts (perchlorate/chloride), and anions (tetrabutylammonium/sodium salt) were purchased from
Sigma-Aldrich and used as received. Fluorescence quantum yields were determined by integrating the
corrected fluorescence spectra. 9,10-Diphenylanthracene in n-heptane was used as the fluorescent
standard (¢ = 0.84) for correcting all fluorescence spectra. The fluorescence spectra were recorded
immediately after sample preparation. The probe 1 and its solutions were stored in the dark prior to
use. Association constants were calculated through non-linear fitting of the UV-Vis and fluorescence
spectroscopic data, using the ExpDec equation (non-linear fitting, where K = t) in Origin.8
(professional) software. The values obtained from plotting the respective absorption/emission signal

intensities with respect to the concentration of Cu®*/PPi furnished the values of K (1:1)/K;and K, (1:2).



Upon obtaining the values of K/Ky,K, (average), the binding strengths of the interactions of the
analytes with the probe were calculated. Details of the calculation methods are provided in the

Supplementary Materials.

All-natural oligonucleotides (5-P-padlock probe, miRNAs) were purchased from Bioneer
(Seoul, Republic of Korea). Deoxyribonucleotide triphosphates mixture 2 mM each (dNTPs), T4
DNA ligase (400 U/uL), T4 ligase buffer, ¢.9 DNA polymerase (10 U/uL), EXO-I (20 U/uL), EXO-I
buffer (1x), and ¢,y DNA polymerase (10 U/uL) were purchased from Enzynomics (Bioneer,
Republic of Korea). The 10x ¢,9 buffer was formulated to 400 mM Tris-HCI, 500 mM MgCl,, 500
mM KCI, and 500 mM (NH,),SO, [23, 24]. The ligation reaction was performed using 20 uL of a
reaction mixture containing 1x ligation buffer [10x buffer containing 500 mM Tris-HCI, pH 7.5, 100
mM MgCl,, 100 mM KCI, 100 mM (NH,),SO,4, 10 mM ATP]. Prior to adding T4 DNA ligase and the
ligation buffer, the oligonucleotide mixture was denatured at 85 °C for 2 min, then cooled slowly to
room temperature over 10-15 min. After annealing, T4 DNA ligase and the ligation buffer were
added to the mixture, which was then incubated at 37 °C for 3-5 h [25]. The stop solutions (ca. pH 4
quick deactivation of ¢, avoiding optical fluctuations) were additionally supplemented with Cu®*
ions (approximately one equivalent with respect to PPi produced in the ligation step) in accord with
the amount of circular template that was taken for the RCA process. The stop solution containing a
combination of 95% formamide/MeCN (pH 4.0, 5 uL) enhanced the sensitivity in the supernatant,
which was easier to handle with minimal fluctuations in optical signals.

All oligonucleotides (including the padlock probe) were dissolved and diluted to a certain
concentration in TRIZMA (Tris-HCI supplemented with 10 mM MgCl, and 50 mM NaCl) buffer;
respective miRNAs were diluted in DEPC buffer [diethyl pyrocarbonate in autoclaved deionized (DI)
H,0O] and stored at 4 °C prior to use. DI water (resistance: >17.97 MQ-cm) was used for all of the
biochemical reactions. The concentrations of the respective oligonucleotides are represented herein as
single-stranded concentrations; they were calculated by measuring the absorbance at a wavelength of
260 nm. Molar extinction coefficients were determined using the software Oligo-analyzer 3.1

(available at http://sg.idtdna.com/calc/analyzer).



Gel Electrophoresis

Native polyacrylamide gel electrophoresis (nPAGE, 18%) was adopted to characterize the DNA
products. The reaction mixture (10 uL) was mixed with 6x loading buffer (2.5 uL) and loaded into the
well. Gel electrophoresis was performed in 1x TBE buffer (89 mM Tris, 89 mM borate, 2 mM EDTA,
pH 8.3) at a constant potential of 95/80 V for 90-180 min and a current of 3 mA, followed by
scanning on a gel image system. Similarly, RCA products (15 pL) were mixed with the loading buffer
(6x, 2.5 pL) and run with 2% agarose gel for 40/60 min (100/50 V) in 1x TBE buffer. The gel was
stained with ethidium bromide (EB) and then photographed using a ChemiDoc MP imaging system
(Bio-Rad).

Synthesis of Probe and Cu®* Ensembles

Probe 1 and 1eCu®* Ensemble: Rhodamine hydrazide (250 mg, 0.550 mmol) and 4-
(diethylamino)salicylaldehyde (106 mg, 0.550 mmol) were mixed in absolute EtOH (13 mL) and
stirred at 82 °C for 4 h under a N, atmosphere in the presence of a catalytic amount of trifluoroacetic
acid (TFA). The solvent was evaporated under reduced pressure and the residue purified through
column chromatography (eluent: hexane/CH,Cl,/MeOH/EtOAc/NH,OH, 2:3:1:3.5:0.5), affording 1
as a yellowish-white solid (320 mg, 91% yield); "H NMR (400 MHz, CDCls) & 1.09-1.17 (m, 18H),
3.29-3.41 (m, 12H), 6.09-6.13 (m, 2H), 6.23-6.26 (m, 2H), 6.45-6.50 (m, 4H), 6.92 (d, 1H), 7.14—
7.17 (m, 1H), 7.47-7.50 (m, 2H), 7.93-7.95 (m, 1H), 9.18 (s, 1H), 10.94 (s, 1H); *C NMR (100 MHz,
CDCl3) 6 12.6, 12.7, 44.3, 445, 66.5, 97.9, 98.3, 103.3, 105.9, 107.5, 108.0, 123.0, 124.0, 128.1,
128.4, 130.9, 132.8, 148.9, 150.4, 150.6, 153.7, 154.7, 160.6, 163.6; High-resolution fast atom
bombardment mass spectrometry (HR-FAB MS): [C3gH4sNsO3]" calcd m/z 632.3601, found 632.3598.
Fourier transform infrared (FTIR) spectroscopy (KBr, cm™): 3454 (br), 2967, 1695, 1631, 1517, 1303,
1132. The 1eCu?" (1:1) ensemble was prepared by mixing 1 (50 mg, 0.080 mmol) and CuCl, (13.5
mg, 0.080 mmol) in MeCN in the dark under a N, atmosphere, furnishing a dark-pink solid (56 mg,
97%); HR-FAB MS: calcd m/z 727.2350, found 727.2353; FTIR (KBr, cm™): 3450, 2970, 1600, 1588,

1465, 1354, 1147.



Results and Discussion

Considering the cost, the redox capabilities of divalent copper in the biological window, and the
superiority of copper over other transition metals in terms of toxicity and biocompatibility [25], for
this study we designed a highly selective Cu®* ensemble (1C) capable of “switch-on” responses
towards PPi. After photophysical studies of the excited states of various chromo-fluorescent materials,
we found that only a few fluorophores with selected functionality exhibited the peculiar variations in
excited state upon complexation with Cu®* ions under specified conditions. Ideally, our probe should
detect Cu*" and PPi ions in both a sequential manner and a reversible manner to avoid interference
and false-positive signals. To simplify the synthesis and obtain a highly efficient hydrazone-based
probe having a small-molecule architecture, we prepared 1 for the selective recognition of Cu** and
PPi ions in a chromo-fluorogenic manner under physiological conditions. With the aid of the PPi
generated during isothermal signal amplification through the consumption of dNTPs in RCA, this
probe 1C allowed us to recognize miRNA-146a using both colorimetric and fluorimetric methods
under physiological conditions. In addition, to avoid interference from thiols [e.g., dithiothreitol
(DTT), a prime chemical component in the commercially supplied T4 ligase and ¢, buffer; it
functions as an enzyme stabilizer (inhibition of aggregation and oxidation via S-S intramolecular
cysteine bonding during storage)], we implemented a new buffer formulation with minor
modifications [26]. Accordingly, we identified the most suitable elevated temperature, enzymes, and

amount of the padlock probe to ensure a robust isothermal amplification process.

(Scheme 1 will be added here)

We prepared the probe 1 and characterized it using NMR spectroscopy and mass
spectrometry (see ESI for details). Initially, we examined the fluorescent probe 1 using UV—Vis and
fluorescence spectroscopy to evaluate its sensing capabilities toward Cu®* and PPi ions under
physiological conditions. By considering nucleic acids as prime analytes, we initiated the UV-Vis
spectral studies of the probe 1 using HEPES buffer at pH 7.0 in the presence of 10 mM of MgCl, as a
prime salt. To ensure effective and precise stoichiometric analyses, we performed our optical studies

7



in MeCN/H,0 (3:7, v/v%), where the H,O (pH 7.0) fraction included HEPES and 10 mM MgCl,.
Because of its unusual electronic absorption and emission behavior (blue-green), the bichromophoric
system of (colorless) rhodamine and N,N-diethylaminosalicylaldehyde fluorophores, connected
through a hydrazone linkage, functions as a colorimetric (mainly from the rhodamine unit) and

fluorogenic (salicylaldehyde unit) system toward soft metals and bases [27].

A 25 uM solution of the probe 1 in MeCN/H,0O (3:7, v/v%) provided absorption maxima at
(Amax) 383, 321, and 277 nm, due to the symmetry-forbidden and photochemically allowed n—n* and
n—m* transitions (Fig. 1a). The higher-energy transitions were associated with Sy—S; transitions of
the xanthene unit of the rhodamine backbone. Upon addition (10.0 eq.) of the perchlorate salts of K*,
Na’, Li*, Ca®*, Mg®*, Rb*, Co®*, Ni*, Fe?*, Zn**, Pb**, Cu®*, Hg**, AI**, Ga**, Fe**, and In**, only Cu?**
induced a dramatic color change from light-yellow to pink in the HEPES buffer solution, with a
characteristic new band appearing at 558 nm (log € = 4.5705) with a broad shoulder at 519 nm (log
€ =4.1219) and an isosbestic point at 388 nm. In contrast, the absorptivities at 277 nm (log ¢ = 4.2553)
and 321 nm (log € = 4.0763) decreased; the signal at 383 nm (log € = 4.3972) was red-shifted to 399
nm (log € = 4.3344) with a prominent decrement in absorptivity, suggesting the formation of an open
form of the hydrazone linkage of the rhodamine-diethylaminosalicylaldehyde units involved in the
Cu?* chelation process. The significant changes were observed approximately 20 min after the
addition of 1.0 eq. of Cu* ions (Fig. S1), suggesting a Cu**-induced spirolactam ring opening process.
A Job’s plot revealed the formation of a 1:1 complex, as evidenced by the maximum absorptivity
appearing at a mole fraction of 0.5 (Cu®") with respect to 1 (Fig. S2). UV—Vis spectroscopic titration
of 1 with Cu®* ions revealed an appreciable association constant (K, = 4.91 x 10* M) upon fitting the

data at 558 nm (Fig. S3).

(Figure 1 will be added here)



Next, we used a displacement approach to identify the stability of the Cu?* complex 1eCu®*
(2:1, 1C) in the presence of various biologically relevant anions (25.0 eq.) as tetrabutylammonium
salts: I, Br,, CI', F, NOs, ClO,, H,PO,, PPi, SO,2(Na*), HSO,, COs*, PO,*, and AcO; here,
only PPi extruded the Cu?" ions selectively, as evidenced by changing the red-colored solution to
colorless (Fig. 1b). The decrease in the intensity of the signal at 558 nm and the increase in intensity
at 383 nm, resulting in revival of the UV-Vis spectral electronic transitions of probe 1, confirmed the

. 1 6—
2 n n .
formation of a stable free [Cu™(P207)2(H20),(MeCN)e ]° complex

In addition to these biologically relevant ions, we also investigated the effects of 50.0 eq. (in
excess to evaluate potential optical interference) of the sodium salt of adenosine monophosphate
(AMP), adenosine diphosphate (ADP), various dNTPs (dATP, dGTP, dCTP, and dTTP; 2 mM each),
the 15-nt adenine oligonucleotide A-15, bovine serum albumin (BSA), and RNA (isolated) toward 1C;
none elicited any response from the red-colored solution of the metal ensemble 1C, suggesting
negligible interference from nucleic acids, proteins, and tri- and mono-phosphates (Fig. S4). UV-Vis
spectroscopic titration of the 25 uM Cu®" ensemble of the probe 1 with PPi ions (Fig. S5) revealed a
very high binding constant (K, = 2.88 x 10° M), based on 1:2 binding stoichiometric calculations.
Thus, our rationally designed probe 1 performed the sequential recognition of Cu®* and PPi ions in a
colorimetric manner, aided through complexation and decomplexation processes under physiological

conditions.

In general, nucleic acid recognition, isolation, and chemical modification are performed
predominantly in aqueous (buffered) solutions with MeCN as a co-solvent. Gratifyingly, we found
that the sensing capabilities of 1 for the sequential recognition of Cu?* and PPi ions were very

effective in buffered MeCN/H,O (3:7, viv%).

Upon excitation at 402 nm, the emission spectra of the probe 1 featured a peak near 480 nm
(0 = 0.135) with broadened features, suggesting that this signal resulted from the
diethylaminosalicylaldehyde hydrazone unit. The spectra also validated the “turn-off” nature of the

rhodamine unit (red emission), which existed in the lactone state at neutral pH (HEPES buffer) in the



presence of MeCN as a co-solvent. Excitation at 550-560 nm did not induce any characteristic
rhodamine emission; time-resolved fluorescence decay measurements supported the dominant
characteristics of one of the fluorophores in the dual-fluorophore chromo-fluorogenic material (Figs.
S6a and S6b). Upon addition of 10.0 eq. of the cations K*, Na*, Li*, Cs*, Ca?*, Mg®*, Rb*, Co®*, Ni**,
Fe?*, Zn*, Pb*, Cu®, Hg**, AI**, Ga*, Fe**, and In*', only Cu®* induced quenching (¢ = 0.021) by
greater than 90%, centered at (Aem) 480 nm, within 15-20 min (Fig. 2a). A Job’s plot of the
fluorescence data confirmed a 1:1 binding stoichiometry between Cu®* and 1 under physiological

conditions (Fig. 2b).

Fluorescence titration at (Aem) 480 nm and non-linear regression provided a value of K, for the
interaction between 1 and Cu®* of 6.40 x 10° M, with a good regression coefficient (Fig. S7). HR-
FAB MS revealed a peak at m/z 727.2353, confirming the formation of a 1:1 1eCu®* (1C) complex
(calcd: mfz 727.2350) (Fig. S8). Fourier transform infrared spectroscopy (FTIR) spectroscopy
revealed peaks at 3454, 2967, 1695, 1631, 1517, 1303, and 1132 cm* for 1 and at 3450, 2970, 1600,

1588, 1465, 1354, and 1147 cm™* for the complex 1C (Fig. S9).

(Figure 2 will be added here)

We calculated the energy-minimized structure of 1C through density functional theory (DFT),
using the wb97X-V/6-311+G(2df,p) basis set in H,O as an implicit medium (Fig. 3). Coordinate
bonds existed between the Cu®* center and the phenolate oxygen atom (O ---Cu®, 1.91 A), the
nitrogen atom of the hydrazone unit (CO-N"---Cu?*, 1.93 A), and the oxygen atom of the hydrazide
unit (HNC-O---Cu®", 1.92 A), characterizing a square-planar geometry for the complex (Fig. 3a). The
distributions of the highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) for 1 were located on the N,N-diethylaminosalicylaldehyde hydrazone unit and the

hydrazide linkage, respectively, but they switched predominantly to the rhodamine unit in 1C. The

10



band gap energies (AE = Epomo — ELumo) Of 1 and 1C were —3.21 and —2.29 eV, respectively,

consistent with the UV—Vis spectroscopically determined electronic transitions (Fig. 3b).

In the excited state geometry of 1C, the HOMO and LUMO distributions were located
predominantly on the chelation part, consistent with strong electron transfer accompanied by effective
d—m electronic coupling through a paramagnetic Cu®* species (Fig. S10). The different electronic
distributions in the ground and excited state geometries of 1 and 1C validated the existence of strong
electronic coupling between the rhodamine and diethylaminosalicylaldehyde units through the Cu®*
ions only upon complexation. In addition, photoinduced electron transfer (PET) was enhanced from
the Cu®* ions to the rhodamine (photo-oxidized) unit through the diethylaminosalicylaldehyde unit
[dcuz+—>(m)psa—>(m)rn]; this process was the main reason for quenching upon excitation at 402 nm.
The existence of such paramagnetic behavior in organic units was also evidenced through hyperfine
splitting in electron spin resonance (ESR) spectra (Fig. S11). Thus, we speculate that the probe 1 was
capable of recognizing Cu® ions through opening of the lactam ring (visualized through a pink color),

accompanied by PET-based quenching in the green channel upon excitation at 402 nm.

(Fig. 3 will be added here)

Next, we used 1 uM of the ensemble 1:1 stoichiometric complex 1C for fluorescence studies
with the anions (25.0 eq.) I, Br, CI, F, NO;, ClO4, H,PO,", PPi, SO, (Na"), HSO,", COs*, PO,*,
and AcO; only PPi extruded the Cu®* ions selectively, with a “switch-on” of the signal centered at
480 nm (Fig. 4). The association constant (K, = 2.86 x 10° M™), obtained through nonlinear curve
fitting of the fluorescence titration data, confirmed that the decomplexation process (Figs. 5¢, 5d, and
S12) was more feasible than the complexation process (Figs. 5a, 5b, and S7). The electrospray
ionization (ESI) mass spectrum of the in situ—generated ensemble featured a peak at m/z 488.7000,
suggesting the successful displacement of Cu®* ions from 1C (Fig. S13). Other biologically relevant
species, namely dNTPs, A-15 (ssDNA), AT-15 (dsDNA), BSA, RNA (miRNA-146a), T4 ligase, ¢

polymerase, ¢,9 buffer, KCI, NH,CI, MgCl,, and PO,*, induced no significant changes to the cu®

11



ensemble, confirming that the designed probe 1 was suitable for both colorimetric and fluorimetric in

vitro diagnostic tests (Figs. S14 and S15).
(Fig. 4 will be added here)

We employed pH-dependent UV—-Vis and fluorescence spectroscopy to determine that the
probe 1 could be used to recognize Cu** and PPi ions from pH 3 to 11 in a sequential manner (Fig.
S16). Notably, glutathione (glut), cysteine (cyst), homocysteine (Hcyst), free sulfides (H,S), and
biologically relevant H,0, species (i.e., O,*) had some significant effects, providing changes in color
from pink to pale-pink in the absorption spectra and with partial revival of fluorescence (Fig. S17).
Amino acids not containing thiol units did not induce any significant changes in the optical behavior
(Fig. S18). The lowest chromo-fluorogenic responses toward the Cu®** and PPi ions were in the
nanomolar and femtomolar ranges under physiological conditions, confirming the high sensitivity of

this system toward the respective analytes (Figs. S19 and S20).

(Figure 5 will be added here)

'H NMR spectra (Fig. 6) of the probe 1 (1.5 x 10 M) in CD;CN/D,0 (7:3, v/v%) revealed
broadening of the resonances, without any substantial shifts, upon addition of 1.0 eq. of paramagnetic
Cu?* ions. Sequential addition of the sodium salt of PPi led to the reappearance of the resonances of 1
in the mixed aqueous medium. Minor shifts in the signals of the up-field aromatic protons of 1 were
due to the increased ionic strength upon addition of the PPi ions to the deuterated solvent. Thus,
sequential on—off—on switching occurred upon sequential addition of Cu®* and PPi ions in a reversible

manner.

(Figure 6 will be added here)

The electron paramagnetic resonance (EPR) spectrum of 1C featured signals at 3120, 3190,

3270, 3320, 3350, and 3390 G (superfine splitting), consistent with Cu®" ions (with values of g from

12



approximately 2.20 to 2.03) bound to probe 1 (Fig. 7; Table ES1). The presence of two positive peaks,
as well as both positive and negative peaks, validated the existence of an organic radical associated
with a Cu?* ion. In contrast, addition of three equivalents of PPi ions led to peaks appearing at 3090
and 3220 G, similar to the characteristic bands of the Cu(PPi), complex [28-30]. In contrast, under
similar conditions, the spectrum of the probe 1 did not feature any peaks in the region 3000-4000,
confirming that organic radicals accompanied by paramagnetic Cu* were present only in the solution
of 1C. Thus, our UV-Vis, fluorescence, NMR, and ESR spectra were all consistent with the Cu®* ions
being displaced from 1C upon the addition of PPi ions under neutral conditions, rather than the

formation of any associative-type complex.

(Figure 7 will be added here)

We attribute the binding phenomenon of 1 with Cu? ions, accompanied by strong
metal—ligand charge transfer (MLCT) through efficient dn—prm overlap (mainly to the N,N-
diethylaminosalicylaldehyde unit) upon photochemical excitation, to the quenching in the blue-green
channel. Upon Cu®" chelation with 1, opening of the lactam ring in the rhodamine unit was
responsible for the pink-colored solution with a prominent absorption at 558 nm. The chelation
process tended to switch the rhodamine unit to the oxidized form, thereby causing thermodynamically
feasible n—d—r electronic coupling between the divalent Cu® ions and probe 1. Upon photoexcitation,
MLCT accompanied by PET from Cu* to the rhodamine unit through the
diethylaminosalicylaldehyde unit in 1 resulted in quenching of the bluish-green emission centered at
480 nm along with the red channel. EPR and NMR spectroscopy revealed that the paramagnetic
properties of 1C existed solely upon complexation. DFT studies supported this hypothesis in terms of
the HOMO and LUMO distributions and their relative band gap energies. The addition of PPi ions,
however, selectively extruded the Cu?* ions from the complex, resulting in a revival in fluorescence
centered at 480 nm, along with reformation of the lactam ring, resulting in a colorless solution.

Scheme 2 provides a schematic representation of a plausible sensing mechanism.

(Scheme 2 will be added here)
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mMiRNA Sensing

Taking advantage of the sequential colorimetric and fluorimetric changes in the recognition of Cu®*
and PPi ions in MeCN/H,O (3:7, v/v%) at pH 7.0 (HEPES buffer), we initiated isothermal
amplification of miRNA using a circular template. During the enzymatic (¢, polymerase)
amplification of miRNAs, PPi is generated through the consumption of dNTPs. Hence, we could track
the enzymatically produced PPi analyte, recognized using a Cu®* ensemble in modified ¢, buffer, at
pH 7.5 [40 mM Tris-HCI, 50 mM MgCl,, 50 mM KCI, 50 mM (NH,),SQ,], in the presence of
necessary supplements [1x BSA and dNTPs (2 mM each)]. Using this strategy eliminated any
interference from pH-related factors, as well as any effects on the stability of the Cu*" complex in the
presence of thiols. DTT and 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol (TRITON-X)
are generally required for long-term storage of the buffered medium (they prevent cysteine oxidation
via S-S bond formation, which can deactivate enzyme active sites), but not for biochemical catalysis
[31]; thus, we were curious to modify the T4 ligase and ¢,9 buffer for miRNA recognition through the
RCA process, especially if it could proceed within a shorter period of time.

When using a circular template for RCA, shorter circular oligonucleotides (generally 3-20
base pairs) are not suitable because additional steric hindrance and ring strain can result in less stable
circular templates [32-34]. Thus, to gain high sensitivity along with high amplification efficiency
(robustness), we used a 33-nt sequence having a circular template with 5" -phosphate modification to
ligate with miRNA in the presence of T4 ligase at pH 7.5 in a buffer containing 50 mM Tris-HCI, 10

mM MgCl,, 10 mM KCI, 10 mM (NH,4),SO,4, and 1 mM ATP (Table 1)[35,36].

With consideration of the enzyme active site’s working pH as well as the thiol-thiolate
interchange kinetics (k = 3.3 x 10> M™* min* at 30 °C), we set the pH of the T4 ligase buffer to 7.5
and applied specified salts and ATPs in 1x buffer [37]. To avoid the effects of dissolved oxygen,
sterile and autoclaved DI H,O was de-aerated for approximately 15 min, followed by the addition of
the respective buffering chemicals for the preparation of the buffer. The phosphorylated 5 -end of the
padlock probe came into close proximity with the 3"-OH unit in the presence of the perfectly matched

miRNA-146a and was then ligated (duplex, 20 uL; T4 ligase, 5 uL; T4 buffer, 3 uL; H,O, 2 uL; in a
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30-uL reaction vessel) to form a circular template at 37 °C (method of inactivation of T4 ligase:

heating at 65 °C for ca. 10 min).

To investigate the selectivity and sensitivity of our ensemble 1C toward the padlock probe
(5”-phosphorylated), we mixed miRNA-146a with various other miRNAs (Table 1) along with
various mismatched (one-base, two-base, and sequence-variant) sequences. Polyacrylamide gel
electrophoresis (PAGE) revealed high selectivity toward miRNA-146a, which was discriminated from
various mismatched miRNA mixtures. Upon ligation with miRNA-146a and the padlock probe in the
presence of T4 ligase, the resulting circular template forming a partial duplex with miRNA-146a
would undergo amplification in the ¢,y polymerase in the modified buffer solution containing 40 mM
Tris-HCI, 50 mM MgCl,, 50 mM KCI, and 50 mM (NH,),SO,4 at pH 7.5 in deionized sterile H,O
along with an additional supplement (1x BSA) and dNTPs. Denaturing PAGE (18%) analysis
validated the formation of a circular template in the presence of miRNA-146a, and that the RCA
reaction proceeded in the presence of ¢,9 polymerase (2 uL) and dNTPs (12 uL) in a 20-uL RCA

reaction vessel (Fig. 8).

We measured the EXO-I (Exonuclease |) activity to detect the circular template; this approach
validated the formation of a stable ligated circular template. We monitored the EXO-I activity using
the ligated circular DNA-RNA duplex (3 pL), EXO-I buffer (0.8 uL), EXO-I (1 pL), and sterile-DI
H,O (3.2 pL) in an 8-uL reaction vessel at 37 °C for 45 min. Termination of the reaction was

performed by inactivating EXO-1 at 75 °C for approximately 10 min.

(Figure 8 will be added here)

(Table 1 will be added here)

To determine the protocol for the rapid RCA reaction, after ligation in the presence of T4

ligase, the circular template was tested with different concentrations of the enzyme ¢,9 polymerase.
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The ligation reaction was performed with T4 ligase (5 uL) and T4 ligase buffer (1x) by annealing the
padlock probe (100 pM/uL) with miRNAs (100 pM/uL) at 85 °C within 10-15 min. and then
incubated at 37 °C over 4-5 h. We then used the resulting circular probe for the isothermal
amplification process with ¢,y polymerase in the presence of 1x BSA. Upon increasing the enzyme
content from 0.1 to 2 puL, the reaction rate increased, as revealed using an agarose gel; it was

extremely fast within 20-25 min when using 2 uL of the enzyme per 20 uL of the RCA mixture.

We recorded UV-Vis and fluorescence spectra while maintaining a high amount of dNTPs
(Figs. S21) to ensure significant optical changes in the presence of specified amounts of 1C. The
reaction rate was similar after adding 2 uL of the enzyme to 20 uL of the RCA reaction mixture under
the modified buffered conditions. After various time intervals, the RCA reaction mixture was isolated
and the ¢, polymerase deactivated by adding a quenching buffer containing 95% formamide/MeCN
(pH 4.0, 5 uL); the mixtures were then analyzed through agarose gel electrophoresis (AGE). Within
30 min, an ssDNA of more than 10 kb was produced under the modified ¢,o buffer conditions (Fig. 9).
When we tried to increase the amount of ¢,y polymerase under similar experimental conditions, the
long-chain ssDNA product (10 kb < DNA gel) did not exhibit any significant changes within a shorter
time interval. Accordingly, we varied the concentration of dNTPs (12, 10, 8, 6, 4, and O uL/20 uL)
and monitored the signal amplification process. Based on the PPi consumption, we confirmed that PPi
was generated during the RCA process. In addition, each set of RCA reaction mixtures was isolated
and quenched after a specific interval of time (0, 2, 8, 16, 25, 37, 50, 80, 150, and 320 min) using the
guenching buffer (5 uL). Thus, 20+5 uL of the RCA reaction mixture was used for the UV-Vis
spectroscopic analysis with the 1C ensemble in MeCN/H,O (3:7, v/v%) at pH 7.0 (Fig. 10a). In the
initial conditions and in the presence of RCA mixtures, the pH of the solution of 1C was set at 6.0 (10
mM HEPES buffer). Nevertheless, after the addition of slightly basic RCA solution, the pH almost
reached 7.0, as specified. The spectra of the RCA reaction mixtures obtained after various intervals
exhibited concordant decreases in the intensity of the absorption peak at 558 nm, and became

saturated after 50 min with complete extrusion of Cu®* from the probe 1 through the effect of PPi.
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When using 12, 10, or 8 uL of the dNTPs sample, saturation occurred after approximately 50 min,
due to the excess production of PPi during signal amplification. In contrast, using 6 or 4 uL of the
dNTPs produced an insufficient amount of PPi, resulting in partial revival of the clear solution.
Notably, the colorimetric and fluorogenic responses of the probe 1 were not altered significantly in

the presence of the various biologically relevant anions under the physiological conditions.

(Figure 9 will be added here)

When using the more highly sensitive fluorimetric method, the amount of dNTPs could be
lowered by approximately 10 times, reaching a level that was appropriate for the concentration of
Cu? ions. Accordingly, 2, 0.8, 0.6, 0.4, 0.2, and 0 uL of the dNTPs solution were used for the RCA
reaction under the modified ¢,o buffer conditions. Interestingly, greater than 70% of the quenched
fluorescence was recovered within 20 min when using 2.0 or 0.8 uL of the dNTPs (Fig. 10b),
confirming that the extrusion of Cu®" ions was induced by the PPi produced from the RCA. We
speculate that the PPi production that occurred after the incorporation of triphosphates was the prime
reason for the revival of fluorescence, based on the presumably negligible decomposition of dNTPs in

the buffer within the very short reaction interval (20-50 min).

Notably, the formation of gel from the RCA product was not observed in 2% AGE, but all of
the padlock probe was consumed, supporting the consumption of the dNTPs during the miRNA-146a
isothermal amplification process. These phenomena might also have been due to the extensive amount
of ¢,y polymerase, which could simultaneously produce various amplification cycles that resulted in a
greater number of shorter chains. Notably, within the shorter time interval (ca. 6-7 min) of RCA, the
reaction mixture was smeared throughout the AGE elution process (because the formation of multiple
extensions and the incomplete consumption of dNTPs resulted in multiple bands), making it difficult
to see the padlock sequence band. We attribute this smearing phenomenon to the excessive amount of
d29 polymerase, which simultaneously performed various amplification cycles and resulted in a

greater number of shorter chains, rather than longer ssDNA fragments.
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(Figure 10 will be added here)

The results above validated the successful extrusion of Cu®* ions from 1C, in a process related
directly to the concentration of PPi ions produced during the amplification process. Notably, the
concentration of Cu?" ions with respect to PPi ions should be kept at a 1:2 ratio to obtain an
appropriate colorimetric response (switching between the red and colorless solutions). Hence, the

concentration of dNTPs in the RCA process should be recognizable in the presence of 2 uL of the

enzyme ¢,9 polymerase.

The colorimetric and fluorimetric responses toward miRNA-146a were very selective in
MeCN/H,0 (3:7, viv%) at pH 7.0 (Figs. 11a and 11b). The interference effects observed for the
padlock probe were negligible; even in the presence of various mixture of miRNAs [e.g., one- and
two-base mismatches (ORN 1, ORN2)] or other miRNAs (miRNA-21), it did not display any

significant changes in its optical response, confirming the highly selective nature of this system.

(Figure 11 will be added here)

To measure the sensitivity, we annealed 2 uL of the padlock probe and ligated it with various
concentrations of mMiRNA-146a (diluted in DEPC buffer) in the presence of T4 ligase, followed by ¢,9
polymerase—aided isothermal amplification. After a 12-min interval, the RCA reactions performed
with the various concentrations of miRNA-146a revealed lowest detection limits of 3.46 nM/uL
(linear range from 1.7 x 10 % to 4.12 x 10°® M/uL) and 304.67 aM/puL (linear range from 1.20 x 10
to 9 x 10 M/uL) for the colorimetric and fluorimetric methods, respectively (Figs. 12 and 13). The
obtained detection limits in the chromo-fluorogenic methods were good [38, 39]; we measured them
in terms of three times the standard deviations with respect to the background signals, with negative

control measurements.
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While detecting the lowest detection response, initially we subjected various concentrations
of miRNAs to the RCA process, which was calibrated using UV-Vis and fluorescence spectra (Figs.

S22 and S23).

(Figure 12 and Figure 13 will be added here)

The colorimetric responses of the ensemble 1C (25 uM) toward the RCA reaction mixtures
containing various miRNAs were significant and could be distinguished clearly by the naked eye (Fig.

14).

(Figure 14 will be added here)

Thus, we have demonstrated miRNA-146a sensing and its amplification, determined with the
aid of PPi recognition, using the selective and sensitive in situ-generated Cu*" chromo-fluorescent
ensemble 1C, which undergoes a selective decomplexation process, under physiological conditions
(Fig. 15). Notably, while detecting miRNAs in real samples (e.g., blood, spleen, tissues, cells,
extracts), it would presumably always be preferable to remove any biological thiols and free radicals
(e.g., O,°, NO®) in preliminary steps (during the isolation process) to avoid interference. In addition,
this technique provides a new approach for the real-time monitoring of nucleic acid amplification
under specified conditions; we believe it is a much simpler and cheaper technology than the
conventional real-time monitoring process. Although it has high selectivity, the sensitivity of this
system might vary depending on the techniques used for handling the nucleic acids and their related

proteins during their isolation and purification.

(Figure 15 will be added here)

Conclusion
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We have developed a highly sensitive and robust method for miRNA sensing, and for monitoring its
signal amplification, based on a label-free approach using the chromo-fluorescent Cu®* ensemble 1C.
The sensing occurred through recognition of PPi ions produced during the signal amplification
process, with selective extrusion of Cu** ions from the ensemble 1C resulting in the red color (of 1C)
returning to colorless (for 1) and with fluorescence appearing in the blueish-green channels. We
attribute the higher selectivity and sensitivity of the divalent Cu**-based chromo-fluorogenic ensemble
1C towards PPi in the RCA reaction mixture to the modified T4 ligase and ¢, buffer conditions
providing an exceptionally high rate of amplification (>10 kb within 40-50 min) at elevated
temperature (37 °C), thereby allowing miRNAs to be recognized very effectively under physiological
conditions. Using this PPi sensing strategy, colorimetric and fluorimetric methods of miRNA-146a
recognition reached nanomolar and attomolar levels of sensitivity, respectively, and high selectivity,
without any optical instability under the modified buffer conditions (in the absence of DTT and
TRITON-X). To the best of our knowledge, this report is the first to describe a label-free strategy for
the recognition of universal miRNAs and for the monitoring of an isothermal amplification method
when using a PPi sensing platform and Cu®* ensembles, with both colorimetric and fluorimetric

detection, under modified T4 ligase and ¢, buffered conditions.
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MLCT: Metal to ligand charge transfer
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EB: Ethidium bromide
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TRITON-X: 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol
FTIR spectroscopy: Fourier transform infrared spectroscopy
EXO-I: Exonuclease |

HOMO: Highest occupied molecular orbitals

LUMO: Lowest unoccupied molecular orbitals

DFT: Density functional theory

PET: Photoinduced electron transfer

EPR: Electron paramagnetic resonance

ssDNA: Single stranded DNA
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Fig. 1 a) UV-Vis spectra of the probe 1 (25 uM) in the absence and presence of metal ions (10.0 eq.)

in MeCN/H,0 (3:7, viv%) at pH 7.0 (HEPES buffer); b) UV-Vis spectra of the ensemble 1C (25 uM)

in the absence and presence of anions (25.0 eg.) in MeCN/H,0 (3:7, v/v%) at pH 7.0 (HEPES buffer).

Each spectrum was recorded 20 min after the addition of the respective ions.
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Fig. 2 a) Fluorescence spectra of the probe 1 (1 uM) and various metal cations (10.0 eq.). b) Job’s
plot of 1 (1 pM) with Cu®* (1 uM) in MeCN/H,O (3:7, vIv%) at pH 7.0 (HEPES buffer), upon
excitation at (Aex) 402 nm; error range at (Aem) 480 nm: <%6.87%. Note: In the Job’s plot, the
concentration of the complex is plotted with respect to the mole fraction of Cu?" ions; the dependent

variable is the change in emission intensity (Al) at 480 nm.
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Fig. 3 a) DFT-based energy-minimized ground-state structure of the complex 1C in H,O as an
implicit medium; b) HOMOs, LUMOs, and band gap energies (eV) calculated using the b97X-V/6-

311+G(2df,p) basis set in H,O as an implicit medium.
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Fig. 4 Fluorescence intensity enhancement histogram [(I — 1o)/lo] for a solution of 1C (1 uM) in the

presence of various anions (25 eg.) in MeCN/H,0 (3:7, v/iv%) at pH 7.0 (HEPES buffer): A, = 402
nm; Aem = 480 nm. Iy and | are the intensities of the ensemble 1C at (Aem) 480 nm in the absence and

presence of anions, respectively. Error bars: <£5.56%.
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Fig. 5 a) Fluorescence titration spectra of the probe 1 (1 pM) with Cu®" ions (0-5.0 eq.) in
MeCN/H,0 (3:7, vIiv%) at pH 7.0 (HEPES buffer) at (Aex) 402 nm. Inset b) Intensity ratio [(l1o — 1)/1¢]
plotted with respect to the number of equivalents of Cu?* ions at (1em) 480 nm, where 1, and | are the
intensities of 1 in the absence and presence of Cu®* ions, respectively. c) Fluorescence titration spectra
of 1C (1 uM) with PPi ions (0-3.0 eq.) in MeCN/H,0 (3:7, v/iv%) at pH 7.0 (HEPES buffer) at (1)
402 nm. Inset d) Intensity ratio of 1C [(I — 1o)/lo] plotted with respect to the number of equivalents of
PPi ions, where I and |, are the intensities of 1C in the presence and absence of PPi ions, respectively.
Note: While performing the titration with PPi, the emission intensity was stabilized after 10 min at ca.

1.5 uM of PPi; thereafter, the response toward the PPi ions was immediate.
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Fig. 6 Partial "H NMR spectra of i) 1 (1.5 x 10 M), ii) 1eCu®" (1:1), and iii) 1eCu**+PPi (1:1:2) in

CD;CN/D,0 (7:3, Vivo).
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Fig. 8 Denaturing PAGE (18%) analysis of the RCA reaction monitoring process. First lane: template
(padlock probe c-MYC); second lane: target, miRNA-146a; third lane: T4 ligase reaction circular;
fourth lane: T4 ligase + EXO-I reaction Circular+EXO-I; fifth lane: padlock probe + miRNA21,; sixth
lane: RCA final product; seventh lane: (+)-control (c-MYC+miRNA-146a, only); eighth lane: (-)-
control (blank). Note: In the (+)-control experiment, all of the components were present except for the
T4 ligase and ¢,9 polymerase enzyme. Due to relative instability of miRNA’s bands intensity were not

high.

Table 1 Various oligonucleotide sequences tested (5" —3")

Oligo/miRNA Sequence (5" —3) Keynotes
Padlock P-5"ATT CAG TTC TCACCT CAG CCCTTC CCC Green: complimentary
probe ACC CTC CCC ACC CTC CCC ACCTCAGCA AAC to miRNA 146a
CCATGG A-3
miRNA-146a 5-UGA GAA CUG AAU UCC AUG GGU U-3 Target analyte
miRNA-21 5-UAG CUU AUC AGA CUG AUG UUG A-3 Different miRNA
ORN 1 5- UGA GAA CUG AAA UCC AUG GGU U -3 One-base mismatch
ORN 2 5- UGA GAA CUG AAA ACC AUG GGU U -3 Two-base mismatches
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ORN 3 5"- UGA GAA CGG AAA ACC AUG GGU U -3 Three-base mismatches

ORN 4 5- UGA GAA CUA AAU UCC AUG GGU U -3 One-base mismatch

ORN 5 5"- UGA GAA CUA GAU UCC AUG GGU U -3 Two-base mismatch

Note: Blue font represents the reverse complementary sequence of the c-MYC sequence; black
sequence indicates the endonuclease nicking site; red font indicates the mismatches at the various
position and bases.

C+ C+ C+ C+ miRNA-146a (-ve) RCA 15 min. 30 min. 45 min. (-ve)

111111

Fig. 9 a) 2% AGE studies of the template (c-MYC, noted as C after partial duplex formation) with
various mismatched miRNAs (ORN1, ORN2, ORN3, ORN4, ORNS5) in the reaction mixture, taken
after the ligation and RCA steps. Note: “Cont.” (circular duplex), “Cont.',” and “Cont.?” represent
control experiments performed in the presence and absence of ANTPs and ¢, respectively; “(-ve)”
indicates the blank control. b) AGE (2%) of the circular-template RCA process after various time
intervals in the presence of 2 uL of the enzyme ¢,o (per 20 uL of RCA reaction mixture). Note: “M”
represents the marker (1 kb/100 plus). To visualize the clear band at the bottom for the RCA products,
a potential of 100 V was used for the AGE analysis.
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Fig. 10 a) Changes in UV-Vis spectral absorptivity at (Amax) 558 nm for 1C (25 uM) in RCA reaction
mixtures containing various amounts of dNTPs in MeCN/H,0 (3:7, v/v%) at pH 7.0 (HEPES buffer).
b) Fluorimetric changes recorded at (Aem) 480 nm for 1C (1 uM) in RCA reaction mixtures containing
various amounts of dNTPs in MeCN/H,0O (3:7, v/v%) at pH 7.0 (HEPES buffer) upon excitation at
402 nm. Note: UV-Vis and fluorimetric spectral readings were taken from two different consecutive
RCA reaction mixtures having different amounts of dNTPs, to validate the appropriate changes
occurring in the presence of the ensemble 1C. Each data point arose from three concordant readings

with RSD <£1.56% (UV-Vis) and <+3.85% (fluorescence).
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Fig. 11 a) UV-Vis spectra of a 25 uM solution of the ensemble 1C and RCA reaction mixtures

containing various miRNAs under the modified ¢,9 buffer conditions. b) Fluorescence spectra of a 1

uM solution of the ensemble 1C in MeCN/H,0 (3:7, v/v%) at pH 7.0 (HEPES buffer).
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Fig. 12 Lowest colorimetric response of the ensemble 1C (25 uM) toward miRNA-1464a, in

MeCN/H,0 (3:7, viv%) at pH 7.0 (HEPES buffer), obtained through the RCA process within

12 min at 37 °C. Note: miRNA-146a was diluted in DEPC buffer and ligated in the presence

of 10 uL of the padlock probe at 37 °C, followed by ¢.9-aided amplification in the presence
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of dNTPs (2 uL) and 1x BSA under the modified buffer conditions. Each data point was
recorded after 12 min and calibrated with blank readings from samples containing only

dNTPs, with a minimum of three readings.
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Fig. 13 Lowest fluorogenic response of the ensemble 1C (1 uM) toward miRNA-146a, in
MeCN/H,0 (3:7, viv%) at pH 7.0 (HEPES buffer), obtained through the RCA process within
12 min at 37 °C. Inset: Enlarged portion of the zone for estimation of the LOD. Note:
miRNA-146a was diluted in DEPC buffer and ligated in the presence of 10 uL of the padlock
probe at 37 °C, followed by ¢.9-aided amplification in the presence dNTPs (2 uL) and 1x
BSA under the modified buffer conditions. Aex = 402 nm. Each data point was recorded after
12 min and calibrated with blank readings from samples containing only dNTPs. For clarity,
only the lowest fluorogenic responses (a minimal number of data points) after the dynamic

range are enlarged in the inset.
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Fig. 14 a) UV-Vis colorimetric changes of a 25 puM solution of the ensemble 1C. b)
Fluorimetric changes of a 25 uM solution of the ensemble 1C and the RCA reaction mixture
in the presence of various miRNAs upon illumination at 365 nm (UV light). Note: Reaction
mixtures were prepared using the standard protocol and collected after 80 min of ¢
polymerase extension under the modified buffered conditions. “+ve” Control: presence of

mMIiRNA-146a and enzyme only; “-ve” control: absence of miRNA-146a and enzyme.
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Chromo-Fluorogenic Dual Sensing System

miRNA-146a Colourless
)
Ve Coloured (Pink)
N —_
s
3 \
oo .
= Fluorescence
S Mismatched miRNAs On state
Fluorescence
Off state
-l | [ I [ I I ]| o
1

P /-\ /\ polymerase
miRNA Ligation

e—

Annealing T4- dNTPs

Padlock probe

¢29

Ligase =
) o P9 g
Circular DNA Isothermal Amplification P, o X
formation in modified buffer o o

PPi

Fig. 15 Plausible sensing mechanism for miRNA-146a recognition.
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Cu” ensembles as an invitro-diagnostic tool: Robust and novel chromo-fluorogenic method for
identification of miRNAs (up to nm and fM range) in modified biological buffers based on
pyrophosphate sensing platform.
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Highlights

» Chromo-fluorescent Cu® probe, for miRNA-146a recognition based on PPi sensing platform.
> Dual mode of miRNA's recognition in physiological conditions.

> Robust and real time monitoring of miRNA amplification in modified biological buffers.

> nMand aM level sensitivity towards miRNA in colorimetric and fluorometric methods.
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