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Cytosine-rich DNA strands, due to their distinct i-motif structure, are often used as the stabilization templates for the formation
of silver nanoclusters (Ag NCs). DNA i-motif conformation and stability are largely determined by the DNA loop region.
Therefore, optimal loop sequence contributes to the DNA template forming a stable i-motif structure thus promoting the
formation of Ag NCs. In the present work, we prepared the Ag NCs stabilized by a set of DNA sequences CCCC-X"XX°X*-ccCC (C
denotes cytosine, X denotes adenine or thymine) and investigated the loop sequence dependence of the fluorescence quantum
yields (QYs) of Ag NCs. In all of the template DNA, the sequence 5'-CCCC-ATAT-CCCC-3’ was screened to be the most optimal
template which stabilized clusters and can emit the brightest red fluorescence with quantum yield (QY) of 0.78. However, for
the reversed template sequence 5’-CCCC-TATA-CCCC-3’, the QY of Ag NCs is lowered to 0.15. Such a significant difference in QYs
indicates that even for the same base sequence, different base alignment direction (starting from 5’ or 3’ end) can have an
important effect on the fluorescence of nanoclusters. Additionally, to optimize preparation conditions of Ag NCs, the effects of
reductants and pH environment on the clusters stabilized by the template sequence 5'-CCCC-ATAT-CCCC-3' were further

examined using CD, UV and fluorescence spectroscopy, respectively.

Introduction

DNA-templated silver nanoclusters (Ag NCs), as a new type of fluorescent probe, have been successfully applied
in highly sensitive biological detection due to their good water solubility, small sizes, high brightness and
photochemical stability and biocompatibility.l'6 Previous reports have been shown that the sequences of DNA
templates had a very critical impact on the fluorescence properties of Ag NCs, and fluorescent emissions of Ag
NCs could be adjusted by changing the sequences of DNA templates.7'9 The binding interaction between DNA
sequence and silver clusters is mainly dependent on the different binding affinities of silver ions to four bases in
DNA sequences.m'12 Since silver ions prefer Lewis acid-base interactions with electron-rich nitrogen and oxygen
atoms of nucleobases, cytosine (C) and guanine (G) can interact with Ag’ strongly.13 In addition, the secondary
structure of DNA templates is also considered to be important for the stability of Ag NCs.™

In recent years, C-rich DNA sequences, due to their potential to form distinct i-motif structures, have been

widely used as the effective templates for the preparation of Ag NCs.” 2

15-18

It has been shown that the stability of the

DNA i-motif structure was related to the loop sequence of i-motifs. Meanwhile, many studies demonstrated

that the fluorescence property of silver clusters is associated with the loop sequence of i-motif DNA

19-22

templates™ ““. However, due to the variety of the bases and arrangements of loop sequences in DNA templates,
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there is little discussion on how the loop sequences affects the fluorescence properties of Ag NCs. Moreover, the
reason why the loop sequences affect silver clusters’ fluorescence properties still remains unclear. To address
these issues, a systematic understanding of the correlation between loop sequences and Ag clusters’ fluorescence
properties is required.

In this work, we have prepared the Ag NCs by using a serial of sequences C,-X;4-C,4 (here, C denotes cytosine, X
denotes adenine or thymine) as the templates. By comparisons of the quantum yields (QYs) of the prepared Ag
clusters, it was found that difference in fluorescence QYs was correlated with the variation of the loop sequences
and the sequence 5'-C,-ATAT-C,-3' was screened out to be optimal template that could give the clusters with the
maximal QYs of 0.78. Interestingly, we found this correlation is also related to the base arrangement direction of
the loop sequences in DNA templates. When reversing the DNA loop sequence with TATA, the prepared Ag
clusters exhibited significantly lowered QY of 0.15. Such observations offer vital evidence for the effect of i-motif
loop sequences on the fluorescence of Ag NCs. To optimize the preparation conditions, the effects of pH, the
phosphate buffer (PB, mixed solutions of Na,HPO,and NaH,PO,) concentration, and the molar ratio of

DNA/AgNO;/NaBH, on the clusters’ fluorescence emission were also investigated, respectively.

Materials and Methods

Materials

In this work, the silver nitrate (99.999%) and sodium borohydride were purchased from Sigma-Aldrich Co. All
PAGE-purified oligonucleotides (purity >95%) were purchased from Sangon Biotech (Shanghai) Co., Ltd. The DNA

sequences are summarized in Table 1.

Preparation method for Ag NCs

In this work, the DNA-Ag" conjugated complex were firstly prepared by adding AgNO; to the aqueous solution
containing the DNA templates. After that the silver clusters were prepared by reduction of NaBH,. The DNA
concentration in the buffer solution is 10 uM and the molar ratio of DNA/Ag"/BH, is 1:6:1. To enhance the
fluorescence signals from the clusters, we made an investigation into the changes in the fluorescence intensities
of the Ag NCs at different molar ratios of DNA/Ag" ranged from 1:6 to 1:27 and different molar ratios of Ag'/BH,
in the range of 6:0.5 ~ 6:6, respectively. We also measured the fluorescence intensities of the Ag clusters over a
wide range of pH values from 3.6 to 10.6 by CD spectroscopy. During the preparation of the Ag clusters, the
DNA-Ag" mixtures were firstly incubated for 10 min at 80 °C and then naturally cooled to room temperature for
about 25 min. After the addition of NaBH, to the buffer solution, the DNA-Ag" mixtures were then reduced and

the reaction was kept for 12 h at room temperature.

Circular dichroism

To characterize the secondary structure of the DNA, DNA-Ag" and DNA-Ag cluster complex, circular dichroism (CD)
spectroscopy experiments were carried out by using a J-810 spectropolarimeter. All of the samples in this work

were scanned within a wavelength ranged from 200 to 340 nm under the protection of N,.

Fluorescence emission spectroscopy
The measurements of Fluorescence emissions were performed with an F-7000 fluorescence spectrophotometer

(Hitachi) at 25 °C. The emission/excitation spectra were obtained at an interval of 5 nm excitation wavelength.

Transmission electron microscopy
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In this work, the size distribution of the Ag NCs can be calculated by using the transmission electron microscopy
(TEM) images of the Ag clusters, which were captured by aJEM-2100 transmission electron microscope (JEOL).The

samples of the Ag clusters were dropped on the carbon-coated copper grids and dried at 25 °C.

Calculation of fluorescence QYs
The fluorescence QYs are defined as the ratio of the number of the photons emitted vs. the number of photons
absorbed, which can be obtained by comparing the integrated fluorescence intensity and absorption of clusters
vs. a reference fluorophore dye with a known fluorescence QY.23 Then, the fluorescence QYs of clusters can be
calculated with the equation below:

Myc

Onc = Pfiuorophore

nidye
where @ .is the QYs of reference sample (rhodamine B with the QY of 0.31), myc and my,. denote the fitted
slopes to fluorescence vs absorption for the cluster and reference fluorophore, respectively. In this work, for all
the cluster samples, we prepared a serial solution to ensure that the absorbance value at the peak excitation
wavelength was approximately 0.08, 0.06, 0.04, 0.02, and 0.01, respectively. All the fluorescence intensities were

integrated over the entire emission spectral range.

Results and Discussion

Effect of the DNA Loop Sequence on Ag NCs

To investigate the effects of the loop sequences in i-motif DNA templates on Ag NCs, a set of sequences
C4-X1X2X3X°-C4 were used as the DNA templates for stabilizing Ag NCs (Table 1). It is well known that CD
spectroscopy is currently the most effective method for characterizing DNA secondary structure including i-motif

18,24
structure.

All of the DNA i-motif structures had been confirmed by appearance of the two CD spectral bands
with a positive helicity at 290 nm and a negative helicity at 255 nm (Fig. S1, ESIT). As illustrated in Table 1, for the
template sequence C;-AAAA-C,, the Ag NCs exhibited an emission peak at the A,,,=630 nm and their average QY
is 0.24. When the template sequence is C,-TTTT-C,, no fluorescence can be measured. We further evaluated the
effect of the position of thymine in the loop sequence on the fluorescence of clusters by calculating the QYs of
the Ag NCs (Table 1). Compared with the sequence C,-AAAA-C,, the sequence C,-TAAA-C, or C4-AAAT-C, can be
used to prepare the silver clusters with high QYs. However, when the X* or X* in the loop sequence were replaced
by thymine (e.t -ATAA-, or -AATA-), the fluorescence QYs were obviously lowered, indicating that the QYs of
clusters are strongly dependent on the loop base composition. Furthermore, this result shows that changing the
position of thymine can modulate the fluorescence QY of Ag NCs. The interaction of the central four bases with
Ag’ ions may influence the loop structural flexibility and thus further affect the overall stability of i-motif
structure. This result suggests that the alignment of single thymine adjacent to the cytosine (e.t C,-TAAA-C,, or
C4-AAAT-C,) is favorable for high QYs clusters. Meanwhile, as illustrated in Table 1, Ag NCs showed significantly
difference in the QYs for the loop “AAAT” (QY = 0.48) and for the loop “TAAA”(QY = 0.29).

By comparing the QYs of the prepared Ag clusters, the sequence C,-ATAT-C, is the best template for the
preparation of the bright fluorescent Ag NCs with a high QY of 0.78. However, when using the reversed sequence
C,-TATA-C,as the template, the Ag NCs exhibited a much lowered QY of 0.15. This distinction in the fluorescence
QYs further shows that the base arrangement direction of loop sequence is well correlated with the fluorescence
emission of Ag NCs. To better understanding this correlation, we compared the CD spectra of the two sequences
and their complex binding with silver ions. Both of the sequences (C,-TATA-C, , C,-ATAT-C,) exhibited almost the
same CD spectra, suggesting the formation of the same i-motif structure (Fig. S2 A, ESIT). However, after adding

Ag’ ions, the CD spectra of the two DNA-Ag’ complexes showed the significant changes in their respective
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ellipicities at 220 nm (Herein, the ellipicity is -14 for the sequence C,-ATAT-C, and -23 for the sequence C,-TATA-C,,
respectively) (Fig. S2 B, ESIT). This difference in the relative ellipicities indicates that the binding affinities of the
two sequences to silver ions are different, thus leading to the formation of the silver clusters with different
. 25
sizes.
A possible reason for the effect of the loop sequences on the Ag NCs is that the variation of base sequences
could lead to the different microenvironments required for the preparation and stabilization of Ag NCs, thus

causing their different fluorescence properties.

Effect of the Length of DNA Loop Sequence on Ag NCs

To further examine the length of loop sequences on the fluorescence of Ag NCs, we measured the fluorescence
spectra of the Ag NCs stabilized by the sequence C,;-A,-C, (herein, n =1, 2, 3, and 4), as illustrated in Fig. 1. It was
found that the Ag NCs stabilized by the sequence C4-A-C, showed a sharp spectral peak at the A,,,= 640 nm under
various excitation wavelengths, suggesting that single type of clusters was formed. When an additional base A is
added into the loop region (e.t. C;-A,-C,), some different emission peaks appear at series of excitation wavelength,
suggesting the formation of various types of silver species (Fig. 1). When using sequence C4-A3-C, as the template,
the Ag NCs showed a spectral peak at the A= 605 nm under various excitations and fluorescent intensity is much
larger than that of other Ag NCs using the template sequence C4-A-C, or C;-A,-C,. However, in the case of C4-A4-C,,
the fluorescent intensity was lower obviously than that of Ag clusters stabilized by the sequence C4-A3-C4. These
variations in fluorescence QYs may be associated with the loop structural change and is dependent on the binding
affinity of silver ions and loop bases. With the increase in the number of base A at loop region, the loop-Ag”
binding affinity may be enhanced accordingly, thus likely leading to a more tightly loop structure. Our result
indicates that the length of loop sequences in i-motif DNA templates is important for the stability of i-motif

structures.

Characterization of Ag NCs

12,13,26

Since the DNA-Ag" binding interactions is important for the formation of Ag NCs, we further investigated

%27 ps jllustrated in

the interactions between the sequence C,-ATAT-C, and Ag" using CD and UV spectroscopy.
Fig.2A, the CD spectra for the DNA (C,-ATAT-C,) and Ag" mixture showed the obvious and changes at 220 and 260
nm, respectively, which suggest the binding of DNA with silver ions. The Ag NCs can emit a prominent red
fluorescence at the A.,, = 635 nm (Fig. 2B). In the range of A, = 560 ~ 600 nm, an emission peak can be found at
the A, = 635 nm and its maximum peak occurred at the A, = 590 nm (Fig. 2C). In addition, the UV absorption
spectrum of DNA-cluster complex showed an obvious peak at 588 nm (Fig. 2B, blue line), which is close to the
maximum A, = 590 nm, further suggesting the aggregated silver ions had been reduced into the silver clusters. It
should be noted that the UV absorption peak at 440 nm (Fig. 2B, blue line) indicates the formation of larger Ag
nanoparticles, which agrees well with the previous work. %ns shown in Fig. 2D, the fluorescence intensity of
DNA-cluster complexes increased to 25,000 after one minute upon the addition of NaBH,and then reached up to
its maximum peak within 20 minutes. Finally, the fluorescence intensity maintained 55,000 for more than 48
hours. The red fluorescence of the Ag NCs can be maintained for more than 5 days at room temperature and for
more than 6 weeks at 4 °C.

The morphologies and sizes of Ag NCs were determined by TEM. The TEM image (Fig. 2 E) showed the Ag NCs
stabilized by the sequence C,-ATAT-C,were of a spherical shape and well dispersed. The size distribution
histogram (Fig. 2 F) showed the observed diameters of the Ag NCs ranged from 1.0 to 3.0 nm and the average
diameter was 2.0 nm. For the Ag NCs stabilized by the sequence C,-TATA-C,, the observed diameters of the Ag
NCs ranged from 2.3 to 4.7 nm and the average diameter was 3.3 nm (Fig. S3 A, B, ESI{). It has been known that
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the fluorescence emissions of the Ag clusters are closely related to the sizes of Ag NCs.” Such differences in the
size distributions and diameters of the Ag NCs indicate that the two loop sequences with the opposite directions
have a different impact on the formation of the Ag NCs thus leading to the silver clusters’ completely different

QYs, which further confirms the above CD spectral results.

Effect of the reductants and Ag* concentration on Ag NCs

In this work, the red fluorescence emitted from Ag NCs was found to be enhanced with the increase in molar ratio
[NaBH,/Ag"], and reached its maximal value upon the [NaBH,/Ag'] = 6 (Fig. 3A), at which the clusters exhibited
the maximal UV absorption peak (Fig. 3B).We found that the fluorescence intensity of Ag NCs at low
concentration of NaBH, was much higher than that at high concentration of NaBH,. This result shows that the
fluorescence character of Ag NCs can be affected by the molar ratio [NaBH,/Ag'], which is in good agreement
with the previous report.29

We further examined the effect of the molar ratio [Ag’/DNA] on Ag NCs by increasing the Ag" concentration. As
shown in Fig.3 C, the fluorescence intensity can be increased with the concentration of silver ions, and the
maximal fluorescence emission peak occurred when the molar ratio [Ag'/DNA] is 18. This result indicates that the
formation of Ag NCs is closely correlated with the concentration of silver ions. When the molar ratio [Ag’/DNA] is
higher than 21, the fluorescence intensity became lowered and the red shift can be obviously observed in Fig. 3 D.
When the molar ratio [Ag’/DNA] was 24, the UV absorption peak occurred at 620 nm (Fig. 3 D, green), suggesting
that the most optimal excitation wavelength should be 620 nm. However, (under the same condition), as
illustrated in Fig. 4 A, the maximum fluorescence emission peak occurred at the A, = 590 nm, and the red shift
occurred as the excitation wavelength increased. Moreover, when the excitation wavelength is 620 nm, the
fluorescence emission peak occurred at 670 nm (Fig.4 B). This red shift indicates the formation of the larger silver
nanoparticles at high concentration of Ag® ions (the molar concentration ratio [Ag’/DNA] = 24:1). This result

indicates that the formation of silver clusters is also closely correlated with Ag* concentrations.

Effect of the pH on Ag NCs

It is known that C-rich DNA template sequences are easy to form i-motif structures due to the hemi-protonated

L . . - . 30,31
C-C pairing interactions in weakly acidic or neutral solution.

Therefore, the preparation and stabilization of Ag
NCs could be influenced by pH of solvents. Fig. 5 showed a significant increase (~100 times) in the fluorescence
intensity of Ag NCs as the pH increased from 4.6 to 7.6. The Ag NCs showed a maximum fluorescence intensity at
pH7.6 at which the atom N3 of cytosine (pKa = 4.6) and thymine (pKa = 9.6) are primarily in deprotonated and
protonated states, respectively. This distinction between the pKa’s and the optimal pH for fluorescence indicates
that the degree of protonation of the individual bases could not influence cluster formation, which is in good

agreement with previous findings.”‘ 30,32

It is likely that the coordination interactions between multiple loop
bases and Ag clusters at pH 7.6 could offer the most preferred microenvironments for the formation of
homogenous Ag NCs, thus leading to their maximum fluorescence QYs. To further examine the effects of pH on
i-motif structures, we further measured the CD spectra of the sequence C,-ATAT-C, over a wide pH range from 4.6
t0 9.6 (Fig. S4, ESIT). It was shown that almost all of the spectra (except for that at pH 9.6) showed similar spectral
band variations, which is efficient to confirm that a specific i-motif structure can be formed under various pH
conditions. Meanwhile, it should be noted that the relative ellipticites had gradually lowered as pH increased,
suggesting the gradually weakened i-motif structure above pH 4.6.

Since PB is associated with the degree of the protonation of cytosine bases,”> we measured the fluorescence

intensity of the prepared Ag clusters as a function of the PB concentration to examine the effect of PB

concentrations on Ag clusters. As shown in Fig. 5B, the emitting fluorescence intensity of the Ag NCs gradually
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increased to 14,000 as the PB concentration increased to 10 mM, then maintained at ~14,000. This result
indicates that the optimization of PB concentrations can enhance the binding interactions of cytosine bases with
silver ions, thus promoting the formation of Ag NCs, which is in good agreement with the previous report.34

To further investigate the effect of temperature on the fluorescence of Ag NCs, we have measured the UV
absorption spectra and Fluorescence intensity of Ag NCs as a function of temperature, respectively (Fig. S5, ESIf).
Our results showed that the room temperature (25-30°C) was the most favorable for the formation of the

high-QYs Ag NCs in this study.

Conclusion

In this work, by comparisons of the fluorescence QYs of the prepared Ag clusters, we have uncovered the
correlation between loop sequences and Ag clusters’ fluorescence properties. Our results shows that loop base
compositions, loop sequence arrangement directions and loop lengths in i-motif DNA templates can have
important effects on the fluorescence properties of Ag NCs. From a serial of DNA sequences C4—X1X2X3X4—C4, we
found that best DNA template is the sequence C,-ATAT-C, which can be used to prepare Ag NCs with a high QY of
0.78. Such high-QYs silver clusters in combination with DNA aptamer probes are expected to be used for
high-resolution imaging and screening of tumor cells. Additionally, we have examined the effects of reductants,
Ag’ concentrations, pH, and PB concentrations on Ag NCs’ fluorescence, respectively. Due to the variety of base
compositions and arrangements of loop sequences in i-motif DNA templates, the synthesis condition of the Ag
NCs optimized for the loop ATAT may not be directly applied for the preparation of Ag NCs stabilized by other
DNA sequences. Nevertheless, we believe our research will aid to a better understanding of the dependence of
fluorescent Ag clusters on the loop sequences in i-motif DNA templates. Future work will be devoted to exploring

the exact reason why the loop sequences can affect the fluorescence of Ag NCs.
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Table 1 The fluorescence character of Ag NCs stabilized by the following DNA templates.

Template Em/Ex(nm) Qy Template Em/Ex(nm) Qy
C4-AAAA-C, 630/580 0.24 Cy-TTTT-Cy — —
C,-TAAA-C, 620/570 0.29 C4-ATTT-C, 615/570 0.12
C,-ATAA-C, 630/580 0.23 C4-TATT-C, — —
C4-AATA-C, 615/570 0.19 C,-TTAT-C, 625/580 0.06
C4-AAAT-C, 630/590 0.48 C,-TTTA-C, 615/570 0.26
C,-TAAT-C, 630/580 0.09 C,-ATTA-C, 615/570 0.22
C,-ATAT-C, 635/590 0.78 C,-TATA-C, 620/570 0.15
C4-AATT-C, 630/580 0.32 C,-TTAA-C, 615/570 0.21

Note: “—” means no signal detected.
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Fig. 1 The fluorescence spectra of Ag NCs stabilized by (A) C4-A-Ca, (B) C4-A;-C4, (C) C4-A3-C4 and (D) C4-A4-C4. All Ag NCs were

prepared under the same experimental conditions of 5 uM DNA, 30 uM AgNOs, 5 uM NaBH, with 20 mM PB buffer (pH = 6.6).
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Fig. 2 The spectral characterization of clusters stabilized by the sequence 5'-CCCC-ATAT-CCCC-3": (A) The CD spectra (B)
UV-visible absorption spectra (blue line) and fluorescence emission (black line) /excitation (red line) spectra (Ae= 590 nm / Aep=
635 nm) attached with a photo of clusters under UV light irradiation. (C) The emission spectra using different excitation
wavelength. (D) The time evolution of the fluorescence intensity of Ag NCs. (E) The TEM image of the fluorescent Ag clusters. (F)
The size distribution histogram of the Ag clusters. Here, the concentration of the DNA templates is 10 uM and the concentration

of the silver ions is 180 uM.
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Fig. 3 (A) The fluorescence spectra as a function of the molar ratio 6x[NaBH,/Ag'] at the A= 590 nm. (B) The UV absorption
spectrum in the range of molar ratio [NaBH,/Ag'] = 0.5:676:6. (C) The fluorescence spectra for different molar ratio

[DNA/NaBH,/Ag'] at the A., = 590 nm. (D) The UV absorption spectra of clusters using various molar ratio of [Ag'/DNA]. (E) The

[AgNO,}J/ [DNA]
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Fig. 4 (A) The fluorescence emission spectra of Ag NCs at the A= 440 ~ 630 nm. (B) The fluorescence emission spectra at the
Aex= 590 nm (black), 620 nm (red), and the corresponding excitation spectra at the A.n,= 635 nm (blue), 670 nm (pink),

respectively. Here, the molar ratio [DNA/AgNOs/NaBH,] is 1:24:4.
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Fig. 5 The fluorescence intensity of Ag NCs at the A., = 590 nm as the functions of (A) the pH value and (B) the PB concentration

(pH 6.6). All the samples were prepared under the experimental conditions of 10 uM DNA, 60 uM AgNO; and 10 uM NaBH,.
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The loop sequences in i-motif DNA templates are well correlated with the
fluorescence of the prepared Ag clusters.
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