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Abstract: Switchable luminescent bioprobes whose emission can be turned on as a function of specific
enzymatic activity are emerging as important tools in chemical biology. We report a promising
platform for the development of label-free and continuous enzymatic assays in high-throughput
mode based on the reversible solvent-induced self-assembly of a neutral dinuclear Pt(II) complex. To
demonstrate the utility of this strategy, the switchable luminescence of a dinuclear Pt(II) complex
was utilized in developing an experimentally simple, fast (10 min), low cost, and label-free turn-on
luminescence assay for the endonuclease enzyme DNAse I. The complex displays a near-IR (NIR)
aggregation-induced emission at 785 nm in aqueous solution that is completely quenched upon
binding to G-quadruplex DNA from the human c-myc oncogene. Luminescence is restored upon DNA
degradation elicited by exposure to DNAse I. Correlation between near-IR luminescence intensity and
DNAse I concentration in human serum samples allows for fast and label-free detection of DNAse I
down to 0.002 U/mL. The Pt(II) complex/DNA assembly is also effective for identification of DNAse
I inhibitors, and assays can be performed in multiwell plates compatible with high-throughput
screening. The combination of sensitivity, speed, convenience, and cost render this method superior
to all other reported luminescence-based DNAse I assays. The versatile response of the Pt(II) complex
to DNA structures promises broad potential applications in developing real-time and label-free assays
for other nucleases as well as enzymes that regulate DNA topology.

Keywords: label-free assay; near-infrared; deoxyribonuclease I; platinum; aggregation-induced
emission; supramolecular chemistry

1. Introduction

Developing luminescent probes for rapid detection of biomolecules and/or monitoring of
biochemical processes is an important objective in contemporary bio-organic chemistry [1-5]. Such
probes can provide fundamental insight into mechanistic features of cellular events or function
as diagnostic agents in biomedical applications. Additionally, probes for specific biocatalytic
transformations are important bioanalytical tools for detection and quantification of enzymatic
activity [6-8]. Significantly, elevated or reduced levels of specific enzyme activity often serve as
biomarkers of human disease.

Deoxyribonuclease I (DNAse I) is the most abundant nuclease in human blood plasma. It is a
non-restriction endonuclease that cleaves phosphodiester linkages within polynucleotide chains to
release shorter oligonucleotides [9-12]. DNAse I functions as a waste-management nuclease through
degradation of circulating DNA released into human serum upon cellular death [13]. Clinically,
DNAse I may also serve as a functional biomarker in monitoring the progression of different human
diseases [14-18]. For example, low DNAse activity in blood plasma of prostate cancer patients in
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comparison to healthy controls was demonstrated [14]. Recently, low urinary DNAse I level was
identified as a marker for progression of lupus nephritis [15]. In addition, elevated serum DNAse I
activity is a valuable marker of acute myocardial infarction and transient myocardial ischemia [16].
The correlation between serum DNAse I activity and immunoserological markers in systemic lupus
erythematosus (SLE) patients has been advanced as a means of monitoring SLE progression [17].

Conventional methods for assessing DNAse I activity include enzyme-linked immunosorbent
assays (ELISAs) [10], single radial enzyme-diffusion methods [19], and electrochemical assays [20].
These methods are time-consuming, labor intensive, and/or require use of covalently labelled
DNA. These limitations are partially addressed by luminescence-based DN Ase I assays that feature
simplicity, sensitivity and ease of operation [21-23]. However, these methods often rely on the
use of fluorophore-labelled DNA [24-27]. The high cost and synthetic challenges encountered
in developing fluorophore-labelled DNA probes render label-free assays more convenient and
cost-effective alternatives. Most existing label-free DNAse I assays are based on “turn-off” fluorescence
signaling, which can lead to reduced sensitivity and false positive responses [28-33]. Consequently,
“turn-on” luminescence bioassays are more attractive, but only one label-free turn-on DNAse I assay
has been reported. This system, based on DNA-Ag nanocluster composites with graphene oxide,
requires multiple steps and prolonged reaction times that restrict its potential utility, especially in
high-throughput assays for DNAse I activity [23]. To the best of our knowledge, a sensitive, facile,
multiwell-based and label-free luminescent DN Ase I assay has not been developed (Table S1).

Luminescent platinum(II) complexes display intriguing photophysical properties and are attracting
increasing interest in materials chemistry and optoelectronics [34-38]. In addition, the d® electronic
configuration and typical square planar coordination geometry observed in these complexes imparts a
tendency to display metal-metal and/or 7-7 stacking interactions upon self-assembly [34,35]. These
self-assembly events are often signaled by drastic color changes in the visible region and emergence
of near-infrared (NIR) luminescence. This general emission profile has resulted in the use of several
Pt(II) complexes as components in luminescent sensors for applications in materials chemistry and,
less commonly, as biological probes [39-45].

We recently reported rhenium(I) and platinum(Il) complexes of tetraarylethylenes as luminescent
probes for biomacromolecules and mismatched DNA, respectively [46-49]. As part of these efforts
it was observed that cyclometalated Pt(II) complex 1 (Figure 1) displays significantly red-shifted
emission in 9:1 Tris buffer:CH3CN solution compared to pure CH3CN (A¢yy, = 594 and 505 nm,
respectively) [48].Similarly, bis(benzothiazole)Pt(II) complex 3 also was found to exhibit a slightly
red-shifted emission in aqueous solution compared to emission in DMSO (Figure S9). We speculate
that these luminescent properties may be affected by Pt---Pt interactions. In this work we have prepared
bimetallic Pt(II) complexes 2 and 4 to test the hypothesis that introduction of additional Pt centers into
the tetraarylethylene scaffold will further enhance the likelihood of metal-metal interactions upon
aggregation-induced self-assembly, in turn resulting in even further bathochromic shifts in emission
into the NIR region. Ultimately, we aim to harness this emission response through development
of new probes for biomolecules and biomolecular processes. Toward this end, we have found that
bis(platinum) complex 4 does indeed exhibit the targeted emission profile, and we have successfully
exploited the switchability of NIR emission in 4 in the presence of DNA oligomers to develop an
experimentally simple, sensitive, and label-free turn-on assay for DN Ase I activity.
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Figure 1. Structures of Pt(I) complexes 1-4.

2. Results and Discussion

The synthesis of 2-4 was accomplished in high yield using a route similar to that previously
reported for the synthesis of 1. All new compounds were characterized by NMR and mass spectrometry,
and UV-visible spectra of new complexes and their metal-free precursors were obtained (see Supporting
Information and Figures 51-57). Complex 2, however, displayed absorbance (A,,s = 416 nm, Figure S3)
and emission (Aem = 591 nm, Figure S8) spectra very similar to those obtained for mono-platinum
complex 1, and the wavelength of emission was unaffected by solvent-induced aggregation (Figure S8).

In contrast, complex 4 exhibited significant aggregation-induced bathochromic shifts in both
absorbance and luminescence spectra. The UV-visible spectrum of 4 in DMSO shows a high-energy
absorption band at 291 nm and a low-energy absorption band at 397 nm (Figure S7). However,
incremental addition of Tris buffer (pH 7.5) to 4 resulted in dramatic changes in the color of the
solution from yellow to green (Figure 2A) as well as in the appearance of a new absorption band
at 621 nm (Figure 2B). Concomitant with UV-vis absorption changes, gradual emergence of a NIR
emission band at 785 nm was also detected in the luminescence spectrum (Figure 2C). These spectral
changes are attributed to aggregation of 4 via metal-metal and/or 7-7 stacking interactions, as has been
previously reported for other platinum(Il) complexes [34,35,39-45]. The self-assembly of 4 in 9:1 Tris
buffer:DMSO was further confirmed by detection of nanoaggregates of 54.1 + 2.7 nm size by dynamic
light scattering (DLS, Figure S10). Significant signal broadening in 'H NMR spectra as a function of
solvent was observed as well (Figure S11). The solvent-induced aggregation of 4 is further supported
by a concentration-dependent UV-vis absorption study that shows deviation from Beer’s law for
the absorption band at 621 nm (Figure S12). Finally, the disassembly of 4 as a function of increasing
temperature resulted in significant attenuation of the NIR emission band at 785 nm, consistent with an
emission signal that arises from intermolecular aggregation (Figure 513).

Given the ability of (tetraarylethylene)Pt(II) complexes such as 1 to bind DNA structures [48],
we envisioned that potential non-covalent interaction of 4 with DNA oligomers would result in
de-aggregation and shielding of the dinuclear platinum(II) complex from the aqueous environment,
effectively quenching the NIR emission. Subsequent DNA cleavage by DNAse I would then release
4 back into the aqueous buffer resulting in recovery (turn-on) of NIR luminescence (Figure 3). The
dependence of NIR emission of 4/DNA ensembles on the DNA cleavage process would enable a
label-free and turn-on assay of DNAse I activity.
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Figure 2. (A) Solution of 4 in DMSO/Tris buffer mixtures, [4] = 50 uM. Tris buffer percentage from
left to right: 0, 10, 20, 40, 60, 70, 80, 90%. (B) UV-vis absorption changes of 4 in DMSO/buffer
mixtures, [4] = 4 uM. (C) Emission spectra of 4 in DMSO/buffer mixtures, Aex = 445 nm, [4] = 4 pM. All
experiments were performed at room temperature.
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Figure 3. Schematic illustration of the proposed DNAse I assay through self-assembly of 4 in aqueous
buffer upon DNA cleavage.

Accordingly, the luminescence response of 4 in 9:1 Tris buffer:DMSO in the presence of various
DNA structures was examined (Figure 4A and Figures 514-517). Minimal change in the emission
profile of 4 was observed in the presence of 24-mer single-stranded DNA (ssDNA) as demonstrated
in Figure S15. However, considerable attenuation of the NIR emission band of 4 was achieved in
the presence of a 12 base pair double-stranded DNA (dsDNA). Various metal complexes are known
to bind to G-quadruplex DNA (QDNA) [50-52], and QDNA structures derived from three different
oligonucleotides also were investigated for their effect on NIR luminescence of 4. A bimolecular
G-quadruplex (QI) was prepared from (5'-(G4T4G3)2-3"), QII is QDNA derived from the 22-mer
HTelo oligomer (5’-(AG3(T2AG3)3)-3’), and QIII is the G-quadruplex strand from the 22-mer human
oncogene promoter c-myc (5’-(TGAG3TG3TAG3TG3TA2)-3"). Remarkably, incubation of 4 with QIII
resulted in virtually complete quenching of NIR luminescence (Figure 4A). A significant reduction
in the nanoaggregate particle size of 4 in the presence of QIII compared to other DNA structures
investigated was additionally demonstrated in DLS studies (Figure 4B). A stronger interaction of 4
with QIIT compared to dsDNA is also indicated by UV melting curve analysis (i.e., determination
of the temperature (Tr,) at which 50% of DNA is denatured). The QIII oligomer exhibited a 6.5 °C
increase in Tr, in the presence of 4, whereas the Ty, of dSDNA only increased 2.4 °C (Figures 523-524).
Consistent with these results, luminescence binding assays indicated greater affinity of 4 for QIII DNA
(Kq = 3.26 pM) compared to dsDNA (K4 = 11.7 uM) (Figures 525-526).
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Figure 4. (A) Emission intensities of 4 at 785 nm in the absence and in the presence of ssDNA, dsDNA,
QI, QII and QIII; Aex = 445 nm. (B) Average particle size measured by DLS of 4 in the absence and in
the presence of ssDNA, dsDNA, QI, QII and QIII [4] = 4 uM, [DNA] = 8 uM. Error bars represent
standard deviation (n = 3).

Since complete quenching of the NIR emission of 4 was achieved in the presence of QIII DNA,
this DNA oligomer was selected as the digestion substrate in 4/DNA ensembles for construction of
label-free assays to monitor DNAse I activity. As a positive control and a proof of concept to test our
design strategy, degradation of DNA by addition of Fenton’s reagent (1.4 mM FeSOy4 + 36 mM Hy0O»)
to a solution of the non-emissive 4/QIII DNA ensemble resulted in the recovery of NIR luminescence
(Figure S27) [53]. Thus, platinum complex 4 liberated upon DNA cleavage effectively self-assembles
into emissive aggregates without interference from DNA fragmentation products.

The ability of 4/QIII DNA ensembles to monitor DNAse I activity was next examined by measuring
NIR emission in the presence of increasing concentrations of DNAse I (Figure 5A). Luminescence
measurements were performed in 96 well plates using a solution of 4/QIII DNA prepared from 4 uM
4 and 8 uM QIII DNA. The NIR emission intensity at 785 nm (indicative of DNA-free Pt complex
aggregates) exhibited gradual enhancement in intensity as a function of DN Ase I concentration and
reached a plateau at ~6 U/mL DNAse I. Treatment of 4/QIII DNA ensembles with heat-inactivated
DNAse I failed to elicit a luminescence response, verifying that the catalytic activity of DNAse I
is crucial for NIR emission (Figure S28). Since DNAse I is a Mg2+—dependent enzyme [9,12], the
degradation of 4/QIII DNA by DNAse I was performed in a reaction buffer without Mg?*, which also
resulted in considerable attenuation of NIR emission (Figure 529). In the absence of QIII, addition of
DNAse I to 4 in 9:1 Tris buffer:DMSO resulted in negligible change in its emission profile (Figure S30).
These results confirm that NIR emission intensity of 4/QIII DNA is correlated with QIII DNA cleavage
by DNAse L.

The inset in Figure 5A reveals a linear relationship in the DN Ase I concentration range of 0.01-4
U/mL. In addition, the detection limit of DN Ase I is estimated to be 0.002 U/mL (3 X Sy/S; Sy is the
standard deviation and S is the slope of the calibration curve). Significantly, the 4/QIII DNA ensemble
is more sensitive in terms of detection of DNAse I activity than previously reported fluorescence-based
DNAse I assays (Table S1). To address the selectivity of this method for DNAse I, other nucleases
(RNAse A, S1 nuclease, Exonuclease I (Exo I), Exonuclease III (Exo III) and Hind III) and proteins
(human serum albumin (HSA), bovine serum albumin (BSA)) were screened for their abilities to elicit
NIR emission of 4/QIII DNA. In each case minimal to no NIR emission was detected (Figure 5B),
demonstrating the selectivity of this assay for DNAse I. Optimal assay pH was determined to be 7.5,
and highest DNAse I activity was observed in the presence of 0.1 mM CaCl, and 0.25 mM MgCl,
(Figures 531-532).
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Figure 5. (A) Emission intensities of 4/QIII DNA at 785 nm in the presence of different concentrations
of DNAse I. Inset shows linear relationship with DN Ase I concentration in the range of 0.01-4 U/mL.
(B) Emission intensities of 4/QIII DNA in the presence of different nucleases (4 U/mL) and proteins
(8 uM). Aex = 445 nm. Error bars represent standard deviation (n = 3). All measurements were done
after incubation at room temperature for 10 min.

Time curves for digestion of 4/QIII DNA as a function of DNAse I concentration (0—4 U/mL)
are displayed in Figure 6A. In the absence of DNAse I, negligible NIR emission can be detected over
the incubation time. However, a rapid enhancement in the NIR emission signal is observed in the
presence of 0.25 U/mL DNAse I. The emission signal plateaus after only 10 min, demonstrating the
quick response of this assay to DNAse I activity. The digestion reaction rate increased gradually in the
presence of higher concentrations of DNAse I (Figure 6A), and a linear relationship between initial
digestion rate (V) and DNAse I concentration was observed (Figure 533). In order to further verify the
validity of this method to study DNAse I kinetics, the initial digestion rates (V) were determined as a
function of 4/QIII DNA concentration ([S]). A Lineweaver-Burk double reciprocal plot of 1/V versus
1/[S] revealed a linear correlation (Figure 6B) with a Michaelis-Menten constant (K) of 1.26 + 0.3 uM.
This calculated Ky, value is in good agreement with previously reported Ky, values for DNAse I, which
fall in the range of 0.4-2.19 uM [21,22]. These results show that the 4/QIII DNA ensemble is an efficient
real-time assay of DNAse I activity and its kinetic parameters.
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Figure 6. (A) Emission intensities of 4/QIII DNA at 785 nm versus time at different DNAse I
concentrations, Aex = 445 nm, [4] = 4 pM, [QIII] = 8 uM. (B) Lineweaver-Burk double reciprocal plot
of initial digestion rate (1/V))) versus substrate concentration (1/[S]). Error bars represent standard
deviation (1 = 3).

In order to evaluate the performance of 4/QIII DNA as a DNAse I sensor in complex matrices,
this method was used in detecting DN Ase I activity in human serum samples. Various concentrations
of DNAse I (0—4 U/mL) were added to human serum samples and subjected to the assay procedure.
A linear correlation between NIR emission signal of 4 and DN Ase I concentration in human serum
samples was observed (Figure S34). In addition, assessing DNAse I activity in human serum samples
spiked with 4 different concentrations of DNAse I (0.15, 0.5, 1 and 4 U/mL) revealed satisfactory
reproducibility and precision (Table S2). These results demonstrate the potential of this system to detect
DNAse I activity in real clinical samples. The assay was validated for high-throughput screening (HTS)
mode by calculating the Z’ factor, representing the ratio of data signal variability (standard deviation)
to dynamic range (i.e., difference in luminescence signal for positive and negative controls) [54]. The
mean Z’ factor of the assay is 0.54 (see Supporting Information), which is indicative of a high quality
assay (Z’ > 0.5) [54]. This was accompanied by signal-to-background (S/B) ratio and signal-to-noise
(S/N) ratio of 12.7 and >2000, respectively. These parameters confirm the potential suitability of 4/QIII
DNA assay for HTS of DNAse I activity. A schematic illustration of the general procedure of the
reported assay featuring HTS compatibility is displayed in Figure 7.
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Figure 7. Schematic illustration of the general procedure of the developed DNAse I assay.

As a further test of this assay, the ability of 4/QIII DNA ensembles to identify DNAse I inhibitors
also was examined. Identification of DNAse I inhibitors is attracting increasing attention as inhibition of
DNAse I may exert tissue-protective effects against necrosis and radiation injury [11,55,56]. In addition,
DNAse I inhibitors are proposed to be effective in the treatment of male infertility through prevention
of sperm DNA fragmentation [57]. The inhibitor assay was performed by monitoring the NIR emission
intensity of 4/QIII DNA in the presence of DNAse I and varying concentrations of three known
DNAse I inhibitors: EDTA, JR-132 (1,4-phenylene-bis-aminoguanidine hydrochloride), and ZnCl,.
Inhibitor 1Cs5( values were determined from plots of log[inhibitor] vs. NIR emission intensity (Figure 8).
Experimentally calculated ICsg values for the three inhibitors (EDTA: 202 uM, JR-132: 2.29 uM,
ZnCly: 20.7 pM) are all in excellent agreement with previously reported values (Table S3) [21]. Thus,
the 4/QIII DNA luminescence assay is effective for direct determination of DNAse I activity and

detection/quantification of DN Ase I inhibition.
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Figure 8. Dose-response curve in the presence of different concentrations of (A) EDTA, (B) JR-132, and
(C) ZnCl; based on NIR emission intensity of 4/QIII ensemble. Aex = 445 nm, [4] =4 pM, [QIII] = 8 uM,
[DNAse I] = 4 U/mL. Error bars represent standard deviation (n = 3).
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3. Materials and Methods

A description of all materials and methods used in this study is provided in the
Supporting Information.

3.1. UV=Visible Spectroscopy

UV-visible spectra were obtained using quartz cuvettes on a Varian Cary 100-Scan dual-beam
spectrophotometer (Agilent, Santa Clara, CA, USA). Each measurement was done in duplicate and
compared to solvent blank. Blank samples were prepared using HPLC grade solvents.

3.2. Fluorescence Spectroscopy

Fluorescence spectra were obtained at room temperature using an Agilent Cary Eclipse fluorescence
spectrophotometer (Agilent, Santa Clara, CA, USA) in quartz cuvettes or white 96-well plates
(Costar, Corning, NY, USA). Each measurement was done in triplicate. Sample stock solutions were
prepared in HPLC grade DMSO. DNA stock solutions were prepared in Tris buffer (50 mM NacCl,
2 mM Tris, pH 7.5).

3.3. General Procedure for Multiwell DNAse I Assay

A reaction mixture (total volume of 100 uL) was prepared using 40 pL of stock solution of QIII (20
uM), 40 uL of probe 4 (10 uM), and 20 pL from the various concentrations tested of DNAse I. The probe
4 and QIII had final concentrations in the reaction mixture of 4 and 8 uM, respectively. Stock solutions
were prepared using 9:1 Tris buffer (10 mM Tris-HCI, 0.25 mM MgCl,, 0.1 mM CaCl,, pH 7.5):DMSO.
Tris buffer was prepared using nuclease-free water. The reaction mixtures were prepared in white
96-well plates (Costar, Corning, NY, USA) and incubated at room temperature for 2 min. Varying
concentrations of DNAse I prepared in Tris buffer (10 mM Tris-HCl, 0.25 mM MgCl,, 0.1 mM CaCl,,
pH 7.5) were added to the reaction mixture and incubated at room temperature for 10 min. Fluorescence
spectra were obtained using Agilent Cary Eclipse fluorescence spectrophotometer (Agilent, Santa Clara,
CA, USA), Aex = 445 nm. NIR emission intensity at 785 nm was detected.

3.4. Lineweaver-Burk Plot

The assay was performed in multiwell plates as described in the general procedure above using a
reaction mixture (100 pL) prepared from a starting solution of 4/QIII (4 and 8 uM, respectively, see
General Procedure) diluted with buffer to obtain varying substrate concentrations of QIII (0, 0.25, 0.5,
1,1.5,2, 4 and 8 uM). DNAse I (4 U/mL) was added and mixtures were incubated at room temperature
for 10 min. followed by fluorescence measurements. The initial digestion rates (V) were measured
from time curves of digestion reactions.

3.5. Detection of DNAse I in Human Serum

Human serum from human male AB plasma was purchased from Sigma-Aldrich (St. Louis, MO,
USA). DNAse I assay was performed as previously described. Different concentrations of DNAse I
were prepared in human serum and added to reaction mixtures.

3.6. Determination of ICsp Values of DNAse I Inhibitors

DNAse I assay was performed as previously described in the presence of DNAse I (4 U) and
various concentrations of the inhibitor. Stock solutions of the inhibitors were prepared in Tris buffer
(10 mM Tris-HCl, pH 7.5). The ICsg values were calculated by plotting log[inhibitor] versus NIR
emission intensity of 4. The dose-response curves were analyzed by nonlinear regression using
GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA).
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4. Conclusions

In summary, we have developed a new G quadruplex-based luminescence assay for sensitive,
label-free, rapid and real-time detection of DN Ase I activity and inhibition. The developed assay is
the most sensitive of any luminescence-based assay available for DNAse I activity and has further
advantages of HTS compatibility and cost efficiency. A structurally novel and neutral diplatinum(II)
complex (4) has been easily prepared via cyclometalation of a bis(pyridyl)-bis(benzothiazole)
tetraarylethylene derivative. The complex exhibits switchable near-IR luminescence at 785 nm
as a function of solvent-induced aggregation. Association of 4 with DNA was found to result in varying
degrees of NIR emission quenching as a function of DNA structure, and complete luminescence
quenching was observed in the presence of G-quadruplex DNA derived from the human c-myc
oncogene. Subsequent DNA degradation liberates 4 which then self-assembles to produce a turn-on
luminescence signal. The switchable NIR emission of this 4/DNA ensemble was successfully used
to develop a fast (10 min), sensitive (LOD = 0.002 U/mL), and label-free assay for the endonuclease
DNAse I that possesses distinct advantages over all previously reported DNAse I assays. Furthermore,
the assay can be easily modified to allow screening for DNAse I inhibitors. Assay experiments
were performed in multiwell plates and are compatible with high throughput screening techniques.
Significantly, the suitability of this method for clinical use is demonstrated by utilizing 4/QIII DNA
system for sensitive detection of DNAse I in human serum samples.

Finally, it is notable that the variable response of 4 based on DNA structure should enable
further optimization of the system for different applications in biosensor technology. Moreover, the
organometallic tetra-arylethylene scaffold utilized in this study is representative of a versatile molecular
framework well-suited for development of additional organic and metal-organic bioprobes for use
in diverse chemical biology applications. In particular, we envision that structural modification of
the diplatinum complexes described here may ultimately facilitate use of these agents for in vivo
monitoring of cellular events as activatable NIR luminescent probes.

Supplementary Materials: The following are available online. Detailed synthetic procedures, UV-visible and

emission spectra for 24, spectroscopic data for 4, DNA structures, DLS data, copies of 'H and *C NMR spectra
for all new compounds.

Author Contributions: Conceptualization, M.T.G. and E.C.P.; Experimental development and validation, M.T.G.;
Original manuscript draft preparation, M.T.G.; Manuscript revision and editing, M.T.G. and E.C.P.

Funding: The authors thank the Department of Chemistry, University of Iowa and the Graduate College,
University of Iowa for a Ballard and Seashore Fellowship to M.T.G.

Conflicts of Interest: The authors declare no conflicts of interest.

References

Lavis, L.D.; Raines, R.T. Bright ideas for chemical biology. ACS Chem. Biol. 2008, 3, 142-155. [CrossRef]
Grimm, ].B.; Heckman, L.M.; Lavis, L.D. The chemistry of small-molecule fluorogenic probes. Prog. Mol.
Biol. Transl. Sci. 2013, 113, 1-34.

3. Zheng, Q.; Lavis, L.D. Development of photostable fluorophores for molecular imaging. Curr. Opin. Chem.
Biol. 2017, 39, 32-38. [CrossRef]

4. Garland, M.; Yim, ].].; Bogyo, M. A bright future for precision medicine: Advances in fluorescent chemical
probe design and their clinical application. Cell Chem. Biol. 2016, 23, 122-136. [CrossRef]

5. Yao, J.; Yang, M.; Duan, Y. Chemistry, biology, and medicine of fluorescent nanomaterials and related
systems: New insights into biosensing, bioimaging, genomics, diagnostics, and therapy. Chem. Rev. 2014,
114, 6130-6178. [CrossRef]

6.  Chyan, W,; Raines, R.T. Enzyme-activated fluorogenic probes for live-cell and in vivo imaging. ACS Chem.
Biol. 2018, 13, 1810-1823. [CrossRef]

7. Singh, K.; Rotaru, A.M.; Beharry, A.A. Fluorescent chemosensors as future tools for cancer biology. ACS Chem.
Biol. 2018, 13, 1785-1798. [CrossRef]


http://dx.doi.org/10.1021/cb700248m
http://dx.doi.org/10.1016/j.cbpa.2017.04.017
http://dx.doi.org/10.1016/j.chembiol.2015.12.003
http://dx.doi.org/10.1021/cr200359p
http://dx.doi.org/10.1021/acschembio.8b00371
http://dx.doi.org/10.1021/acschembio.8b00014

Molecules 2019, 24, 4390 11 of 13

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Shi, J.; Li, Y;; Li, Q.; Li, Z. Enzyme-responsive bioprobes based on the mechanism of aggregation-induced
emission. ACS Appl. Mater. Interfaces 2018, 10, 12278-12294. [CrossRef] [PubMed]

Baranovskii, A.G.; Buneva, V.N.; Nevinsky, G.A. Mechanism of action of DNA-hydrolyzing antibodies to
DNA from blood of patients with systemic lupus erythematosus. Biochemistry (Moscow) 2004, 69, 587-601.
[CrossRef] [PubMed]

Cherepanova, A.; Tamkovich, S.; Pyshnyi, D.; Kharkova, M.; Vlassov, V.; Laktionov, P. Immunochemical assay
for deoxyribonuclease activity in body fluids. J. Immunol. Methods 2007, 325, 96-103. [CrossRef] [PubMed]
Basnakian, A.G.; Apostolov, E.O.; Yin, X.; Napirei, M.; Mannherz, H.G.; Shah, S.V. Cisplatin nephrotoxicity is
mediated by deoxyribonuclease I. J. Am. Soc. Nephrol. 2005, 16, 697-702. [CrossRef] [PubMed]

Keyel, P.A. DNAses in health and disease. Dev. Biol. 2017, 429, 1-11. [CrossRef] [PubMed]

Samejima, K.; Earnshaw, W.C. Trashing the genome: The role of nucleases during apoptosis. Nat. Rev. Mol.
Cell. Biol. 2005, 6, 677-688. [CrossRef] [PubMed]

Cherepanova, A.V.; Tamkovich, S.N.; Bryzgunova, O.E.; Vlassov, V.V.; Laktionov, P.P. Deoxyribonuclease
activity and circulating DNA concentration in blood plasma of patients with prostate tumors. Ann. N. Y.
Acad. Sci. 2008, 1137, 218-221. [CrossRef] [PubMed]

Pedersen, H.L.; Horvei, K.D.; Thiyagarajan, D.; Norby, G.E.; Seredkina, N.; Moroni, G.; Eilertsen, G.;
Holdaas, H.; Strom, E.H.; Bakland, G.; et al. Lupus nephritis: Low urinary DNAse I levels reflect loss of renal
DNAse I and may be utilized as a biomarker of disease progression. J. Pathol. Clin. Res. 2018, 4, 193-203.
[CrossRef]

Morikawa, N.; Kawali, Y.; Arakawa, K.; Kumamoto, T.; Miyamori, I.; Akao, H.; Kitayama, M.; Kajinami, K.;
Lee, ].D.; Takeshita, H.; et al. Serum deoxyribonuclease I activity can be used as a novel marker of transient
myocardial ischaemia: Results in vasospastic angina pectoris induced by provocation test. Eur. Heart |. 2007,
28,2992-2997. [CrossRef] [PubMed]

Skiljevic, D.; Jeremic, I.; Nikolic, M.; Andrejevic, S.; Sefik-Bukilica, M.; Stojimirovic, B.; Bonaci-Nikolic, B.
Serum DNAse I activity in systemic lupus erythematosus: Correlation with immunoserological markers,
the disease activity and organ involvement. Clin. Chem. Lab. Med. 2013, 51, 1083-1091. [CrossRef]
Hernandez, L.I; Ozalp, V.C.; Hernandez, FJ. Nuclease activity as a specific biomarker for breast cancer.
Chem. Commun. 2016, 52, 12346-12349. [CrossRef]

Nadano, D.; Yasuda, T.; Kishi, K. Measurement of deoxyribonuclease I activity in human tissues and body
fluids by a single radial enzyme-diffusion method. Clin. Chem. 1993, 39, 448-452.

Fojta, M.; Kubicarova, T.; Palecek, E. Cleavage of supercoiled DNA by deoxyribonuclease I in solution and at
the electrode surface. Electroanalysis 1999, 11, 1005-1012. [CrossRef]

Jang, D.S.; Penthala, N.R.; Apostolov, E.O.; Wang, X.; Fahmi, T.; Crooks, P.A.; Basnakian, A.G. Novel
high-throughput deoxyribonuclease I assay. J. Biomol. Screen. 2015, 20, 202-211. [CrossRef] [PubMed]
Zhao, C.; Chen, Y,; Fang, J.; Fan, J.; Tong, C.; Liu, X,; Liu, B.; Wang, W. DN Ase-targeted natural product
screening based on a sensitive and selective DNAse I detecting system. RSC Adv. 2017, 7, 30911-30918.
[CrossRef]

Lee, C.Y,; Park, K.S; Jung, Y.K.; Park, H.G. A label-free fluorescent assay for deoxyribonuclease I activity
based on DNA-templated silver nanocluster/graphene oxide nanocomposite. Biosens. Bioelectron. 2017, 93,
293-297. [CrossRef] [PubMed]

Sato, S.; Takenaka, S. Highly sensitive nuclease assays based on chemically modified DNA or RNA. Sensors
2014, 14, 12437-12450. [CrossRef]

Mozioglu, E.; Akgoz, M.; Kocagoz, T.; Tamerler, C. Detection of nuclease activity using a simple
fluorescence-based biosensor. Anal. Methods 2016, 8, 4017-4021. [CrossRef]

Zhang, Q.; Li, J.; Zhang, Y.; Hu, Z.; Yu, C. One-pot synthesis of quencher labeled hairpin DNA-CdTe QDs
conjugate for target DNA and deoxyribonuclease I detection. Anal. Sci. 2016, 32, 1035-1037. [CrossRef]
Jung, Y.L.; Lee, CY.,; Park, J.H,; Park, K.S.; Park, HG. A signal-on, colorimetric determination of
deoxyribonuclease I activity utilizing the photoinduced synthesis of gold nanoparticles. Nanoscale 2018, 10,
4339-4343. [CrossRef]

Sun, S.-K.; Wang, B.-B.; Yan, X.-P. A label-free near-infrared fluorescent assay for the determination of
deoxyribonuclease I activity based on malachite green/G-quadruplexes. Amnalyst 2013, 138, 2592-2597.
[CrossRef]


http://dx.doi.org/10.1021/acsami.7b14943
http://www.ncbi.nlm.nih.gov/pubmed/29231713
http://dx.doi.org/10.1023/B:BIRY.0000033731.50496.01
http://www.ncbi.nlm.nih.gov/pubmed/15236597
http://dx.doi.org/10.1016/j.jim.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17618645
http://dx.doi.org/10.1681/ASN.2004060494
http://www.ncbi.nlm.nih.gov/pubmed/15647342
http://dx.doi.org/10.1016/j.ydbio.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28666955
http://dx.doi.org/10.1038/nrm1715
http://www.ncbi.nlm.nih.gov/pubmed/16103871
http://dx.doi.org/10.1196/annals.1448.016
http://www.ncbi.nlm.nih.gov/pubmed/18837950
http://dx.doi.org/10.1002/cjp2.99
http://dx.doi.org/10.1093/eurheartj/ehm483
http://www.ncbi.nlm.nih.gov/pubmed/17967825
http://dx.doi.org/10.1515/cclm-2012-0521
http://dx.doi.org/10.1039/C6CC07108B
http://dx.doi.org/10.1002/(SICI)1521-4109(199910)11:14&lt;::AID-ELAN1005&gt;3.0.CO;2-3
http://dx.doi.org/10.1177/1087057114555828
http://www.ncbi.nlm.nih.gov/pubmed/25326282
http://dx.doi.org/10.1039/C7RA04911K
http://dx.doi.org/10.1016/j.bios.2016.08.073
http://www.ncbi.nlm.nih.gov/pubmed/27570054
http://dx.doi.org/10.3390/s140712437
http://dx.doi.org/10.1039/C5AY02310F
http://dx.doi.org/10.2116/analsci.32.1035
http://dx.doi.org/10.1039/C7NR09542B
http://dx.doi.org/10.1039/c3an00213f

Molecules 2019, 24, 4390 12 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Dou, Y,; Yang, X. Novel high-sensitive fluorescent detection of deoxyribonuclease I based on DNA-templated
gold/silver nanoclusters. Anal. Chim. Acta 2013, 784, 53-58. [CrossRef]

Hao, C.; Kuang, H.; Xu, L.; Liu, L.; Ma, W.; Wang, L.; Xu, C. Chiral supernanostructures for ultrasensitive
endonuclease analysis. |. Mater. Chem. B 2013, 1, 5539-5542. [CrossRef]

Choi, S.-J.; Szoka, F.C. Fluorometric determination of deoxyribonuclease I activity with PicoGreen. Anal.
Biochem. 2000, 281, 95-97. [CrossRef] [PubMed]

Zhou, Z.; Zhu, J.; Zhang, L.; Du, Y.; Dong, S.; Wang, E. G-quadruplex-based fluorescent assay of S1 nuclease
activity and K*. Anal. Chem. 2013, 85, 2431-2435. [CrossRef] [PubMed]

Yu, C.; Chan, KH.-Y;; Wong, KM.-C.; Yam, V.W.-W. Nucleic acid-induced self-assembly of a platinum(II)
terpyridyl complex: Detection of a G-quadruplex formation and nuclease activity. Chem. Commun. 2009,
3756-3758. [CrossRef] [PubMed]

Yam, VW.-W.; Au, VK.-M.; Leung, S.Y.-L. Light-emitting self-assembled materials based on d8 and 410
transition metal complexes. Chem. Rev. 2015, 115, 7589-7728. [CrossRef] [PubMed]

Mauro, M.; Aliprandi, A.; Cebrian, C.; Wang, D.; Kubel, C.; De Cola, L. Self-assembly of a neutral platinum(II)
complex into highly emitting microcrystalline fibers through metallophilic interactions. Chem. Commun.
2014, 50, 7269-7272. [CrossRef] [PubMed]

Kuang, S.; Hu, Z.; Zhang, H.; Zhang, X.; Liang, F.; Zhao, Z; Liu, S. Enhancement of metal-metal interactions
inside a large-cavity synthetic host in water. Chem. Commun. 2018, 54, 2169-2172. [CrossRef]

Chan, A K.-W.,; Ng, M.; Wong, Y.-C.; Chan, M.-Y.; Wong, W.-T.; Yam, V.W.-W. Synthesis and characterization
of luminescent cyclometalated platinum(II) complexes with tunable emissive colors and studies of their
application in organic memories and organic light-emitting devices. J. Am. Chem. Soc. 2017, 139, 10750-10761.
[CrossRef]

Huo, S.; Carroll, J.; Vezzu, D.A K. Design, synthesis, and applications of highly phosphorescent cyclometalated
platinum complexes. Asian J. Org. Chem. 2015, 4, 1210-1245. [CrossRef]

Chan, A.K.-W,; Yam, VW.-W. Precise modulation of molecular building blocks from tweezers to rectangles
for recognition and stimuli-responsive processes. Acc. Chem. Res. 2018, 51, 3041-3051. [CrossRef]

Law, A.S.-Y;; Yeung, M.C.-L.; Yam, VW.-W. Arginine-rich peptide induced supramolecular self-assembly of
water-soluble anionic alkynylplatinum(II) complexes: A continuous and label-free luminescence assay for
trypsin and inhibitor screening. ACS Appl. Mater. Interfaces 2017, 9, 41143-41150. [CrossRef]

Li, K;; Tong, G.S.M.; Wan, Q.; Cheng, G.; Tong, W.-Y,; Ang, W.-H.; Kwong, W.-L.; Che, C.-M. Highly
phosphorescent platinum(II) emitters: Photophysics, materials and biological applications. Chem. Sci. 2016,
7,1653-1673. [CrossRef] [PubMed]

Aliprandi, A.; Genovese, D.; Mauro, M.; De Cola, L. Recent advances in phosphorescent Pt(II) complexes
featuring metallophilic interactions: Properties and applications. Chem. Lett. 2015, 44, 1152-1169. [CrossRef]
Chung, C.Y.-S.; Yam, VW.-W. Induced self-assembly and Forster resonance energy transfer studies of
alkynylplatinum(II) terpyridine complex through interaction with water-soluble poly(phenylene ethynylene
sulfonate) and the proof-of-principle demonstration of this two-component ensemble for selective label-free
detection of human serum albumin. J. Am. Chem. Soc. 2011, 133, 18775-18784. [PubMed]

Yeung, M.C.-L.; Wong, KM.-C.; Tsang, YK.T.; Yam, V.W.-W. Aptamer-induced self-assembly of a NIR-emissive
platinum(II) terpyridyl complex for label- and immobilization-free detection of lysozyme and thrombin.
Chem. Commun. 2010, 46, 7709-7711. [CrossRef]

Law, A.S.-Y.; Yeung, M.C.-L.; Yam, V.W.-W. A luminescence turn-on assay for acetylcholinesterase activity and
inhibitor screening based on supramolecular self-assembly of alkynylplatinum(II) complexes on coordination
polymer. ACS Appl. Mater. Interfaces 2019, 11, 4799-4808. [CrossRef]

Gabr, M.T; Pigge, F.C. Rhenium tricarbonyl complexes of AIE active tetraarylethylene ligands: Tuning
luminescence properties and HSA-specific binding. Dalton Trans. 2017, 46, 15040-15047. [CrossRef]

Gabr, M.T.; Pigge, FC. Rhenium complexes of bis(benzothiazole)-based tetraarylethylenes as selective
luminescent probes for amyloid fibrils. Chem. Eur. ]. 2018, 24, 11729-11737. [CrossRef]

Gabr, M.T; Pigge, E.C. Platinum(II) complexes with sterically expansive tetraarylethylene ligands as probes
for mismatched DNA. Inorg. Chem. 2018, 57, 12641-12649. [CrossRef]

Zhu, L.; Zhou, J.; Xu, G.; Li, C.; Ling, P; Liu, B.; Ju, H.; Lei, ]. DNA quadruplexes as molecular scaffolds
for controlled assembly of fluorogens with aggregation-induced emission. Chem. Sci. 2018, 9, 2559-2566.
[CrossRef]


http://dx.doi.org/10.1016/j.aca.2013.04.038
http://dx.doi.org/10.1039/c3tb20985g
http://dx.doi.org/10.1006/abio.2000.4529
http://www.ncbi.nlm.nih.gov/pubmed/10847615
http://dx.doi.org/10.1021/ac303440d
http://www.ncbi.nlm.nih.gov/pubmed/23317413
http://dx.doi.org/10.1039/b903080h
http://www.ncbi.nlm.nih.gov/pubmed/19557272
http://dx.doi.org/10.1021/acs.chemrev.5b00074
http://www.ncbi.nlm.nih.gov/pubmed/26158432
http://dx.doi.org/10.1039/C4CC01045K
http://www.ncbi.nlm.nih.gov/pubmed/24872315
http://dx.doi.org/10.1039/C8CC00593A
http://dx.doi.org/10.1021/jacs.7b04952
http://dx.doi.org/10.1002/ajoc.201500246
http://dx.doi.org/10.1021/acs.accounts.8b00339
http://dx.doi.org/10.1021/acsami.7b12319
http://dx.doi.org/10.1039/C5SC03766B
http://www.ncbi.nlm.nih.gov/pubmed/30155012
http://dx.doi.org/10.1246/cl.150592
http://www.ncbi.nlm.nih.gov/pubmed/22035316
http://dx.doi.org/10.1039/c0cc02631j
http://dx.doi.org/10.1021/acsami.8b18739
http://dx.doi.org/10.1039/C7DT03380J
http://dx.doi.org/10.1002/chem.201801801
http://dx.doi.org/10.1021/acs.inorgchem.8b01782
http://dx.doi.org/10.1039/C8SC00001H

Molecules 2019, 24, 4390 13 of 13

50.

51.

52.

53.

54.

55.

56.

57.

Georgiades, S.N.; Karim, N.H.A.; Suntharalingam, K.; Vilar, R. Interaction of metal complexes with
G-quadruplex DNA. Angew. Chem. Int. Ed. 2010, 49, 4020-4034. [CrossRef]

Wang, P.; Leung, C.-H.; Ma, D.-L,; Yan, S.-C.; Che, C.-M. Structure-based design of platinum(II) complexes as
c-myc oncogene down regulators and luminescent probes for G-quadruplex DNA. Chem. Eur. J. 2010, 16,
6900-6911. [CrossRef] [PubMed]

Cao, Q.; Li, Y.; Freisinger, E.; Qin, PZ; Sigel, R.K.O.; Mao, Z.-W. G-quadruplex DNA targeted metal complexes
acting as potential anticancer drugs. Inorg. Chem. Front. 2017, 4, 10-32. [CrossRef]

Tullius, T.D. DNA footprinting with the hydroxyl radical. Free Radical Res. Commun. 1991, 13, 521-529.
[CrossRef] [PubMed]

Zhang, J.-H.; Chung, T.D.Y.; Oldenburg, K.R. A simple statistical parameter for use in evaluation and
validation of high-throughput screening assays. J. Biomol. Screen. 1999, 4, 67-73. [CrossRef]

Kolarevic, A.; Yancheva, D.; Kocic, G.; Smelcerovic, A. Deoxyribonuclease inhibitors. Eur. J. Med. Chem.
2014, 88, 101-111. [CrossRef]

Apostolov, E.O.; Soultanova, I.; Savenka, A.; Bagandov, O.O.; Yin, X.; Stewart, A.G.; Walker, R.B;
Basnakian, A.G. Deoxyribonuclease I is essential for DNA fragmentation induced by gamma radiation in
mice. Radiat. Res. 2009, 172, 481-492. [CrossRef]

Illic, B.S.; Kolarevic, A.; Kocic, G.; Smelcerovic, A. Ascorbic acid as DNAse I inhibitor in prevention of male
infertility. Biochem. Biophys. Res. Commun. 2018, 498, 1073-1077. [CrossRef]

Sample Availability: Samples of the compounds 14 are available from the authors.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/anie.200906363
http://dx.doi.org/10.1002/chem.201000167
http://www.ncbi.nlm.nih.gov/pubmed/20437426
http://dx.doi.org/10.1039/C6QI00300A
http://dx.doi.org/10.3109/10715769109145826
http://www.ncbi.nlm.nih.gov/pubmed/1648010
http://dx.doi.org/10.1177/108705719900400206
http://dx.doi.org/10.1016/j.ejmech.2014.07.040
http://dx.doi.org/10.1667/RR1647.1
http://dx.doi.org/10.1016/j.bbrc.2018.03.120
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	UV–Visible Spectroscopy 
	Fluorescence Spectroscopy 
	General Procedure for Multiwell DNAse I Assay 
	Lineweaver-Burk Plot 
	Detection of DNAse I in Human Serum 
	Determination of IC50 Values of DNAse I Inhibitors 

	Conclusions 
	References

