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Abstract

Zinc oxide (ZnO) is a highly important material, and Zn?* is a key metal ion in biology. ZnO and
Zn?* interconvert via dissolution and hydrolysis/condensation. In this work, we explore their
interactions with DNA, which is important for biointerface, analytical, and bioinorganic chemistry.
Fluorescently labeled DNA oligonucleotides were adsorbed by a low concentration (around 5
pg/mL) of ZnO nanoparticles, near the solubility limit. Right after mixing, fluorescence quenching
occurred indicating DNA adsorption. Then fluorescence recovered, attributable to ZnO
dissolution. The dissolution rate followed As>Ts>Cs. Dissolution was slower with longer DNA.
The adsorption affinity was also measured by a displacement assay to be Gs>Cs>Ts>As,
suggesting tightly adsorbed DNA can retard ZnO dissolution. Electrostatic interactions are
important for DNA adsorption since ZnO is positively charged at neutral pH, and a high salt
concentration inhibits DNA adsorption. Next, in-situ formation of ZnO from Zn?* was studied.
First, titrating Zn?" into a fluorescently labeled oligonucleotide at pH 7.5 resulted in an abrupt
fluorescence quenching beyond 0.2 mM Zn?*. At pH 6, quenching occurred linearly with Zn?*
concentration, suggesting the effect of Zn?* precipitation at pH 7.5. Second, a Zn?*-dependent
DNA-cleaving DNAzyme was studied. This DNAzyme was inhibited at higher than 2 mM Zn?*,
attributable to Zn?* precipitation and adsorption of the DNAzyme. This paper has established the
interplay between DNA, Zn?*, and ZnO. This understanding can avoid misinterpretation of DNA

assay results, and adds knowledge to DNA immobilization.



Introduction

Zinc oxide (ZnO) is a wide bandgap semiconductor with very important optical, electronic and
catalytic properties.! These properties have made ZnO nanoparticles (NPs) a popular choice in
developing biosensors, drug delivery vehicles, and bio-imaging agents.>’ Over the past few
decades, DNA has emerged as a programmable and functional molecule in analytical chemistry,®
12 nanotechnology and materials science.'® Attaching DNA to ZnO adds molecular recognition
function to the particle, enables directed assembly, and facilitates device incorporation. To reach
its full potential, the surface science of DNA adsorption by ZnO needs to be understood. A few
previous studies touched upon this topic. For example, even low concentrations of ZnO NPs can
damage DNA.'*1 Direct interfacing ZnO with nucleic acids was demonstrated with long double-
stranded DNA.'® DNA has also been used as a template to direct the growth of ZnO NPs.1’-18 By
screening random DNA sequences, it was reported that the Tzo DNA (a DNA with 30 thymine
bases) has a strong affinity for Zn0O.%°

A related aspect is the interaction between Zn?* ions and DNA. Zinc is one of the most
important transition metals in biology, serving as a metal cofactor in many protein enzymes.?-2!
At the same time, Zn?* is also frequently used for assisting DNAzyme catalysis. DNAzymes are
DNA-based catalysts.??% Zn?*-dependent RNA-cleaving, 2%’ DNA-cleaving,®?° and DNA-
ligating DNAzymes have been reported.

We introduce ZnO and Zn?* together because the transition from Zn?* to ZnO or Zn(OH).
takes place at physiological pH with sub-mM Zn?*.3! In many cases, Zn?* is used at ~1 mM with
DNA, making Zn?* hydrolysis/precipitation a valid concern. However, this aspect has been rarely
considered, and we believe it has a profound influence. In this work, we start with a basic surface

science analysis of the adsorption and desorption of DNA oligonucleotides by ZnO NPs. We then



relate our observations to Zn%*-induced fluorescence quenching and DNAzyme assays, which are

significantly influenced by the hydrolysis of Zn?*.

Materials and Methods

Chemicals. The DNA samples used in this work were from Integrated DNA Technologies (IDT,
Coralville, 1A). The DNA sequences are listed in Table 1. Zinc oxide NPs (catalog number:
721077-100G) and 8-hydroxy-5-quinolinesulfonic acid (HQS) were from Sigma-Aldrich. Sodium
chloride, sodium carbonate, zinc chloride, 2-(N-morpholino) ethanesulfonic acid (MES), 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonate (HEPES), and the nucleosides were from Mandel

Scientific (Guelph, ON). Milli-Q water was used to prepare all the buffers and solutions.

Table 1. DNA sequences and modification used in this work. FAM = carboxyfluorescein; AF =

Alexa Fluor 488.
DNA names sequences (5’ - 3’) and modifications
FAM-A, FAM-AAAAA
FAM-T, FAM-TTTTT
FAM-C, FAM-CCCCC
FAM-G, FAM-GGGGG
FAM-A FAM-AAAAAAAAAAAAAAA
FAM-A,, FAM-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
FAM-A FAM-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
A, AAAAA
T TTTTT
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C, CcCccee
G, GGGGG

AF-DNA TCACAGATGCGT-AF

I-R3 Substrate CGTTCGCCTCATGACGTTGAAGGATCCAGACT-FAM
I-R3 DNAzyme AGTCTGGATCTAGTTGAGCTGTCATGAGGCGAACG

DLS, XRD and TEM. The hydrodynamic size and C-potential of ZnO NPs (100 pg/mL) were
measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS90 (Malvern). To obtain
pH-dependent C-potential, NaOH was added to adjust the pH value of ZnO dispersion in Milli-Q
water (pH 7.5 to 11) at 25 °C. Powder X-ray diffraction was performed using a PANalytical
Empyrean X-ray diffractometer with Cu-Ka radiation (A=1.78901 A). Transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) were
performed on a Philips CM10 and a Zeiss Libra 200MC microscope, respectively. The TEM
samples were prepared by dropping ZnO dispersion (20 ug/mL) on a copper grid followed by
drying in air.

DNA adsorption assays. To study DNA adsorption kinetics, 1 L. FAM-As DNA (1 uM) stock
solution was dissolved into 94 pL of HEPES buffer (10 mM, pH 7.5) in a half-area black 96-well
plate (final DNA concentration of 10 nM). The initial fluorescence of FAM-DNA was monitored
for 3-5 min (excitation at 485 nm, emission at 535 nm) using a microplate reader (Infinite F200Pro,
Tecan) prior to a quick addition and mixing of 5 pL of 100 pg/mL ZnO NPs (final concentration
of 5 pg/mL). Afterwards, the adsorption kinetics was tracked for 30 min. To further study the

effect of DNA length and sequence, FAM-labeled Cs, Ts, Gs, A1s, Az and Aus were respectively



tested. The same procedure was applied at different pH values (10 mM, HEPES buffer for pH 7,
7.5, 7.8, and 8, and carbonate buffer for pH 10). The function of ionic strength was studied by
varying the concentration of NaCl (50, 150, or 300 mM). To study the effect of ZnO concentration,
FAM-As (10 nM) was mixed with various concentrations of ZnO NPs (0, 1, 2, 3, 5, 7, 10, 15, 20,
or 25 pg/mL). Note that the volume of ZnO NPs was kept smaller than 5 pL for each addition. For
the displacement experiment, 15 pg/mL ZnO NPs were mixed with FAM-As (10 nM). Then 100
nM non-labeled DNA was added to displace the adsorbed FAM-As. Typical measurements were
done in triplicate to obtain standard deviations.

Fluorescence quenching assays. First, 10 nM FAM-As or AF-DNA was dissolved in 10 mM
HEPES (pH 7.5) or MES buffer (pH 6.0) containing NaCl (0 or 1 M). Then, ZnCl, was gradually
titrated to a final Zn?* concentration of 1 mM. The fluorescence was measured at 5 min after each
addition of ZnClo.

HQS assays. A solution of 2 mM HQS was prepared in HEPES buffer (10 mM, pH 7.5). A
standard curve was built by measuring the fluorescence of HQS in the presence of a series
concentrations of ZnCl> (excitation at 393 nm, emission at 521 nm) using the plate reader. The
Zn?* produced by the dissolution of ZnO NPs was next studied by adding various concentrations
of ZnO NPs to 2 mM HQS in the same buffer.

DNAzyme cleavage assays. A 1 M ZnCl; stock solution was diluted in 50 mM HEPES buffer (pH
7.6) to prepare a series of ZnCl> concentrations. The pH of each ZnCl, solution was carefully
adjusted to 7.6. For each sample, two tests were made. For the first test, the samples were directly
used even though the high zinc concentration samples were precipitated. For the second test, the
samples were centrifuged at 15000 rpm for 10 min, and the supernatant containing the soluble Zn**

was transferred to another tube and used. The stock DNAzyme complex was prepared by annealing



the substrate (20 pM) and enzyme (30 uM) in HEPES buffer (50 mM, pH 7.6). The cleavage
activity assays were performed with a final concentration of 2.86 pM DNAzyme complex in the
presence of different ZnCl, concentrations (0, 0.1, 0.2, 0.5, 1, 2, 5, or 10 mM). After 1 h of
incubation, the reactions were quenched with 8 M urea. The cleavage products were separated on

a 15% denaturing PAGE gel and documented using a ChemiDoc MP imaging system (Bio-Rad).

Results and Discussion

An intriguing DNA adsorption profile. Our ZnO NPs have an average size of ~20 nm as
indicated by both the vendor and TEM (Figure 1A). The particles are irregular in morphology and
moderately aggregated. Its hydrodynamic size is ~46 nm from dynamic light scattering (Figure
1B), consistent with the TEM observation. Our ZnO has a hexagonal wurtzite nanocrystalline
structure as indicated by XRD (Figure 1C). High resolution TEM also confirmed the crystallinity
of the particles (Figure 1D).

Fluorescently labeled DNA oligonucleotides are excellent probes for studying DNA
adsorption. In this study, we started with a FAM-labeled As DNA. The initial fluorescence of the
free DNA was monitored for 3 min before a small volume of ZnO NPs was added to achieve a
final concentration of 5 pg/mL ZnO. Immediately following ZnO addition, the fluorescence
dropped by over 80% (Figure 2A, red trace), suggesting very fast DNA adsorption. ZnO has a
wide band gap of 3.37 eV, and fluorescence quenching by ZnO is likely due to electron transfer
from the excited fluorophore to the conduction band of ZnO. This mechanism was reported for
TiO2, which has a similar band gap of 3.2 eV.*

Interestingly, after the initial drop, the fluorescence gradually recovered to the original

value over ~5 min. We previously studied DNA adsorption by metal NPs,* other metal oxides,3*



37 and graphene oxide.*® This is the first time to observe such fluorescence recovery. Therefore,

we explored it further.
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Figure 1. ATEM (A) and high resolution TEM (D) micrograph of the ZnO NPs used in this work.
(B) The dynamic light scattering (DLS) spectrum of the ZnO NPs (0.1 mg/mL in water). (C)
Powder XRD spectrum of the ZnO NPs and the standard spectrum of hexagonal wurtzite ZnO. (D)
A scheme of DNA/ZnO interaction near its solubility limit. DNA adsorption resulted in quenched

fluorescence. If the ZnO NP concentration is low, it may dissolve and release the adsorbed DNA.

Effect of DNA sequence and length. To understand this fluorescence recovery, we next studied
the effect of DNA length using poly-A DNA. FAM-Ass showed a similar degree of initial
quenching, while the subsequent recovery was much slower (Figure 2A, blue trace). The degree

of quenching substantially decreased with the Aso and Ass DNAS, and their fluorescence recovery



was even less. The decreased adsorption by longer DNA can be explained by the saturation of ZnO
surface since a longer DNA needs more surface footprint. Longer DNA may also have less
quenching since its fluorophore is likely to be farther away from the ZnO surface. Note that surface
quenching is often distance-dependent.3%3%4° To better compare the kinetics of fluorescence
recovery, we normalized the initial fluorescence value based on the time point right after ZnO
addition (Figure 2B). This plot confirms the rate of fluorescence recovery is inversely correlated
to the length of DNA.

Considering that FAM is a relatively large label with a size similar to a nucleotide, it is
important to make sure that this label is not adsorbed by ZnO. Otherwise, it may cause artifacts in
our data interpretation. To test this, we prepared a 10 nM free fluorescein solution (the same
concentration as the above DNA probes) and added increasing concentrations of ZnO NPs (Figure
2C). No fluorescence quenching was observed suggesting the lack of adsorption with up to 50
pg/mL of ZnO. Therefore, the above fluorescence quenching was due to DNA adsorption instead
of direct fluorophore adsorption.

Since the shortest As DNA showed the fastest fluorescence recovery, we next employed other
5-mer DNA homopolymers to study the effect of DNA sequence (Figure 2D). Among these, FAM-
Ts also showed significant quenching followed by full recovery similar to that for FAM-As.
Interestingly, FAM-Cs recovered very slowly. Since guanine is a strong fluorescence quencher,
FAM-Gs had very weak initial fluorescence. As such, we did not observe much further
fluorescence drop after mixing FAM-Gs with ZnO. Therefore, we cannot judge the Gs DNA
adsorption by ZnO at this moment.

From previous studies on biopolymer adsorption,*! such fluorescence recovery after DNA

adsorption is usually interpreted as an expansion of the flexible DNA on surface following the



initial adsorption, pushing weakly adsorbed DNAs off the surface. However, this cannot explain
the full recovery of fluorescence (all DNA desorbed) in our system. We propose that the
fluorescence recovery is due to dissolution of ZnO NPs when the particle concentration is low
(reaching the solubility limit). If so, our results suggest that adsorption of certain DNA (e.g. Cs
and long poly-A DNA) might retard ZnO dissolution, control its solubility, and even promote the
growth of ZnO nanocrystals. Figure 1E shows the scheme of DNA adsorption on ZnO NPs

followed by NP dissolution.
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Figure 2. Adsorption of FAM-labeled DNA by ZnO NPs. (A) 5 pg/mL ZnO NPs were mixed with
10 nM poly-A of different lengths. (B) Normalized fluorescence intensity from the recovery stage
in (A) after adding ZnO. Fluorescence recovered more slowly with longer DNA. (C) Fluorescence
intensity of 10 nM free fluorescein (50 mM HEPES, pH 7.5) and after adding various
concentrations of ZnO NPs. (D) Adsorption kinetics of different DNA sequences by 5 pg/mL of

ZnO NPs. (E) A dispersion of ZnO NPs (5 pg/mL) was first prepared followed by adding FAM-
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As. The lack of fluorescence quenching indicates no adsorption (ZnO already fully dissolved

before DNA addition).

Effect of ZnO concentration. To test our hypothesis on ZnO dissolution, we switched the order
of sample addition (Figure 2E). First, 5 pg/mL of ZnO was added to the buffer, and FAM-As was
added 3 min later. In this case, we did not observe any fluorescence drop, suggesting that the ZnO
NPs had fully dissolved before the DNA addition. To quantitatively understand the effect of ZnO
concentration, we fixed the FAM-As DNA at 10 nM, and gradually increased the ZnO
concentration (Figure 3A). With just 1 pg/mL ZnO, no adsorption phase was detected, suggesting
a very rapid dissolution. As more ZnO was added, more adsorption took place followed by slower
fluorescence recovery until 15 pg/mL of ZnO was reached. At that point, no fluorescence recovery
took place, indicating full DNA adsorption. At this moment, sufficient ZnO remained in the solid
phase to adsorb all the DNA.

This series of adsorption kinetics in Figure 3A, in turn, delineate the solubility profile of ZnO
NPs in our buffer (10 mM HEPES, pH 7.5, room temperature). Below 5 pug/mL of ZnO, the
fluorescence fully recovered to the initial intensity, suggesting a complete dissolution of ZnO NPs.
Above that concentration, a portion of ZnO remained in the NP form during the time frame of 25
min. From the literature, the solubility of ZnO NPs (~30 nm diameter) was 16 pug/mL as measured
by equilibrium dialysis under similar conditions (2 mM PIPES, pH 7.5, 24 °C).*? This is in good
agreement with our DNA probing data, where full DNA adsorption took place at 15 pg/mL of ZnO
or higher.

The concentration of Zn?" is 180 puM after fully dissolving 15 pg/mL of ZnO. This

concentration is highly relevant to the application of Zn?* in nucleic acids chemistry. In other
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words, we need to consider the formation of ZnO or Zn(OH), by adding free Zn?* above this
concentration, and dissolution of the ZnO NPs below this concentration. We hypothesize that
stable adsorption can be achieved also for other DNA sequences if we raise the ZnO concentration
to 15 pg/mL. Indeed, we observed stable adsorption with similarly strong fluorescence quenching
for all the DNA lengths (Figure 3B), and DNA sequences (Figure 3C) tested. From here on, 15
pg/mL ZnO was used to avoid the dissolution effect.

To understand the zinc species after dissolving ZnO, we used 8-hydroxy-5-quinolinesulfonic
acid (HQS) as a fluorescent Zn?* probe.*® Free HQS (2 mM) is almost non-fluorescent (Figure 3D,
black trace). After adding 75 UM Zn?*, a strong emission peak at 521 nm was obtained. After
adding 5 pg/mL of ZnO to the same concentration of HQS, a similar emission peak was observed,
suggesting dissolution of ZnO to free Zn?* ions. We further made a calibration curve using various
concentrations of Zn?*, which was used to predict the Zn?* from dissolved ZnO. The predicted
values agree well with the calculated values, confirming the full dissolution of ZnO (1 to 10

pg/mL) to Zn?* (Figure 3E).
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Figure 3. (A) FAM-As DNA (10 nM) adsorption by various concentrations of ZnO NPs at pH 7.5.
Fluorescence quenching kinetics by adding 15 pg/mL ZnO NPs to (B) poly-A DNAs of different
lengths and to (C) 5-mer DNAs of different sequences. Fluorescence spectra of 2 mM HQS and
its mixture with 75 pg/mL Zn?* or with 5 pg/mL of ZnO. (E) Correlation of calculated Zn?* from
fully dissolved ZnO and the measured value using the HQS sensor. Inset: the structure of HQS.
(F) Displacement experiment performed by adding non-labeled As, Ts, Cs, and Gs to the adsorbed

FAM-As.

Displacement of adsorbed DNA. After achieving stable DNA adsorption, we further studied the
relative adsorption affinity of different DNA using a displacement assay. First, 15 pg/mL of ZnO
NPs was mixed with 10 nM FAM-As to achieve full DNA adsorption. Then a 10-fold excess of
non-labeled DNA (As, Ts, Cs or Gs, 100 nM each) was respectively added. The normalized kinetic

traces of fluorescence change are shown in Figure 3F. In this case, Gs gave the highest fluorescence

13



recovery suggesting it displaced the largest amount (~80%) of adsorbed FAM-As. It is interesting
to note that adding 10-fold excess of As only recovered the fluorescence by ~40%. The incomplete
displacement is partially attributed to that the original ZnO surface was not saturated by FAM-As.
Therefore, a fraction of the added DNA was directly adsorbed on the particle surface without
displacing a FAM-As DNA. All the samples had a fast displacement in the first minute followed
by a slower kinetic phase. This suggests that a fraction of the FAM-As DNA was initially weakly
adsorbed and easily displaced. The slower phase can be attributed to the displacement of more
tightly adsorbed DNA. As the surface became more densely packed by DNA, further displacement
might become even slower due to the electrostatic repulsion between incoming DNA and the DNA
on surface. This experiment indicates that the adsorption affinity of DNA follows the following
order: Gs>Cs>Ts>As. Therefore, the previous lack of fluorescence quenching upon mixing FAM-
Gs with ZnO is due to the very low initial fluorescence of this DNA instead of a lack of adsorption.
By combining this adsorption affinity data and the fluorescence recovery data in Figure
2D, we conclude that a more stably adsorbed DNA can better retard ZnO dissolution. In a previous
theoretical study, it was hypothesized that ZnO NPs form site-specific and stable complexes with
nucleobases, which might explain our observation of different DNA sequences.* Morse and co-
workers performed a DNA aptamer selection against ZnO and found that the Tz DNA was the
most in the final library (1.97%). They concluded that T3 might be a DNA aptamer for ZnO.°
Our study, using much shorter DNA, indicates that while Ts binds ZnO stronger than As, it is much
weaker than Cs and Gs.
Adsorption mechanism. The above results indicate that ZnO can quickly adsorb DNA. DNA
adsorption is a function of its length and sequence. In addition, ZnO has a relatively high solubility

at neutral pH. Next, we studied the mechanism of DNA adsorption. Since DNA is a polyanion, we
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measured the {-potential of ZnO NPs as a function of pH (Figure 4A). At pH near 7.5, ZnO is
positively charged. Its surface charge decreases almost linearly with increasing pH, and the point
of zero charge is pH 8.8. The reason for pH-dependent surface charge inversion can be explained
by the protonation of the surface —OH groups on ZnO when dispersed in water. If the ZnO surface
is covered by —OH groups, the charge is neutral (Figure 4B). At higher pH, this group deprotonates
to produce —O", which gives a negative charge; while at lower pH, it protonates to yield positively
charged —OH.". Therefore, in the above assay condition of pH 7.5, ZnO is positively charged. This
explains the fast DNA adsorption kinetics due to a strong electrostatic interaction. We further
tested the effect of pH on DNA adsorption (Figure 4C). For all these samples, more initial
fluorescence quenching occurred at higher pH, and higher pH also resulted in slower fluorescence
recovery. The dissolution of ZnO can be written as ZnO + H,0 = Zn?* + 20H". At higher pH, the
equilibrium favors ZnO formation and DNA adsorption, which explains the pH effect.

At even higher pH (e.g. pH 10) passing the point of zero charge, the ZnO surface became
negatively charged, and DNA adsorption is also inhibited (Figure 4D, black trace). Therefore,
DNA adsorption by ZnO is affected by two factors: dissolution and surface charge. At pH lower
than 8.8 with a low ZnO concentration (e.g. lower than the solubility limit), while DNA can be
quickly adsorbed, DNA cannot be stably adsorbed due to ZnO dissolution. If the ZnO
concentration is high and not fully dissolved, then effective adsorption can be achieved based on
electrostatic attraction. In the range of pH lower than 8.8, if ZnO is not fully dissolved, lower pH
favors DNA adsorption. At even higher pH passing pH 8.8 (e.g. pH 10), while dissolution problem
is more alleviated, the ZnO surface becomes negatively charged and DNA cannot be adsorbed.

lonic strength can also modulate electrostatic interactions. We carried out all the above

studies in the absence of salt. Here, we also measured the adsorption by adding salt. At pH 7.5,
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adsorption of the FAM-As DNA significantly decreased with 50 mM NacCl, and was fully inhibited
with 150 mM or higher NaCl (Figure 4E), which can be explained by the charge screening effect
of NaCl. The pH and salt dependent studies confirmed the importance of electrostatic interactions
in DNA adsorption by ZnO NPs. It is interesting to note that at pH 10, no DNA adsorption was
observed regardless of the NaCl concentration (Figure 4D). This is likely due to that even after
screening the charge repulsion, the attraction force is still very weak (e.g. the surface of ZnO
covered by —O™ and cannot achieve stable DNA adsorption).

In addition to testing the charge interaction, we next probe specific binding between the DNA
and ZnO. DNA has a negatively charged phosphate that may interact with the Zn centers on the
ZnO surface, and the DNA bases may also contribute to the adsorption through coordination
interactions. To test this, we first adsorbed 100 nM FAM-A1s DNA on 30 pg/mL ZnO in HEPES
buffer (10 mM, pH 7.5, 150 mM NaCl). The high salt concentration was used to screen the
electrostatic interaction between DNA and ZnO NPs. Then, free phosphate and various
nucleosides were respectively added to displace the adsorbed DNA (Figure 4F). Strong
fluorescence signal was observed only in the presence of phosphate, suggesting that phosphate can
displace the adsorbed DNA. This also indicates a specific binding between phosphate and ZnQO,
which may also occur in the DNA. Although the Cs DNA can stabilize ZnO NPs against
dissolution, free cytidine failed to bring any fluorescence enhancement. Therefore, if the bases are
playing a role, it must be secondary. On the other hand, the base coordination, although weak on
the individual base level, might still play a role when a few bases can act together to form

polyvalent binding.
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Figure 4. (A) The C-potential of ZnO NPs as a function of pH. (B) A scheme showing the origin
of surface charge on ZnO NPs as a function of pH. FAM-As DNA adsorption Kinetics as a function
of (C) pH without salt and (E) salt concentration at pH 7.5. (D) FAM-As DNA adsorption at pH
10 in various NaCl concentrations. (F) Displacement of the FAM-A1s DNA by various nucleosides

and free phosphate (1 mM each).

Implications for DNA fluorescence quenching assays. The above studies focused on the
fundamental surface science of ZnO, and highlighted the effect of ZnO dissolution. This
understanding is useful for immobilization of DNA on ZnO. Next, we focus on the reverse
reaction: in-situ (and often unintended) production of ZnO species. Many transition metals can
quench fluorescence through the energy or electron transfer.***’ Hence, quenching induced by
adding these metals is often interpreted as such. Since we know that ZnO can quench fluorescence

as well, we want to explore this front.
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The fluorescence intensity of FAM-As was measured at pH 7.5 as a function of ZnCl»
concentration. This experiment was performed in the presence of either 0 or 1 M NaCl. For all the
samples, no obvious fluorescence quenching was observed below 100 pM Zn?* (Figure 5A).
Without NaCl, an abrupt quenching occurred at 200 uM Zn?* and above. This quenching certainly
cannot be explained by Zn?* acting either as a dynamic or static quencher. The quenching is more
consistent with a phase transition to form ZnO or Zn(OH). adsorbing DNA. With 1 M NaCl, we
did not observe quenching that can be explained by charge screening hindering DNA adsorption.
Note that, 200 uM Zn?* can convert to 17 pg/mL of ZnO. This is consistent with the solubility
limit of ZnO under our experimental conditions. Therefore, the adsorption of DNA on the in-situ
formed ZnO NPs might be the most crucial factor responsible for the abrupt fluorescence
quenching. Without considering ZnO formation, it might have been mistakenly attributed to
fluorescence quenching by Zn?*.

To further confirm the effective species in the quenching phenomena, we performed the same
assay at a lower pH. Since FAM is pH sensitive, an AF-labeled DNA was used in this case. The
solubility of Zn?* is a strong function of pH and ZnO formation is disfavored at lower pH. At pH
6.0 (Figure 5B), we only observed a gradual Zn?*-concentration dependent quenching in the
absence of NaCl. This type of response is more likely due to free Zn?* ions, which can exist at
acidic pH. Interestingly, with 1 M NaCl, Zn?" still failed to quench the fluorescence at pH 6. This
is likely due to NaCl screening the Zn?* and DNA interaction. The abnormal DNA fluorescence
change at pH 8.6 by >1 mM Zn?* was also observed in a fluorescent resonance energy transfer
study by Clegg and co-workers,*® and it was attributed to aggregation of DNA. With our data here,

it is more likely to be caused by DNA aggregation due to precipitated Zn?*.
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Figure 5. Normalized fluorescence of (A) 10 nM FAM-As in 10 mM pH 7.5 HEPES buffer and
(B) 10 nM AF-labeled DNA in pH 6 MES buffer as a function of Zn?* concentration (with 0 or

1M NaCl).

Effect on DNAzyme cleavage assay. In addition to fluorescence quenching, Zn?* precipitation
may affect other aspects of DNA assays as well. Here, we further studied a DNAzyme cleavage
reaction. Recently, Breaker and co-workers isolated a Zn?*-dependent DNAzyme named |-R3.?°
With 2 min reaction time, cleavage was observed only with 1-5 mM Zn?* with 2 mM Zn?* being
the most efficient. Barely any cleavage was observed with below 0.2 mM Zn?*. Therefore, the
enzyme activity does not increase linearly in the low Zn?* concentration region. At the same time,
the enzyme activity peaks at pH ~7 and drops rapidly on either side. Since the relevant Zn?*
concentrations and pH of this DNAzyme are related to the range studied in this work, we used this
DNAzyme as a model system to study the effect of Zn?* precipitation. For example, precipitated
zinc species may interfere with the reaction by adsorbing DNA, and thereby inhibit the cleavage

reaction. We designed a trans-cleaving DNAzyme complex (Figure 6A) with the same core

19



sequences. This complex contains a substrate strand shown in red with a FAM label and an enzyme
strand in black. We followed the cleavage of this DNAzyme with 1 mM Zn?*. A significant
cleavage was observed at 2 min and saturated cleavage was reached after 20 min (Figure S1),
confirming the activity of this DNAzyme.

To minimize the pH difference due to the added ZnClz, which is acidic, various
concentrations of ZnCl, were first mixed with the HEPES buffer followed by a precise pH
adjustment to 7.6. During this process, visible precipitants were noticed at 2.0 mM Zn?* and above.
Therefore, for these samples, the free Zn?* concentration must be lower than the intended value.
We then carried out the cleavage reactions with these Zn?* samples. As shown in Figure 6B, the
cleavage activity was observed from 0.2 to 2 mM Zn?*, with 0.5 mM Zn?* being optimal. Beyond

2 mM, little cleavage was observed, consistent with the literature report.

!
5’ CGTTCGCCTCATGACGTTGAAGGATCCAGACT -FAM

GCAAGCGGAGTACTG TCTAGGTCTC-}A
C A
GAGTTG
B C
[Zn#*] (mM)= [Zn%*] (mM)=
0 0102051 2 5 10 0 0102051 2 5 10
p-Sub R EER R . D - - - @ o — & = o e
> Clv - e - a1 1 1 L B

Figure 6. (A) The Zn?*-dependent DNA-cleaving I-R3 DNAzyme used in this work, where the
substrate strand is labeled with a FAM fluorophore on its 3'-end, and the cleavage site is indicated

by the arrowhead. Gel images showing the DNAzyme activity as a function of Zn?* concentration
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using the mixture (B) or the supernatant fraction (C). The upper band is the uncleaved substrate

and the lower one is the cleaved FAM-bearing fragment.

Then we centrifuged all the Zn?* samples, and the supernatants were transferred to perform
the same cleavage reaction. In this case, we observed cleavage even with 10 mM Zn?* (Figure 6C).
This experiment indicates enhanced DNAzyme activity after removal of the precipitates.
Therefore, the lack of DNAzyme activity for the high Zn?* samples in Figure 6B is due to the
inhibition from the precipitants, which is likely to be caused by its adsorption of the DNAzyme.

Next, we tested whether salt can alleviate the inhibition effect since salt can weaken DNA
adsorption by ZnO due to charge screening. The assay was performed with 10 mM Zn?* and
cleavage was indeed observed in the presence of 500 mM and 1 M NaCl (Figure S2). A high salt
concentration was used in the original assays by the Breaker group, and the effect of Zn?*
precipitation was less of a concern in their experiments. We used this DNAzyme as an example to
articulate the potential artifacts that might be caused by the low solubility of Zn?*.

Many DNAzymes use Mg?* as a metal cofactor, which is highly soluble compared to other
metal ions at neutral pH (e.g. up to 50 mM or higher Mg?* can be used).*® Many transition metals
including Pb?*, UO2?*, and lanthanides are active at much lower concentrations (e.g. low pM or
even nM).>%>2 Therefore, their concern of forming bulk precipitation is also lessened. Zn?*,
however, is typically used at relatively higher concentrations (high uM to low mM) at neutral pH,

making its hydrolysis and precipitation particularly important.

Conclusions
In summary, we studied the interaction between DNA and zinc from two aspects. First, the

adsorption of DNA by ZnO NPs was measured as a function of salt, pH, and DNA sequence and



length. We paid particular attention to the dissolution of ZnO by using a low particle concentration.
The electrostatic interaction between negatively charged DNA and positively charged ZnO NPs
produced fast adsorption kinetics. The negatively charged phosphate backbone of DNA is mainly
responsible for adsorption, and DNA bases are likely to contribute to adsorption as well. At low
ZnO concentrations (<15 pg/mL), DNA adsorption is accompanied by desorption due to ZnO
dissolution. Tightly adsorbing DNA, such as poly-C, can retard ZnO dissolution. Second, we
started with free Zn?* ions at high pH (e.g. pH 7.5 above), where high micromolar Zn%* can
precipitate, and such precipitants can adsorb DNA. The consequence of such adsorption is
substantiated in two DNA-based assays involving Zn?*: fluorescence quenching and DNAzyme
cleavage. In both cases, the experimental observations can be explained by DNA adsorption. For
the many materials studied for DNA adsorption so far, this dissolution and precipitation happens
only with zinc, which is a highly important metal for interfacing with nucleic acids. Other than the
fundamental insights into the ZnO/DNA interface, this work is valuable for interpreting related

experimental data on Zn?*-based nucleic acids research.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI:
10.1021/acs.langmuir. XXXXXXX

Additional DNAzyme assay data (PDF).
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