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ABSTRACT

In the first project, an ultrasensitive assay has been developed for the detection
and determination of Hg?"(aq) based on single-particle inductively coupled plasma-
mass spectrometry (spICP-MS). In the presence of Hg*'(aq), AuNPs modified with a
segment of single-stranded DNA can aggregate due to the formation of well-known
thymine (T)-Hg?>*-T complex. The spICP-MS can sensitively and quantitatively
measure the degree of aggregation by the overall decrease in number of detected AuNPs
or NP aggregates. Compared with most other Hg assays that use the same principle of
aggregation-dispersion with DNA modified AuNPs, this spICP-MS-based method
achieved a much lower detection limit of 0.031 part-per-trillion (155 fM) and a wider
(10,000-fold) linear range up to 1 ppb. The method also showed good potential for
practical applications with the environment and biomedical samples because it
demonstrated minimal interference from the sample matrix. Moreover, this method,
with its outstanding sensitivity could be expanded for the detection of other targets by
designing the recognition unit on gold nanoparticles.

In the second project, an ultrasensitive assay for biomolecules has been
developed using graphene/gold nanoparticles (AuNPs) composites and single-particle
inductively coupled plasma-mass spectrometry (spICP-MS). Thrombin was chosen as
a model biomolecule for this study. AuUNPs modified with thrombin aptamers were first
non-selectively adsorbed onto the surface of graphene oxide (GO) to form GO/AuNPs
composites. In the presence of thrombin, the AuNPs desorbed from the GO/AUNPs
composites due to a conformation change of the thrombin aptamer after binding with

thrombin. The desorbed AuNPs were proportional to the concentration of thrombin and
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could be quantified by spICP-MS. By counting the individual AuNPs in the spICP-MS
measurement, the concentration of thrombin could be determined. This assay achieved
an ultralow detection limit of 4.5 fM with a broad linear range from 10 fM to 100 pM.
The method also showed excellent selectivity and reproducibility when a complex
protein matrix was evaluated. Furthermore, the diversity of ssSDNA ligands made this
method a promising new technology for ultrasensitive detection of a wide variety of
biomarkers in clinical diagnostics.

In the third project, a novel sandwich bioreagent for sensitive and selective
detection of E. coli bacteria was developed. The bioreagent combined antibody and
aptamer as selective ligands and CuNPs as fluorescent signal labels. To further improve
the method sensitivity, a hybridization chain reaction (HCR) amplification strategy was
applied. E. coli bacteria in water were first captured by the anti-E. coli antibody
modified magnetic beads and used to obtain the primer for HCR based on the aptamer.
Ultimately, the fluorescent CuNPs were produced using the long length dsSDNA formed
during HCR as templates. The measured fluorescence intensity was directly dependent
on E. coli concentration. A low detection limit of 5200 CFU/mL and excellent
selectivity were achieved under the optimal conditions. Moreover, the method exhibited
great potential for detection of other bacteria in environmental analysis and clinical
diagnostics.

In the fourth project, the G-quadruplex/hemin (G/H) complex was applied as
an additive to increase the antibacterial efficiency of H2O; and avoid serious toxicity
effect. The G/H complex catalyzes the decomposition of H>O> and yields a higher
hydroxyl radical (-OH) generation during the procedure. The formed -OH has a higher
antibacterial performance than the original H>O>. Using the G/H complex as an additive,

the antibacterial activity of H2O2 was vastly enhanced against both Gram-positive and

Xviii



Gram-negative bacteria in vitro experiments. Furthermore, the designed antibacterial
system was applied using a mouse wound model in vivo and showed outstanding
prevention of wound infection and facilitation of wound healing. The study
demonstrated the utility of using the G/H complex to help control both Gram-positive

and Gram-negative infections.
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CHAPTER I

ULTRASENSITIVE DETECTION OF MERCURY IONS USING SINGLE
PARTICLE INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY

1. Introduction

Mercury (Hg) is well-known to have a low level but widespread distribution
in the environment and has been found in air, water, and soil.!> Mercury compounds
are particularly hazardous pollutants because of their high toxicity and tendency to bio-
accumulate, thereby causing serious risks to environmental and human health.’
Mercury commonly exists in three basic forms: metallic or elemental mercury (Hg°),
ionic mercury (Hg?" or Hgx*") typically comprising sparingly soluble halide and
chalcogenides compounds, and organic mercury like methylmercury.* The elemental
mercury is volatilized during combustion of fossil fuels and is eventually oxidized to
Hg?" in the atmosphere and deposited on land or in the ocean.’ This ionic mercury is
easily methylated to organic mercury, which accumulates in the food chain to pose

adverse health effects for human beings.®*

To establish safety margins for the food
supply, the US Environmental Protection Agency (EPA) has set the maximum
contaminant level of mercury in drinking water at 2.0 ppb, and the US Food and Drug
Administration (FDA) has set a guideline of mercury compounds in food at 1.0 ppm.!'*-
I Therefore, it is essential to develop a high sensitive and selective method for
monitoring the low concentration of Hg?" in environment and food. To date, various
types of analytical techniques for the detection of Hg**, including fluorescence,!*!?
atomic absorption spectroscopy,' and surface-enhanced Raman scattering'® have been
developed. However, these methods require time-consuming and tedious sample
preparation and treatment.

Recently, more interest has been shown in the development of nanomaterial-

based methods and reagents for analysis. As a well-studied nanomaterial, gold
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nanoparticles (AuNPs) have been widely applied in various assays for Hg?* based on
their excellent optical, electrochemical and other properties.’®28 As far as we know,
previous studies have focused exclusively on Hg?* induced aggregation of AuNPs,
which can be manifested by a significant change of the AuNPs plasmon peak.}” Two
strategies are commonly used to fabricate these assays. One is to disrupt the protecting
function of the surface ligands of the AuNPs under special conditions, like high ionic
strength conditions, thereby causing the aggregation of the AuNPs.*® For instance, Liu
and co-workers designed AuNPs with a physically adsorbed single-stranded DNA
(ssDNA), that form double-stranded DNA (dsDNA) in the presence of Hg?* due to the
thymine-Hg?*- thymine (T-Hg?*-T) interaction.?’ The dsDNA easily desorbs from the
surface of the AuNPs and induce aggregation in a high concentration of NaCl that is
proportional to Hg?" concentration. Another strategy uses Hg?*-induced crosslinking
reaction between two or more AuNPs modified with the same or different ligands,
respectively. For example, Du and co-workers used urine to ligate the surface of AUNPs
and work as ligands. Adding Hg?* led to crosslinking of the AuNP ligand and induced
the aggregation of AuNPs.?* Despite the success of these methods at promoting Hg?*-
selective aggregation of AuNPs, their sensitivity is compromised by the low sensitivity
of the AuNP plasmon absorption.

Over the last decade, inductively coupled plasma-mass spectrometry(ICP-MS)
has gained tremendous research interest for single nanoparticle analysis.??* Single
particle ICP-MS (spICP-MS) is a time-based analysis method that yields a large data
set (usually over 10,000 measurements) spanning a relatively long acquisition period (>
60 s). It is performed with the MS tuned to a target isotope and configured to repeatedly
measure counts of this isotope over a short dwell time (5-10 ms). If the sample analyzed

is sufficiently dilute (< 10° particles/mL), a high proportion of the dwell-time



measurements (over 50%) show only background levels of the target isotope. However,
the other dwell-time measurements show counts significantly higher than the
background. Ideally, these spikes or peaks in isotope count reflect the signal of a single
nanoparticle reaching the torch plasma within one measurement cycle and the isotope
count is directly proportional to the particle mass. Such spICP-MS can provide not only
information about the nanoparticle size and size distribution, but it can also determine
the exact number of the nanoparticle in solution. Furthermore, interactions such as
agglomeration and disaggregation between two or more nanoparticles can be easily
identified by changes to spICP-MS signal. Combined with the excellent analytical
features of ICP-MS, including high sensitivity, wide linear range, and absolute
quantification, routine single nanoparticle analysis now is a promising starting point for
extremely sensitive bioassays. Because AuNPs are composed of a highly abundant
isotope (”Au) and are easy to be functionalized, they are becoming widely applied in
spICP-MS studies. For instance, Han and co-workers developed a one-step
homogeneous DNA assay with AuNPs using spICP-MS. The concentration-dependent
changes to the spICP-MS made it possible to detect target DNA down to 1 pM.?

Here, | present a new strategy for highly sensitive and selective determination
of Hg?* ion using spICP-MS AuNPs modified with sSDNA. Samples of 30 nm AuNPs
were individually functionalized with two sSDNA probes (Probe 1 and Probe 2). In the
presence of Hg?*, agglomeration occurs between AuNP-Probe 1 conjugates and AuNP-
Probe 2 conjugates due to the formation of T-Hg?*-T containing dsDNA. According,
reduced number of AuNPs or gold clusters observed in spICP-MS decreased with Hg?*
concentration in a well-defined manner. This designed assay can selectively detect Hg?*

as low as 155 fM.



2. Experimental Section
2.1. Chemicals and Instruments.

Gold nanoparticles with different sizes were purchased from Cytodiagnostics
Inc (Burlington, Canada). Mercury standard, mercury(ll) chloride, (11-
mercaptoundecyl)hexa(ethylene glycol) (TOEGS6), tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), polyethylene glycol sorbitan monolaurate (Tween-20), sodium
chloride, sodium phosphate monobasic, sodium phosphate dibasic, sodium citrate
tribasic dihydrate were purchased from Sigma-Aldrich (St. Louis, MO). Deionized (DI)
water (18.2 MQecm) was produced from a Millipore water purification system. All
DNA sequences were synthesized by Integrated DNA Technology (Coralville, IA). The
sequences of DNA were as follows:

Probe 1 (A10P1): 5-HS-(CH2)6-A10-GGTTGTGTTCGTGTGC-3~

Probe 2 (A10P2): 5-HS-(CH2)6-A10-GCTCTCGTTCTCTTCC-3~
2.2. Instruments.

UV-Vis absorption measurements were performed with a PerkinElmer
Lambda 1050 UV/Vis/NIR spectrometer (PerkinElmer, Santa Clara, CA), equipped
with a Peltier temperature control accessory. Transmission electron microscopy (TEM)
images of ssDNA modified AuNPs were acquired by Hitachi 7500 transmission
electron microscope (Hitachi, Japan).

A ThermoFisher iCAP Q ICP-MS (Waltham, MA, U.S.A) equipped with a
microflow perfluoroalkoxy nebulizer and a quartz cyclonic spray chamber cooled to
2.70 °C, was used to monitor the ICP-MS signals of AuNPs. The sample solution was
introduced into the ICP-MS using a peristaltic pump operating at 20 rpm and with PVC
peristaltic pump tubing of 0.508 mm i.d (ThermoFisher, Waltham, MA, U.S.A) yielding

a normal flow rate of 0.2 mL/min. The exact sample flow rate was measured daily by



mass of DI water. The ICP-MS instrument was tuned daily using a multi-element
solution (1pg/L In, U, and Ce in 2.5 % (v/v) HNO3) for maximum '"*In, 2*U and
minimum '*°Ce!%0/'"°Ce level (<3.0 %) under high-sensitivity standard mode. The
isotope '*’Au signal in counts was measured with a dwell time of 5 ms and a total
acquisition period of 180 s, including 36,000 individual measurements. The ICP-MS
instrument operating parameters are shown in Table 1. Data evaluation was performed
with the Microsoft Excel Worksheet and Origin (Northampton, Massachusetts, USA).
Measurements above 5 counts, which was five-times the highest signal intensity in
blank solution, was the nanoparticle detection criterion used in this work.

Table 1. Instrument parameters used for spICP-MS measurements

Parameters Value
Radio Frequency Power (W) 1550.00

Cool Gas (L min™) 14.00
Sample Gas Flow (L min™) 0.20
Nebulizer Gas Flow (L min™) 1.19
Spray Chamber Temperature (°C) 2.70
Sampling Depth 5.00
Peristaltic Pump Speed (rpm) 20.00

The procedure followed EPA method 7473 (Feb. 2007 Revision 0) for
determination of mercury in solids and liquids by thermal decomposition,
amalgamation, and atomic absorption spectrophotometry. All measurements were
performed with a Milestone DMA-80 Tri Cell direct mercury analyzer (Shelton, CT)
equipped with a 40-position auto-sampler. Liquid samples were weighed to 0.1 mg in
quartz sample boats and placed on the auto-sampler spindle. Samples were individually
dried and then decomposed under the flow of regulated oxygen carrier gas. An
amalgamator was used to trap the elemental mercury after which the trap was rapidly
heated and mercury vapor was carried sequentially through three quartz cells positioned
in the light path of atomic absorption spectrophotometer. Transient absorbance of

mercury was measured at 253.7 nm for each cell and related back to mercury
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concentration in the sample by external calibration over three ranges. Specific
instrument operating parameters are listed in Table 2.

Table 2. DMA-80 conditions used for Hg determinations of aqueous samples.

Parameters Value
Carrier gas High purity oxygen at 5 psi
Furnace 1, drying 70 s at 250 °C
Furnace 1, decomposition 180 s at 650 °C
Furnace 2, catalyst 565 °C
Furnace 3, amalgamator N/A
Furnace 4, cells 120 °C
Max. Start-T 250 °C
Purge Time 60 s
Amalgamator Heater Time 12's
Recording Time 30s

2.3. Preparation of ssDNA Modified AuNPs.

Thiol-functionalized ssDNA (SH-ssDNA) (100.0 pL of 200.0 uM) was first
reduced in the same volume of TCEP (20.0 mM), and incubated for 2 h at room
temperature. The amount of ssDNA was quantified with UV-Vis spectrometry. The
modification of ssDNA onto AuNPs was performed according to the literature with a
slight change.?® Briefly, the reduced SH-ssDNA (10.0 pL of 100.0 pM) was mixed with
I mL of 330 pM 30-nm-diameter AuNPs under vortexing for 1 min and left to rest for
30 min at room temperature. Afterward, an aliquot of 100.0 pL of 100 mM citrate-HCI
buffer pH 4.3 was added to adjust the pH of the solution and incubated for another 30
min, followed by adding 10.0 pL of 300 uM TOEG6. After another 30 min static
incubation, the solution was centrifuged at 6000 rpm for 30 min. The precipitates were
collected and washed with DI water twice. The final pellet was re-dispersed in 1.0 mL
of DI water and store at 4 °C for further usage.

2.4. Detection of Hg?" Using spICP-MS.
The prepared ssDNA modified AuNPs (AuNP-A1oP1 and AuNP-AoP2) were

first diluted to 10® particles/mL (1.65 pM) with 10 mM PB buffer containing 300 mM
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NaCl, pH 7.4. The particle number concentration of both ssDNA modified AuNPs
were diluted to 10°, 107, 10%, 10°, and 10'° particles/mL, respectively, during the
optimization of particle number concentration. Aliquots of 90 uL of AuNP-A1oP1 and
90 uL of AuNP-A1oP2 were mixed, followed by adding 20 pL of different concentration
of Hg?" solution. After that, the mixture was heated up to 95 °C for 5 min and then
cooled to room temperature. Then, the mixture was incubated for 2 h with constant
shaking to finish the reaction. An aliquot of 0.2 pL of Tween 20 was added and
incubated in an ultrasonic water bath for another 5 mins. Finally, the solution was

diluted to 5x10* particles/mL of AuNPs before introducing into spICP-MS.

3. Results and Discussion
3.1. Detection of Hg** Using spICP-MS.

In this study, a new strategy for highly sensitive and selective detection of Hg?*
ion was established by using spICP-MS to monitor the agglomeration of monodisperse
AUNPs by T-Hg?*-T paring of ssDNA on the AuNPs surfaces. As illustrated in Scheme
1, T-rich ssDNA probes (A10P1 or A10P2) were individually immobilized onto the
surface of different AUNP samples. The two probes are complementary except for seven
mismatched T bases. In the absence of Hg?*, the affinity between the two probes is too
weak to cause binding at room temperature, which is much lower than their melting
temperature. However, in the presence of Hg?*, the T-Hg?*-T interaction will increase
the melting temperature of formed dsDNA between two probes, causing the
aggregation of a portion of the AuNPs. The higher the concentration of Hg?*, the greater
the degree of aggregation, which can be easily distinguished by spICP-MS

measurements of detected particle frequency and '*’Au counts intensity.
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Scheme 1. Schematic illustration of Hg?* detection using probe modified AuNPs by
SpICP-MS.

3.2. Synthesis of AuNP-ssDNA.

Immobilization of ssDNA on AuNPs was proven by UV-Vis spectroscopy.
Compared with the bare AuNPs, the plasmon resonance peak of AuNPs modified with
ssDNA (A1oP1 or AjoP2) was red-shifted to 530 nm from 526 nm (Figure 1A).
Meanwhile, a new peak at 260 nm also demonstrated the immobilization of ssDNA on
the AuNPs. After adding 10 ppm of Hg?*, aggregation of modified AuNPs was
demonstrated by a significant redshift and broadening of the UV-Vis plasmon peak
(Figure 1B). The successful immobilization of ssDNA on the AuNPs was also
confirmed by gel electrophoresis with which the movement of AuNPs can be tracked
by the red AuNP color. As shown in Figure 1C, AuNPs modified with ssDNA (lanes 2-
4) moved at a relatively fast speed which was aided by the negatively charged ssDNA.
Bare AuNPs in lane 1 moved more slowly than the modified AuNPs. The AuNPs-
ssDNA sample aggregated by Hg?" in lane 5 showed a tailed band and moved much

slower than the bare AuNPs due to their increased size after aggregation.
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Figure 1. Characterization of AuNP-ssDNA composites. A, UV-Vis spectra of bare and
AuNPs modified with ssDNA; B, UV-Vis spectra of AuNP-ssDNA with or without 10
ppm Hg?" in water; C, Electrophoresis gel image of AuNP-ssDNA: Lane 1 with bare
AuNPs, Lane 2 with AuNP-A1oP1 conjugate, Lane 3 with AuNP-A1oP2 conjugate, Lane
4 with AuNP-AoP1 conjugate and AuNP-AoP2 conjugate, Lane 5 with AuNP-AoP1
conjugate and AuNP-A oP2 conjugate + 10 ppm of Hg>".
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Figure 2. TEM image of AuNPs modified with ssDNA. A, bare AuNPs; B, AuNP-AoP1
conjugate; C, AuNP-AoP2 conjugate; D, AuNP-AoP1 conjugate and AuNP-AoP2
conjugate.

The size and stability of AuNPs modified with ssDNA were also characterized

by TEM. As shown in Figure 2A-C, monodispersed AuNPs with the size of 32 = 5 nm



were observed no matter which ssDNA probe was immobilized. Even in the mixture of
AuNP-AoP1 conjugate and AuNP-AioP2 conjugate, the particles remained
monodisperse in the absence of Hg?" (Figure 2D), indicating excellent selectivity of the
aggregation process.

3.3. Feasibility Investigation.

To demonstrate the feasibility of Hg>* detection by the proposed method, the
capacity of spICP-MS quantify aggregation of AuNPs was investigated. It was expected
that aggregation of AuNPs would decrease the number of detected nanoparticles within
the acquisition period but increase the count intensity of the ones that were detected. To
prove this hypothesis, AuNPs with different sizes and different concentrations were
analyzed by spICP-MS (Figure 3). As shown in Figure 3A-D, AuNPs of 20 nm, 30 nm,
40 nm, and 60 nm showed peaks with different intensities. The average intensities of
the samples increased from 18.1+ 0.8 to 450 + 20 counts with the increase of AuNPs
size ranging from 20 nm to 60 nm. In spICP-MS, the peak intensity is proportional to
the numbers of Au atoms reading the plasma in one dwell time. The larger the size of
the AuNPs, the higher the peak intensity (Figure 4A). This relationship demonstrated
that Au atom changes caused by aggregation should be easily detected by the spICP-
MS. To evaluate changes to the number of detected AuNPs, 30 nm AuNPs with different
concentrations were analyzed in spICP-MS as well. As shown in Figure 3E-F and
Figure 4B, 30 nm AuNPs with increasing particle concentrations of 1x10%, 2x10%,
5x10%*and 1x10° particles (P) /mL increased the number of peaks (i.e., detected AuNPs)
during the same acquisition period. This relationship demonstrated that the smaller
number of particles resulting from the aggregation should be easily detected by spICP-
MS. Therefore, spICP-MS should be a powerful tool for quantification of Hg?" by

monitoring Hg>" induced aggregation of AuNPs.
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Figure 3. A-D, spICP-MS spectra of AuNPs with different sizes (A: 20 nm, B: 30 nm,
C: 40 nm, D: 60 nm); E-F, spICP-MS spectra of 30 nm-AuNPs at different
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P/mL).

The binding affinity of Hg?* and thymine group was affected by the
concentration of NaCl in the buffer system. However the high concentration of NaCl
will cause aggregation of AuNPs.?’” By using TOEG6 during the ssDNA modification,
the AuNPs-ssDNA can be stable in high concentration (up to 3 M) of NaCl.?¢ We
investigated the stability of prepared AuNP-ssDNA, whether it was individual (AuNP-
A10P1 or AuNP-A10P2) or mixture, using spICP-MS with high salinity. As shown in
Figure 5, the peak intensities recorded for modified AuNPs in PB buffer with 1 M NaCl
(Figure 5D-F), which is much higher than the NaCl concentration used in binding buffer
(300 mM), was as identical as that in PB buffer without NaCl (Figure 5A-C). No
unusually high peaks were observed might indicate aggregated AuNPs. The average
number of AuNPs detected during the same acquisition period were also same to that

in PB buffer without NaCl. The results demonstrated that the AuNP-ssDNA conjugates

could keep monodispersed in a relatively high concentration of NaCl.
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Figure 5. spICP-MS spectra of AuNP-ssDNA in 10 mM PB buffer pH 7.4 without (A,
AuNP-AoP1; B, AuNP-AoP2; C, AuNP-A1oP1 and AuNP-AoP2) or with (D, AuNP-
A1oP1; E, AuNP-AoP2; F, AuNP-AoP1 and AuNP-AoP2) 1 M NaCl. (**7Au, dwell
time: Sms).

3.4. Optimizations.

To optimize the aggregation of ssDNA-modified AuNPs for Hg?" analysis by
spICP-MS, a general method for preparing sample was developed (described in
Experimental section 2.3) and a dimensionless metric for assessing the amount of
aggregation was defined. Feasibility experiments demonstrated that both the number
and average peak intensity AuNPs detected within the spICP-MS acquisition period
(180 s) would change with the amount of aggregation. Because the change in particle
number was much greater than for average peak intensity, especially at low Hg**
concentrations, the dimensionless aggregation efficiency (y) in Eq 1 was used for
optimizations.

number of AuNPs detected after Hg?*exposure
y=1- &_=7P Eq 1

number of AuNPs detected before Hg2+exposure

As shown in Figure 6A, with decreasing of the particle number concentration
from 10'° to 10° P/mL, the aggregating efficiency first increased to the maximum at 10®

P/mL and then decreased. Because at high concentrations (10° and 10!° P/mL), the
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change of particle numbers induced by aggregation may be negligible compared to the
plentiful of original particles. At low concentrations (10 and 10’ P/mL), the opportunity
of collision between two nanoparticles significantly decreased, causing the low
aggregating efficiency. To achieve the best result, 103 P/mL of AuNPs-DNAs was
chosen as the optimal working condition.

The T-Hg?"-T interaction occurred between ssDNA modified AuNPs is
sensitive to the change of temperature, so the effect of incubation temperature and time
were studied as shown in Figure 6B and 6C, respectively. Aggregating efficiency
increased and reached a plateau from 25 °C to 35 °C. After that, the temperature was
closer to the melting temperature of dsSDNA and induced the dissociation of T-Hg**'T
between Hg”>* and ssDNA. Because the aggregating efficiency was constant from 25 °C
to 35 °C, 30 °C was chosen for further application. Incubation time was also found to
have a plateau, so that optimum conditions of 2 h at 30 °C were selected for further

testing.
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Figure 6. The optimizations of AuNPs particle number concentrations (A), incubation
temperature (B), and incubation time (C). Hg?>* concentration: 1 ppb.

3.5. Characteristics of Hg?>" Analysis Method.
Analytical performance of the spICP-MS method was evaluated by applying
the previously optimized aggregation conditions over a 108 range of Hg?" concentration;

from 0.01 parts per trillion (ppt, ng Hg/L) to 10,000 parts per billion (ppb, pg Hg/L).
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Raw spICP-MS data for only 20 s of the 180 s acquisition period are shown in Figure
7. These data demonstrated fewer peaks but an increased number of larger peaks with
higher Hg** concentration, thereby confirming the aggregation model proposed in
Scheme 1. TEM images of the same samples (Figure 8) also confirmed greater
aggregation of AuNPs with higher mercury level. Plots of aggregation efficiency ()
and average peak intensity versus Hg?" concentration (Figures 9, and 10, respectively)
also confirmed these characteristics quantitatively. The average peak intensity
increased significantly at higher mercury levels, but the increase was accompanied by
unacceptably large variations from sample-to-sample and changes at low mercury
levels that were too small to provide adequate sensitivity. Aggregation efficiency
proved to be far better quantitative metric for Hg?* calibration and determination. It
showed an extremely wide dynamic range covering almost the entire 10® range that was
tested. Moreover, the change in y was purely logarithmic between 0.1 to 1000 ppt (line
in Figure 9, y=0.137-Log[Hg?'] + 0.720, R? 0.994) making calibration straight forward
and allowing an estimate of limit of detection (LOD = 0.031 ppt) from the measured
variance of aggregation efficiency (o = 0.021) in the absence of mercury (i.e., when y
=0) and applying a detection criterion of y = 3. Overall, this method for Hg** detection

exhibited the outstanding advantages in a linear range and detection limit (Table 3).
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Figure 7. spICP-MS spectra of AuNP-ssDNA in the presence of different concentrations
of Hg?". A, without Hg?"; B-K, Hg?* concentrations in 0.01 ppt, 0.1 ppt, 1 ppt, 10 ppt,
100 ppt, 1 ppb, 10 ppb, 100 ppb, 1 ppm. (**’Au, dwell time: 5ms)
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Figure 8. TEM image of AuNP-ssDNA in the presence of different concentrations of
Hg?*. A, AuNPs-ssDNA without Hg*"; B-E, AuNPs-ssDNA with Hg** in 10 ppb, 100
ppb, 1 ppm, 10 ppm.
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Figure 9. Relationship between aggregation efficiency and Hg?* in concentration from
0.1 ppt to 10 ppm. Linear range from 0.1 ppt to 1 ppb.
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Figure 10. Relationship between average intensity and Hg?" in concentration from 0.1
ppt to 10 ppm. Linear range from 0.1 ppt to 1 ppb.

Table 3. Comparison of AuNPs for Hg?* detection based on aggregation strategy.

Methods Materials LOD Linear range Strategy References

Colorimetric AuNPs, APTES 10nM 0-92.3nM Aggregation, APTES [28]

Colorimetric AuUNPs, DNA 1nM 1 nM-0.5 uM Aggregation, NaCl [29]

Fluorescence AuUNPs, DNA 16 nM 0.02-1uM Quench, T-Hg?*-T [12]

Colorimetric AuNPs, CDs 7.5nM 10-300 nM Aggregation, CDs [30]

Colorimetric AuNPs, DNA 1.5 ppt 0-2 ppb (10 nM) Aggregation, T-Hg**-T  [31]

(LFA) (7.5 pM)

Localized AuNPs, DNA 0.7nM 1-50 nM Aggregation, T-Hg**-T  [32]

surface plasmon

resonance

(LSPR)

Colorimetric AuNPs, DNA 50 nM 25-100 nM Aggregation, NaCl [33]

(paper-based)

Colorimetric &  AuNPs, DNA 0.1nM 0.2-100 nM Aggregation, NaCl [34]

Fluorescence

Colorimetric AUNPs, DNA, 0.15nM 0.25-500 nM Aggregation, Polymer [35]
Polymer

SpICP-MS AuNPs, DNA 0.031ppt 0.1 ppt (500 fM)-  Aggregation, T-Hg?-T  This work

(155 fM) 1 ppb (5 nM)
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3.6. Selectivity.

The selectivity of AuNP-ssDNA aggregation for Hg?* was also evaluated using
the spICP-MS method. AuNP-ssDNA mixtures were incubated with other
environmentally relevant metal ions, including Pb*", Cd**, Ni*", Mn?**, Cu*", Fe**, Mg?*
Zn**, Ca**, AI**, and Fe’" at a concentration of 100 ppb, which were 100 times higher
than the concentration of Hg?>* used for comparison (1 ppb). The results in Figure 11
demonstrated that the AuNP-ssDNA probe aggregated very selectively with Hg?**
compared to the other bivalent or trivalent metal ions. Despite the concentration of other
ions being 100-fold higher, none showed an aggregation efficiency higher than 30% of

that for Hg*".
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Figure 11. Selectivity of the AuNP-ssDNA probe for Hg?* detection by spICP-MS.
Hg?" concentration: 1 ppb; other ion concentrations: 100 ppb.

3.7. Analysis of Real Sample.
To validate the optimized spICP-MS method for determination of Hg>" in real

samples, both tap water and river water samples were spiked with varied levels of

19



mercury (1 ppt and 1 ppb) and tested. The spICP-MS testing was performed in parallel
with the standard EPA method 7473 and the spike recovery results were compared
(Table 4). Although lower spike level (1 ppt) was below the detection limits of the
standard method, the results for the higher spike level (1 ppb) showed good
correspondence between the two methods and acceptable recoveries (100 £ 20%). It is
noteworthy that the spICP-MS method demonstrated acceptable Hg?* recoveries at both
concentration levels.

Table 4. Spike recovery efficiency of spICP-MS method for Hg?* detection in the tap
water and river water(n=3).

Samples Spiked Found by spICP-MS  Recovery of Found by Recovery of
(ppb) (ppb) SpICP-MS (%) DMA (ppb) DMA (%)
Tap water 1.00x<10°® (1.0540.13)x10°3 105413 a -
1.00 0.884+0.18 88+18 1.16+0.06 115%6
River water 1.00>10°3 (1.09£0.22)<103 109422 a -
(Red river)
1.00 0.904-0.07 9047 1.15+0.01 112+1

2 The concentration of Hg?* was too low to be detected by DMA
4. Conclusions

This work developed a method for the determination of Hg** using aggregation
of DNA modified AuNPs and measurement of that aggregation by spICP-MS. Because
of the strong and highly specific “T-Hg*"-T” interactions between modified AuNPs, the
method achieved outstanding sensitivity and selectivity. The optimized assay provided
a 10® dynamic range and a broad logarithmic range from 0.1 ppt to 1 ppb, and a
detection limit of 0.031 ppt. These characteristics are superior to most other reported
mercury assays. Moreover, this assay demonstrated an accurate analysis of Hg?" in tap
water and river water with satisfactory recovery results. The developed assay provided
promising potential for the detection of other metal ions and biomolecules by carefully
designing the probes on AuNPs.
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CHAPTER 11
AN ULTRASENSITIVE GOLD NANOPARTICLE BASED GRAPHENE

BIOSENSING PLATFORM USING SINGLE PARTICLE INDUCTIVELY
COUPLED PLASMA MASS SPECTROMETRY

1. Introduction

Graphene oxide (GO) has been widely applied to fabricate fluorescence
biosensors due to its unique optical properties.®®3" In general, it is a high capacity
energy accepter and has played a significant role as a quencher in the fluorescence
resonance energy transfer (FRET) of optical biosensors.®*° For instance, single-
stranded DNA (ssDNA) is easily adsorbed to the GO surface because of strong z-z
stacking interactions between the base structure of sSDNA and the two-dimensional
multi-hexagonal structure of GO.*° The strong adsorption between GO and ssDNA,
coupled with the excellent quenching ability of GO provides an effective fluorescence
platform for sensing biomolecules.** Two major factors determine the sensitivity of
DNA-sensing applications of this platform. The first factor is a target-induced DNA
conformational change, which results in desorption of fluorophore molecules away
from the GO, and thus increased fluorescence signals. Since the first report by Zhang
etal. in 2009,* a broad range of targets including nucleotides,*? metal ions,* proteins,**
enzymes,® and other small molecules*® have been detected using various sSDNA
conformational changes with this platform.*” The second factor is the signal output
based on the FRET effect between fluorophore molecules and the GO. However, the
high background signal in some complex samples,*® photobleaching of fluorophores,
and the practical limitations of fluorophotometers has prevented further improvement
in sensitivity to achieve sub-picomolar detection. Thus, a better signal output method
IS needed.

Two possible strategies could improve the signal output of the GO platform.
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The first strategy is to introduce an amplification step in the sensing process.*® For
instance, several methods have been applied for oligonucleotide amplification, such as
polymerase chain reaction and other isothermal nucleic acid amplification methods.>°
However, specific enzymes and delicate sequence design were required, diminishing
assay feasibility. The second strategy is to utilize a more sensitive detector. One
candidate is the inductively coupled plasma-mass spectrometry (ICP-MS) when
operated in the time-resolved mode with ultrashort dwell time. This configuration has
demonstrated encouraging results for nanoparticle analysis and is often referred to as
single particle ICP-MS (spICP-MS).2%2* The method provides “particle by particle”
measurements that include information about particle number concentration, particle
size, and size distribution.?* Each particle that enters the ICP plasma forms an ion cloud
that results in an isotope count registered by the MS during a single dwell time
measurement. Theoretically, single particle in the solution can be detected if 100 %
transportation efficiency and enough collection time were applied.>>? Although most
spICP-MS applications to date have been focused on the characterization and direct
quantification of nanoparticles themselves,>*-> the capacity for ultralow detection of
the particle concentration also makes spICP-MS a promising tool for ultrasensitive
bioassay.?> > Zhang et al. developed a multiple DNA assay using different isotopes
of nanoparticles as the output signal. The nanoparticles were first captured by the
heterogeneous sandwich structure and then melted and washout into the ICP-MS. The
nanoparticle concentration quantified by spICP-MS was proportional to the
concentration of the target.*

Considering the criteria for the ultrasensitive detection,* which used to
describe the sensors with an ultralow detection limit (sub-picomolar), the demands of

ultrasensitive detection ultralow concentrations of biomarkers, such as bloodborne
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viruses, circulating tumor cells, and circulating nucleic acids,> might be met by using
the spICP-MS as the signal output system. Based on this hypothesis, in this work, we
have developed an ultrasensitive graphene platform for sensing biomolecules using
gold nanoparticles (AuNPs) and spICP-MS technology. Thrombin, a kind of serine
protease that plays a crucial role in blood coagulation and thrombotic diseases, was
chosen as the model target biomolecules of study. We fabricated a sensing platform
based on the GO/DNA recognition and spICP-MS detection to detect thrombin. An
ultralow detection limit of 4.5 fM was archived by the combination of excellent
recognition ability of GO for ssDNA and ultra-sensitivity of spICP-MS. Moreover, the
diversity of ssDNA sequences on AuNPs made then an excellent building block for
various targets because they can work as an aptamer or as a complementary sequence.>®
% Hence, our designed platform has potential as a broad-spectrum biosensor for

ultrasensitive detection of biomarkers in clinical diagnostics.

2. Experimental Section
2.1. Materials.

Gold nanoparticles (20 nm) were purchased from Cytodiagnostics Inc
(Burlington, Canada). Gold standard solution was purchased from Inorganic Ventures
(Christiansburg, VA). High purity liquid argon was used as the plasma gas and the
nebulizer gas for all ICP-MS measurements. In the conventional ICP-MS
measurements, an ultra-high purity helium gas was used to remove undesirable
molecule ions in the kinetic energy discrimination (KED mode). (11-mercaptoundecyl)
hexa (ethylene glycol) (TOEG6), sodium chloride, magnesium chloride, sodium
phosphate monobasic, sodium phosphate dibasic, sodium citrate tribasic dihydrate,

bovine serum albumin (BSA), and 0.22 um filter membranes were purchased from
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Sigma-Aldrich (St. Louis, MO). Immunoglobulin G (IgG) was purchased from Santa
Cruz Biotechnology (Dallas, TX). Fetal bovine serum (FBS) was purchased from VWR
(Radnor, PA). Single layer graphene oxide was purchased from ACS Material
(Pasadena, CA). The deionized (DI) water (18.2 MQecm) was produced from a
Millipore water purification system. All DNA sequences were synthesized by
Integrated DNA Technology (Coralville, 1A). The sequences of DNA used were as
follows:
m29: 5'-HS-(CH2)6-TTTTTAGTCCGTGGTAGGGCAGGTTGGGGTGACT
m29-F: 5’-HS-(CH2)s-TTTTTAGTCCGTGGTAGGGCAGGTTGGGGTGACT-
Alex750-3"
2.2. Instruments.

UV-Vis absorption measurements were performed on a PerkinElmer Lambda
1050 UV/Vis/NIR spectrometer (PerkinElmer, Santa Clara, CA), equipped with a
Peltier temperature control accessory. Zeta potential of nanomaterials was measured
using Zetasizer nano (Malvern Panalytical, UK). Fluorescence spectra were obtained
with an RF-6000 spectrophotometer (Shimadzu, Japan). Transmission electron
microscopy (TEM) images of GO and AuNPs were taken using a Hitachi 7500
transmission electron microscope (Hitachi, Japan). All ICP-MS measurements were
carried out using a Thermo Scientific ICAP Qc ICP-MS (Bremen, Germany) coupled
with a 4-channel 12-roller peristaltic pump, nickel sample and skimmer cones, a
Teledyne CETAC ASX560 autosampler (Omaha, NE), a microflow perfluoroalkoxy
nebulizer (Thermo Scientific) and a Peltier-cooled quartz cyclonic spray chamber. To
monitor the ICP-MS instrument, the THERMO-4AREV (Thermo Scientific) standard
was run daily for maximum %°Co, 228U and minimum '#°Ce'°0/'*°Ce signal. The ICP-

MS measurements of AuNPs were controlled by the Qtegra™ software (version
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2.8.2944.202). The instrument operating parameters used for the single particle and

conventional ICP-MS measurements are listed in Table 5.

Table 5. ICP-MS instrument parameters used for conventional and single-particle

measurements.

Parameter

Conventional
measurement

Single-particle
measurement

Sample introduction
peristaltic pump
pump speed (rpm)
sample tubing (mm ID)
internal-standard tubing (mm
ID)
waste tubing (mm ID)
nebulizer
nebulizer gas flow (L/min)
spray chamber
spray chamber temperature (°C)
Plasma
torch
Rf power (W)
coolant gas flow (L/min)
plasma gas flow (L/min)
sample injector
Mass spectrometer
sample cone
skimmer cone
cone insert
mode
KED gas flow (mL/min)
dwell Time (ms)
sweeps
internal standards

4-channel, 12-roller
20
0.508
0.508

1.295
Microflow PFA-ST
1.09
quartz cyclonic
2.70

ICAP Q quartz
1550
14
0.8
quartz (2.5 mm ID)

nickel
nickel
3.5 mm
KED
4.6
50
10
103R}y, 209B;

4-channel, 12-roller
20
0.508
not used

1.295
Microflow PFA-ST
1.05
quartz cyclonic
2.70

ICAP Q quartz
1550
14
0.8
quartz (2.5 mm ID)

nickel
nickel
2.8 mm
STDS
0
5
0
none

2.3. Preparation of ssDNA Modified AuNPs.

Thiol-functionalized sSDNA (SH-ssDNA) (100 pL of 200.0 pM) was reduced

in the 100 uL of TCEP (20.0 mM), and then was incubated for 2 h at room temperature.

The amount of ssSDNA was quantified with UV-Vis spectrometry. The modification of

ssDNA onto AuNPs was performed according to the literature with a slight change.?

Briefly, the reduced SH-ssDNA (10 pL of 100.0 pM) was mixed with 1.0 mL of 1 OD

20-nm-diameter AuNPs under vortexing for 1 min and was retained in the container for
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10 min at room temperature. Afterward, a 100 pL aliquot of citrate-HCI buffer (100
mM, pH 4.3) was added to adjust the pH of the solution and incubated for 30 min,
followed by adding 50 puL of 300.0 uM TOEG6. After addtionall0 min of static
incubation, the solution was centrifuged at 6,500 >g for 30 min. The precipitates were
collected and washed with DI water twice. The final pellet was re-dispersed in 1.0 mL
of DI water and stored at 4 °C for further use.

2.4. Adsorption of ssDNA to GO.

A 50 uL aliquot of 510 particle/mL AuNPs-ssDNA and 50 uL of 400.0
pug/mL of GO were incubated in 1.0 mL of PBS buffer (10 mM with 0.5 mM MgClo,
pH 7.4) at room temperature for 30 min with regular shaking. Then the solution was
vacuum filtered by a 0.22 pm membrane. After washing with water twice and PBS
buffer once, the maroon-colored GO/AuNPs composites distributed on the membrane
surface were re-dispersed in 2 mL of PBS buffer by using an ultrasonic water bath.
2.5. Analysis of Thrombin by GO/AuNPs Composites Using spICP-MS.

A 50 pL aliquot of thrombin solution with different concentrations were
incubated with 50 pL of prepared GO/AuNPs composites in a total of 500 uL of PBS
buffer (10 mM with 0.5 mM MgClz, pH 7.4) at 37 °C with regular shaking. After 1 h
of incubation, the solutions were removed by syringe and filtered using a 0.22 um
membrane. Followed by 10 min of ultrasonic water bathing, the filtrate would be

introduced to the ICP-MS.

3. Results and Discussion
3.1. Design of the Biosensing Platform.
A new graphene-based platform for ultrasensitive detection of biomolecules

was based on spICP-MS directly counting escaped AuNPs from the graphene oxide/Au
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nanoparticles (GO/AuNPs) composites. The escape was caused by the reaction between
the target molecule and the ssSDNA ligands (aptamer) modified on the surface of AuNPs.
The design of the platform is illustrated in Scheme 2. First of all, a thrombin aptamer
(ssDNA sequence with specific strong affinity to thrombin) was covalently
immobilized on the surface of 20 nm citrate stabilized AuNPs through the formation of
an Au-S bond. After incubation with a GO sheet, the aptamer modified AuNPs were
adsorbed on the surface of GO due to the strong n-n stacking interaction between the
ring structures of ssDNA base and the GO sheet, thereby forming the GO/AuNPs
composites (Scheme 2A). After thoroughly washing to remove any free AuNPs, the
target biomolecule, thrombin, was introduced to the platform. In the presence of
thrombin, aptamer on the AuNPs complexed with the thrombin molecule and changed
the aptamer structure (Scheme 2B). This conformational change broke the interaction
between the aptamer and the GO, causing the associated AuNPs-aptamer to desorb from
the GO surface. Before introducing the solution into the spICP-MS, it was filtered to
0.22 um membrane to remove the AuNPs still adsorbed to GO. Only the escaped
thrombin-complexed AuNPs would be injected into the ICP-MS (Scheme 2C). There
were no aptamer-modified AuNPs desorbed in the absence of thrombin (Scheme 2D).
In the single particle analysis mode, the number of AuNPs was absolutely quantified
by counting the pulse detected. The number of pulses, related to the number of AuNPs
desorbed from GO by thrombin-aptamer complexation, was directly related to thrombin
concentration. Because the spICP-MS method can easily detect even small number
(<100) of AuNPs per mL of solution, this designed platform has the capability to

achieve ultralow detection limits for thrombin or other potential biomarkers.
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Scheme 2. Schematic illustration of thrombin detection using aptamer modified AuUNPs
by spICP-MS. A, thrombin aptamer modified AuNPs incubated with GO; B, thrombin
molecule as target incubated with GO/AuNPs composites; C, desorbed AuNPs were
separated and introduced into spICP-MS; D, no thrombin molecule added as control.
3.2. Formation of GO/AuNPs Composites.

Two strategies have been applied in the graphene/DNA based fluorescence
biosensors, which depend on the sequence of sSDNA adsorbed to the GO.%> 0 In the
“turn off” mode, also named post-adsorb strategy, the target molecule was first
incubated with dye modified ssDNA, then addition of GO caused fluorescence
quenching after the unbound ssDNA adsorbed to the GO surface. In the “turn on” mode,
also named pre-adsorb strategy, the dye modified ssDNA reagent was first adsorbed to
the GO surface to quench the fluorescence. Addition of target molecules caused the
desorption of dye molecules from the GO due to the interaction with sSDNA, resulting
in fluorescence recovery. Considering the ultrahigh signal to noise ratio of the “turn on”
mode inherent to the pre-adsorb strategy, the GO/AUNPs composites were obtained
before incubation with thrombin. Unlike adsorption between dye-modified sSDNA and

GO, unmodified AuNPs were easily adsorbed to GO in high ionic-strength buffers,

although both were negatively charged (Figure 12). Strong van der Waals forces play a
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significant role in the aggregating of AUNPs and GO by screening the charge repulsion
at a high salt concentration.®* Accordingly, the moderate salt concentration is required
to favor the adsorption of ssDNA to GO and avoid nonspecific adsorption of AUNPs to
GO. To determine the most favorable ionic strength, the salt concentration was
optimized. As shown in Figure 13, the amount of AuNPs measured in the filtrate after
incubating with GO in a PB buffer was found to vary with different concentrations of
Mg?* or Na*. The difference was quantified by measuring the UV-Vis absorbance peak
at 520 nm for 20 nm AuNPs. For 0.5 Mm MgClIz (Figure 13A), around 100% of the
AUNPs-TOEGS6 (red circle, control group without ssDNA modification) was recovered
in the filtrate after incubating with GO, indicated that there was no nonspecific binding
between the AuNPs and GO. When the MgCl2 concentration was higher than 1.0 mM,
less than 70 % of the AuNPs were recovered in the filtrate. The unrecovered AuNPs
were non-specifically bound to the GO surface, so these conditions should be avoided.
For all MgCl. concentrations, the aptamer modified AuNPs (black squares) were easily
adsorbed to the GO surface and retained. Moreover, there was no aptamer modified
AUNPs left in the filtrate after incubating with GO in the buffer solution with MgCl»
concentration higher than 2.0 mM. Although the adsorption efficiency was not 100 %
under 0.5 mM MgCl2 concentration, this concentration was optimal considering the
nonspecific adsorption to the AuNPs without ssDNA. The same situation was also
observed when using NaCl (Figure 13B). However, the nonspecific adsorption still
existed even when the concentration of NaCl was only 10.0 mM, which was much
lower than the required concentration of Na* for the interaction between ssDNA and

GO.52 Therefore, PB buffer with 0.5 mM MgCl, was chosen for the incubation of

aptamer modified AuNPs and GO.
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Figure 12. Zeta potential measurements of the nanomaterials. A, bare AuUNPs (-43 +3
mV); B, AUNP-TOEG6 (-20 =2 mV); C, AuNP-aptamer (-26 £3 mV); D, GO (-43 +
1mv).

A 1.0 —=— AuNP-aptamer B 1.0 —=— AUNP-aptamer
—a— AUNP-TOEGS —&— AuNP-TOEG6
(] [
208 208
(1] (1]
| 2
% 06 3056
e )
© [y
o o
g 044 g 0.4
® ‘@®
£ £
S 02 S 0.2
= =
0.0 0.0
0 1 2 3 4 5 0 10 2 30 20 50
MgCl, concentration (mM) NaCl concentration (mM)

Figure 13. UV-Vis absorption of AuNPs at 520 nm with different concentration of
MgClI2 (A) or NaCl (B). The AuNPs were in the filtrate after incubation with GO in a
PB buffer (10.0 mM, pH 7.4)

Formation of the composite was confirmed visually by 0.22 um filtration at
four stages of GO/AuUNPs synthesis (Figure 14). GO was retained on the filter
membrane surface (brown color) because of its larger average size (>500 nm) than the

membrane pore size (0.22 um, Figure 14A). The AuNPs-aptamer, which was only 20
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nm in diameter, passed the membrane easily and no evidence of the residual AuNPs
was seen on the membrane surface (Figure 14B). When the GO/AuNPs composites
formed by incubation of GO and AuNPs-aptamer, the residue on the membrane was a
reddish brown color, resulting from the color of AuNPs on GO (Figure 14C). The
residue of the GO and AuNPs-TOEG6 (Figure 14D) was the same as the pure GO
(Figure 14A), indicating no AuNPs nonspecifically adsorbed onto the GO. Formation
of the GO/AuNPs composite was further confirmed by TEM images. As shown in
Figure 15, the GO was present in a classic one-layer sheet structure with the size larger
than 500 nm. The 20 nm AuNPs (dark spots) were evenly distributed on the GO surface.
No free AuNPs existed in the area without GO, demonstrating the formation of purified

AUNPs/GO composites.

A

Figure 14. Photos of GO/AuUNPSs collected on the filter membrane surface. A, GO only;
B, AuNP-aptamer only; C, GO and AuNP-aptamer; D, GO and AuNP-TOEGS.
Incubated in 1.0 mL of 10.0 mM PB buffer with 0.5 mM MgCl. (pH 7.4) for 10 min at
room temperature. The GO concentration: 20 pg/mL; AuNPs concentration: 10%
nanoparticles/mL.
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Figure 15. TEM image of the GO/AUNPs composites re-dispersed in water. The
GO/AuNPs composites were obtained by incubating a 50 pL aliquot of 5x10
particle/mL AuNPs-aptamer and 50 puL of 400.0 ug/mL of GO in 1.0 mL of PBS buffer
(10 mM with 0.5 mM MgCl., pH 7.4) at room temperature for 30 min. Scale bar: 200
nm.

3.3. Validation of spICP-MS for Ultrasensitive Detection.

The feasibility of ultrasensitive detection of AuNPs by spICP-MS was first
verified. As shown in Scheme 2, the measured signal of the method is the number of
desorbed AuNPs, which is proportional to the concentration of the target molecule.
Solution containing different number concentrations of standard AuNPs were tested
using the spICP-MS. As shown in Figure 16, the number of pulses collected within 30
s systematically increased when the AuNP number concentration increased. The NP
detection criterion applied in all measurements was signal (in counts) greater than five-
times the baseline noise level. This noise level was 1 count, so a NP was detected if the
signal intensity was higher than 5 counts. There were no detected NPs in the blank

solution without AuNPs (Figure 16A). By increasing the particle number concentration

from 100 to 100,000 particles/mL, the number of NPs detected during the 180 s
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acquisition period increased from 2 to ~800 (Figure 16B-G). The relationship between
the number of detected NPs and the particle number concentration was calibrated under
conditions of 0.20 uL/min flow rate and 6.45 % transport efficiency. The results showed
an excellent linear fit at a low concentration range (0-10,000 particles/mL, Figure 16H
inset). Hence, the number concentration of AuNPs in the solution could be absolutely
quantified by using this calibration and the volume of the sample measured during the
acquisition period. The number of NPs detected at high concentrations was lower than
the expectation from the linear part of the calibration curve (Figure 16H). This was
probably by the greater likelihood of two NPs entering the plasma within one dwell
time. To avoid this issue, all the sample solutions were diluted before introducing into
ICP-MS.

To demonstrate the greater capacity of spICP-MS for ultrasensitive detection
of AuNPs, we compared the spICP-MS results with a conventional ICP-MS. The results
are listed in Table 6. The Au detection limit using conventional mode ICP-MS was
0.005 ppb, which was calibrated using gold standard solutions. There were no Au
detected by conventional ICP-MS when the particle number concentration was lower
than 10° particles/mL. In contrast, a solution of 100 particle/mL could be easily
determined using the single particle mode with only a 3 min collection time. Note that
the detection limit of the spICP-MS method could be even lower if the collection time
was increased.>® Moreover, the theoretical number of pulses calculated based on the
literature®® was close to the experimental data, demonstrating the reliability of the
method. These data demonstrated that even if only a few hundred AuNPs desorbed from
GO induced by a thrombin sample, they could be easily quantified by spICP-MS.

Assuming each thrombin molecule of the sample would desorb one AuNP and that each
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AUNP would be detected, this analytical performance would correspond to a thrombin

concentration of less than 1 <1018 M.
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Figure 16. spICP-MS spectra of AuNPs in different particle number concentrations.
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Table 6. AuNPs particle number concentration quantified by spICP-MS and
conventional ICP-MS

Particle number Detected Predicted Conventional Theoretical
concentration number of number of ICP-MS (ppb) Concentration
(particle/mL) AuUNPs AuUNPs” LOD: 0.005 ppb (ppb)#
b -6

100 10.5 4.05 8.1x10
b N
500 28.25 20.25 4110 5
b -5

1000 56 40.5 8.1x10
b -4

5000 310.5 202.5 4110
4 b -4

10 645.25 405 8.1x10
105 4957.25 4050 b 0.0081

106 a 40500 0.024 0.081

107 a 405000 0.274 0.81

“based on the following conditions: flow rate at 0.2 mL/min, collection time for 3 min, Transport
efficiency at 6.45%

! average mass of 20 nm AuNPs: 8.1x10 " g
* too condense in SpICP-MS
® under LOD of conventional ICP-MS

3.4. Optimizations.

Unlike the dye used in the fluorescent platform, there were numerous positions
on AuNPs that could be bound with ssDNA. The high loading capacity of ssDNA would
strengthen the interaction between the AuNPs and the GO. Meanwhile, the AuNPs
became harder to desorb in the presence of thrombin. Hence, the ssSDNA density on the
AuUNPs, which would affect the desorption efficiency of ssDNA, was optimized prior
to the detection. TOEGS6, a protein-repellent alkanethiol, was used to stabilize the
AuUNPs by passivating the particle surface during the ssDNA immobilization. The
amount of sSDNA on the AuNPs surface was tuned by changing the ratio of sSDNA to
TOEG6.%® The exact amount of ssSDNA was quantified by measuring the decrease of
fluorescence (Alex-750, modified on the other end of thrombin aptamer) in the
supernatant. The ssSDNA density on AuNPs at different concentrations of TOEG6 is
summarized in Table 7. The higher TOEG6 concentration, the lower ssSDNA density on

the AuNPs. Finally, an average of one sSDNA per particle was obtained when the
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TOEG®6 concentration increased to 15 uM, which was 60-times higher than the sSDNA
concentration. After obtaining aptamer-modified AuNPs with different numbers of
immobilized ssDNA, the assay was optimized based on the number of AuNPs detected
by spICP-MS. As shown in Figure 17A, the number of detected AuNPs increased with
decreasing number of immobilized ssDNA, demonstrating that AuNPs with less
immobilized aptamer would more easily desorb from the GO surface under the same
concentration of thrombin. To achieve the best result, AUNPs with an average of one
sSDNA per particle was chosen as the optimum aptamer modified AuNP reagent. Some
of the AuNPs might contain no ssDNA; however, this would not affect the assay
because those AuNPs without ssDNA could be washed out by passing the filter
membrane before introducing to the target molecules. The results in Figure 14 support
that these AUNPs with TOEG6 had little attraction with the GO.

Table 7. Effect of TOEG6 concentration on aptamer binding to AuNPs.
AuNPs (nM) ssDNA (uM) TOEG6 (nM) No. of ssDNA/NP

0.5 0.25 3 10
0.5 0.25 5 9
0.5 0.25 7 8
0.5 0.25 10 5
0.5 0.25 15 1

To guarantee that the reaction of thrombin with aptamer reached equilibrium
before spICP-MS analysis, the incubation time of thrombin and GO/AuNPs composites
was investigated. As shown in Figure 17B, the number of detected NPs increased
quickly with incubation time during the first 30 min but reached a plateau at 60 min.
There was no further change even when the incubation time was extended to 2 h. As a
result, the incubation time of 60 min was determined as the optimal reaction time for

the assay method.
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Figure 17. The optimizations of aptamer density on AuNPs (A), and incubation time
(B). Thrombin concentration: 10 pM. GO/AuNPs composites concentration: 1 pg/mL
(GO mass based) Incubation in PBS buffer (10 mM with 0.5 mM MgCl,, pH 7.4).

3.5. The Sensitivity of Thrombin Detection.

The assay was applied to thrombin detection using the spICP-MS under the
optimized conditions. As shown in Figure 18, the number of detected AuNPs
systematically increased within the 30 s collection time as the thrombin concentration
increased from 1.0 fM to 10.0 nM. There were also a few detected AuNPs without
adding thrombin in the blank (Figure 18A). The concentration of residual AuNPs in the
blank was as high as (40 +6) = 10° particle/mL after washing steps. Moreover, there
was no difference between the blank and the sample with 0.1 fM of the thrombin, which
established a concentration below the detection limit of the method (Figure 18B). With
the 1.0 fM of thrombin sample, there was a noticeable increase in detected AuNPs
compared with blank, although the distinction was only slight (Figure 18C). When the
concentration of thrombin was higher than 10.0 fM, the number of detected AuNPs

increased dramatically (Figure 18B-J).
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The quantitative relationship between the concentration of thrombin and the
concentration of desorbed AuNPs is demonstrated in Figure 19. Here, Nois the number
of detected AuNPs in the blank as control and N is the number of detected AuNPs at
different thrombin concentrations. This assay showed a broad dynamic range from 1.0
fM to 10.0 nM. It also showed a logarithmic relationship with the thrombin
concentration from 10.0 fM to 100.0 pM (Figure 19 inset) with a correlation coefficient
(R?) 0f 0.9997. The limit of detection was estimated to be 4.5 fM by the 3o rule, which

was around 5 orders of magnitude lower than the similar graphene based platform.*4°
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Figure 19. Relationship between the changes of number of detected AuNPs and
thrombin in concentration from 10* to 10* pM. Acquisition period: 180 s. Inset:
Calibration curve of the changes of number of detected AuNPs and thrombin
concentration from 1072 to 10% pM.

3.6. Selectivity.
The specificity of the developed sensor was evaluated by testing other protein

components in a serum sample. As shown in Figure 20, the desorbed AuNPs detected
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by reacting with BSA, 1gG, and FBS respectively at a concentration of 1.0 uM (~ 0.1 g
protein/L for FBS) were less than 10% of that caused by thrombin at a concentration of
10.0 pM. This result strongly demonstrated that the method could be used for both
selective and sensitive detection of the target biomolecules. Moreover, the fact that the
sample of thrombin in FBS showed the same signal level compared to the pure thrombin
showed that the method was not significantly influenced by interferes and indicated its

great potential for applications with complex sample interferes.
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Figure 20. Selectivity of the platform for thrombin detection by spICP-MS. Thrombin
concentration: 10.0 pM; BSA and IgG concentrations: 1.0 uM; FBS concentration: ~
0.1 g protein/L. GO/AuNPs composites concentration: 1 pg/mL (GO mass based).
Incubation at 37 °C for 60 min in PBS buffer (10 mM, 0.5 mM MgCly, pH 7.4).

4. Conclusions
In conclusion, a GO/AuUNPs platform for ultrasensitive detection of target
biomolecules using spICP-MS technology was developed. In this case, thrombin was

used as a model target molecule and could be detected at as low concentration as 4.5
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fM. Compare with similar fluorescence-based platforms this detection limit was lower
by five orders of magnitude, making this method comparable to other ultrasensitive
detection methods for thrombin.®3* It is also noteworthy that this detection limit could
be further reduced by removing the free AuNPs in the GO/AuNPs composites or
coupling an amplification strategy. Because of the excellent specificity of the aptamer,®®
this platform also showed high selectivity. Moreover, the type nanoparticles used as a
metal isotope signal source for spICP-MS could be varied, making it possible for

simultaneous multi-target detection. Finally, the method’s minimal interference from

the matrix makes it suitable for applications in clinical diagnostics.
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CHAPTER III
DETECTION OF ESCHERICHIA COLI IN DRINKING WATER USING dsDNA-

TEMPLATED COPPER NANOPARTICLES WITH HYBRIDIZATION CHAIN
REACTION

1. Introduction

Escherichia coli (E. coli) is one of the most common pathogens that cause
different kinds of diseases.®>%” The E. coli in drinking water, coming from domestic
wastewater discharge or other sources such as livestock manure, poses a threat to human
health, especially to children.®® Therefore, the development of sensitive, fast and
accurate methods for detection of E. coli is very important in the food industry,
environmental monitoring, and clinical diagnostics. Traditional methods for detecting
E. coli are based on microbiological culture procedures.®®* These detection methods
are sensitive and specific, but they are time-consuming (48-72 h), labor-intensive and
requires highly skilled staff and expensive facilities. Therefore, several ultrasensitive

70-71

detection methods, such as enzyme-linked immunosorbent assay,”” " polymerase chain

reaction (PCR)’? and novel biosensors, including impedimetry,’7*

surface plasmon
resonance (SPR),®” 7 colorimetry,®® micro-cantilever’® and fluorescence,® have been
developed for quick detections.

Fluorescent methods have been widely applied in biosensors for detection of
various targets, such as ions, small molecules, proteins and cells for more than two
decades.””® The optical features of the fluorophores play the most critical function in
determining the sensitivity and application fields of the biosensor. Other than traditional
organic dyes, several novel fluorescent nanomaterials, such as NPs,” metal quantum
dots (QDs)®'"*? and graphene QDs,*** have been widely researched and applied.

dsDNA templated CuNPs, as a new class of fluorescent nanomaterial, showed great

potential as fluorescent probes for biochemical applications due to their merits of
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ultrafine size, low toxicity, good biocompatibility, and outstanding photophysical
properties.®>%¢ So far, dSDNA templated CuNPs have been applied for small molecule

86. 88 and protein detection.®® More importantly, the synthesis of

sensing,®” DNA assay,
CuNPs can be accomplished by reducing Cu?" ions with ascorbate on the dsDNA
scaffold within 5-10 minutes under mild conditions. This suggests a great potential to
reduce analysis time.”*!

Commonly, the dsDNA sequence used as CuNPs template is monomeric and
short. One dsDNA provided just one site for one CuNP. So, high concentration of
dsDNA is required to reach the detectable fluorescence intensity.®> #” Fortunately, the
development of amplification techniques for DNA have made the detection of low
concentrations of DNA possible.® PCR is the most popular technology for amplifying
and detecting low-abundance nucleic acids, but the thermal process required in the
method limits its application in biosensors.’?** To overcome this drawback, isothermal
amplification methods which can rapidly and efficiently accumulate nucleic acid
sequences at constant temperature have been developed since the 1990s,%° such as
strand displacement amplification (SDA),’*? rolling circle amplification (RCA),% %
and ligase chain reaction.”” The limit is that an enzyme is still needed during the
amplification, which requires relatively strict conditions to maintain high activity. The
HCR technique has attracted increasing interest for DNA amplification compared to the
isothermal amplification methods mentioned because it is an enzyme-free amplification
method.”® Furthermore, different from other methods that duplicate the DNA, the HCR
technique grows the original oligonucleotides into long nicked dsDNA polymers under
mild conditions. Accordingly, the HCR technique has been widely used with various
89, 99-102

types of biosensors for sensitively detecting ions, DNA, proteins and cells.

In this work, a novel sandwich structure biosensor for E. coli detection was
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developed using antibody and aptamer as ligands, and fluorescence of CuNPs as signal.
The design combined the advantages of dsDNA templated CuNPs and the high
efficiency of the HCR amplification technique. Anti E. coli antibody modified magnetic
beads (MBs) were used to capture the target bacteria, then the primer ssDNA sequence
was introduced based on a sandwich structure between E. coli aptamer and E. coli. The
obtained primer initiated the HCR in the presence of HCR probes to form a long length
of dsDNA. Ultimately, the CuNPs were produced using the dsDNA as templates,

emitting the bright fluorescence with an E. coli concentration-dependent manner.

2. Experimental Section

2.1. Materials.

Copper sulfate pentahydrate, sodium ascorbate, sodium chloride, 3-(N-
Morpholino) propanesulfonic acid (MOPS), ethylenediaminetetraacetic acid (EDTA),
hemin, 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris-base), phosphate buffered
saline (PBS), and bovine serum albumin (BSA) were purchased from Sigma Aldrich
Inc. Lysogeny broth (LB) medium and streptavidin coated MBs were purchased from
Thermo Fisher Scientific Inc. Anti-E. coli antibody (Biotin labeled) was purchased
from Abcam. E. coli O157: H7 strain (ATCC 43888), Staphylococcus aureus (S. aureus)
strain (ATCC 13301) were obtained from the American Tissue Culture Collection
(ATCC). Acinetobacter baumannii (A. baumannii), Klebsiella pneumoniae (K.
pneumoniae), and Pseudomonas aeruginosa (P. aeruginosa) PAO1 were provided by
Dr. Min Wu’s lab. The deionized (DI) water (18.2 MQecm) was produced from a
Millipore water purification system. All oligonucleotides were synthesized by IDT Inc.
The sequences of DNA used were as follows:

HP1: 5'-TCAACATCAGTCTGATAAGCTACCTCCTAGCTTATCAGACTGAT-3’
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HP2: 5'-TAGCTTATCAGACTGATGTTGAATCAGTCTGATAAGCTAGGAGG-3’
Primer: 5'- TAGCTTATCAGACTGATGTTGA-3’

Aptamer-primer (APP): 5-ATCAAATGTGCAGATATCAAGACGATTTGTACAA
GATTTTTTAGCTTATCAGACTGATGTTGA-3’

2.2. Instruments.

Fluorescence intensities were measured using a RF-6000 spectrophotometer
(Shimadzu, Japan). Zeta potential of formed CuNPs were measured by a Zetasizer Nano
(Malvern Panalytical, UK). A Hitachi SU8010 field emission scanning electron
microscope (Hitachi, Japan) was used to take the SEM images of the bacteria and MBs.
2.3. Preparation of Antibody Conjugated Magnetic Beads (MBs).

The antibody modified MBs were prepared according to a previously reported
method with a slight modification.!®® A suspension of 10 pL of commercial
streptavidin-modified MBs was transferred into a 1.5 mL tube. The MBs were washed
twice with 200 puL of PBS buffer solution and then re-suspended in 100 pL of PBS
containing 20 pg/mL of biotin modified anti-E. coli antibody. Incubating at 37 °C under
continuous stirring for 30 min, the antibody was captured onto the beads surface based
on streptavidin-biotin affinity interaction. After washing twice with 200 puL of PBS
buffer, the antibody-modified MBs were re-suspended in PBS bufter containing 0.1%
bovine serum albumin (BSA) and incubated for 2 h at 4 °C to block residual sites on
magnetic beads.®® In the washing step, the magnet holding block was used for the
separation to remove the supernatant.

2.4. Bacteria Culture.

A monocolony of E. coli O157: H7 was selected from a previously inoculated

Luria—Bertani (LB) Broth agar plate and grown in LB broth overnight at 37 °C with

shaking. The bacterial cells were collected by centrifugation and were re-dispersed in a
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PBS buffer with an optical density of 1.0 at 600 nm (ODeoo) as the stock mother solution.
The centrifugation step was repeated three times. Then, the mother solution was serially
diluted to the desired concentrations for further use.

2.5. Bacteria Capture Using Antibody Conjugated MBs.

First, the E. coli stock solution was diluted to the following concentrations 10,
10%,10%, 104, 10°, 10° and 107 CFU/mL using PBS buffer. Then the prepared antibody
modified MBs (10° /mL) were added to each of the bacterial solutions and incubated
for 20 min at 37 °C with regular shaking. Then the bacterial cells bound on the MBs
were enriched and washed three times with PBS buffer. The bacteria-beads complexes
were re-suspended in 100 pL of PBS buffer for further measurement.

2.6. Fluorescence Detection Using dsDNA Templated CuNPs.

A 10 pL aliquot of 100 nM anti-E coli. aptamer-primer in PBS buffer was
added into the bacteria-beads complex solution and was incubated for 1 h at 37 °C.
After washing three times with PBS and once with MOPS buffer, the composites were
heated to 95 °C for 5 min. The supernatant was collected after centrifuging at 8,000
rpm for 5 min when the solution was cooled down to room temperature. A 50 pL aliquot
of each HP1 and HP2 (500 nM) were separately added and incubated for 1 h to process
the HCR reaction. Subsequently, 200 uM Cu** and 4 mM sodium ascorbate in MOPS
buffer were added and allowed to react for 10 min at room temperature. The
fluorescence emission was determined using a fluorescence spectrophotometer at a
wavelength of 615 nm under a 350 nm excitation.

Samples of prefiltered drinking water were inoculated with E. coli cells in
concentrations ranging from 10.0 to 1.0x107 CFU/mL. A 100 uL aliquot of each sample
was analyzed following the method described above for standard bacterial solutions.

The pure prefiltered drinking water was used as a negative control.
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3. Results and Discussion
3.1. Design of the Biosensor Platform for Bacterial Detection.

In this study, we have developed a biosensor platform for sensitive and
selective detection of bacteria using HCR amplification and dsDNA-templated CuNPs.
As shown in Scheme 3A, anti-E. coli antibody was first immobilized on the surface of
MBs by the interaction between biotin and streptavidin. Followed by incubating with
the E. coli in water, the bacteria were captured by the antibodies on the surface of MBs
(Scheme 3B). After enrichment of the MBs by a magnet (Scheme 3C), a ssDNA (APP)
with the specific sequence was introduced and reacted with the captured bacteria
(Scheme 3D). The APP was designed for two functions. At the one end of the APP an
aptamer to E. coli was linked so that they were able to capture the bacteria by incubating
the APP with E. coli. The other end of APP was the primer to initiate the HCR. The
obtained APP was melting eluted by high temperature and was then incubated with the
HCR probes (HP1 and HP2) to form a long dsDNA chain, which was used as the
template for the formation of the CuNPs. The fluorescent CuNPs were finally produced
after adding the Cu** and ascorbate to the system. The fluorescence intensity of the

CuNPs was proportional to the concentration of the captured E. coli.
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Scheme 3. Scheme for the detection of E. coli using dsDNA-templated CuNPs
amplified by the HCR

3.2. Antibody Modified MBs for Specifically Capturing E. coli.

To effectively capture the bacteria, the immobilization of antibodies on the
MBs was critical. The MBs used was streptavidin modified so the biotin labeled
antibody could easily link to the MBs surface. Due to the specificity of the antibody-
antigen interaction, only the target E. coli bacteria would be captured in the solution.
Capture of bacteria using the antibody modified MBs was demonstrated through SEM
images. As shown in Figure 21A, the captured E. coli was attached to the MBs after
washing. Because the size of MBs was very close to the length of E. coli, normally,
only one or two MBs were bound to one bacterial cell. As a control, S. aureus bacteria
were used for the same experiment. As shown in Figure 21B, there were no S. aureus
bacteria captured around the MBs, demonstrating a good selectivity that the anti-E. coli

antibody modified MBs could capture E. coli bacteria only.
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Figure 21. SEM images of MBs (1 u M) incubated with E. coli (A) and S. aureus (B).
Incubate at 37 °C for 20 min; Bacteria concentration: 10° CFU/mL.

3.3. Formation of Fluorescent CuNPs through dsDNA Templating.

The signal readout of the biosensor was based on fluorescent CuNPs that were
templated by the dsDNA of HP1 and Primer. The formation of the CuNPs was
confirmed in Figure 22. The hydrodynamic diameter of the CuNPs was 10.97+2.30 nm
(Figure 22A), which was close to the reported dsDNA templated CuNPs sizes. The
optical property of formed CuNPs was investigated by fluorescence measurements. As
shown in Figure 22B, the excitation peak and emission peak were 350 nm and 615 nm,
respectively. Both peaks were red-shifted compared to the reported dsDNA templated

CuNPs, which were 340 nm and 596 nm, respectively.® 194
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Figure 22. The size distribution of CuNPs (A), and the fluorescence spectrum of
CuNPs(B).

3.4. Amplification by the Hybridization Chain Reaction (HCR)
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To achieve the ultrasensitive detection of the bacteria, the HCR amplification
strategy was applied after the capture of the bacteria. In principle, the fluorescence
intensity of CuNPs depended on the amount of CuNPs formed, which was related to
the number of dsDNA template units. Therefore, the increase of dSDNA number was
critical. After HCR amplification, the length of dSDNA was much longer than the one
prior to HCR, providing more dsDNA templates for the formation of CuNPs. As shown
in Figure 23A, there was no fluorescence measured in the absence of DNA due to the
lack of template (curve a). In the presence of the single HP1 or HP2 probes, a slight
fluorescence peak at 615 nm was measured because of the short double stranded stem
structure in the original hairpin structure were formed (curve b and c). The fluorescence
intensity was as week as the single probe templated CuNPs after mixing two hairpin
probes together, demonstrating that there was no spontaneous reaction without primer
sequence as the initiator (curve e). In the presence of primer and HP1 probes, the
fluorescence intensity was slightly stronger than the groups with only hairpin probes
(curve d). The short length dsSDNA formed based on the complementary sequences
between the primer and part of HP1. Compared with the group d, adding HP2 together
with HP1 and primer made the HCR amplification processed, forming the long length
of dsDNA, not merely the short one. The fluorescence intensity was significantly
increased (curve f). The results demonstrated that the use of HCR amplification was
necessary and efficient. The strong fluorescence presented in orange color could also

be observed under the UV lamp excitation as shown in Figure 23B (f).
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Figure 23. A, Fluorescence spectra of the CuNPs formed using different templates: a,
no DNA; b, 1 uM HP1 only; ¢, 1 uM HP2 only; d, 1 uM HP2 and 50 nM Primer; e, 500
nM HP1 and 500 nM HP2; f, 500 nM HP1, 500 nM HP2 and 50 nM Primer. HCR
reaction time was 1 h. The concentration of Cu®" and sodium ascorbate were 200 uM
and 4 mM, respectively. CuNPs formation time was 10 min. The excitation wavelength
was 350 nm. B, Photograph of the fluorescent CuNPs formed using different templates
under an UV excitation.

3.5. Optimizations.

To maximize the performance of the biosensor, several experimental
conditions were optimized. As discussed previously, two major factors should affect the
sensitivity of the biosensor. The first factor was the target bacteria capture efficiency by
antibody modified MBs. The second factor was the formation of dsDNA templated
CuNPs. The ratio of antibody modified MBs to bacteria should affect the bacteria
capture efficiency. In general, as the constant amount of bacteria existed, the more MBs
used, the more bacteria captured. Therefore, we fixed the number of bacteria at the level
of 10° CFU/mL, then changed the amount of MBs from 1.0 to 1.0 x 10®. The uncaptured
bacteria quantified by the plate colony counting after incubating with MBs. As shown
in Figure 24A, the uncaptured bacteria amount reached a constant number, closed to 0,
when the amount of MBs of 10° was used. Almost all bacterial cells were captured
under this MBs concentration, the extra amount of MBs (107 and 10%) made no further
contribution. Considering the bacterial concentration in real samples is much lower than

the number we chose here, the 10° of MBs was sufficient and thus was applied in the
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subsequent experiments.

The optimal incubation time of MBs with bacteria was then studied. As shown
in Figure 24B, the reaction between MBs and bacteria was fast due to the strong affinity
between the antibody and antigen. The number of uncaptured bacteria was dramatically
decreased after 20 min of reaction and reached a plateau. In the premise of time saving,
20 min was chosen as the optimal incubation time.

The fluorescence signal from CuNPs used as signal readout was not stable as
expected during the CuNPs formation process. To obtain a reliable signal the reaction
time of Cu?" with sodium ascorbate to form the CuNPs was investigated. As shown in
Figure 24C, the fluorescence dramatically increased in seconds after the reduction
reaction between Cu?* and sodium ascorbate started. The fluorescence intensity reached
apeak and started to drop at around 100 s after the reaction. The fluorescence eventually
dropped down to a constant level after 400 s. The reason for this phenomenon was
unclear and needed further study. Ad this stage, a reaction time of 10 min in the constant
range was selected for subsequent experiments.

The formation of long lengths of dSDNA through the HCR required sufficient
reaction time. To guarantee the reaction was complete, the incubation time of the HCR
was studied. As shown in Figure 24D, the fluorescence intensity increased with the
increasing of reaction time for the HCR. The fluorescence signal reached a plateau and
remained constant after 50 min. Therefore, the incubation time of 60 min was chosen

as the optimal condition.
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Figure 24. The effect of different experimental conditions on the detection of E. coli.
(A) Impact of the amount of antibody modified MBs on the capture efficiency of E.
coli. (B) Impact of incubation time between MBs and bacteria on the capture efficiency
of E. coli. (C) Time dependence of the fluorescence intensity after adding Cu?* (200
puM) and sodium ascorbate (4 mM), 500 nM of HP1 and 500 nM of primer probes for
formation of CuNPs, Aem= 615 nm, Aex= 350 nm. (D) Impact of incubation time of HCR
amplification on the fluorescence of CuNPs with 50 nM of primer, 500 nM of HP1 and
500 nM of HP2.

3.6. Application of the Biosensing System for the Detection of E. coli in Water.

Under the optimal conditions, the biosensor was applied to detect different
concentrations of E. coli O157: H7 in water. As shown in Figure 25A, the fluorescence
of CuNPs increased with the augment of target bacteria from 5x10° to 10® CFU/mL.
The fluorescence intensity from 10° CFU/mL bacteria (yellow curve) was
undistinguishable with the blank (red curve). The relationship between the fluorescence
change and the concentration of bacteria was quantified in Figure 25B. Here, (F-Fy)/Fy

was defined as the signal change, where Fy was the fluorescence intensity of dsDNA

templated CuNPs without E. coli O157: H7 in the sample solution; F was the
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fluorescence intensity of dsDNA templated CuNPs with different concentration of E.
coli O157: H7 in the sample. A dynamic range of 5x10° to 10 CFU/mL concentration
was found with a linear range between 5x10° to 10° CFU/mL. We estimated the
detection limit for E. coli O157: H7 detection was 5.2x10° CFU/mL. The result was

close to or lower than several reported biosensor for the detection of E. coli O157:
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Figure 25. (A) Fluorescence of dsDNA templated CuNPs to different concentrations of
E. coli O157: H7. (0, 10%, 5x10°%, 10%, 5x10% 10°, 10°, 107, and 10°® CFU/mL). (B)
Relationship of bacteria concentration (0, 5x103, 10%, 5x10% 10° 10%, 107, and 108
CFU/mL) and fluorescence intensity of CuNPs. Inset: Linear range from 5x10° to 10°
CFU/mL. Ex: 350 nm; Em: 615 nm.

3.7. Selectivity of the Biosensor.

Due to the deployment of bi-ligands with high specificity, excellent selectivity
for the biosensor was expected. Some common pathogenic bacteria strains, including
A. baumannii, K. pneumoniae, S. aureus, and P. aeruginosa, were applied as
competitors. As shown in Figure 26, the value of (F-Fy)/Fy of E. coli was significantly
larger than that of other groups at the same concentration of 10° CFU/mL. Furthermore,

the signal of all other groups was almost close to 0. The results demonstrated that this

biosensor has a great specificity to E. colli.
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E. coli A. baumannii K. pneumoniae S. aureus P. aeruginosa

Bacteria Strain

Figure 26. Fluorescence of dsDNA templated CuNPs to target £ Coli various other
bacteria strains (4. baumannii, K. pneumoniae, S. aureus, and P. aeruginosa) at a
concentration of 10° CFU/mL. Ex: 350 nm; Em: 615 nm.
4. Conclusions

In conclusion, the sensitive and selective biosensor for the detection of E. coli bacteria
using dsDNA templated fluorescent CuNPs as signal combined with HCR amplification
was developed. By means of the enrichment of MBs and signal amplification strategy,
the ultralow detection limit of 5.2x10° CFU/mL was achieved. Furthermore, the
excellent selectivity was achieved by using a two ligands-based sandwich structure.
Only the target bacteria bound to both ligands could eventually lead to the fluorescence
change. The method was applied to the water samples spiked with E. coli. The result

demonstrated the potential of the biosensing system for monitoring bacteria in real

samples.
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CHAPTER IV

BIOCOMPATIBLE G-QUADRUPLEX/HEMIN FOR ENHANCING
ANTIBACTERIAL ACTIVITY OF H20:2

1. Introduction
Pathogenic bacteria are a major threat to human health worldwide.!*”'% To
prevent bacterial infections, a number of antibacterial substances have been developed

and are widely used in our daily life.!” A variety of antiseptics, such as antibiotics,''°

11 and polymers,!!? have been tested

metal ions,!”® quaternary ammonium compounds,
and applied to prevent or treat bacterial infections through diverse antibacterial
mechanisms. However, continued use of many antibacterial agents may decrease their
effectiveness over time due to the emergency of drug-resistant bacterial strains!'!%-114,
Therefore, the development of new and powerful antibacterial agents is in critical need.

In the past decade, the emerging field of nanoscience and nanotechnology has produced

a number of novel nanomaterials that showed excellent antibacterial activity, such as

108, 115 116-117

silver nanoparticles, carbon nanotubes, graphene and graphene-based
nanomaterials.''”"” In addition to the development of new antibacterial agents,
improving the efficiency of existing antiseptics is also an attractive strategy due to low
side-effects, which would be an important consideration for new antimicrobial
development.

One of the traditional disinfectant agents that is widely used is hydrogen
peroxide (H202) solution, as its applications can range from wound treatment and
sterilization to high-level disinfection for healthcare settings, etc.’?® Meanwhile, as a
low cost surface disinfectant, H.O> can also be used to sterilize semicritical and
noncritical equipment due to its broad-spectrum bactericidal, virucidal, sporicidal, and

fungicidal properties, excellent stability, and environmentally friendly characteristics.

Usually, to achieve a desired disinfection efficiency, a high concentration of H20> is
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needed. For example, in a regular wound treatment, 0.5 to 3%, ca. 166 mM to 1 M
H,0,12-121 js needed to achieve the desired effectiveness, while in pharmaceutical and
health care environments up to 35% of H»0O; is needed.!?? However, such a high
concentration of H>O> is harmful to human health. Thus, great caution is required
during these application processes. Additionally, in the case of wound treatment, high
concentration of H.O> could delay wound healing. Thus, a challenge for traditional
antibacterial agent H.O> remains, that is, how to keep its antibacterial efficiency with
minimal amount of H20x.

Recent research found that the antibacterial capacity of the hydroxyl radical
(-OH) is much stronger than that of H,0,.'?* This finding provides a viable approach
of using low concentration of H>O> to enhance antibacterial effects if H>O> could be
converted to -OH. In fact, two common approaches have been reported to convert H,O»
to -OH. One is the indirect formation of -OH from H>O; via the iron-driven Fenton's
reagent, a ferrous ion that catalyzes the decomposition of H>O> to form -OH.!** This
method has been widely used for wastewater treatment and hazardous chemical
destruction.!?"126 The other method of converting H>O to -OH is use of a peroxidase,
such as catalase,'”” horseradish peroxidase,'?® and cytochrome c¢ peroxidase.'?’
Recently, nanomaterials with peroxidase-mimic property also played an important role
for converting H>20: to -OH, which can significantly enhance the antibacterial property
of H,0,.13%132 Sun and co-workers have demonstrated that graphene quantum dots
(GQDs) with peroxidase-like property displayed a strong enhancement of antibacterial
activity of H2O» against both Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus) bacteria.'’® Gao and co-workers have reported that
ferromagnetic nanoparticles with peroxidase-like activity can enhance antibacterial

activity in the presence of H,O; at the concentration of 1%.'*? However, the iron ions
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and those nanomaterials are potentially toxic to healthy cells.!**!3* Moreover, the
synthetic procedures are complex and difficult to scale up.

To overcome these challenges, we proposed to use DNAzymes to convert
H,0: to -OH."*>!¥” DNAzymes with peroxidase-like activity were first reported in the
late 1990s.!3%13% Essentially, as a class of DNAzymes, G-quadruplex/hemin (G/H)
complexes are hemin molecules bonded with their guanine-rich single strand DNA
(ssDNA) aptamers, forming a quadruplex structure with the hydrogen bond between
guanine bases.!?*1*! This artificial system would increase the catalytic activity of
hemin."** Up to recently, the G/H complex with peroxidase-like activity was mainly
applied in bioanalytical chemistry for biosensing.!**"18 In addition, the G/H complex
was also applied in vitro.!*1>° Zhang and co-workers used nanogel as a carrier to
deliver the G/H complex into cells for selective oxidation.'** However, the applications
of the G/H complex for converting H>O> to -OH, as well as for antibacterial researches
have not been reported.

Our design combined the advantages of oligonucleotides, such as thermal
stability, hydrolysis resistance, ease of synthesis and modification, potential for scale
production,’! and excellent peroxidase-mimic property. An antibacterial system based
on a low concentration of H>O; and the G/H complex as the additive was designed. The
results showed that the addition of the G/H complex could effectively enhance the
antibacterial activity against representatives of both Gram-positive and Gram-negative
bacteria and dramatically inhibit their growth. The developed complex was successfully

applied to the in vivo wound disinfection model without apparent side effects.
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2. Experimental Section
2.1. Materials.

Hydrogen peroxide (=30.0 %), terephthalic acid (TA), 2,2’-azinobis (3-
ethylbenzthiazoline-6-sulfonate) (ABTS), potassium chloride (ACS reagent, >99.0 %),
dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid (EDTA), hemin, 2-
amino-2-(hydroxymethyl)-1,3-propanediol (Tris-base), 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyltetrazolium bromide (MTT), and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) were purchased from Sigma Aldrich Inc. Roswell Park Memorial Institute
(RPMI) medium 1640, Lysogeny broth (LB) medium, fetal bovine serum (FBS), 4°-6-
diamidino-2-phenylindole (DAPI), and propidium iodide (PI) were purchased from
Thermo Fisher Scientific Inc. The deionized (DI) water (18.2 MQecm) was produced
from a Millipore water purification system. Male C57BL/6 mice of 6-8 weeks old were
purchased from Charles River. E. coli O157:H7 strain (ATCC 43888), S. aureus strain
(ATCC 13301) and the macrophage cell line (MH-S) were obtained from the American
Tissue Culture Collection (ATCC). The colon cancer cell line (SW620) was provided
by MD Anderson Cancer Center.'* All experiments involved in animals were approved
by the Institutional Animal Care and Use Committee (IACUC) in University of North
Dakota. All oligonucleotides were synthesized by IDT Inc. The G-quadruplex sequence
was B7-3-0 (5°- ATT GGG AGG GAT TGG GTG GG -3°).!%3
2.2. Instruments.

UV-Vis absorption measurements were performed on a PerkinElmer Lambda
1050 UV/vis/NIR spectrometer (PerkinElmer, Santa Clara, CA), equipped with a
Peltier temperature control accessory. Fluorescence intensities were measured using a
Horiba Fluorolog-3 spectrofluorometer. The fluorescence images were taken using a

Nikon Eclipse 80i (upright) fluorescence microscope. A Hitachi SU8010 field emission
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scanning electron microscope (SEM) was used to take the SEM images of the H,O»-
treated bacteria. The optical density (OD) values of sample solution for MTT assays
were measured at 560 nm using a multiskan spectrum spectrophotometer (Thermofisher
Scientific, Waltham, MA).

2.3. Preparation of DNAzyme.

Hemin solution (4.0 mM) was first dissolved in 5 mL of DMSO as the stock
solution. The oligonucleotide of 100 nmol was dissolved in 1 mL of Tris-EDTA (TE)
buffer and stored at -20 °C.  An aliquot of 200 pL of obtained oligonucleotide solution
was heated to 95 °C and was kept at this temperature for 5 min and then cooled to room
temperature and remained for 60 min to dissociate any intermolecular interactions.
Subsequently, an aliquot of 5 pL of 0.1 M KCIl solution was added to the
oligonucleotide solution and was incubated at room temperature for 40 min. Finally, an
aliquot of 2.6 pL of hemin stock solution was added up to a concentration of 50 uM
and was incubated at room temperature for 60 min. The formed G/H complexes were
diluted to required concentrations using Tris—HCI buffer (25 mM, pH 6.8) prior to usage.
2.4. Culture of Bacteria and Detection of Antibacterial Activity of the Developed
Reagents.

Monocolony bacteria of E. coli and S. aureus were cultured in the LB medium
and shaken at 37 °C overnight before usage.!>* The bacterial cells were collected by
centrifuging and re-dispersed in Tris—HCI buffer with an optical density of 1 at 600 nm
(ODg0o).!> Then, the bacteria were diluted to 10 CFU mL! using a sterile Tris—HCl
buffer. The as-prepared bacterial solution was mixed with different concentrations of
G/H complex and H>0O», incubating at 37 °C for 30 min under shaking. Then, an aliquot
of 100 pL of the bacterial suspension was added into 900 uL of LB medium for growth

in a shaking incubator at 37 °C overnight. The concentration of bacteria was finally
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determined by counting the numbers of bacterial colonies on plates.'>®

2.5. Study of the Cell Wall/Membrane Integrity.

An aliquot of 20.0 pL of log phase E. coli (10° CFU mL") cells was dispersed
in 200 pL of Tris—HCI buffer with or without 1 pL of 0.2 mM G/H complex. After
incubation for 2 h at 37 °C, the bacteria were stained with 200 uL of DAPI (12.50
pg/mL) and PI(1.25 pg/mL) for 15 min under the dark.'>” Then the collected cells were
imaged using a Nikon Eclipse 801 (upright) fluorescence microscope.

2.6. In Vivo Mouse Wound Model.

A mouse wound model'*%13! was used to evaluate the anti-infection efficiency
of H>O; in the G/H complex in vivo. A total of 15 male mice with about 4 mm? wound
area were divided into five groups to be treated with different solutions: 0.1 M H20x,
saline, 1 uM G/H complex, ] mM H>02, and 1 mM H>O:+ 1 uM G/H complex. After
a wound was created, an aliquot of 50 uL of S. aureus (1x10% CFU/mL) was first placed
on the wound area, followed by covering with an absorbent wound dressing infused
with 50 pL of different solutions, respectively. The reagents were added every 24 h and
the photos of the wound area of each mouse were taken. After 72 h, the scabs of the
wound were harvested and kept in PBS buffer. The numbers of bacteria were quantified
by counting the colonies on the agar plate.

2.7. Cytotoxicity of G/H Complex Used as Additive.

The bacteria E. coli and S. aureus were seeded in 96-well plates and treated
with various concentrations of the G/H complex at 37 °C for 5 h. Then, each well was
added by 10 uL of 5 mg/mL MTT reagent to form the purple products after 4 h, followed
by adding 100 uL of DMSO solution to stop the reaction and dissolve the precipitant
thoroughly.!*® The absorption of each well at 570 nm was recorded to determine the

cell survival rate.
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SW620 cells and MH-S cells were cultured in 1640 medium supplemented
with 10% FBS at 37 °C overnight.!> Both cells were treated with various
concentrations of the G/H complex at 37 °C for 24 h. Then, the MTT method was
performed to determine cell viability.

2.8. Spin Trapping Technique Using Electron Paramagnetic Resonance for Detection
of -OH.

Approximately 30 pL of sample was loaded into a borosilicate capillary tube
(0.70 mm 1.d./1.25 mm o.d.; VitroGlass, Inc.), which was mounted in a Varian E-109
spectrometer fitted with a cavity resonator. All continuous wave (CW) EPR spectra
were obtained with an observation power of 12.5 mW. All spectra were obtained with
a modulation frequency of 100 kHz and a modulation amplitude of 1 G. The spin trap

agent DMPO was used to capture the formed -OH.

3. Results and Discussion

3.1. Formation of A Hydroxyl Radical from H202 by G/H DNAzyme.

The formation of -OH through chemical decomposition of H>O> catalyzed by
G/H DNAzyme is the critical step in our design. So far, this reaction has not been
demonstrated in the literature. In 2016, Cai and co-workers developed a fluorometric
assay platform for the detection of caffeic acid based on the oxidation of the
intermediate from decomposition of H,O, catalyzed by G/H DNAzyme, but it was not
proved whether the intermediate was -OH or not.'>

The challenge was how to accurately measure the produced ‘OH in the

reaction process. The lifetime of ‘OH in solution is about 10 s, making it extremely
difficult to be detected.!®® Based on the spin trapping technique, electron paramagnetic
resonance (EPR) has been applied to detect -OH.!'%!1> As shown in Figure 27, a typical
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spectrum of DMPO-OH, which was in 1: 2: 2: 1 quartet format,'®' was presented in the
presence of the complex. However, there was no distinctive or special spectrum for
control without the G/H complex. Although EPR is only a semiquantitative approach
for detecting -OH, the result qualitatively confirmed the formation of -OH during the

reaction catalyzed by the G/H complex.

—— Contro DMPO + H, 0O,
—— DMPO +H,0, + G/H conplex

Figure 27. CW EPR spectra of DMPO-OH. Conditions: 10 mM H20, 25 uM G/H
complex, 500 mM DMPO in 25 mM Tris-HCI buffer (pH 6.8), incubation at room
temperature for 30 min. Signal average time is 20-25 min for each sample.

Meanwhile, an indirect method was performed to further demonstrate the
formation of -OH. According to the literature, the generated *OH could be monitored
using a fluorescence method in which TA could capture *OH and generate fluorescent

2-hydroxy terephthalic acid (TAOH) with a fluorescence emission peak at 435 nm.'3%

164-165 Based on this information, the TA might be an ideal probe for investigation of the
formation of *OH in a reaction. Thus, in this work, we adopted this fluorescence
method to confirm the formation of "OH. First, we prepared G/H DNAzyme as
described in section 2.3.  Then, to verify the generation of *OH in the decomposition

of H>O», a series of fluorescence measurements were conducted using different
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solutions. The results were shown in Figure 28. When only TA existed in the solution,
no fluorescence signals were observed (curve a). At this moment, the G/H complex was
added to the TA solution. Still, no fluorescence signals were obtained (curve b). These
results showed that both TA and the G/H complex are not fluorescence materials. In
parallel, a TA solution containing H>O> was detected (curve c). A small fluorescence

peak at 435 nm was shown in curve c. The fluorescence peak indicated that the
individual H>O> can oxidize TA and release *‘OH spontaneously. However, when the
G/H complex was added as an additive, the fluorescence intensity increased
dramatically (curve d). The comparison of fluorescence enhancement between curve ¢
and d was shown in the inset of Figure 28. It was about an 8 times increase in intensity

compared to the solution without the G/H complex. The results clearly demonstrated

the ability of the G/H complex to convert H>O2 to -OH.
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Figure 28. Normalized fluorescence spectra of TAOH formed under different
conditions, including only TA (curve a); TA and G/H complex (curve b) ; TA and H>0»
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(curve ¢); and TA, H2O», and G/H complex (curve d) . Condtions: 20 mM PBS buffer
(pH 7.4), incubation at room temperature for 12 h. The concentrations of TA, H>O», and
the G/H complex were 0.5 mM, 1 mM, and 1 uM, respectively. Aex: 315 nm, Aem : 435
nm. Inset: the normalized APL intensity with or without the G/H complex.

3.2. Optimization of the Peroxidase-Mimic Activity of the G/H DNAzyme.

In order to achieve the highest production efficiency of the -OH radical, we
optimized the peroxidase-mimic activity of the synthesized G/H complex. The G/H
complex is a DNAzyme in which the hemin molecules bound with their guanine-rich
single-stranded DNA (ssDNA) aptamers, forming a quadruplex structure with the
hydrogen bond between guanine bases. Here, we first synthesized a G/H complex with
a reported high peroxidase-mimic activity structure, B7-3-0*!. The experimental
procedure was described in section 2.3. The peroxidase-mimic activity of the
synthesized G/H complex was proved by catalytic oxidation of ABTS in the presence
of H20». As shown in Figure 29A, only the group with both H>O, and G/H complex led
to the color change from translucent green to dark green. This qualitatively

demonstrated the peroxidase-mimic activity of G/H complex. The result was also

verified by UV-Vis absorption at 420 nm (Figure 29B).
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Figure 29. Peroxidase-mimic property verification by directly monitoring the color

change (A) and UV- Vis spectra (B) of 5 mM ABTS solution in 25 mM Tris-HCI buffer

(pH 6.8) containing (a) ABTS only; (b) 5 mM H203; (¢) 1 uM G/H complex; (d) 5 mM

H>O2 + 1 uM Hemin; (¢) 5 mM H>O> + 1 uM G/H complex. Incubation at room

temperature for 10 min.
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The peroxidase-like activity of the G/H complex was evaluated by the initial
velocity ¥y of formed oxidized ABTS".!3% 166-167 A5 shown in Figure 30A and B, the V)
value increased from 104 nM/s at 25 °C with increasing temperature. The result was
similar to the literature, describing that G/H complex was thermophilic.!®® Considering
the antibacterial applications to various biological samples, the temperature higher than
37 °C was not optimal. Herein, 37 °C was chosen as the working temperature. Besides
temperature, the pH value also affected the oxidation extent significantly. As shown in
Figure 30C, the Vo value was very small in acidic conditions (pH 1.0-6.0). It showed
large values in neutral pH to weak alkali conditions (pH 7.0-10.0). The optimal pH of
the G/H complex was pH 8.0. Considering the small difference with optimum and
application scenarios on skins, a Tris-HCI (pH 6.8) buffer was chosen as the reaction

medium in the following work.

>
™
o)

140
7z

100

Zeroed absorbance
V, (nM/s)

AN

0 10 20 0 40 0 6 25 30 35 40 45
Time (s) Temperature (°C)

Figure 30. Optimization of peroxidase-mimic activity of G/H complex: (A) Plots of
absorbance at 420 nm versus G/H complex at different temperatures. Experiments were
performed using the 1 uM G/H complex and 1 mM H>O> in 25 mM Tris-HCI buffer
(pH 6.8) with 2 mM ABTS work solution at different temperatures. (B) V% values of the
G/H complex at different temperatures. (C) Vp values of the G/H complex at different
pH. Experiments were performed using 1 uM G/H complex and 1 mM H20z in 2 mM
ABTS working solution at 37 °C at different pH.

3.3. Enhanced Antibacterial Property of H>O> by G/H Complex.
The G/H complex has demonstrated catalytic capacity on reduction of H,O; to

release the *OH radical. Our objective is to enhance the antibacterial activity of H>O».

Next, using both Gram-negative bacteria E. coli and Gram-positive bacteria S. aureus,

we investigated the ability of the G/H complex to facilitate antibacterial activity of H>O».
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As shown in Figure 4.5A, the potency of pure H>O» in killing E. coli was examined and
was shown to be in a dose-dependent manner. The higher the concentration of H>O»
was, the lower the bacterial survival rate was. As shown in Figure 31A curve a, the
H>0; concentration increased from 107 to 10! M, the bacterial survival rate decreased
from 100% to 0%. However, when the G/H complex was added, the bacterial viability
significantly decreased compared to that without the G/H complex. As shown in Figure
31A curve b, a concentration of 1 mM H20O: could reach 0% bacterial survival rate
while 0.1 M H>O; was needed to achieve a similar effect for pure H>O», two orders of
magnitude lower, and is a relatively safe H.O2 concentration for clinical application.
The improved antibacterial activity was also demonstrated by inhibiting the
growth of E. coli (Figure 31B). The same amount of E. coli was incubated in three cell
culture media: the regular LB medium, the regular LB medium + 0.01 M H20O», and the
regular LB medium +0.01 M H202+ 1 uM G/H complex. The bacterial concentration
was measured by detection of ODgoo. After 1 h of incubation, the E. coli concentration
was 0.27+0.01 (LB only), 0.22 +0.01 (LB + H203), and 0.21 +0.01 (LB+ H20+G/H
complex) (Figure 31B, black columns). At this moment the bacterial concentration was
comparable in these three media. Then, the culture time for the bacterial cells was
extended to 5 h (Figure 31B, red columns). The bacterial concentration was increased
to 0.70 +£0.02 and 0.35+0.02 in the regular LB medium and LB+H>O, medium,
respectively. However, in the LB+H>02 + G/H complex medium, the bacterial growth
was limited to 0.23+0.01. The student 7 test showed a significant difference between the
G/H complex group and these two control groups. These results indicated the
bacterial cells were able to grow in the presence of 0.01 M H20.. However, as the

addition of the G/H complex presented, the growth of bacteria was greatly inhibited.
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Thus, the G/H complex improved the antibacterial activity of H>O> for Gram-positive
bacteria.

We further tested Gram-negative bacteria, S. aureus, using the same method.
The results were shown in Figure 31C and D. Compared with Figure 31A and B, both
the bacterial survival rate and the bacterial quantity are similar to the Gram-positive
bacteria. Therefore, the G/H complex could be used to enhance the antibacterial activity

of H2O; for both Gram-negative and Gram-positive bacteria.
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Figure 31. A, Survival rate of E. coli treated with H>O; at different concentration
coincubation (10°%, 107, 10, 10, 10, 107, 102, 10! M) with or without 1 uM G/H
complex. Incubation at 37 °C for 30 min in Tris-HCI buffer. B, Growth inhibition
experiment by incubation in 0.01 M H>O; with or without a 1 uM G/H complex at 37 °C
in different medium solutions at 1 and 5 h. *p < 0.01. C and D for Gram-negative
bacteria, S. aureus. The experimental conditions are similar to A and B.

To visualize the above results, the antibacterial activity of the designed
complex was further investigated using the CFU counting method. As shown in Figure
32, the top panel was E. coli cells, and the bottom panel was S. aureus cells. After being
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treated with 0.01 M H>O; (Figure32 C and G), the bacterial colonies formed on the LB-
agar plate were much less than the control groups (Figure 32 A and E, B and F).
However, when the bacteria groups were treated within the G/H complex + 0.01 M
H>0 (D and H), the colony counts significantly reduced. Noticeably, there was no E.
coli colony formed after treating with 0.01 M H20O2 and the 1 uM G/H complex (Figure
32D). This result further supported the concept that the G/H complex can enhance the

antibacterial activity.

Figure 32. Representative photos of bacterial colonies showing the influences of the
catalytic activity of the G/H complex on the growth of E. coli. (up) and S. aureus
(bottom). (A and E) bacterial cells only; (B and F) bacteria with 1 pM G/H complex;
(C and G) bacteria with 0.01 M H>0O»; (D and H) bacteria with 0.01 M H,02+ 1 uM
G/H complex. Incubation at 37 °C for 30 min.

3.4. Effect of G/H Complex on Bacterial Cell Membrane Integrity.

To further explore the antibacterial mechanism of G/H complex assisted H>O»,
the bacterial cell wall/membrane integrity was examined using E. coli as an example
bacterium. Two fluorescent molecules, DAPI and PI, were used to stain the E. coli cells.
According to the literature!®®1° DAPI can stain all cells, while PI can only stain
membrane damaged cells. As shown in Figure 33A, the bacteria without treatment

showed a few red spots stained by PI, demonstrating that most of the bacterial cells

were alive. The bacterial group treated with the G/H complex only (B) showed the
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similar results with group A. Only a few bacterial cells stained by PI indicated that there
was no direct harm of the G/H complex on bacteria. After treating bacteria with 0.01 M
H>0O; for 2 h (C), more cells were stained by the red color. Pink staining that indicates
colocalization was observed in the merged image in addition to a number of DAPI only
stained cells. In this condition, about half of the bacterial cells were killed by H>O».
Compared to these three control groups, in the presence of the G/H complex + H>O»
(Figure 33D), most of the E. coli cells were stained by both DAPI and PI, implying
damage on the cell wall/membranes. Therefore, the existence of the G/H complex in

the system facilitates the destruction of the bacteria cell wall/membrane.

DAPI PI Overlay

Figure 33. Fluorescence images of live and dead E. coli cells after incubation with 10
mM HxO; for 2 h: (A) E. coli only; (B) E. coli with 1 uM of G/H complex; (C) E. coli
with 0.01 M HyO,; (D) E. coli with 0.01 M HO; + 1 uM G/H complex. Blue
fluorescence shows bacterial quasinuclear staining with DAPI, while red fluorescence
shows dead bacteria staining with PI. Bar scale: 20 pm.
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Scanning electron microscopy was also used to directly observe the change of
the bacterial cell wall/membrane after treating with different drug solutions. As shown
in Figure 34, for two negative control groups treated with saline and G/H complex
(Figure 34A and 34B), the E. coli cells were still in the ordinary rod shape, with
relatively smooth cell walls. It demonstrated that the cells in these two groups were still
healthy. After treating with 0.01 M HxO (Figure 34C), the bacterial cell
walls/membranes became unsmooth with some irregular asperities because of the H>O»
damage. Remarkably, after treating with the H>O2 +G/H complex (Figure 34D), the
morphology of the whole cell wall became rough. To further confirm this result, we
investigated the morphology change of S. aureus (Figure 34, bottom panel). The
resulting SEM images were similar to that of E. coli (Figure 34E-H). Both bacterial
SEM images demonstrated that the G/H complex could obviously enhance the
antibacterial activity of H2O>. The enhancement manner was directly killing bacteria

but through the additive G/H complex as an auxiliary.

Figure 34. SEM images of bacterial morphology. (A) E. coli; (B) E. coli incubated with
1 uM G/H complex; (C) E. coli incubated with 0.01 M H>O3; (D) E. coli incubated with
0.01 M H20; and 1 uM G/H complex; (E) S. aureus; (F) S. aureus incubated with 1 uM
G/H complex; (G) S. aureus incubated with 0.01 M H>0»; (H) S. aureus incubated with
0.01 M H2O2 and 1 uM G/H complex. Incubation at 37°C for 30 min.

3.5. Anti Infection Effect of the G/H Complex on Wound Healing.

To expand the antibacterial applications of the G/H complex in vivo, the anti-
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infection efficiency of the G/H complex was investigated using back-wounded mice as
a model.!**13 170 The wounds on the mice were artificially made under similar
conditions. Then, S. aureus bacterial cells were placed on the wound to accelerate
wound infection. Then, five groups of mice were treated with 0.1 M H»>0O», saline, 1 uM
G/H complex, 1 mM H>0O», and 1 uM G/H complex +1 mM H»O,, respectively. Three
mice in each group were used for parallel experiments. With a 24 h interval, new
absorbent wound dressings infused with new treating solutions were covered on the
wound, and the wound recovery processes were recorded by camera (Figure 35). The
effective concentration of H>O, was 1 mM, which was much lower than the commercial
H>0; products (166 mM to 1 M) for wound disinfection. After treating the wounds with
H>02 + G/H complex for 72 h, the wounds on mice were almost fully healed without
any erythema and edema. Although the wounds on mice in the I mM H2O; group also
healed significantly, the area around the wound was slightly red and swollen compared
to the group treated with the H2O>+ G/H complex. Unlike the groups treated with H>O»,
the wounds of mice in saline and the G/H complex group showed the regular
inflammatory reaction during wound healing processes. Some erythema and edema
were found during the 72 h treatment. This result demonstrated that the combination of
the G/H complex with H>O> could also play a role in resisting wound infection and
accelerating wound healing in vivo. Additionally, the group treated with a relative high
level of H>O» (0.1 M) showed a more adverse outcome on the skin. This concentration
of H202 aggravated the damage of skin, rather than healing. Collectively, these findings

illustrated the significance of reducing H>0O: concentration for wound healing.
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Figure 35. Photographs of wounds on mice treated with different solutions (0.1 M H,O»,
saline, I uM G/H complex, 1 mM H203, 1 uM G/H complex + 1 mM H20: ) at indicated
times.

3.6. Cytotoxicity Study of the G/H Complex.

One of the main purposes of this work is to decrease the health tissue damage
when using H»O» as antiseptics. /n vitro antibacterial experiments demonstrated that
G/H itself was not harmful to bacteria (Figure 4.6B and F, Figure 4.8B and F). To further
investigate the cytotoxicity of the G/H complex toward bacteria and mammalian cells,
the MTT assay was performed. Two bacteria (E. coli and S. aureus) and two mammalian
cell lines, a macrophage cell line (MH-S) and a colon cancer cell line (SW620), were
used. The cell viabilities of bacteria and mammalian cell lines were measured after
incubating with different concentrations of G/H complex for 5 and 24 h, respectively.

As shown in Figure 36, for both bacteria and mammalian, almost 100% of the cells

were still alive after incubation with the G/H complex in the range of 0 to 20 uM, which
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was about 20-fold higher than its working concentration. When the concentration went
to higher range (up to 60 uM), the cell survival rate started to decrease, but above 80%.
This suggests a low intrinsic toxicity to cells at a high concentration, which is mostly
derived from the toxicity of hemin.!”!"'”2 However, there is no cytotoxicity of the G/H
complex used as an additive at low concentrations, making the G/H complex a

biocompatible agent for disinfection.
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Figure 36. Relative cell viability of E. coli and S. aureus (A) and SW620 and MH-S (B)
after culturing with different concentrations of G/H complex (0, 5, 10, 20, 30, 40, 50 to
60 uM). Incubatione conditions: 5 h for bacteria, 24 h for SW620 and MH-S at 37 °C.
4. Conclusions

In conclusion, the G/H complex was designed and used as an additive to H2O»
to achieve the same antibacterial effect in a much lower dose of H20O». By converting
H>O; into -OH, higher antibacterial activity was achieved through catalyzing the
decomposition of H>O». Therefore, low concentrations of H>O» can be used to kill
bacteria with a high efficiency with little harmful effects to healthy tissues. The addition
of the G/H complex showed excellent antibacterial properties against both Gram-
negative (E. coli) and Gram-positive (S. aureus) bacteria in vitro without significant
cytotoxicity. Furthermore, the G/H complex based antibacterial system also showed

outstanding anti-infection property in vivo on a mouse wound model. Overall, the
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intrinsic properties of oligonucleotides made the G/H complex an ideal additive in

industry.
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