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ABSTRACT: The G-quadruplex/hemin (G/H) complex has
been broadly used in the field of bioanalytical chemistry for
peroxidase-mimicking applications. The property of the G/H
complex makes it possible to catalyze the decomposition of H2O2.
The hydroxyl radical (·OH) generated during the procedure has a
higher antibacterial performance than the original H2O2. Herein,
an efficient and biocompatible antibacterial system, which
provides the same antibacterial efficiency at lower H2O2
concentration to alleviate the H2O2 toxicity, has been
demonstrated based on the conversion of H2O2 to ·OH. With
the G/H complex as the additive, the antibacterial activity of
H2O2 was vastly enhanced against both Gram-positive and Gram-
negative bacteria in in vitro experiments. Furthermore, the
designed antibacterial system was applied on the mice wound
model in vivo and showed outstanding antibacterial activity of the G/H complex to prevent wound infection and facilitate
wound healing. Our study renders the possibility of using the G/H complex to help control both Gram-positive and Gram-
negative infections.
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1. INTRODUCTION

Pathogenic bacteria are a major threat to human health
worldwide.1,2 To prevent bacterial infections, a number of
antibacterial substances have been developed and are widely
used in our daily life.3 A variety of antiseptics,4 such as
antibiotics,5 metal ions,2 quaternary ammonium compounds,6

and polymers,7 have been tested and applied to prevent or
treat bacterial infections through diverse antibacterial mecha-
nisms. However, continued use of many antibacterial agents
may decrease their effectiveness over time due to the
emergency of drug-resistant bacterial strains.5−9 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 silver nanoparticles,2,10 carbon nanotubes,11,12

graphene, and graphene-based nanomaterials.12−14 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 (H2O2) solution, as its applications can
range from wound treatment and sterilization to high-level
disinfection for healthcare settings, etc.15 Meanwhile, as a low

cost surface disinfectant, H2O2 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 H2O2 is needed. For
example, in a regular wound treatment, 0.5 to 3%, ca. 166 mM
to 1 M H2O2

15,16 is needed to achieve the desired effectiveness,
while in pharmaceutical and health care environments up to
35% of H2O2 is needed.

17 However, such a high concentration
of H2O2 is harmful to human health. Thus, great caution is
required during these application processes. Additionally, in
the case of wound treatment, a high concentration of H2O2
could delay wound healing. Thus, a challenge for traditional
antibacterial agent H2O2 remains, that is, how to keep its
antibacterial efficiency with minimal amount of H2O2.
Recent research found that the antibacterial capacity of the

hydroxyl radical (·OH) is much stronger than that of H2O2.
18

This finding provides a viable approach of using low
concentration of H2O2 to enhance antibacterial effects if
H2O2 could be converted to ·OH. In fact, two common
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approaches have been reported to convert H2O2 to ·OH. One
is the indirect formation of ·OH from H2O2 via the iron-driven
Fenton’s reagent, a ferrous ion that catalyzes the decom-
position of H2O2 to form ·OH.19 This method has been widely
used for wastewater treatment and hazardous chemical
destruction.20,21 The other method of converting H2O2 to ·
OH is use of a peroxidase, such as catalase,22 horseradish
peroxidase,23 and cytochrome c peroxidase.24 Recently,
nanomaterials with peroxidase-mimic property also played an
important role for converting H2O2 to ·OH, which can
significantly enhance the antibacterial property of H2O2.

25−27

Sun and co-workers have demonstrated that graphene
quantum dots (GQDs) with peroxidase-like property displayed
a strong enhancement of antibacterial activity of H2O2 against
both Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus) bacteria.25 Gao and co-workers have
reported that ferromagnetic nanoparticles with peroxidase-like
activity can enhance antibacterial activity in the presence of
H2O2 at the concentration of 1%.

27 However, the iron ions and
those nanomaterials are potentially toxic to healthy cells.27−29

Moreover, the synthetic procedures are complex and difficult
to scale up.
To overcome these challenges, we proposed to use

DNAzymes to convert H2O2 to ·OH.30−32 DNAzymes with
peroxidase-like activity were first reported in the late
1990s.33,34 Essentially, as a class of DNAzymes, G-quad-
ruplex/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.34−36 This artificial system would
increase the catalytic activity of hemin.34 Up to recently, the
G/H complex with peroxidase-like activity was mainly applied
in bioanalytical chemistry for biosensing.37−43 In addition, the
G/H complex was also applied in vitro.44,45 Zhang and co-
workers used nanogel as a carrier to deliver the G/H complex
into cells for selective oxidation.44 However, the applications of
the G/H complex for converting H2O2 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,46 and
excellent peroxidase-mimic property. An antibacterial system
based on a low concentration of H2O2 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.

2. EXPERIMENTAL SECTION
2.1. Materials. Hydrogen peroxide (≥30.0%), terephthalic acid

(TA), 2,2′-azinobis(3-ethylbenzthiazoline-6-sulfonate) (ABTS), po-
tassium chloride (ACS reagent, ≥99.0%), dimethyl sulfoxide
(DMSO), ethylenediaminetetraacetic acid (EDTA), hemin, 2-
amino-2-(hydroxymethyl)-1,3-propanediol (Tris-base), 3-(4,5-di-
methyl-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 MΩ·cm) 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.47 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′).48

2.2. Instruments. UV−vis absorption measurements were
performed on a PerkinElmer Lambda 1050 UV/vis/NIR spectrom-
eter (PerkinElmer, Santa Clara, CA), equipped with a Peltier
temperature control accessory. Fluorescence intensities were meas-
ured using a Horiba Fluorolog-3 spectrofluorometer. The fluores-
cence images were taken using a Nikon Eclipse 80i (upright)
fluorescence microscope. A Hitachi SU8010 field emission scanning
electron microscope (SEM) was used to take the SEM images of the
H2O2-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 μL 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 μL of 0.1 M KCl solution was added to
the oligonucleotide solution and was incubated at room temperature
for 40 min. Finally, an aliquot of 2.6 μL of hemin stock solution was
added up to a concentration of 50 μM and was incubated at room
temperature for 60 min. The formed G/H complexes were diluted to
required concentrations using Tris−HCl 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.49 The bacterial cells were collected by
centrifuging and redispersed in Tris−HCl buffer with an optical
density of 1 at 600 nm (OD600).

50 Then, the bacteria were diluted to
106 CFU mL−1 using a sterile Tris−HCl buffer. The as-prepared
bacterial solution was mixed with different concentrations of G/H
complex and H2O2, incubating at 37 °C for 30 min under shaking.
Then, an aliquot of 100 μL of the bacterial suspension was added into
900 μL of LB medium for growth in a shaking incubator at 37 °C
overnight. The concentration of bacteria was finally determined by
counting the numbers of bacterial colonies on plates.51

2.5. Study of the Cell Wall/Membrane Integrity. An aliquot of
20.0 μL of log phase E. coli (109 CFU mL−1) cells was dispersed in
200 μL of Tris−HCl buffer with or without 1 μL of 0.2 mM G/H
complex. After incubation for 2 h at 37 °C, the bacteria were stained
with 200 μL of DAPI (12.50 μg/mL) and PI (1.25 μg/mL) for 15
min under the dark.52 Then the collected cells were imaged using a
Nikon Eclipse 80i (upright) fluorescence microscope.

2.6. In Vivo Mouse Wound Model. A mouse wound model25,26

was used to evaluate the anti-infection efficiency of H2O2 in the G/H
complex in vivo. A total of 15 male mice with about 4 mm2 wound
area were divided into five groups to be treated with different
solutions: 0.1 M H2O2, saline, 1 μM G/H complex, 1 mM H2O2, and
1 mM H2O2 + 1 μM G/H complex. After a wound was created, an
aliquot of 50 μL of S. aureus (1 × 108 CFU/mL) was first placed on
the wound area, followed by covering with an absorbent wound
dressing infused with 50 μL 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.
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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 μL of 5 mg/mL MTT reagent to
form the purple products after 4 h, followed by adding 100 μL of
DMSO solution to stop the reaction and dissolve the precipitant
thoroughly.53 The absorption of each well at 570 nm was recorded to
determine the cell survival rate.
SW620 cells and MH-S cells were cultured in 1640 medium

supplemented with 10% FBS at 37 °C overnight.47 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 μL of sample
was loaded into a borosilicate capillary tube (0.70 mm i.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 DISCUSSIONS
3.1. Formation of a Hydroxyl Radical from H2O2 by G/

H DNAzyme. The formation of ·OH through chemical
decomposition of H2O2 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 H2O2 catalyzed by G/H DNAzyme, but it
was not proved whether the intermediate was ·OH or not.54

The challenge was how to accurately measure the produced ·
OH in the reaction process. The lifetime of ·OH in solution is
about 10−9 s, making it extremely difficult to be detected.55

Based on the spin trapping technique, electron paramagnetic
resonance (EPR) has been applied to detect ·OH.56−58 As
shown in Figure 1, a typical spectrum of DMPO−OH, which

was in 1:2:2:1 quartet format,56 was presented in the presence
of the G/H 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.
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.25,59,60 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 H2O2, a series of fluorescence measurements
were conducted using different solutions. The results were
shown in Figure 2. 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
H2O2 was detected (curve c). A small fluorescence peak at 435
nm was shown in curve c. The fluorescence peak indicated that
the individual H2O2 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 c and d was shown in the inset of Figure 2. 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
H2O2 to ·OH.

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, B7−3−0.41 The experimental

Figure 1. CW EPR spectra of DMPO−OH. Condtions: 10 mM
H2O2, 25 μM G/H complex, 500 mM DMPO in 25 mM Tris-HCl
buffer (pH 6.8), incubation at room temperature for 30 min. Signal
average time is 20−25 min for each sample.

Figure 2. Normalized fluorescence spectra of TAOH formed under
different conditions, including only TA (curve a); TA and G/H
complex (curve b); TA and H2O2 (Curve c); and TA, H2O2, 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,
H2O2, and G/H complex were 0.5 mM, 1 mM, and 1 μM,
respectively. λex: 315 nm. λem: 435 nm. Inset: the normalized ΔPL
intensity with or without the G/H complex.
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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 H2O2. As shown
in Figure S1A (Supporting Information), only the group with
both H2O2 and G/H complex led to the color change from
translucent green to dark green. This qualitatively demon-
strated the peroxidase-mimic activity of the G/H complex. The
result was also verified by UV−vis absorption at 420 nm
(Figure S1B).
The peroxidase-like activity of the G/H complex was

evaluated by the initial velocity V0 of formed oxidized
ABTS+.48,61,62 As shown in Figure 3A and 3B, the V0 value
increased from 104 nM/s at 25 °C with increasing temper-
ature. The result was similar to the literature, describing that
the G/H complex was thermophilic.61 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 3C, the V0 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-HCl
(pH 6.8) buffer was chosen as the reaction medium in the
following work.

3.3. Enhanced Antibacterial Property of H2O2 by the
G/H Complex. The G/H complex has demonstrated catalytic
capacity on reduction of H2O2 to release the ·OH radical. Our
objective is to enhance the antibacterial activity of H2O2. 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 H2O2. As shown in
Figure 4A, the potency of pure H2O2 in killing E. coli was
examined and was shown to be in a dose-dependent manner.
The higher the concentration of H2O2 was, the lower the

Figure 3. 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 μM G/H complex and 1 mM H2O2 in 25 mM Tris-HCl buffer (pH 6.8) with 2 mM ABTS
work solution at different temperatures. (B) V0 values of the G/H complex at different temperatures. (C) V0 values of the G/H complex at different
pH. Experiments were performed using 1 μM G/H complex and 1 mM H2O2 in 2 mM ABTS working solution at 37 °C at different pH.

Figure 4. (A) Survival rate of E. coli treated with H2O2 at different concentration coincubation (10−8, 10−7, 10−6, 10−5, 10−4, 10−3, 10−2, 10−1 M)
with or without 1 μM G/H complex. Incubation at 37 °C for 30 min in Tris-HCl buffer. (B) Growth inhibition experiment by incubation in 0.01 M
H2O2 with or without a 1 μM 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).
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bacterial survival rate was. As shown in Figure 4A curve a, the
H2O2 concentration increased from 10−8 to 10−1 M, and 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 4A curve b, a concentration of 1
mM H2O2 could reach 0% bacterial survival rate, while 0.1 M
H2O2 was needed to achieve a similar effect for pure H2O2, 2
orders of magnitude lower, and is a relatively safe H2O2
concentration for clinical application.
The improved antibacterial activity was also demonstrated

by inhibiting the growth of E. coli (Figure 4B). The same
amount of E. coli was incubated in three cell culture media: the
regular LB medium, the regular LB medium +0.01 M H2O2,
and the regular LB medium +0.01 M H2O2 + 1 μM G/H
complex. The bacterial concentration was measured by
detection of OD600. After 1 h of incubation, the E. coli
concentration was 0.27 ± 0.01 (LB only), 0.22 ± 0.01 (LB +
H2O2), and 0.21 ± 0.01 (LB + H2O2 + G/H complex) (Figure
4B, black columns). At this moment the bacterial concen-
tration was comparable in these three media. Then, the culture
time for the bacterial cells was extended to 5 h (Figure 4B, red
columns). The bacterial concentration was increased to 0.70 ±
0.02 and 0.35 ± 0.02 in the regular LB medium and LB +
H2O2 medium, respectively. However, in the LB +H2O2 + G/
H complex medium, the bacterial growth was limited to 0.23 ±
0.01. The student t 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 H2O2. However, as the
addition of the G/H complex presented, the growth of bacteria
was greatly inhibited. Thus, the G/H complex improved the
antibacterial activity of H2O2 for Gram-positive bacteria.
We further tested Gram-negative bacteria, S. aureus, using

the same method. The results were shown in Figure 4C and D.
Compared with Figure 4A 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 H2O2 for both Gram-
negative and Gram-positive bacteria.
To visualize the above results, the antibacterial activity of the

designed complex was further investigated using the CFU

counting method. As shown in Figure 5, the top panel was E.
coli cells, and the bottom panel was S. aureus cells. After being
treated with 0.01 M H2O2 (Figure 5C and G), the bacterial
colonies formed on the LB-agar plate were much less than the
control groups (Figure 5A and E, B and F). However, when
the bacteria groups were treated within the G/H complex
+0.01 M H2O2 (D and H), the colony counts significantly
reduced. Noticeably, there was no E. coli colony formed after
treating with 0.01 M H2O2 and the 1 μM G/H complex
(Figure 5D). This result further supported the concept that the
G/H complex can enhance the antibacterial activity.

3.4. Effect of G/H Complex on Bacterial Cell
Membrane Integrity. To further explore the antibacterial
mechanism of G/H complex assisted H2O2, 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,63,64 DAPI can stain all cells, while PI can only
stain membrane damaged cells. As shown in Figure 6(A), 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 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 H2O2 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 H2O2. Compared to these three control groups, in the
presence of the G/H complex + H2O2 (Figure 6D), 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.
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 7, for
two negative control groups treated with saline and G/H
complex (Figure 7A and 7B), 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

Figure 5. 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 μM G/H complex; (C and G) bacteria with 0.01 M H2O2;
(D and H) bacteria with 0.01 M H2O2 + 1 μM G/H complex. Incubation at 37 °C for 30 min.
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healthy. After treating with 0.01 M H2O2 (Figure 7C), the
bacterial cell walls/membranes became unsmooth with some
irregular asperities because of the H2O2 damage. Remarkably,
after treating with the H2O2 + G/H complex (Figure 7D), the
morphology of the whole cell wall became rough. To further
confirm this result, we investigated the morphology change of
S. aureus (Figure 7, bottom panel). The resulting SEM images
were similar to that of E. coli (Figure 7E−H). Both bacterial
SEM images demonstrated that the G/H complex could
obviously enhance the antibacterial activity of H2O2. The
enhancement manner was directly killing bacteria but through
the additive G/H complex as an auxiliary.
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-infection efficiency of the G/
H complex was investigated using back-wounded mice as a

model.25,26,65 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 H2O2, saline, 1 μM G/
H complex, 1 mM H2O2, and 1 μM G/H complex + 1 mM
H2O2, 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 8). The effective concentration of

H2O2 was 1 mM, which was much lower than the commercial
H2O2 products (166 mM to 1 M) for wound disinfection. After
treating the wounds with H2O2 + 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 1
mM H2O2 group also healed significantly, the area around the
wound was slightly red and swollen compared to the group
treated with the H2O2 + G/H complex. Unlike the groups
treated with H2O2, 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

Figure 6. Fluorescence images of live and dead E. coli cells after
incubation with 10 mM H2O2 for 2 h: (A) E. coli only; (B) E. coli with
1 μM of G/H complex; (C) E. coli with 0.01 M H2O2; (D) E. coli with
0.01 M H2O2 + 1 μM G/H complex. Blue fluorescence shows
bacterial quasinuclear staining with DAPI, while red fluorescence
shows dead bacteria staining with PI. Bar scale: 20 μm.

Figure 7. SEM images of bacterial morphology. (A) E. coli; (B) E. coli incubated with 1 μM G/H complex; (C) E. coli incubated with 0.01 M
H2O2; (D) E. coli incubated with 0.01 M H2O2 and 1 μM G/H complex; (E) S. aureus; (F) S. aureus incubated with 1 μM G/H complex; (G) S.
aureus incubated with 0.01 M H2O2; (H) S. aureus incubated with 0.01 M H2O2 and 1 μM G/H complex. Incubation at 37 °C for 30 min.

Figure 8. Photographs of wounds on mice treated with different
solutions (0.1 M H2O2, saline, 1 μM G/H complex, 1 mM H2O2, 1
μM G/H complex + 1 mM H2O2) at indicated times.
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with H2O2 could also play a role in resisting wound infection
and accelerating wound healing in vivo. Additionally, the group
treated with a relatively high level of H2O2 (0.1 M) showed a
more adverse outcome on the skin. This concentration of
H2O2 aggravated the damage of skin, rather than healing.
Collectively, these findings illustrated the significance of
reducing H2O2 concentration for wound healing.
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 H2O2 as antiseptics. In vitro antibacterial
experiments demonstrated that G/H itself was not harmful to
bacteria (Figure 5B and F, Figure 7B 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 9, 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 μM,
which was about 20-fold higher than its working concentration.
When the concentration went to a higher range (up to 60 μM),
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.66,67

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.

4. CONCLUSIONS

In conclusion, the G/H complex was designed and used as an
additive to H2O2 to achieve the same antibacterial effect in a
much lower dose of H2O2. By converting H2O2 into ·OH,
higher antibacterial activity was achieved through catalyzing
the decomposition of H2O2. Therefore, low concentrations of
H2O2 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 intrinsic properties of oligonucleotides
made the G/H complex an ideal additive in industry.
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