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ABSTRACT

Bacterial infection is rising as a threatening health issue. Because of the present delay in early diagnosis of bacterial diseases as
well as the abuse of antibiotics, it has become a vital issue in the development of in-time detection and therapy of bacterial
infections. Herein, we designed a multifunctional nanotheranostics platform based on the unique micro-environment of bacterial
infections to achieve specific bioimaging and simultaneous inactivation of the target bacteria. We showed that in bacterial
infections, the metal precursors (i.e., HAuCl,, FeCl,, and herring sperm DNA) could be readily bio-self-assembled to
multifunctional nanoclusters (NCs) that exhibit luminescence, in which AuCl,~ was biosynthesized via reductive biomolecules
such as NADPH to the fluorescent AUNCs. The DNA may assist as an encapsulation and delivery vector, and Fe* served as a
fluorescence intensifier and reduced reactive oxygen species (ROS) to produce the iron oxides. While the bacteria were being
visualized, the microenvironment-responsive NCs were enabled to sterilize bacteria efficiently due to electrostatic effect, cell
membrane destruction, inhibition of biofilm formation, and ROS accumulation. Besides, the bio-responsive self-assembled NCs
complexes contributed to accelerating bacteria-infected wound healing and showed negligible side effects in long-term toxicity
tests in vivo. Also, intracellular molecules involved in microenvironmental response were investigated. The work may become an

effective strategy for the detection and real-time sterilization of intractable bacterial infections.
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1 Introduction

Bacterial infection has become a leading cause of numerous
diseases, and especially, the formation of bacterial biofilms that
accelerates their development poses a threat on human’s lives [1,
2]. Traditional antibacterial agents such as antibiotics have been
widely used to combat pathogens. However, caused by the off-
label abuse due to insufficient surveillance, an emergent crisis of
ongoing explosion and spread of antibiotics has erupted [3].
Worst still, because of the lack of bacteria diagnosis platforms [4,
5], it is challenging to monitor infections as well as real-time
evaluation of therapeutic effectiveness, resulting in insufficient or
delayed bactericidal treatment [6]. Therefore, facile and accurate
detection or identification of bacteria becomes a vital issue in
clinical medicine [7]. Till now, due to the less-developed
techniques, the universal approaches for identifying bacteria are
still either conventional plating and cultures, or genomic and
immunological techniques [8,9], which are time-consuming,
costly, and instrument-dependent [10]. In this regard, it is
imperative to accelerate the development of diagnostic strategies

to facilitate antibiotic stewardship and optimize infection therapy
[11]. In the last few years, the fluorescence imaging technique is
emerging as a promising instrument applied in visualization and
positioning of organisms due to its extensive superiority, such as
high sensitivity and resolution, rapid responsiveness, and
simplicity [12-14]. And recent advances confirm that fluorescence
imaging has successfully been applied to the detection of bacteria
in vitro and in vivo [15].

Among the nanomaterials applied in sensing and imaging, gold
materials have attracted extensive attention with merits of
fluorescence characteristics, quantum size effect, unique catalytic
activity, surface-enhanced Raman scattering effect (SERS),
photothermal effect, and good biocompatibility [16, 17].
Remarkably, fluorescence is one of the most prominent properties
of gold nanoclusters (Au NCs) [18-20]. Au NCs are generally
composed of several to hundreds of gold atoms with sizes
commensurate to the Fermi wavelength of electrons, endowing it
the molecular-like properties [20]. With advantages of strong
luminescence, relatively long lifetime, simple synthesis, and
favorable water solubility and biocompatibility, Au NCs enjoys a
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growing popularity in analytical and biomedicine applications
[21-22], including theranostics of bacterial infections [23].
Templates or ligands are critical to the preparation of Au NCs
with ultrasmall size [24]. Inspired by the “bioinspired synthesis”
strategy, the reducing bio-macromolecules (such as proteins,
thiolate ligands, and DNA) have served as the template for the
synthesis and stabilization of the Au NCs, which aims to substitute
natural and safer biomolecules for the use of aggressive chemicals
and solvents [25]. It has been reported that the physicochemical
characteristics of DNA make it accessible to metal connections, in
which the practicability of specific base pairs and free radicals is
conducive to the assembly and synthesis of particles [26, 27].

The bacterial microenvironment has become a suitable target
for particular recognition and therapy of relative infectious
illnesses due to its discrepancy compared with normal tissues [28],
for example, hypoxia, higher glutathione (GSH)/oxidized GSH
(GSSG) and NADP*/NADPH [29]. Giao et al. also demonstrated
the ubiquitous reducing power of bacteria; the electron transfer in
the respiratory cascade of bacteria during normal bacterial
proliferation would cause a significant drop in bulk redox
potential (Eh) [30]. Besides, the reduction of metal ions of bacteria
to form nanostructures belongs to self-help behavior that involves
bio-concentration and bio-mineralization [31]. Based on the
merits of microenvironment-responsive nanotheranostics, we
have explored the bio-responsive self-assembly of Au NCs based
on bacterial microenvironment to facilitate facile bacteria
bioimaging and simultaneous infection therapy.

In this work, we firstly mix gold precursor (HAuCl,) with
nucleic acid (natural double-stranded DNA (dsDNA) from
herring sperm (< 50 bp), in which HAuCl, connects to nucleotides
via the strong and specific metal-binding sites to form
Au(III)-DNA complexes [32]. Subsequently co-cultured with
bacteria, the Au(Ill) complexes are bio-reduced and self-
assembled to fluorescence NCs. Besides, Fe* is introduced to
enhance the fluorescence of Au NCs, which enables the creation of
a more reductive microenvironment [33]. The new strategy
replaces traditional fluorescent labels synthesized in vitro,
eliminating the side effects of nanoparticle delivery, and
improving the targeting and sensitivity of bioimaging. And the
antimicrobial activity of ultrasmall Au NCs has been extensively
investigated. Our studies demonstrate the microenvironment-
responsive self-assembly can be used for accurate bacteria
bioimaging and simultaneously infection therapy in vitro and in
vivo.

2 Materials and methods

2.1 Materials and equipments

Chloroauric acid (HAuCl,, CAS: 16903-35-8), Iron(II) chloride
tetrahydrate (FeCl,4H,0, CAS: 13478-10-9), natural double-
stranded DNA (dsDNA) from herring sperm (< 50 bp), the
reactive oxygen species (ROS) kits, and the CCK-8 kits were
purchased from Biyuntian Biotechnology Co., Ltd. (China). The
interleukin (IL)-6 and tumor necrosis factor (TNF)-a enzyme
linked immunosorbent assay (ELISA) kits were purchased from
Thermo Fisher Scientific Co., Ltd. (China). The ROS scavengers:
catalase, isopropanol, L-histidine, and 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) were all purchased from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. (China). The
biofilm dye (crystal violet) was purchased from Vikki
Biotechnology Co., Ltd. (China).

The transmission electron microscopic (TEM) images were
characterized by a JEM-2100 microscope operating at 200 kV
(JEOL, Japan). Energy dispersive spectroscopy (EDS) was
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characterized by a field-emission scanning electron microscope
(SEM) (Zeiss, Ultra Plus). The fluorescent image of bacteria was
visualized by a confocal microscope (Nikon INTENSILIGHT C-
HGFIE). The zeta potential was acquired on a Zetasizer Nano ZSE
(UK). The SERS spetroscopy was analyzed by a laser microscopic
Raman spectrometer (inVia). The Fourier transform infrared
(FITR) spetroscopy was characterized by a Thermo scientific,
NICOLET iS5. The X-ray photoelectron spectroscopy (XPS) was
measured by using PHI Quantera II with Al Ka radiation (hv = 1,
486.6 eV). The fluorescence bioimaging study in vivo was record
with optical imaging system for small animals (Perkin Elmer, in
vivo optical imaging (IVIS) Lumina XRMS Series III).

2.2 Bacterial strains and culture

The bacteria species, Escherichia coli (ATCC35218) and
Staphylococcus  aureus (ATCC29213) were cultivated with
lysogeny broth (LB) media. To obtain single isolated colonies, the
bacteria were streaked onto LB agar plates and cultured in a
constant temperature incubator at 37 °C overnight. Single bacterial
colonies were cultured in 6 mL of LB shake bacteria tube and
incubated at 37 °C for 8-10 h on a shaker (150 rpm). Freshly
collected bacteria were used in each test.

2.3 Synthesis of microenvironmental-responsive NCs

AuNCs (Au): Bacteria (E. coli or S. aureus, OD = 0.2) were
suspended in 1 mL of phosphate buffered saline (PBS) in PU tube,
and then HAuCl, solution at a ultimate concentration of 100 uM
was added to the culture. After fully mixing, the tube was
incubated at 37 °C for 8 h on a shaker (150 rpm).

Au-DNA NCs (Au-DNA): Bacteria (E. coli or S. aureus, OD =
0.2) were suspended in 1 mL of PBS in PU tube, HAuCl, solution
at a ultimate concentration of 100 pM and natural dsDNA from
herring sperm (< 50 bp) (hsDNA) at a ultimate concentration of
20 pg/mL were then added to the culture. The tube was incubated
at 37 °C for 8 h on a shaker (150 rpm) after fully mixing.

Au-Fe complexes (Au@Fe): Bacteria (E. coli or S. aureus, OD =
0.2) were suspended in 1 mL of PBS in PU tube, and then HAuCl,
solution at an ultimate concentration of 100 uM was added. After
10 min, FeCl, liquor at an ultimate concentration of 100 pM was
added to the culture. The tube was incubated at 37 °C for 8 hon a
shaker (150 rpm) after fully mixing.

Fe complexes (Fe): Bacteria (E. coli or S. aureus, OD = (.2) were
suspended in 1 mL of PBS in PU tube, and then FeCl, solution at
an ultimate concentration of 100 (M was added to the culture.
The tube was incubated at 37 °C for 8 h on a shaker (150 rpm)
after fully mixing.

Fe DNA complexes (Fe DNA): Bacteria (E. coli or S. aureus,
OD = 0.2) were suspended in 1 mL of PBS in PU tube, FeCl,
solution at an ultimate concentration of 100 M and hsDNA at an
ultimate concentration of 20 pg/mL were then added to the
culture. The tube was incubated at 37 °C for 8 h on a shaker (150
rpm) after fully mixing.

Au-DNA-Fe complexes (Fe@Au-DNA): Bacteria (E. coli or S.
aureus, OD = 0.2) were suspended in 1 mL of PBS in PU tube,
HAuCl, precursors at a ultimate concentration of 100 uM and hs
DNA at a ultimate concentration of 20 pug/mL were then added to
the culture, after 10 min, introduced FeCl, solution at a ultimate
concentration of 100 uM to the culture. The tube was incubated at
37 °C for 8 h on shaker (150 rpm) after fully mixing.

2.4 Extraction of self-assembled NCs in bacteria

The extraction of as-prepared bioresponsive nanoclusters were
carried out according to the procedure of previous work. After 8 h
of incubation (AuNCs had been already synthesized), the LB
media was removed, and bacteria were rinsed with deionized
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water three times. Then bacteria were damaged using an
ultrasonic cell crusher for 15 min. And freeze-thaw method was
used to further crush the cells via immersing in liquid nitrogen (5
min at -180 °C) and water bath (15 min at 37 °C) for cell lysis,
and then the lysed tissue solution was centrifuged at 8,000 rpm for
10 min. The supernatant was collected, and the self-assembled
nanoclusters were used for further characterization.

2.5 Antimicrobial test in vitro

Agar plate assays were tested to evaluate the antibacterial activity
of self-assembled NCs. In this work, 8 different formulation
groups were chosen: PBS, free DNA (20 pg/mL DNA), Au (100
uM HAuCl, solution), Au-DNA (100 uM HAuCl, solution, 20
pg/mL DNA), Fe (100 uM FeCl, solution), Fe DNA (100 uM
FeCl, solution, 20 ug/mL DNA), Au@Fe (100pM HAuCl, solution,
100 uM FeCl, solution), Fe@Au-DNA (100 M HAuCl, solution,
100 uM FeCl, solution, 20 pg/mL DNA). Each group was co-
cultured with unsalted E. coli and S. aureus solutions (~ 1.0 x 10°
colony-forming unit (CFU)/mL) for 8 h in the oscillator at 35 °C.
Then 100 uL of 10°-diluted mixture was dropped onto a solid LB
agar plate. After 24 h of cultivation, the number of colonies was
recorded.

2.6 Observation of bacterial morphology

The morphological changes of bacteria were observed by SEM. A
certain concentration of E. coli was treated by 8 different groups
for 8 h, respectively, and then was centrifuged at 2,000 rpm for 5
min. The supernatant was used to collect bacteria and deionized
with sterile water 3 times. The cleaned bacteria were fixed with
2.5% glutaraldehyde for 1.5 h and then dehydrated with 30%, 50%,
70%, 90%, and 100% ethanol sequentially, and finally, their
morphology was observed by Zeiss Ultra Plus SEM.

2.7 Evaluation of inhibition of bacterial biofilms

E. coli (initially OD = 0.1) treated with different metal precursors
was put into a 96-well plate and cultured at 37 °C for 2 days. After
being cleaned by PBS for 3 times, 0.1% crystal violet was added
into each well of the plate and stained for 10 min, followed by
washing twice with deionized water. Finally, the dye attached to
the biofilm was dissolved by adding 200 uL of absolute C,H;OH.
And a microplate reader was used to measure the ultraviolet (UV)
absorption intensity at 595 nm.

2.8 ROS Measurement

For the ROS assay, the ROS of different groups were measured
with a Reactive Oxygen Detection Kit (S0033, Beyotime).

2.9 Quantitative evaluation of GSH in E. coli with
different treatments

E. coil with different treatments were collected as described in the
previous experiments, and the concentrations of intracellular GSH
were measured by using a commercial GSH kit from Nanjing
Jiancheng Bioengineering Institute. The detailed procedures were
operated according to the instructions. The absorbance of 5,5' -
dithiobis(2-nitrobenzoic acid) (DTNB) at 420 nm can be
employed to evaluate the GSH level of the sample.

210 Quantitative evaluation of NADP/NADPH in E.
coli with different treatments

E. coli with different treatments were collected as described in the
previous experiments, and the concentrations of intracellular
NADPH and NADP* were measured by using a commercial
NADP(H) kit from Nanjing Jiancheng Bioengineering Institute.
The detailed procedures were operated according to the
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instructions. The oxidized thiazolium blue could be reduced to
formazan by NADPH through the hydrogen transfer of
peroxymonosulfate (PMS), whose absorbance at 570 nm can be
employed to evaluate the NADP(H) level of the sample.

211 The CCKS cytotoxicity assay

A total of 10* cells were plated in 200 pL of complete cell culture
media per well in a 96-well plate. And cells were divided into eight
distinct groups: DNA, Au, Au-DNA, Fe, Fe DNA, Au@Fe, and
Fe@Au-DNA group. In the DNA group, cells were treated with
DNA (100 L, 20 pug/mL). In the Au group, 100 pL of HAuCl,
precursor with a concentration gradient of 20, 40, 80, 160, 320, 640,
1,280, and 2,560 umol/L were added in each 3 wells (n = 3).
Analogously, the same steps were adopted for FeCl, in the Fe
group. In the Au-DNA group, cells were co-cultured with 20
pg/mL DNA and Au ions with various concentrations of 20, 40,
80, 160, 320, 640, 1,280, and 2,560 umol/L for 100 L. Likely, in
the Fe DNA group, the same steps were adopted for FeCl, and
DNA solutions. In the Au@Fe experimental group, initially 50 pL
of FeCl, with concentration gradient of 20, 40, 80, 160, 320, 640, 1,
280, and 2,560 pmol/L was added, 10 min later, 50 pL of HAuCl,
with the same concentrations as for FeCl, was added. In the
Fe@Au-DNA treatment group, cells were firstly treated with 20
pg/mL DNA and FeCl, with a concentration gradient of 20, 40, 80,
160, 320, 640, 1,280, and 2,560 pmol/L for 50 pL, 10 min later, 50
pL of DNA and HAuCl, solutions with the same concentrations
as for FeCl, were introduced. The control group was only placed
in the Dulbecco's modified Eagle medium (DMEM), while other
conditions remained unchanged. After 1 day, 100 uL of CCK8
solution was added into each well of the plate (Ve g Vinedium =
1:9) and co-cultured for an accessional 2 h. And then a microplate
reader was used to measure the absorbance of each well at a
wavelength of 450 nm to indirectly detect cell activity and
proliferation.

2.12 Bacteria-infected animal models

All the animal experiments in this study were referred to the
Guidelines for the Care and Use of Laboratory Animals, and were
conducted under the supervision of the Animal Ethics Committee
of Southeast University. The female Kunming (KM) mice (20 g,
one-month-old), as the subject of the experiment, were obtained
from Nanjing Qinglongshan Animal Farm (China). To make the
E. coli-infected mice model, the rats were gas-ether anesthetized by
isoflurane and marked by a partial-thickness openning of 1 cm in
diameter in the backbones. Then the prepared wounds were
treated with 50 pL of E. coli (1.0 x 10° CFU/mL). After being
treated for 1 day, the treated mice developed subcutaneous
abscesses, suggesting the forming of bacterial infections.

2.13 Fluorescence imaging of bacteria-infected mice

Fluorescence imaging of mice in vivo (excited at 480 nm and
emitted at 670 nm) was performed using the PerkinElmer IVIS
(Lumina XRMS Series III). It also set eight treatment groups (PBS,
DNA, Au, Au-DNA, Fe, Fe-DNA, Au@Fe, and Fe@Au-DNA),
and the concentration of metal precursors was tripled as that in
vitro (HAuCly: 300 puM; FeCly: 300 pM; hsDNA: 60 ug/mL). The
wounds of mice for each group were covered with 50 pL of
corresponding ion suspensions (while using 50 pL of PBS for the
control group). In the experiment, mice were subjected to general
anesthesia with 5% isoflurane in an air-obsessed manner and bio-
imaged at specific time points of pre-daub (0 h) and post-daub for
2,6,12,24h,and 15 days.

2.14 Treatment of bacterial infection in mice

Similarly, the KM mice infected by E. coli were divided into 8
groups of different treatments, and the wounds of mice for each
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group were covered with 50 pL of corresponding ion suspensions
with the same concentration as in the test in Section 2.11 for three
times (at day 1, 3, and 5, respectively). During the cure, wounds
were photographed, and body weight of each mouse was
recorded. After 15 days of treatment, all mice were sacrificed. The
size of infected wound was measured with a ruler with an interval
of two days, and was counted by the following equation: Area =
(width/2 x length/2) x 7. Besides. The serum was collected for
enzymes tests, including IL-6 and TNF-a for inflammatory
response assessment. To further evaluate the long-term toxicity of
the materials, the skins, and organs of each group of mice were
treated with hematoxylin and eosin (H&E) staining for
histological analysis.

3 Results and discussion

3.1 Characterization of environment-responsive AuNCs
complexes

For intracellular gold nanoparticle formation, it is better to
deploying ionic gold in discrete nanoscale packets to reduce the
caustic properties of gold precursors, because it saved reaction
time, and most importantly, minimize the influence on cellular
health [34]. In this work, we have exploited the possibility to
utilize natural dsDNA from herring sperm (< 50 bp) to serve as
the ionic gold package and delivery vehicle [35]. As illustrated in
Fig. S1(a) in the Electronic Supplementary Material (ESM), ionic
Au* and Fe* can be easily attached to DNA due to electrostatic
interaction. And it is more certain that Au™ binds to DNA with
Au's proven specific binding site [36]. It can be observed that after
complexation of DNA with Au* and Fe* ions, the relevant surface
charges significantly changed, and its potential value became
positive 6.57 mV, endowing it more accessible to negatively
charged E. coli or S. aureus in PBS with pH = 7.2. More
importantly, the positively charged metal precursor enabled to
compromise bacterial membrane because of charge neutralization,
leaving some holes on the cell membrane surface, which facilitated
the entry of DNA complexes.

To confirm the formation of gold nanoclusters (AuNCs), the
microenvironment-responsive NCs have been extracted from E.
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coli cells for further characterization. It demonstrated the existence
of AuNCs with a diameter of 2.48 + 0.54 nm and Au-DNA NCs
with a diameter of 2.24 + 0.52 nm from the TEM image and the
particle size distribution curve (Figs. 1(b) and 1(d), Figs. S3(a) and
S3(b) in the ESM). The AuNCs interplanar distance was found to
be 0.235 nm, corresponding to (111) planes of AuNCs (Fig. 1(c)).
As illustrated in Fig. 1(h) and Fig. S2 in the ESM, it showed EDS
results of bacterial extractions of each group to detect intracellular
iron and gold ions. The amount of Au and Fe slightly increased in
the presence of DNA between the parallel groups, indicating that
DNA could be utilized as an effective carrier for metal cations
delivery. In this system, Fe* was probably converted to iron oxides
(Figs. 1(e)-1(g)), for Fe* improves the reducibility of the bacterial
microenvironment. An XPS of the extract of Fe@Au-DNA was
performed to further illustrate the valence states of intracellular
gold and iron (Figs. 1(i) and 1(j)). The XPS spectra of Au4f can be
fitted into two groups of double peaks, in which the peaks of 87.16
and 83.56 eV are derived from Au(0), corresponding to Au4f;,
and Aud4f,,, respectively. While the double peaks at 87.90 and
84.29 eV belong to the photoelectron emission of Au4f;, and
Au4fy, of Au(l). An Au(0) and Au(l) contributed 64.67% and
35.33%, respectively. Similarly, the two peaks of XPS spectra of
Fe2p corresponded to Fe2p,, and Felps, respectively,
demonstrating Fe(+2) and Fe(+3) coexisted in the sample with the
contribution of 57.35% and 42.65%, respectively.

In addition, FTIR and SERS were applied to examine the
interaction between the metal ions and DNA in bio-assembled
gold nanoclusters complexes. As shown in Fig. S4(a) in the ESM,
the infrared spectra of the extract of E. coli with different
treatments showed significant distinctions. The characteristic
peaks of free DNA at about 1,686, 1,529, and 1,488 cm’
correspond to C=0, C=N,,, and cytosine (C), respectively
[37-39]. Their position or peak intensities were changed at
Au-DNA and Fe@Au-DNA groups, indicating that the
attachment of AuNCs affected the structure of DNA. In Fig. S4(b)
in the ESM, some characteristic peaks showed different levels of
enhancement of Raman signal assigned to the vibration
absorption of several DNA bases and deoxyribose skeleton [35],
which can be explained by the interaction between the relevant
group of DNA and metal ions.
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Figure1 Characteristics of in situ bio-self-assembled NCs. (a) Schematic illumination of the synthesis of AuNCs via bacterial reduction. Typical TEM image of (b)
isolated gold nanoclusters and (c) high resolution (HR)-TEM image of gold nanoclusters. The statistical results of the particle-size distribution of NCs are shown in (d).
(e) HAADF-STEM characterization of the bioresponsive FeO, nanoparticles, with EDS mapping (f) and (g) on the TEM grid of (e). (h) EDS spectrum of the extract of
Au@Fe group. (i) Au4f and and (j) Fe2p XPS spectra of Au nanoclusters and FeO, complexes.
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3.2 Fluorescence bioimaging study

The fluorescence bioimaging effect was initially evaluated via
confocal fluorescence microscopy for E. coli and S. aureus treated
with different metal precursors. A pre-experiment found little
linear correlation between HAuCl, concentration and fluorescence
intensity (Fig.S5 in the ESM). Considering the cell
biocompatibility and antibacterial properties, we chose 100 pM
gold precursor as the optimal concentration. In this experiment,
HAuCl, (100 pM) with/without hsDNA (20 pg/mL) was added
into the PBS for Fe@Au and Fe@Au-DNA groups, FeCl, (100
pM) was also added after 10 min. Then the metal precursors were
incubated with E. coli and S. aureus for 8 h, while for the control
groups, only PBS or DNA was used. As shown in Fig. 2(a) and Fig,
S6 in the ESM, bright fluorescence had emerged in bacteria treated
with gold precursors, which demonstrated successfully bio-
assembly of fluorescent Au NCs and well distribution of almost all
target bacterial cells. Nevertheless, slight fluorescence was detected
in PBS and DNA groups. Fe and Fe DNA groups showed a weak
fluorescence, probably attributing to bacteria's autofluorescence

—_
Q
~

PBS

Fe DNA

®
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when treated with exogenous metal ions [39]. However, it could
be negligible compared with NCs with notable luminescence.
When Fe* was introduced in the system, it obtained a stronger
fluorescence intensity of cells (Figs. 2(b) and 2(c)), for Fe** also
contributes to the reduction of Au*. Our team has clarified the
redox mechanism of Au(IIl)-Fe(II) system by simulating the
interaction and transformation of Fe*, Au*, and reductive
substance (use GSH as an example) through in vitro tests, which
illustrated the rationality of adding Fe** [40]. It is clear that DNA
also benefits the fluorescence enhancement as the delivery carrier
of ionic metals. Meanwhile, quantitative variations in relative
fluorescence intensity of each group's representatively single
bacterium were further compared to exhibit the distinction of
fluorescence intensity more intuitively within the bacterium.

3.3 Antibacterial activities and potential mechanism in
the process of self-assembled NCs

The favorable antibacterial effects praise AuNCs as promising
inactivated materials to compete with bacterial infections [40]. The
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Figure2 Fluorescence bioimaging studies of E. coli. (a)
fluorescence intensity of cell lines, and (c) total cells as shown in (a).
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antibacterial activity of bio-responsive self-assembly was also
investigated in this study. The optimal concentration of metal
precursors with/without hsDNA mentioned above was co-
cultured with E. coli (initial OD = 0.1) for 8 h. As depicted in Figs.
3(b) and 3(c), groups with metal complexes all exhibited excellent
antibacterial activity that reached 80%. It is clear that the
introduction of DNA slightly decreased the inhibition of bacteria,
suggesting this exogenous gene showed good cytocompatibility,
which could also be proved in Fig. S10 in the ESM. Under the
synergy effect of bimetal, the antibacterial capability was greatly
improved to 95%. Also, as shown in Fig.3(d), cytoderm and
membranes had been severely destroyed in metal groups
compared with the control (PBS and DNA groups). For one thing,
positively charged metal precursors could damage cell membrane
via electrostatic interaction; more importantly, the bio-self-
assembled AuNCs contributed to bacterial disinfection. Previous
research proved that ultrasmall AuNCs are antimicrobic, while
their larger counterparts Au NPs had no inactivation activity, for
internalized AuNCs were enabled to induce ROS that caused
oxidative stress damage [41]. Consistent with this conclusion, it
also exhibited the induction capability of ROS in this study.
Intracellular ROS of E. coil with different treatments was indirectly
detected by fluorescent DCFH-DA probe, which excites at 488 nm
and emits at 525 nm (Fig. S7 in the ESM). Compared with the
control that labeled as 1, E. coil treated with metal complexes
showed a higher ROS level (Fig. 3(e)). It is evident that Au and
Au-DNA groups produced more ROS than counterpart Fe’s,
which indirectly proved the microenvironment-response of
AuNCs required the consumption of intracellular reducing
substances, while the oxidation levels were accordingly increased.
The ROS levels of Au@Fe and Fe@Au-DNA groups were
significantly higher, demonstrating the efficient self-assembled of
AuNGs in the presence of Fe". Moreover, as shown in Fig. 3(f),
the bio-responsive NCs could synergistically eliminate biofilm
formed by E. coli.

Furthermore, four scavenger-quenching tests were conducted
to investigate the disinfection contribution of each ROS (Fig. 3(g)
and Fig. S8 in the ESM). It can be seen that scavengers exerted
little influence in the growth of bacteria in the control group (Fig.
S8 in the ESM), which suggested it was species of ROS rather than
scavengers-made effects on bacterial sterilization. Comparing with
Fe@Au-DNA without scavenger group, which showed almost
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100% of antibacterial rate after 24 h incubation, it presented four
ROS (057, '0,, H,0,, and -OH) with contributions to H,0,>>-OH
>'0, > O, in the system. It is reported that AuNCs can act as like-
peroxidases that oxidizes the intracellular substrate and meanwhile
reduces O, to H,0, (Fig. 3(a)) [42]. The associated redox reactions
are listed as follows, in which Fe(II) enables to trigger to produce
highly toxic -OH [43].

AuNCs

RH, + O, — RH, + O, (RH,refers — substrate) (1)
H,0, + Fe (II) — -OH + Fe (III) @)

0,-'0, (©)

0, + Fe(Il) 5 0, + Fe(Ill) (4)

0,” +H,0 — 10, + H,0, + 20H" (5)

According to previous researches, the bio-synthesized AuNCs
seeds acted as catalysts to reduce AuCl, by H,O, to further
generate more AuNCs [44] and the new-generated O, can be used
inEq. (1).

3 3
AuCl,” + 5HZO2 — Au’ +4Cl +3H" + 502 (6)

34 Investigation on participating biomolecules in

bioresponsive self-assembly

To better understand the inner mechanism of bio-responsive
process, we identified cellular biomolecules that might be involved
in biological reduction. GSH, a typical reductive biomolecule in
the bacterial microenvironment, has been widely used as ligand to
synthesize AuNCs in vitro [45]. GSH may be depleted to bio-
synthesized NCs in bacterial infections. However, as shown in Fig.
4(a), it surprisingly proved that GSH did not participate in the
bioresponsive self-assembly, because the concentration of GSH in
the experimental groups did not decrease but increase when
compared with the control group (PBS, DNA). The increase of
GSH can be attributable to the cellular defense against over-high
ROS. Later, another reductive biomolecule NADPH was also
investigated ~ (Fig.4(b)). It is reported that ratio of

Fe@Au-DNA

AN

Biofilm inhibition ratio (%)

!
b N 2 o ®
8 o 8 &8 8 28
—r T T T T

0

Figure3 Antibacterial testing for the process of bio-responsive self-assembled NCs. (a) The antibacterial mechanism in the process of self-assembled NCs. (b)
Photographs of the agar plates and (c) the corresponding statistical histogram of E. coli colonies of each group. No duplicated two-factor analysis of variance was
applied to evaluate various mean distinction. **p < 0.001, ***p < 0.0001. (d) SEM micrographs of E. coli cells without treatment (control) and with different
treatments. Scale bar, 2 pm. (e) The normalization of measure of cellular ROS levels with fluorescent DCFH-DA probe, while the ROS level of the control (PBS) is
labeled as 1. (f) The biofilm inhibition ratio of E. coli with different treatments. *p < 0.05, **p < 0.01. (g) ROS scavenger quenching test for E. coli treated with FeCl,
HAuCl, and DNA complexes (Fe@Au-DNA group) for 24 h, among which E. coli were incubated with (1) PBS, (2) mixtures of ionic precursors (Fe@Au-DNA), (3)
Fe@Au-DNA and catalase (H,O, scavenger), (4) Fe@Au-DNA and isopropanol (-OH scavenger), (5) Fe@Au-DNA and L-histidine ('O, scavenger), and (6) Fe@Au-

DNA and TEMPO (O, scavenger), respectively.
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Figure4 The concentration of GSH (a) and NADP/NADPH (b) of E. coli treated with different treatments.

NADPH/NADP* is the main indicator of the redox state of cells
and plays an important regulatory role in biosynthesis and
antioxidant metabolism [46]. It can be seen that NADPH
positively involved in biological reduction of metal precursors, for
the partly NADPH was consumed and converted into NADP".
Some of the values are negative due to their concentration being
less than the reference. According to the previous researches,
proteins would be progressively accumulated as the ionic gold
entered the cells, which had been proven to be involved in
intracellular reduction of HAuCl, [33].

3.5 Bio-responsive self-assembly AuNCs complexes in
bacteria bioimaging in vivo
It was necessary to analyze the cytocompatibility of the metal
precursors before in vivo experiments. The cellular toxicities of Au
and Fe ions with/without DNA on human normal liver L02 cells
were evaluated using CCK-8 assay via quantification of viable cells
to evaluate the preliminary bio-compatibility (Fig.5(b)). It was
clear that metal ion solutions displayed concentration-dependent
cytotoxicity. The cells in each group exhibited a survival rate
higher than 80% in the concentration range of 320 uM. The Fe ion
solution showed much better biocompatibility than that of Au
above 320 puM and displayed a survival rate higher than 70%.
Compared with the single metal ion solution, the cytotoxicity of
Au@Fe did not show the additive effect of both, probably for the
redox reaction between both neutralized parts of the ion toxicity.
To further understand and evaluate the fluorescence imaging
effect of the bio-responsive AuNCs complexes in vivo, we
established a female KM mice model and randomly divided the
mice into 8 groups (3 mice per group). Before optical imaging in
vivo, the tested mice were completely depilated to eliminate the
interference of hair on the target imaging signal [47, 48]. A wound
of 1 cm in diameter was created by scissors in each mouse and
subsequently covered with 50 pL of E. coli (initially OD = 1) to
develop bacterial infections. After one day, the mice in each group
were treated with 50 pL of different precursors, and the
concentration of precursors was tripled as that in vitro, followed
by one mouse in each group randomly selected for in vivo
fluorescent imaging to examine the bacteria targeting effect of bio-
synthesized complexes within 24 h (Fig. 5(a)). As shown in Fig.
5(c), Au, Au-DNA, Au@Fe, and Au@Fe-DNA groups all
exhibited certain fluorescence in wounds after 6 h, which
demonstrated the successful bio-assembly of fluorescent AuNCs
complexes based on target infections. For comparison, there was
no fluorescence at the wound site in the other groups. It was
noticed that the non-wound parts of individual mice also showed
some fluorescence, which can be attributed to the
autofluorescence caused by the unremoved hair. As illustrated in
Fig. 5(d), within the designed period of one day, the fluorescence
intensity of the Au group initially enhanced and reached a

maximum at approximately 12 h that cohered with the time
required for bacterial bio-responsive self-assembly of AuNCs in
vitro. And it decreased in the following period, probably
attributing to the partial fluorescence quenching of NCs and the
decrease of bacteria as a template (antibacterial effect of AuNCs).
And it showed a stronger fluorescence intensity in the Au@Fe and
Fe@Au-DNA groups, which further proved the effect of
introducing Fe*. It can be seen that the fluorescence of each group
was completely eliminated with wound healing after 15 days (Fig.
S9 in the ESM).

3.6 In vivo treatment of bacterial infection

Eventually, the microenvironment-responsive self-assembly NCs
was further evaluated for bacterial infection therapy and wound
healing. As illustrated in Fig. 6(a), after the development of
bacterial infections in the wound (the same as the method in
previous fluorescence imaging experiment in vivo), the mice in
each group were treated with 50 pL of different suspensions three
times (at day 1, 3, and 5, respectively). Then the treatment was
ended after 15 days. Wound size was measured every 2 days to
evaluate the therapeutic efficacy (Fig. 6(b)). We observed that all
the NCs groups' wounds were healed after 15 days of treatment
except for the «control (PBS), which demonstrated
microenvironment-responsive  probes'  bactericidal  abilities.
Besides, it showed remarkable wound healing effects for the
groups of Au-DNA and Fe@Au-DNA where the relative size of
the wound area decreased rapidly (Fig. 6(c)), indicating that DNA
contributes to the acceleration of healing. The therapeutic effect of
the free DNA group was also better than that of the control PBS.
As depicted in Fig. S10 in the ESM, the cell viability of hsDNA was
119.37% + 10.94%, proving the exogenous DNA has favorable
biocompatibility.

Furthermore, the long-term toxicity in vivo of bio-responsive
nanotheranostics was also observed. It can be seen from Fig. 6(d)
that the weight of mice in the experimental groups increased
steadily and showed no evident differences, when compared with
the mice of PBS group. To validate the inflammatory response in
the process of microenvironmental self-assembly, the mice serum
levels of IL-6 and TNF-a were tested after their sacrifice, which
showed a certain increase in the acceptable range (Fig.6(e)).
Compared with the PBS, the H&E staining of wound region in
other groups all showed different extents of hair follicle
regeneration (Fig. 6(f)). And H&E staining pictures of main
organs of the mice after 15 days of therapy exhibited no distinct
injure or inflammatory affection (Fig. S11 in the ESM). These
indicated the in vivo safety of the microenvironment- response to
the self-assembly process.

4 Conclusions

In summary, in this paper, we have developed a facile
multifunctional nanotheranostics strategy for bioimaging and real-
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Figure5 In vivo evaluation of self-assembled nanoclusters based on bacterial microenvironment. (a) Schematic illustration of the bioimaging of E. coli-infections in
wounds by in situ daub of metal precursors. (b) In vitro cytotoxicity test for normal L02 cells in the presence of gold/iron solutions with or without DNA at various
concentrations. (c) In vivo fluorescence photos of E. coli-infected KM mice after applying with 50 uL of different materials at different time points. (d) Curve of relative

fluorescence intensity with time in mice as shown in (a). *p < 0.05.

time therapy of bacterial infections by bacterial microenvironment-
responsive self-assembled gold nanoclusters. Metal precursors
could be readily bio-reduced into biocompatible fluorescence NCs
via unique microenvironment and physiological behavior of
bacterial infections, in which NADPH/NADP* redox pair has
been proven participation in the process. Also, the bio-responsive
Au NCs is able to inactivate bacteria by electrostatic effect,
destruction of the bacterial membrane, removal of bacterial
biofilms, and generation of ROS. And the cells will accumulate
more GSH in response to this oxidative stress. The specific process

of microenvironment-responsive self-assembly has proved to be
contributed to the acceleration of bacterial-infected wound healing,
which shows the synergistic effects of both bacteria disinfection of
nanoclusters and cell-proliferation promotion role of hsDNA.
Furthermore, the bio-responsive self-assembly NCs shows no
significant long-term toxicity in the animal-model study in vivo,
suggesting further promising applications in medical fields. This
research produces a promising multifunctional theranostic
nanoplatform for specific visual diagnosis and concurrent therapy
of bacterial infections.
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Figure 6 In vivo antibacterial evaluation by bio-responsive self-assembly NCs. (a) Schematic illustration of treatment strategies for bacterial wound infection. (b)
Images of the E. coli-infected wounds from the mice of different groups in the interval of two days and (c) the corresponding changes in wound area after different
treatments. *p < 0.05, **p < 0.01, **p < 0.001, and **p < 0.0001 (no repeated two-factor analysis of variance). (d) The body weight variation of mice. () The variation
of cytokines (IL-6 and TNF-a) in mice serum after 15 days of antibacterial treatment. (f) The H&E staining of skin sections of wounds after 15 days of disparate

therapy.
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