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Abstract

As the second wave of COVID-19 hits South Asia, an increasing deadly complication ‘fungal infections (such as Myco-
sis, Candida and Aspergillus) outbreak’has been raised concern about the insufficient technologies and medicals for
its diagnosis and therapy. Biosilica based nano-therapy can be used for therapeutic efficacy, yet their direct role as
antibiotic agent with biocompatibility and stability remains unclear. Here, we report that a diatomaceous earth (DE)
framework semiconductor composite conjugated DE and in-house synthesized zinc oxide (DE-ZnQ), as an antibi-
otic agent for the enhancement of antibiotic efficacy and persistence. We found that the DE-ZnO composite had
enhanced antibiotic activity against fungi (A. fumigatus) and Gram-negative bacteria (E. coli, S. enterica). The DE-ZnO
composite provides enhancing large surface areas for enhancement of target pathogen binding affinity, as well as
produces active ions including reactive oxygen species and metal ion for breaking the cellular network of fungi and
Gram-negative bacteria. Additionally, the toxicity of DE-ZnO with 3 time less amount of dosage is 6 times lower than
the commercial SiO,-ZnO. Finally, a synergistic effect of DE-ZnO and existing antifungal agents (Itraconazole and
Amphotericin B) showed a better antifungal activity, which could be reduced the side effects due to the antifungal
agents overdose, than a single antibiotic agent use. We envision that this DE-ZnO composite can be used to enhance
antibiotic activity and its persistence, with less-toxicity, biocompatibility and high stability against fungi and Gram-
negative bacteria which could be a valuable candidate in medical science and industrial engineering.
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1 Introduction

The recent BBC report showing that those who have been
cared in intensive care unit (ICU) of severe COVID-19
are vulnerable to deadly infections [1-4]. In comparison
with the death rate of COVID-19 (about 2.1%, calculate
by 28th June, 2021), the high fatality rate of these Inva-
sive Aspergillosis infection (IAI, such as mycosis: 70%,
candida: 25%, aspergillus: 30 ~90%) has sent people into
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another serious pandemic [5, 6]. Nowadays, resistance
to and the toxicity of antibiotics are a concern due to the
rising incidence of microbial infections with serious side
effects in world healthcare settings [7, 8]. Particularly,
infections caused by multidrug-resistant bacteria (super
bugs), fungi, Gram-negative bacteria, or Methicillin-
resistant S. aures (MRSA), remain difficulty to treat due
to their resistance to multiple antibiotics [9]. In addition
to fungal infection, these conditions debilitate the human
immune system, which leads to increased mortality
from fungal infection among cancer patients, transplant
recipient and those patients with damaged blood vessels
and other airway wall by COVID-19 [10, 11]. The fungal
(in spore or conidium) with independent survive ability
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are ubiquity which have challenged the environmental
engineering and industrial production on prevention for
building a world of health and warmth [12, 13].

Invasive Aspergillosis infection (IAI) is a more frequent
direct cause of death than mortality from other diseases
[14, 15]. Especially, the treatment of IAI caused by Asper-
gillus fumigatus, Candida albicans, and C. glabrata are
constrained due to the toxicity of the agents, drug resist-
ance, and low efficacy. Aspergillus species kill up to 80%
of infected patients [16, 17]. Therefore, the ubiquitous
and harmful Aspergillus, which can be found in the dust
in your home (moldy walls, molds on foods), can induce
lesions without clear symptoms and has been set as an
experimental subject [18, 19]. According to the statisti-
cal reports, around 75% of antibiotics were consumed
not by humans, but by livestock, and many developed
countries have no restrictions on this use [16, 20]. Gener-
ally, drugs with antifungal activity that are used to treat
patients with IAI are azoles, polyenes, and echinocandins
[17]. Among these drugs, amphotericin B is one of pol-
yenes, used to break the membrane of fungi by binding
with ergosterol, which subsequently leads to cell death.
Itraconazole is a tolerated azole antifungal drug, affect-
ing the cell membrane directly or after its metabolism
[21]. However, the clinical use of these drugs is extremely
limited since they have serious side effects, such as nau-
sea, diarrhea, abdominal pain, rash, headache, and organ
damage due to their high toxicity, insolubility, and sensi-
tivity to pH [14, 21]. Hence, there is an urgent demand to
find better solution, which could have enhanced efficacy
and persistence with relatively less toxicity [22].

To address these challenges, numerous nanotechnol-
ogies based on nanomaterials have emerged for effec-
tive therapy in the field of the nano-medicines [23]. The
emerging nanomaterials exhibit unique physical, chem-
ical, and biological properties that are widely studied in
various clinical applications [24]. However, many side
effects have been noted when moving these technolo-
gies from the bench to the bedside due to insufficient
effective and timely infection eradication, and toxicity
against the surrounding normal cells [11, 25]. There-
fore, the development of non-toxic composites that
substitute for or assist the antibiotics, which can pro-
vide a concrete direction for further clinical use in the
medical therapy market, is essential. Recently, biosilica
or optimized semiconductors have attracted increas-
ing interest for producing essential elements for the
human body [26, 27]. They also show biocompatibility,
multifunctionality, and extensive resources. However,
biosilica based nano-therapy can be used for thera-
peutic efficacy, yet their direct role as antibiotic agent
with biocompatibility and stability remains unclear.
Among the candidate materials, zinc oxide (ZnO) and
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diatomaceous earth (DE) are listed as safe substances
for various applications such as medicines, cosmet-
ics, animals and industries [28, 29]. Zinc oxide (ZnO)
nanomaterials have been widely applied in electron-
ics, photo-electronics, antibacterial effect, sensors, and
photocatalysts with excellent chemical and conductiv-
ity properties [30, 31]. Especially, the dissolution to
ionic zinc (Zn*") and particle-induced reactive oxygen
species (ROS) from ZnO have represented the primary
modes of action for antibacterial purposes [2, 32]. ZnO
is intriguing as a candidate drug due to its properties
of antibacterial activity, but the complete persistence
and efficacy of the antibiotic action of ZnO remains
unexplored. DE is being developed as a possible car-
rier to increase drug loading due to the nano-porous
structure of its surface [33]. However, the widespread
applications of DE are still limited because of its dos-
age-dependent toxicity and crystal structure-size effect.
Therefore, further study into the optimal utilization and
facile-green chemical methods of the candidate mate-
rials with clear mechanisms of action are desirable for
further clinic therapy applications.

Can nano-therapy help to win the (medical sci-
ence) battling? (Scheme 1A) Here, we report a novel
non-toxic composite with enhanced antibiotic effi-
cacy and persistence against fungi and Gram-negative
bacteria (Scheme 1B). The non-toxic composites are
fabricated with in-house synthesized ZnO and bio-
compatible frustules DE, called DE-ZnO composites.
Toxicity and persistence of antibiotics are important
issues for reducing the side effects in patients who
suffer from various infectious diseases. Thus, we con-
ducted phenotypic and genetic analysis for both
in vitro and in vivo testing of DE-ZnO as an antibiotic
agent with negligible toxicity, not as a carrier for drug
delivery. Through specific attention to its mechanism
of action, we showed that DE-ZnO breaks fungal and
bacterial cellular networks by its physical and chemi-
cal properties, such as the shape of DE-ZnO and high
levels of production of reactive oxygen species (ROS).
In addition, we demonstrated that DE-ZnO has a long
persistence of its antibiotic effect against fungal (A.
fumigatus) and Gram-negative bacterial (E. coli and S.
enterica) infections. Furthermore, we showed DE-ZnO
has an antifungal synergistic effect against A. fumiga-
tus when used in combination with amphotericin B and
itraconazole. Therefore, we believe that the ability of
DE-ZnO to enhance the efficacy and persistence with
non-toxicity indicates it could be useful as a possible
antibiotic agent, as well as an enabler for combination
therapy with existing drugs in various antimicrobial
applications.
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Scheme 1 Can nano-therapy help to win the (medical science) battling? A Challenges in the therapy of pandemic: complication-fungal infections.
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2 Methods

2.1 Chemicals and reagents

All reagents were of analytical grade and were used
without further purification. Zinc nitrate hexahydrate
(ZnNO4-6H,0, 98%), ammonium hydroxide solution
(28% NH; in H,0O, 99.99% trace metals basis), biocom-
patible DE powder (Cat. No. D5509), 2/,7’-dichlorofluo-
rescein (Lot # BCBZ6854), zinc oxide nanoparticles (Cat.
No. 721077-100G), amphotericin B from Streptomyces sp.
(Cat. No. A2411-250MQ@G), Itraconazole (Cat. No. 16657-
100M@G), and 2’,7'-Dichlorofluorescein (DCF) (Cat. No.
BCBZ6854) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Hexadecyltrimethylammonium bro-
mide (C,oH,,BrN,>98%, CTAB) was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Dul-
becco’s Modified Eagle’s Medium (DMEM; Life Technol-
ogies, Carlsbad, CA, USA) was used for cell culture. LB
medium was used for the bacterial cultures. Sabouraud
dextrose agar with chloramphenicol media (Cat. No.:
C6781; Lot no: 437412) for the fungi culture was pur-
chased from Santa Maria-USA. Milli-Q water and phos-
phate-buffered saline (PBS, 10x , pH 7.4) were used in all
experiments.

2.2 Biological samples

(a) L929 (mouse C;H/An connective tissue) and eukary-
otic cells (HCT-116 colorectal cancer cells) were main-
tained in culture dishes with high-glucose DMEM
supplemented with 10% fetal bovine serum (FBS) at 37 °C
in a 5% CO, atmosphere. (b) The prokaryotic species
Escherichia coli (E. coli, ATCC25922) and Salmonella
enterica (S. enterica, ATCC14028) were inoculated into
either nutrient broth medium or LB medium and were
incubated overnight at 37 °C with shaking. (c) Aspergillus

fumigatus (A. fumigatus, ATCC36607) were grown in
Sabouraud dextrose agar at 25 °C for 5 days. After cultur-
ing, the Aspergillus fungi were resuspended in PBS and
quantified by using a hemocytometer.

2.3 Preparation of the ZnO NMS and bio-semi-composites
(DE-ZnO)
(a) A modified hydrothermal method has been used
to synthesize ZnO NMS crystals in alkaline medium.
Briefly, 1 mL of 1 M CTAB was added to 98 mL of Milli-
Q water in a 250 mL flask, and magnetically stirred at
500 rpm at 90 °C. Then 1 mL of 1 M Zn(NO;),-6H,O
was added and it was stirred for 50 min. Under steady
stirring and incubation conditions, 2 mL of ammonium
hydroxide solution was added into the reaction mixture
drop-wise. As the white precipitates were produced, we
transferred the flask into an ice box to stop the reaction.
The white precipitates were collected by centrifugation
and washed with Milli-Q water three times to wash away
the residual ions. Then, the white precipitates were dried
in a 56 °C oven overnight. (b) The bio-semi-composites
(DE-ZnO) were synthesized by a typical nanoengineer-
ing particle surface method. The porous DE acted as a
well matrix that supplied a sufficient surface area for
the ZnO. Briefly, DE was purified by gravity settling in
deionized (DI) water, the uniform DE (0.5 g) was then
dissolved in 98 mL of Milli-Q water in a 250 mL flask.
Then, 1 M Zn(NO,),-6H,0 and 1 mL of 1 M CTAB were
added to the DE solution. Under magnetic stirring at
500 rpm at 90 °C for 50 min, the activated Zn** diffused
and anchored on the surface of the DE by van der Waals
forces. Our modified hydrothermal method for syn-
thesis of ZnO NMS has been carried out here, with the
ZnO NMS growing in a crystal direction. As we see the
color of reaction solution changed from brick-red (DE)
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to pink-white, we transferred the flask into an ice box to
stop the reaction. The produced precipitates were col-
lected by centrifugation and washed with Milli-Q water
three times to wash away the residual ions. Furthermore,
a gravity settling method was used to wash out the disso-
ciative ZnO NMS. Finally, the precipitates were dried in a
56 °C oven overnight.

2.4 Characterization

The morphology of the ZnO nanomaterials (commer-
cial or synthesized), DE-ZnO, and related biological
samples were characterized using Feld Emission Scan-
ning Electron Microscopy (FE-SEM) on a JSM-7500F
instrument (JEOL) to confirm the reaction and surface
materials. Zeta potentials of the materials were meas-
ured using dynamic light scattering (DLS) on a DynaPro
NanoStar instrument (Wvyatt). Fourier-transform infra-
red spectroscopy (FTIR) analysis was performed using
a JASCO 6300 instrument (JASCO) on bare ZnO-C
(~100 nm, ~ 5000 nm), (ZnO-S (~300 nm), and DE-ZnO
to obtain information on the chemical modifications. In
addition, the elements present in the composite materials
were analyzed using EDX, while UV/visible spectropho-
tometer measurements were used to determine the com-
posite materials.

2.5 Antibacterial

A suspension of bacteria (E. coli, S. enterica) was used
to evaluate the antibacterial activity of different types of
zinc oxides and composites. Before the assay, the bacteria
were grown aerobically in LB medium for 16 h at 37 °C in
210 rpm shaking incubator. Then, the bacterial cells were
harvested by centrifugation at 2000 rpm for 5 min and
the bacterial cells were re-suspended in LB. The bacterial
suspension was appropriately diluted (up to 10° and a
100 pL aliquot was transferred to the agar plate. The bac-
teria were then evenly distributed on the agar plate sur-
face using a plastic rod. After 16 h of incubation, colonies
were counted. The counting colony forming units (CFU/
mL) were calculated for the original bacteria sample. The
bacterial suspension was then adjusted to a fixed concen-
tration of 1 x 10’ CFU/mL. Thereafter, different amount
of the test nanomaterials were placed into a tube con-
taining 0.1 mL of 1 x 10’ CFU/mL bacterial suspension
and 2 mL LB medium. After incubating for 16 h at 37 °C
shaking at 210 rpm, we measured the absorbance of each
sample at OD 600 nm. The bacteria survival rate of each
sample was calculated by the equation:

Bacteria Survival Rate(%)
ODzno — ODNegative

= x 100% (1)
ODpositive — ODNegative
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2.6 Antifungal assay via radial growth

To determine the effect of the tested nanomaterials on
fungi, Aspergillus was used. Dextrose agar culture media
for fungi were prepared to perform the antifungal assay.
Specific solid medium containing different amounts of the
tested nanomaterials were established. Before being used in
Petri dishes, the different treatments were mixed to ensure
a good dispersion of the tested nanomaterials in the culture
medium. We punched a 1 cm diameter hole in the middle
of every solidified culture medium. In order to gain homo-
geneity and reproducibility in the experiment, the fungal
spores were collect from the same 15 day old Aspergillus
fungi parent. Subsequently, 1000 conidia in 50 pL PSB were
added to the center hole of each Petri dish containing the
culture medium for each of the described treatments. The
dishes were move to the culture oven, which was held con-
stant at 25 °C. From the fifth day, a photographic record
was taken for each fungi sample. These records were ana-
lyzed with Image-] to measure the growth area, and we
analyzed the growth rate of each treatment in comparison
to the control sample. In addition, the synergy of the nano-
materials with the commercial antibiotics (amphotericin
B and itraconazole) was studied. First of all, we tested the
optimized concentration of pure antibiotics, and then
0.5 mg/L amphotericin B and 6.0 pg/mL itraconazole were
used as the basis for the enhancement study.

Growth Rate of ZnO Treatment(%)
Growth of ZnO Treatment 2)
= x 100%
Growth of Control

2.7 ROS detection

A DCFDA Cellular ROS detection assay kit and a modi-
fied DCFH-DA (2/,7'-Dichlorofluorescin diacetate) method
were used for measurement of reactive oxygen species in
cellular and non-cellular settings, respectively [34]. (i) Cel-
lular study: following the DCFDA kit's manufacturer’s
instructions, 1929 cells (10,000 cells per well) were cultured
in 96-well micro-plates and incubated at 37 °C in a 5% CO,
atmosphere for 24 h to allow adherence. Cells were washed
with 1 xbuffer and then we added the tested materials
(DE-ZnO). Meanwhile, we stained the cells with 100 puL
DCFDA (25 uM, in 1 x kit dilution buffer) for 45 min at
37 °C in a humidified 5% CO, incubator. Then, the DCFDA
solution in the well was replaced with 1 x buffer. The basal
ROS production was detected by recording the fluores-
cence (Ex/Em: 485/535 nm) with a micro-plate reader. (ii)
Non-cellular study: 4 mg dichlorofluorescein (DCF) was
added to 1 mL of phenol at 1/1000 DW dilution to obtain
a concentration of 10 uM DCE. Then, 100 pL of DCF was
added to the wells in dark, clear bottom 96-well micro-
plates. Fluorescence readings were taken after 1 h incuba-
tion at 37 °C in a humidified 5% CO,. Then, we added the



Liu et al. Nano Convergence (2021) 8:32

test materials (DE-ZnO) and fluorescence readings were
taken every 30 min during incubation at 37 °C in a humidi-
fied 5% CO, atmosphere. Relative fluorescence units (RFU)
were calculated from all measurements. The plates were
kept at 37 °C in a humidified 5% CO, incubator in the
dark between readings. Fluorescence was measured using
the following settings: excitation (Ex) at 495 nm, emission
(Em) at 530 nm; temperature 37 °C; reading mode: bottom)
including the background as negative controls. Each exper-
iment was repeated on three separate occasions (n=3).
Relative fluorescence units (RFU) were calculated from all
measurements. The plates were kept at 37 °C in a humidi-
fied 5% CO, incubator in the dark between readings.

2.8 In vitro cytotoxicity assay
A colorimetric assay kit (Cell Counting Kit-8) was used
to measure the cytotoxicity of our materials [11]. Firstly,
1929 and HCT-116 cells were cultured in DMEM
medium supplemented with 10% FBS at 37 °C in an
atmosphere with 5% CO, and 95% relative humidity.
Cells were seeded on 96-well plates at a density of 5 x 10*
cells/well for 24 h to allow cell attachment. The medium
was removed and the cells were washed once with PBS.
The test materials (optimized ZnO modification ratio
test) at certain concentrations in DMEM were added to
separate wells in quadruplicate and incubated with the
cells for another 24 h. Corresponding samples of DE-
ZnO at concentrations of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mg
in DMEM were subjected to the same process. After 24 h
incubation, the suspensions were removed and the wells
were washed once with PBS. A 100 uL sample of WST-8
(0.5 mg/mL in culture medium) was then added, being
careful to not introduce bubbles into the wells, since they
interfere with the O.D. reading. Then, the plates were
incubated for 4 h at 37 °C in 5% CO, prior to analysis. We
measured the absorbance at 450 nm using a micro-plate
reader (BioTek, US). Absorbance values for the untreated
cells were taken as controls (100% survival). Cell viability
was then calculated according to the following equation:
ODtreatment

Cell Viability (%) =

= x 100% 3
ODNO Treatment ( )

The biocompatibility of the ZnO nanomaterials and
DE were confirmed through cell viability using an MTT
assay.

2.9 Invivo toxicity assay

ICR mice (6 weeks old, 15 males and 15 females) were
purchased from Koatech (Gyeonggi-do, Korea). The
mice were maintained at room temperature (22+2 °C)
with a 12/12 h light/dark cycle and were fed ad libitum.
Thirty mice were randomly divided into three groups as
follows: group I (control group); group II (LD-DE-ZnO),
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which received the LD-DE-ZnO; and group III (HD-
DE-ZnO), which received the HD-DE-ZnO. Each group
(n=10) contained an equal number of male and females.
Mice of each sex were administered 300 puL of DE-ZnO
solution at dosages of 2 mg/ml (low dosage), 20 mg/mL
(high dosage), or Milli-Q water (control group) by oral
gavage. After administration, the animals were weighed
and observed daily to detect any signs of toxicity over
14 days. After 14 days, the animals were euthanized using
Zoletil (Virbac Korea, South Korea) and blood samples
were collected from the aorta ventralis. The biochemi-
cal measurements consisted of analyses of the following:
alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), total bilirubin (T-Bil), blood urea nitro-
gen (BUN), creatinine, total protein (TP), albumin,
albumin/globulin (A/G) ratio, total cholesterol (TC),
triglyceride (TG), glucose, and phosphorous. Biochemi-
cal analysis of plasma samples was carried out by using
commercially available kits according to the manufac-
turer’s instructions. After collection of the blood sam-
ples, the body surface, all orifices, the head, all internal
organs of the abdominal and thoracic cavities, and their
contents were visually observed for any signs of gross
abnormalities. Body and organ weights were measured
for each mouse. For grouped organs, the sum of those
organs was used. After collection of the organs, includ-
ing the brain, heart, lung, liver, kidney, spleen, testicle, or
ovary, they were preserved in 10% phosphate-buffered
formalin solution for histopathologic examination. Liver
sections of 3 um thickness were stained with hematoxy-
lin and eosin (H&E). The slides were observed under an
optical microscope (BX51, Olympus, Tokyo Japan). The
experimental protocol and this study were approved by
the Institutional Animal Care and Use Committee of the
Laboratory Animal Center, Osong Medical Innovation
Foundation (KBIO-IACUC-2020-011).

3 Results

3.1 Synthesis and characterization of DE-ZnO

First, in order to synthesize ZnO-S (~300 nm) through
facile hydro-thermal method (Fig. 1A), we optimized
the one-pot method which reduce the cost of synthe-
sis production using the zinc contains with 98% SiO,.
The properties of our synthesized ZnO-S (~300 nm)
were referred to commercial ZnO nanomaterial [named
ZnO-C (~100 nm) and ZnO-C (~5000 nm)] [35].
Through UV-visible absorption analysis (Fig. 1B), the
characteristic peak at 381 nm confirmed the ZnO and the
half-peak angles of the black (ZnO-C ~100 nm) and red
(ZnO-S ~300 nm) spectrum show the uniform structure
form. The morphology of these nanomaterials (ZnO-S
in Fig. 1C and ZnO-Cs in Additional file 1: Fig S1A-B)
was confirmed by scanning electron microscopy (SEM).
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Then, the surface performance of these nanomaterials
was confirmed by Zeta potential (Fig. 1D) and Fourier-
transform infrared spectroscopy (FTIR) (Additional
file 1: Fig S1C). The special positive surface charge of the
synthesized ZnO-S occurred by coating it with NH,
groups. In Additional file 1: Fig S1C, the particular peaks

of the red spectrum at a,(735 cm™), a,(1009 cm ™), and
a;(1075 cm™!) for ZnO-S showed the N-O bands, which
may come from NH,OH synthesis process as the previ-
ous report [36]. The positive surface charge of the ZnO-S
(~300 nm) provided an optimum condition for further
biocompatibility applications. Due to the surface charge



Liu et al. Nano Convergence (2021) 8:32

of the most bacteria and fungi supposed to be negative
[4, 37]. Thereby, the ZnO-S with the positive surface
charge would attract the bacteria and fungi to be close
and it is good for the materials to play antibacterial and
antifungal effect. Through Barrett-Joyner-Halenda (BJH)
pore size and volume analysis (Additional file 1: Fig.
S1D-F), the mild manufacturing process used for ZnO-S
synthesis was optimized to obtain uniform ZnO-S, and
the morphology of the ZnO-S was built by nanoparti-
cles (3~7 nm), which implied that there is a large sur-
face area. Its large surface area and the surface charge of
the synthesized ZnO-S were considered to be beneficial.
Using the synthesized ZnO-S, we compared its antibiotic
effect against bacteria and fungi with different amounts
of commercialized ZnO nanomaterials (6 ~14 pg/mL).
For the antibacterial effect tests (Additional file 1: Fig.
S1G), the nanomaterials were mixed with E. coli in lysog-
eny broth (LB). After incubation for 12 h, the bacterial
survival rate was calculated. The ZnO-S was a good can-
didate with a stronger antibacterial effect as compared
to those of the commercialized ZnOs (Additional file 1:
Fig. S1G). For the antifungal effect testing, the nanoma-
terials (10 pg/mL) were mixed with A. fumigatus in cul-
ture plates. Then, we analyzed the diameter of the grown
microflora after 7 days of culture (Additional file 1: Fig.
S1H, I and S2). The antifungal activity of ZnO-S is better
than that of commercial ZnOs due to the shape of ZnO-
S, which can efficiently break the cell membrane of fungi.
Based on these results, the antibiotic activity of ZnO-S is
promising, but there is still not enough persistence and
efficacy for it to be a good candidate for antimicrobial
treatment.

Finally, to maximize the efficacy and persistence of
its antibiotic activity, we designed a novel non-toxic
composite (called DE-ZnO) combined with ZnO-S and
frustules diatomaceous earth (DE, Fig. 1E), which has a
naturally assembled amorphous silica architecture with
countless nanosize pores and abundant active hydroxyl
groups on its substantial surface. A DE framework semi-
conductor composite (DE-ZnO) is obtained due to the
precursor Zn>" settling on the DE due to the surfactant
(CTAB) using the facile hydro-thermal method (Fig. 1F).
The ZnO-S is well distributed across the surface of DE
(Fig. 1G). Hence, several in vitro and in vivo tests were
conducted to verify the performance of the DE-ZnO
composites. To confirm the properties of the bio-inspired
DE-ZnO composites, the FTIR of the DE and DE-ZnO
composites was tested (Fig. 1H). The missed peaks of
DE-ZnO at a; 495 cm™, a, 650 cm ™, and a; 750 cm™*
as compared with DE were caused by modification with
the NH,OH reaction. On the other hand, the interaction
between the grown ZnO and DE framework were con-
firmed with the red shift. The decreased wavenumber
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shows that the DE-ZnO (1152 cm™') composites are
much more active than pure DE (1152 cm™'). Next, to
optimize the reaction ratio between the ZnO and DE,
the parallelism reaction ratios of ZnO:DE=0.25:1; 0.5:1;
1:1; 2:1; 3:1; and 4:1 were examined. The energy-disper-
sive X-ray of the DE-ZnO showed that the percentages of
ZnO on the DE are 2.04%, 4.38%, 6.19%, 10.61%, 13.74%,
and 23.85%, corresponding to each parallelism reaction
ratio (0.25, 0.5, 1, 2, 3, and 4), respectively (Fig. 11 and
Additional file 1: Fig. S3). Meanwhile, the parallelism zeta
potential of the DE-ZnO composites confirmed that the
surface charge of the DE-ZnO was positive and corre-
lated with the amount of coated ZnO-S (Fig. 1]). Due to
the well-washed DE having a negative surface charge and
the synthesized ZnO-S having a positive surface charge,
the DE-ZnO composites can be changed to a positive
charge by adding a sufficient amount of ZnO-S. Thus,
the integral surface charge of the DE-ZnO composites
could be neutralized between the substrate DE (-) and
the growing ZnO-S (+), which were mainly owing to the
natural stable property of the DE and the semiconductor
properties of ZnO-S. Based on these results, the DE-ZnO
composites were well-conjugated.

3.2 Antibacterial study of DE-ZnO

Using the DE-ZnO composites, we tested their antibac-
terial effect against Gram-negative bacteria (Fig. 2A). For
these tests, a suspension of Gram-negative bacteria (E.
coli and S. enterica) was used to evaluate the antibacte-
rial activity of 10 pg/mL DE-ZnO into parallelism reac-
tion ratio. The DE-ZnO composites were added into a
medium tube containing 1 x 10’ CFU/mL bacteria (E.
coli or S. enterica) suspension. After incubation for 16 h
at 37 °C shaking at 210 rpm, the optical density of each
sample at OD 600 nm was measured to check for bac-
terial viability. The results showing that the antibiotic
effect of DE-ZnO composites were enhanced as the ratio
of ZnO increased, the higher ratio of the DE-ZnO com-
posites showed higher antibacterial properties than the
others. In Fig. 2B, the DE-ZnO composites absorbed the
bacteria entirely which could facilitate to break the cell
membrane in a minimum area.

Due to the high toxicity of commercial drugs, the
effective treatment of patients with fungal and bacterial
infections has been extremely limited. Thus, we investi-
gated the cytotoxicity of DE-ZnO at different modifica-
tion ratios through Cell counting Kit 8 method with the
non-cancerous L929 cell (Fig. 2C). The cell viability is
relatively stable (70 ~ 60%) at the 10.61% (2:1) ratio of DE-
ZnO and is little affected at amounts up to 3 mg (Fig. 2D),
which is the higher dosage of the DE-ZnO composite for
in vitro study (Table 1) [2, 32]. According the EDX study,
we estimated the amount of ZnO in DE-ZnO composites
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Table 1 Comparison of the cytotoxicity of the DE-ZnO with
in DE-ZnO composites is 30 times higher than the pure pert yROTOXIET v

other ZnOs
ZnO, showing lower cytotoxicity of DE-ZnO. In order
to further explore the efficiency and biocompatibility ~ Safety dosage Cytotoxicity (ICs,) Oral (Rat)
of DE-ZnO, we performed a DCFDA-DA Cellular ROS ;g ~10 pg/mL [39] 5 mg/kg
detection assay for measurement of ROS in cellular and 50, 500 pg/mL [40] _
non-cellular environments containing the DE-ZnO $i0,-Zn0 100 pg/mL [41] _

composites. A simple schematic diagram showing in o (Our work) 30 mg/mlL 300 mg/kg
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Fig. 2E for cellular environment testing, esterases cleave
DCFH-DA at two ester bonds, which could produce a
relatively polar and cell membrane-impermeable prod-
uct (H,DCF), this non-fluorescent molecule accumu-
lates in cells and subsequent oxidation yields the highly
fluorescent product DCE. In non-cellular environments,
when reverse detection was applied, a fluorescent DCF
solution was prepared and its fluorescence intensity was
protected in the presence of ROS. The redox state of the
sample can be monitored by detecting the intensity of the
fluorescence in the presence of ZnO-S. We observed that
the ROS from DE-ZnO composites can be induced when
it interacts with cells (Fig. 2F). In the non-cellular study,
the pure DE did not affect the fluorescence of DCEF, but
the presence of DE-ZnO composites did slow down the
speed of fluorescence quenching (Fig. 2G). Then, the DE-
ZnO composites with different ratios of ZnO modifica-
tion (ZnO:DE=0.25:1, 0.5:1, 1:1, 2:1, 3:1, and 4:1) were
compared, and the ZnO amount-effect on ROS release
was verified (Fig. 2G). We performed a non-cellular DCF
fluorescence study with the DE-ZnO (0.1 to 2.5 pg/mL)
composites (Fig. 2E) and the pure ZnO-S (0.05~1.0 pg/
mL) to check the amount-effect for 30 min. As the fluo-
rescence effect plots show, the fluorescence intensity
from 0.5 pg/mL ZnO-S was similar to that of 1.0 pg/mL
DE-ZnO (Fig. 2H). Then, certain amounts of pure ZnO-S
(0.5 pg/mL) and DE-ZnO (1.0 pg/mL) were applied to the
time linear record test of the DCF fluorescence. Obvious
fluorescence quenching was detected and the fluores-
cence quenching of the DE-ZnO composites was slower
than that of the pure ZnO (Fig. 2I). This phenomenon
indicated that the ions and ROS released from the DE-
ZnO composites have been through an ‘absorb-release’
course from the porous framework, which has prolonged
the active process.

3.3 Antifungal study of DE-ZnO

Next, the treatment problem of the fungal infection
inspired us to study the antifungal efficacy with the
DE-ZnO semiconductor composites. As we previously
reported, ZnO induces the generation of reactive oxy-
gen species (ROS: O, -OH, H,0,) that react with the
peptidoglycan layer and break the glycosidic bonds in
a biological manner. Here, we tested the DE-ZnO (2:1,
10.61% of ZnO) with different concentration ranges from
0.5 to 4.0 mg/mL on A. fumigatus plates (1000 conidia,
25 °C). We monitored the fungal growth condition within
14 days, the diameter of the grown microflora at the 7th
day was measured (Fig. 3A and Additional file 1: Fig. S4).
Under the culture condition, the fungi were barely grow-
ing at 4.0 mg/mL of the DE-ZnO composites. Thus, the
DE-ZnO composites were not only inhibiting the fungal
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growing, but also kill the fungal activity due to break the
cell wall of fungal.

Furthermore, to investigate the effect of DE-ZnO on
antifungal, we added the DE-ZnO composite into the
fungal spore solution for 3 min. The DE-ZnO is well
absorbed the fungal spores (Fig. 3B) due to the capture
enrichment property of DE-ZnO composite, which is
an important advantage for its antifungal property. For
more insights into this highly cooperative relationship
and synergistic effect of the DE-ZnO, we treated fungi
cultures with pure DE, pure ZnO, ‘pure DE + pure ZnO’
and DE-ZnO composites (Fig. 3C). The radial growth
estimations indicate that (i) The colony growth when
treated with pure ZnO and DE-ZnO composites are well
matched with the fluorescence quenching study, with
a significant synergy effect of the DE-ZnO composites
showing “1+1>2" performance; and (ii) The antifungal
effect of ‘pure DE + pure ZnO’ is less than the DE-ZnO
composites, even less than the same amount of pure ZnO
(“14+1<1”), and this phenomenon is consistent with
a prior report of N dopants into hierarchically porous
composites (Fig. 3C) [31, 38].

3.4 Synergistic effect and persistence of non-toxic DE-ZnO
composites

Nowadays, it has become harder for antibiotics to break
cell membranes, due to the development of resistance
by the cell wall that keeps antibiotics out of fungi and
Gram-negative bacteria. Thus studies designed to combat
the resistance of fungal, we tested the synergistic effect
and persistence of DE-ZnO composites in combination
with commercial antibiotics (amphotericin B and itra-
conazole) for their antifungal activity. For a more detailed
investigation into the synergistic effect between the DE-
ZnO composites and the commercial drugs, 2.0 mg/mL
DE-ZnO with either 0.5 mg/L amphotericin B or 6.0 pg/
mlL itraconazole were used as the initial concentrations.
We showed significant enhancements in both (1) the
DE-ZnO with itraconazole (Fig. 3D) and (2) the DE-ZnO
with amphotericin B groups (Fig. 3E). The mechanisms of
the antifungal activity by the antibiotics have been previ-
ously demonstrated Itraconazole disrupts the conversion
of lanosterol to ergosterol, which disrupts the growth
process, and amphotericin B actively penetrates the cell
membrane.

To gain insight into the antibiotic persistence of the
DE-ZnO composites, long term culture of the fungi
was investigated. The growth of colonies from the nega-
tive control, antibiotic drug treatment only, and DE-
ZnO with antibiotic drug groups was evaluated and the
growth rates on days 7 (a; ~ ¢;) and 15 (a, ~ ¢,) have been
recorded (Fig. 3F). According to the slopes of the groups
for the growth rate, “a;>b;>c;” demonstrated that the
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synergistic effect from a combination of DE-ZnO and the existing drugs as a nano therapy way

DE-ZnO composites enhanced the antifungal perfor-
mance of those antibiotics. “a,>a;; b,>b,” indicated that
the fungi were growing faster after 7 days of culture in
both the negative and antibiotic treatment only groups.
However, the DE-ZnO composites combined with the
antibiotic exhibited a striking long-enduring inhibition,
with “c, < ¢;”, which suggests a strong synergistic effect.

Thereby, the antibiotic efficacy and synergy effect of
DE-ZnO composites with the commercial drugs (Fig. 3G)
shown that the long-term effect as an antifungal is due
to the delayed release of ions and ROS reactions. First,
the capture-enrich step between the cell wall of fungal
and the activated surface of DE-ZnO composite can be
achieved through the surface charge adsorption and van
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der Waals forces. Second, the nano-lysis step of the DE-
ZnO can be achieved to the fungi by breaking the cell
membrane. Taken together, the DE-ZnO composites are
promising and are good candidates for antifungal and
antibacterial treatment. Therefore, we concluded that the
synergistic effect and persistence of DE-ZnO composites
could be used as a promising antifungal agent to solve
the inconvenience caused by the requirement for multi-
ple doses of insoluble antibiotics. To a certain extent, the
nano-therapy open a way for antibiotic treatment to be
reduced the usage of antibiotic and decelerated the fun-
gal mutations.

3.5 The biocompatibility and toxicity of DE-ZnO
composites in vivo

We next evaluated the in vivo toxicity of the DE-ZnO
composites. After DE-ZnO administration, all animals
were observed daily for clinical signs of toxicity, includ-
ing tremors, convulsions, salivation, nausea, vomiting,
diarrhea and body weight changes, and death, during
the 14 days (Fig. 4). There were no deaths at both dos-
ages. There were no significant alterations of weight or
any toxicity symptoms in both the low dosage (LD)-DE-
ZnO and high dosage (HD)-DE-ZnO groups. Meanwhile,
when we compared with same dosage of the nanomateri-
als, the toxicity of DE-ZnO (2:1) is 6 times lower using
oral medication and the dosage amount of DE-ZnO is 3
times higher than the SiO,-ZnO (Table 1) [34, 38]. And
the animals were sacrificed after 14 days, and their major
organs including brain, heart, lung, liver, kidneys, spleen,
testis or uterus were collected and weighed for males and
females (Fig. 4A and Additional file 1: Fig. S5). There were
no differences among the DE-ZnO and control groups.
Meanwhile, examination of the organs showed that there
were no abnormalities in any of the tested groups. More-
over, we did not observe any histopathological changes
or damage in the liver of DE-ZnO treated mice (Fig. 4B,
C). Furthermore, the results of the biochemical analysis
conducted 14 days after the administration of the DE-
ZnO are shown in Fig. 4D and Additional file 1: Table S1.
There were no differences in the biochemical parameters
of the DE-ZnO groups compared to the control group.
These results revealed that there were no signs of toxic-
ity in the mice treated with low or high doses of DE-ZnO
by oral administration in vivo. These findings suggest the
DE-ZnO composites are relatively safe for biomedical
applications.

4 Discussion

To the best of our knowledge, we are the first to syn-
thesize a novel composite conjugated ZnO on the
porous surface of DE for an optimal antibiotic effect
with non-toxicity (Table 1). Based on our study of its
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morphological changes, we observed that the DE-ZnO
composites strongly bound to the pathogen’s membrane
and disrupted its membrane morphology. Generally, dis-
ruption of the fungal cell wall is more difficult than for
other pathogens, which subsequently leads to low anti-
biotic effects. Using multiple experiments, we demon-
strated several possible mechanisms whereby DE-ZnO
enhances antibiotic activity and persistence against fungi
(A. fumigatus) and Gram-negative bacteria (E. coli and S.
enterica): (1) Increasing physical attraction. The surface
charge of the composites is positive due to the combina-
tion of two physical functionalities by the sharp shape of
the synthesized ZnO and the porous structured DE for
enhancement of physical disruption and physical absorp-
tion, respectively. (2) Increased ROS production and long
persistence. The DE-ZnO composites lead to increased
ROS production, and the effect can enhance antibiotic
activity at the cellular and non-cellular level for longer
periods than other ZnO materials. (3) Excessive zinc ions
(Zn>*). Zn?* can directly rupture the cell wall when the
composites bind to pathogens. Additionally, we evaluated
the toxicity of DE-ZnO after oral administration to mice.
While further studies are desirable to fully establish the
safety of DE-ZnO in mice and humans, we observed the
composite was safe at experimental dosages when admin-
istered to mice for 2 weeks. Their organs had normal
weights and their blood chemistry was normal as com-
pared to the controls.

Next, we systemically investigated the synergistic effect
between the DE-ZnO composites and existing antifungal
agents (amphotericin B and itraconazole) using A. fumig-
atus. These antifungal agents have many limitations such
as high toxicity, insolubility, sensitivity to pH, and severe
side effects for patients with cancers and transplants. The
antifungal efficacy of DE-ZnO combined with either of
these antifungal agents was significantly enhanced com-
pared to that of the single treatment. Even though the
existing antifungal agents are toxic to the organs in the
mouse, a reduced dose of the existing antifungal agent
made possible by the addition of DE-ZnO can reduce
their toxicity and enhance their antifungal activity.
Although further study is required to verify the ability of
DE-ZnO to kill pathogens in infected mice and humans
over the long-term, this synergistic therapy describing
the potential of DE-ZnO to enhance antifungal activ-
ity alone or in combination therapy with lower doses of
existing drugs has great clinical potential.

Our results have shown that this non-toxic DE-ZnO
composite can be used as an antibiotic agent against fungi
and Gram-negative bacteria in a clinical setting. Moreover,
the DE-ZnO composites have a porous structure, which
can be efficiently loaded with another antibiotic agent, so
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they can also be used as carriers for drug delivery. Hence,
given recent advances in the surface chemistry of nano-
materials, future study will focus on drug delivery systems
containing DE-ZnO composites to develop efficient thera-
pies against target sites in various clinical applications.

5 Conclusion

In this study, we synthesized the facile natural semi-
conductor composites (DE-ZnO) and demonstrated the
antibiotic efficacy and persistence of DE-ZnO against

fungi and Gram-negative bacteria. We found that the
DE-ZnO composite had enhanced antibiotic activity
against fungi (A. fumigatus) and Gram-negative bacte-
ria (E. coli and S. enterica). Therefore, we envision that
DE-ZnO composites can be used to enhance the mode
of action of antibiotics against fungi and bacteria, and
thus will be useful as novel antibiotic agents for fighting
antimicrobial infections.
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