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nctional coating based on anti-
pathogen micelles tethered with copper
nanoparticles via a biosynthesis method using L-
vitamin C

Yan Li,†a Qing-meng Pi,†cd Hui-hui You,e Jin-quan Li,f Peng-cheng Wang,a Xu Yange

and Yang Wu *ab

A multi-functional anti-pathogen coating with “release-killing”, “contact-killing” and “anti-adhesion”

properties was prepared from biocompatible polymer encapsulated chlorine dioxide (ClO2) which

protected the active ingredient from the outside environment. A slow sustained-release of ClO2 from

micelles over fifteen days was detected for long-term release-killing. Micelles only release ClO2 on

demand in minimum inhibitory concentrations. We prepared nanoparticles which were covalently

clustered on micelle surfaces to improve contact-killing as well as to improve the stability of the micelle.

Copper nanoparticles were generated using the biosynthesis method including L-vitamin C, which avoids

the toxicity and allows for the preparation of copper nanoparticles in a green environment. Synergistic

anti-pathogen activity could be generated by a combination of micelle released ClO2 and ascorbic acid.

In addition to release-killing and contact-killing, a pluronic polymer coated surface also provides an

additional “anti-adhesion” property through its protein-repelling ability. In this research, the designed

coating demonstrated a broad-spectrum of activity to kill drug-resistant bacteria, viruses and spores in

short period of time. Based on scanning electron microscopy (SEM), transmission electron microscopy

(TEM) and anti-oxidase assays, we found that the designed coatings killed the pathogens via bio-

oxidation. We also carried out acute respiratory toxicity tests in this research. Analysis of blood samples,

lung function and histopathological slices indicated that the synthesized micelles allowed a controlled

and sustained release of ClO2 to kill pathogens while maintaining an overall ClO2 concentration in the air

within a safe range.
1. Introduction

The World Health Organization (WHO) recently reported that
infectious diseases remain the second leading cause of death.1

With increasingly frequent international exchanges, and the
ajor Grain and Oil (Wuhan Polytechnic

of Food Science and Engineering, Wuhan

. R. China. E-mail: wuyangwhpu@163.

86-13871548015

Transformation of Agricultural Products

Food Science and Engineering, Wuhan

. China

urgery, Renji Hospital, Shanghai Jiaotong

0129, P. R. China

d Technology, Massachusetts Institute of

n and Integrative Biology, College of Life

Wuhan 430079, P. R. China

h Center, School of Medicine, Wuhan

n 430081, P. R. China

3

rapid development of transportation, infectious diseases are
emerging and being disseminated faster now than at any time
in history. Any one of these cases could trigger a widespread
epidemic across the world. Varietal pathogen (e.g. H1N1 u
virus) induced epidemics are typical examples in recent years.2

Epidemiological studies have shown that the transmission
route greatly affects the spread of the disease among pop-
ulations.3,4 Hand contact with pathogen-contaminated surfaces
is regarded as one of the most common routes in promoting
transmission of infectious diseases.5 Research evidence indi-
cates that pathogenic microorganisms can survive from a day to
months on surfaces of objects.6 Some pathogens can even
generate a germicide-resistant biolm if they are not cleaned up
in a timely manner.7,8 Therefore, frequent surface disinfection
becomes very important in infectious disease control.

Commercial disinfectants are popular for daily cleaning of
household areas and public places. But research has shown that
routine disinfection is inadequate for decontaminating
pathogen-contaminated surfaces.9 Nosocomial infections are
still common occurrences, even when hospitals do “standard”
This journal is © The Royal Society of Chemistry 2018
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cleaning. This suggests that a sustained “antimicrobial surface”
would be of value for controlling the transmission of infectious
disease. With the advances being made in material science, the
emerging antimicrobial coatings appear to be good candidates
for providing a sustained “anti-pathogen surface”. For example,
modern nanotechnology can generate a coating that can be
used to decontaminate a surface by contact-killing. Coatings
based on nano-Ag10 or photocatalytic materials11 are the most
commonly used. However, a relatively long contact time or very
specic conditions (for example, the need for UV activation) are
technological constraints that limit their use. Storing anti-
pathogen agents in bulk materials is another strategy to
produce antimicrobial surfaces.12 The gradual release of
a biocide provides a sustained release-killing to a pathogen-
contaminated surface. It can rapidly kill pathogens attached
to an object's surface. However, controlling the biocide release
is a concern with respect to people. Since the overuse of anti-
biotics is known to promote the development of antibiotic-
resistant pathogens,13 an environmental-response encapsula-
tion system is required to avoid generating unnecessary envi-
ronmental contamination.

More recently, multiple approaches have been taken to
generate new functional coatings that are “smart”, environ-
mentally friendly and lethal to pathogens. One approach is to
combine release-killing and microbe-repelling. The most
prominent example of this is antifouling paint.14 The paint
surface prevents microbe adhesion and kills pathogens.15

Another approach is to enhance the activity of the antimicrobial
surface by combining release-killing with an active contact-
killing approach. For example, Li et al. produced a dual-
function coating having a very high initial bacteria-killing effi-
ciency due to the release of Ag ions, while immobilized
quaternary ammonium salts in the coating provided signicant
antibacterial activity via the surface, even aer depletion of the
embedded Ag.16 Rivero et al. prepared a similar coating which
was based on surface tethered bactericides and Ag release-
killing.17 The combination of contact-killing and repelling is
also widely used in the production of antimicrobial coatings.
For example, Chen et al. created an antimicrobial contact-active
surface to kill, and effectively repel, all attached microbial
cells.18 Laloyaux et al. produced polymer brushes of attached
magainin graed with oligo(ethylene glycol) methacrylates to
kill microbial cells. The coating surface repelled microbes when
heated above 35 �C.19

In our work, we synthesized a smart, multi-functional anti-
pathogen coating. This coating provides long-term antimi-
crobial performance by combining release-killing, contact-
killing, and anti-adhesion properties. ClO2 is an approved
safe agent used against a broad spectrum of bacteria, viruses,
protozoa, and even bacterial spores over a wide pH range (pH
2–8).20 Both pluronic P123 (P123) and pluronic F127 (F127)
were used to generate micelles to encapsulate ClO2, and these
complexes then could be used for controlled release-killing.
Micelles only release ClO2 on demand at minimum inhibi-
tory concentrations. These polymers have been approved by
the US Food and Drug Administration (USFDA) and United
States Environmental Protection Agency (USEPA). They have
This journal is © The Royal Society of Chemistry 2018
excellent biocompatibility and biodegradability. This strategy
can effectively increase the service life of ClO2 through
reducing unwanted evaporation. The polymer-coated surface
provides additional anti-adhesion efficiency due to their
ability to easily repel proteins.21–23 A mixture of ascorbic acid
and copper was added to provide an additional contact-killing
property. Because L-ascorbic acid (L-vitamin C) mixed with
copper could generates nanoscale copper and free radicals,
which is known to effectively kill pathogens even at the ppm
level.24 These bio-friendly components greatly increase the
environmental friendliness of designed coatings. In this
research, anti-pathogen assays of the designed coating were
performed to bacteria, spore, virus and drug resistant bacteria.
We also studied the biomechanisms and biosafety of the
designed coating in this work. The objective being to measure
the broad-spectrum anti-pathogen activity and to gain a better
understanding of this multi-functional antimicrobial coating
(Fig. 1).

2. Results and discussion
2.1. Multi-functional anti-pathogen formulation

The ClO2 biocide was encapsulated by polymers of P123 and
F127 in a w/o/w double emulsion. These polymers are from the
pluronic family of polyoxyethylene–polyoxypropylene triblock
copolymers which are safe and widely studied for use in medi-
cine as well as in cosmetics. The preparation procedure fol-
lowed the basic procedure described by Ficheux and Li.25,26 ClO2

was rst encapsulated with a low hydrophilic-lipophilic balance
(HLB) polymer (P123) which was dissolved in essential oil to
generate a w/o emulsion. P123 (EO20PO70EO20) is an amphi-
philic copolymer and is composed of a central hydrophobic
chain of polyoxypropylene (poly(propylene oxide)) [PPO] anked
by two hydrophilic chains of polyoxyethylene (poly(ethylene
oxide)) [PEO]. The hydrophilic head of P123 can be linked with
ClO2 water molecule as well as hydrophobic head linked with oil
to form w/o emulsion. The emulsion was then emulsied again
with a high HLB polymer (F127) to produce a w/o/w double
emulsion. Finally, a mixture of copper chloride and ascorbic
acid was added. In this research we characterized the prepared
anti-pathogen formulation and coatings. Double emulsions
measuring 10–20 microns in diameter were predominant in the
one month old sample (Fig. 2A). It is possible to see the smaller
micrometer-sized w/o emulsion within the capsules. The
synthesized double emulsion was a vesicular system where
small waterphase droplets (internal aqueous phase) were
entrapped within larger oil droplets (oil phase) that in turn are
dispersed in a continuous water phase (external aqueous phase)
(Fig. 2A).

Based on UV-vis analysis, the ClO2 characteristic peak is
shown in either the polymer encapsulated ClO2, or in the anti-
pathogen coating (Fig. 2C). Results demonstrated that applied
polymers should not be oxidized by ClO2 and resulting in
instability and phase separation. Copper/ascorbic acid does not
induce instability in the ClO2 molecule either. Images of the
anti-pathogen coating further proved these results (Fig. 2B),
that is that coatings maintained intact emulsion features.
RSC Adv., 2018, 8, 18272–18283 | 18273
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Fig. 1 Scheme of multi-functional anti-pathogen coating.
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2.2. Copper nanoparticles tethered to the micelle surface

To avoid toxicity, and to prepare copper nanoparticles in a green
environment, we have used ascorbic acid (Vitamin C) in our
chemical reduction process. Ascorbic acid works both as
a reducing and protecting agent, which makes the process
economical, nontoxic and environmentally friendly.27
Fig. 2 Characterization of the multi-functional anti-pathogen
formulation. (A) Optical microscope picture of anti-pathogenmicelles;
(B) optical microscope picture of the multi-functional anti-pathogen
coating; (C) UV-vis spectroscopy of ClO2 solution, polymer encap-
sulated ClO2 and multi-functional anti-pathogen coating.

18274 | RSC Adv., 2018, 8, 18272–18283
Biosynthesis of copper nanoparticles using ascorbic acid was
used here for contact-killing.28 This technique was employed to
prepare highly stable and dispersed copper nanoparticles using
L-ascorbic acid (Vitamin C).29 In this research, bulk size cupric
chloride (Fig. 3B and 3D) was used as the precursor to the
generated nanoscale particles. A TEM image showed that
copper nanoparticles were generated and tethered to the
micelle surface (Fig. 3A). Energy dispersive spectroscopy (EDS)
analysis further proved this result (Fig. 3C). In addition to
providing contact-killing, copper nanoparticles are also
proposed to increase the stability of anti-pathogen micelles.
Based on previous research, the nanoparticles covalently clus-
tered on micelle surfaces could improve the stability of micelles
Fig. 3 Transmission electron microscope image of (A) multi-func-
tional anti-pathogen micelles and (B) bulk size of copper chloride; EDS
spectrum of (C) copper nanoparticles tethered on the micelle surface
and (D) bulk size of copper chloride.

This journal is © The Royal Society of Chemistry 2018
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prepared from pluronic triblock copolymers.30–32 In this
research, the ne structures of the prepared micelles were
observed by TEM (Fig. 3A). The image suggests that the tethered
copper nanoparticles improved the stability of the prepared
micelles. The size discrepancy of the micelles between optical
microscope and TEM analysis may be due to desiccation at high
vacuum conditions for TEM samples.
2.3. Multi-functional anti-pathogen coating exhibits release-
killing via ClO2 controlled release

The controlled release of ClO2 from the multi-functional
coating at room temperature was monitored for een days.
The coatings were placed in constant-temperature ovens at 60–
80% RH. The ClO2 content within coatings was measured by
titration at xed time intervals. Results showed that approxi-
mately 40% of the stored ClO2 was gradually released over the
een days (Fig. 4A), demonstrating that the designed
micelles enabled a slow and sustained release of ClO2.
Previous research has reported that water molecules, electro-
lytes and non-electrolyte, water-soluble substances can easily
migrate through an oil membrane without affecting the
stability of the double emulsion.33 According to this theory, the
ClO2 released from the coating may be transported from the
interior to the exterior via diffusion. Consequently, the ClO2 is
Fig. 4 Multi-functional anti-pathogen coating exhibits release-killing via
the controlled release of ClO2. (A) Residual ClO2 within the coating during
the 15 day release experiment at ambient temperature (20–26 �C) and
humidity (RH ¼ 60–90%); (B) release-killing efficiency of anti-pathogen
coating via inhibition zone assay.

This journal is © The Royal Society of Chemistry 2018
sustainably released from the micelles driven by a mismatch
between the osmotic pressures in the interior and the exterior.
In addition, the use of polymer (P123) instead of the usual
hydrophobic surfactant could eliminate the faster transport
route via inverted micelles in the oil phase.34 These properties
enable a slow and sustained release of ClO2. An inhibition
zone assay was carried out to further verify the efficiency of
release-killing of the anti-pathogen coatings. In this assay, E.
coli (G�), Pseudomonas (G�), B. subtilis (G+) and S. aureus (G+)
were investigated. The inhibition zone is simply the area on
the agar plate that remains free from microbial growth. As
compared to the negative control (DDI water) or the positive
control (75% ethanol), the average zone diameters of the anti-
pathogen coating are 4.1 cm (E. coli), 3.7 cm (Pseudomonas),
3.3 cm (S. aureus) and 3.5 cm (B. subtilis). The anti-pathogen
coating exhibited a great release-killing efficiency against the
tested pathogens (Fig. 4B).
2.4. Anti-adhesion property of multi-functional anti-
pathogen coating

Bacteria can form biolms which can diminish the effective-
ness of antimicrobial coatings.35 Phenotypic tolerance to
oxidizing biocide can arise from biolm growth as a result of
biocide consumption by the organic constituents of the bio-
lm, and by a “population-based” resistance strategy.36 The
formation of a biolm begins with the attachment of free-
oating microorganisms to a surface. Therefore, an effective
anti-adhesion property is useful for antimicrobial efficiency of
designed coatings. Pluronic polymers are considered to have
anti-adhesive properties against microorganisms.37 In this
research, the pluronic polymers (P123 and F127), were used to
encapsulate sterile water in a double emulsion, which is order
to verify their anti-adhesion property. Water-containing
emulsion micelles were prepared using the same procedure
of for the anti-pathogen formulation, but replacing the
biocides with distilled water. One hundred microliters of this
prepared formulation were coated onto glass. Pathogens (E.
coli and S. aureus) were applied to the coatings and incubated
at 37 �C for three days with humidity. As shown in Fig. 5, few
pathogens (E. coli or S. aureus) adhered to the coating surface
(Fig. 5A and C) as compared to the uncoated glass (Fig. 5B and
D). This result indicates that our applied pluronic polymers
are useful in preventing the adhesion of bacteria. In addition,
uorescent E. coli formed biolms on the uncoated glass aer
7 days (Fig. 5E). As shown, the designed coating effectively
prevented E. coli attachment (Fig. 5F), suggesting that the
designed multi-functional coating can be used to prevent the
formation of bacterial biolms. Hydrophilic PEO side-chains
are considered to promote the anti-adhesion property. This
is because water is attracted to the hydrophilic PEO layer and
forms a repellent layer close to the surface thus providing an
anti-adhesion surface.38,39 In addition to PEO side-chains,
surface tethered copper nanoparticles may also provide addi-
tional antibiolm property. The nano-textured morphology
could reduce protein adsorption which inhibit bacterial
attachment.40,41 Nanomaterials are benet to inhibit biolm
RSC Adv., 2018, 8, 18272–18283 | 18275
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Fig. 6 Contact-killing capability of themulti-functional anti-pathogen
coating. (A) Long term antimicrobial performance of the coating
surface against MRSA and Acinetobacter baumannii; (B) Antimicrobial
performance of the coating surface against S. aureus containing
antioxidase (SOD and CAT).

Fig. 5 Anti-adhesion properties of the multi-functional coating. (A)
Optical image of E. coli adhered to glass after 3 days; (B) optical image
of E. coli adhered to coating (polymers of P123 and F127 were used to
encapsulate sterile water in a double emulsion) for 3 days; (C) optical
image of S. aureus adhered to glass after 3 days; (D) optical image of S.
aureus adhered to coating (polymers of P123 and F127 were used to
encapsulate sterile water in a double emulsion) after 3 days; (E) optical
image of E. coli adhered to glass after 7 days; (F) optical image of E. coli
adhered to coating (polymers of P123 and F127 were used to encap-
sulate sterile water in a double emulsion) after 7 days.
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formation may due to their high surface area to volume ratio
and unique chemical and physical properties.42
2.5. Bactericidal performance of multi-functional anti-
pathogen coating via contact-killing

Antimicrobial resistance is an increasingly serious threat to global
public health, requiring action across all government sectors and
society. With the rapid overuse of antibiotics, microbes have
become stronger and less responsive to antibiotic treatment.43,44 In
this research, two drug-resistant pathogens (MRSA and Acineto-
bacter baumannii) were tested to evaluate the contact-killing ability
of the multi-functional coating. As shown in Fig. 6, over 99.9% of
antimicrobial activity occurred in ve minutes of contact time for
both pathogens in rst ve days. The killing performances
declined in the following days, but overall antimicrobial activities
were still over 99% in the remaining twelve days (Fig. 6A). Based on
the above results, the designed coating is supposed to perform
contact-killing via ClO2, tethered copper nanoparticles and ascor-
bic acid. Many studies report that the interaction of ascorbic acid
with antibiotics is clinically more effective in inhibiting antibiotic-
resistant bacteria.45,46 ClO2 is a very reactive biocide that attacks
multiple targets in the cell including the cell membrane. When in
18276 | RSC Adv., 2018, 8, 18272–18283
contact with bacteria, ClO2 oxidizes the cell membrane and
penetrates into the cell to oxidizemacromolecules.47 In addition, in
the presence of ascorbic acid and an oxidizing agent, copper is
especially active in generating hydroxyl radicals under aerobic
conditions. Hydroxyl radicals, a type of reactive oxygen species, are
very effective in damaging microorganisms.48,49

E. coli (G�) and S. aureus (G+) are the model bacteria. To
further elucidate the antimicrobial mechanisms of the designed
coating, we used SEM to observe any morphological changes in
these two bacteria aer they had come in contact with the
coatings. As compared to the control (wavy and smooth cell
surface), SEM demonstrated that the designed coating caused
extreme damage to the E. coli membrane aer contact (Fig. 7A
and 7B). Unlike E. coli, most of S. aureus remained intact,
however the membranes shrank aer contact with the coatings
(Fig. 7C and D). The difference can be attributed to Gram-
positive bacteria (e.g. S. aureus) having thicker cell walls that
resist chemical oxidation as compared to Gram-negative
bacteria (e.g. E. coli). TEM observation was further applied for
long term anti-pathogen efficiency against S. aureus in 15 days
later. As shown in Fig. 7E, ne structures of the prepared
This journal is © The Royal Society of Chemistry 2018
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micelles were still be observed by TEM in 15 days later. It means
the designed micelles were still hold with well stability within
long period. As compare to S. aureus control (Fig. 7G and H),
anti-pathogen micelles attached to the surface of S. aureus to
perform the antimicrobial capability (Fig. 7F). Both ClO2 and
hydroxyl radicals can permeate a cell wall and oxidize intracel-
lular biomacromolecules. An antioxidant assay was carried out
to prove this hypothesis. An antioxidase is a molecule that
inhibits the oxidation of other molecules.50 Superoxide dis-
mutases (SOD) and catalases (CAT) are very important enzymes
in protecting the cell from oxidative damage.51,52 In this
research, antioxidases were mixed with S. aureus prior to
contact with the coatings. As shown in Fig. 6B, the results clearly
demonstrate that antimicrobial performance is inversely
proportional to the concentration of antioxidase. Antioxidases
(SOD and CAT) effectively promote the viability of S. aureus aer
Fig. 7 Scanning electron microscope images of bacterial morphology
change: (A) E. coli on uncoated glass; (B) E. coli contact with multiple
functional anti-pathogen coating; (C) S. aureus on uncoated glass; (D)
S. aureus contact with multiple functional anti-pathogen coating.
Transmission electron microscope images: (E) anti-pathogen formu-
lation (15 days after preparation); (F) anti-pathogen micelles attached
to the surface of S. aureus to perform the antimicrobial capability (15
days after preparation); (G–H) S. aureus on uncoated glass.

This journal is © The Royal Society of Chemistry 2018
contact with the surface of the coating. Taken together, the
above results lead us to conclude that bio-oxidation contributes
to the antimicrobial capability of the designed coating.

2.6. Sporicidal performance of the multi-functional anti-
pathogen coating

Bacterial endospores are considered to be a big threat to public
health. Endospores can survive for years without nutrients, and
later germinate to resume the vegetative form on encountering
a favorable environment. Endospores are also exceptional resis-
tant to heat, radiation and chemicals.53 In this research, Clado-
sporium spores and B. subtilis spores (Fig. 8A and 8C) were tested
to investigate the sporicidal activity of the designed coating. As
shown in Fig. 8E, the designed coating surfaces exhibited great
sporicidal activity within two hours. SEM further demonstrated
that the endospore's exosporium was extremely damaged aer
being in contact with the coating surface (Fig. 8B and D). The
exosporium is the most protective part of the entire sport, and is
capable of protecting the spore from external attack. If it
collapses or is damaged, all the spore's content will leak out and
the spore cannot survive. In the designed coating, the micelle-
released ClO2 is an oxidizing agent which has been shown to
kill spores.54 Sporecoats are probably disrupted by this oxidizing
sporicidal agent, which facilitates the penetration of ClO2 into
the cortex and protoplast. Micelle tethered copper is also
supposed to exhibit sporicidal ability. Research has shown that
Fig. 8 Sporicidal performance of the multi-functional anti-pathogen
coating. (A) SEM image of Cladosporium spores; (B) SEM image of
Cladosporium spores after contact with the coating; (C) SEM image of
B. subtilis spores; (D) SEM images of B. subtilis spores after contact with
the coating; (E) virucidal activity of coating.
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Fig. 9 Virucidal performance of the multi-functional anti-pathogen
coating. (A) TEM image of the H1N1 virus; (B) TEM image of the H1N1
virus after contact with the coating; (C) plaque assay image of an H1N1
infected host cell; (D) plaque assay image of the coating inactivated
N1N1 virus.
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copper is especially effective for killing spores in the presence of
ascorbic acid. The mixture of copper and ascorbic acid could
generate hydroxyl radicals which has been proven to kill spores
effectively.55 The synergistic interaction of copper nanoparticles
and ascorbic acid provides enhanced contact-killing activity due
to bio-oxidation. Ascorbic acid is essential in human tissues, and
it is an important antioxidant which is widely used as a food
additive and preservative. In addition to its use as an anti-
pathogen, we also have used ascorbic acid (Vitamin C) in our
chemical reduction process. Ascorbic acid works both as
a reducing and protecting agent, and can avoid toxicity when
preparing copper nanoparticles in a green environment.

2.7. Virucidal performance of the multi-functional anti-
pathogen coating

A virus is a small infectious microorganism that is much smaller
than a fungus or bacterium. Numerous viruses of human or
animal origin can spread in the environment and infect people
via air, water or occasionally through skin contact.56 In addition
to causing infectious disease, viruses can also cause explosive
epidemics infectingmillions of people. For example, an inuenza
pandemic is an epidemic of an inuenza virus that spreads
worldwide and infects a large proportion of the world's pop-
ulation. In this research, the designed coating exhibited release-
killing by the polymer encapsulated ClO2, and contact-killing by
micelle tethered copper nanoparticles. ClO2 has a broad spec-
trum of antimicrobial activity against pathogens including
viruses.57 Copper has also been reported to be an effective
product to inactivate a virus.58 The virucidal activity of copper is
increased in the presence of ascorbic acid.59,60 Based on a viral
plaque assay, we tested the coating's virucidal efficiency against
the inuenza A (H1N1) virus. Plaque assays are the standard
method by which viral activity and concentration are determined.
As shown in Fig. 9C, an infectious H1N1 virus can infect the host
cell and form a virus plaque. Virucidal activity was determined by
calculation of plaque numbers. As shown in Fig. 9D, the designed
coating deactivated all the H1N1 virus within 1 min. No virus
plaque was observed in the host cell monolayer. The H1N1 virus
is an enveloped RNA virus. The viral envelope covers its protective
protein capsids. As shown in Fig. 9A, the H1N1 virus is a spherical
particle with a diameter of 99 nm. The protein envelop was
damaged within 1 min aer coming into contact with the multi-
functional coating (Fig. 9B). Oxidative based damage is still
considered to be the possible mechanism for this virucidal
performance. ClO2mediated deactivation of the inuenza virus is
due to oxidation, and elimination of the function of the hae-
magglutinin molecule.61 Copper also results in deactivation, and
this deactivation is enhanced when mixed with ascorbic acid.62

The designed formulation might be useful in the development of
anti-virus coatings.

2.8. Respiratory safety of the multi-functional anti-pathogen
coating

As shown above, our designed coating efficiently release-killed
via ClO2 controlled release. However, aqueous ClO2 easily
vaporizes and exists as a gas at room temperature.
18278 | RSC Adv., 2018, 8, 18272–18283
Gaseous ClO2 is a potent antimicrobial agent,63–65 but
gaseous ClO2 is also a severe respiratory irritant.66,67 Countries
around the world have set stringent standards for ClO2 expo-
sure. We therefore evaluated the respiratory safety of the
coating-released ClO2 in this research. Several biomarkers were
measured to verify the respiratory safety of the designed
coating. First, we analyzed blood leukocyte numbers and
bronchoalveolar lavage uid from mice. Both of these are
important indicators of volatile-chemical induced disease.68

Results demonstrated that the coating released ClO2 induced
no signicant increase in the number of leukocytes as compare
to clean air (Fig. 10A and 10D). Gaseous formaldehyde (FA) did
signicantly increase general leukocyte numbers. In addition,
we looked at the numbers of neutrophils and lymphocytes.
Neutrophils are the most abundant type of leukocyte in
mammals, and form an essential part of the innate immune
system. A lymphocyte is another type of leukocyte which
participates in, and regulates acquired immunity.69 Our results
demonstrated that the number of neutrophils and lymphocytes
were increased in the formaldehyde (FA) group while there was
no signicant increase in the coating group as compare to
control (Fig. 10B and C; Fig. 10E and F).

The forced vital capacity (FVC) and force expiratory volume
(FEV) as a percentage of FVC (FEV/FVC) are indicators of acute
respiratory failure (ARF).70 They represent the proportion of
a person's vital capacity that they are able to expire in a certain
time.71 When compared to the clean air (control), the coating
released ClO2 induced no obvious differences in both the FVC
and FEV0.2/FVC. The values of FVC and FEV0.2/FVC were both
reduced by FA (Fig. 11A and 11B). H&E histological staining
further support the results as described above. H&E staining is
a classical staining method for visualizing airway remodeling,
revealing typical pathological features of airway inammation
and structural alterations, including leukocyte inltration in
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Respiratory safety of the multi-functional anti-pathogen
coating. The number of (A) leukocytes, (B) lymphocytes and (C) neu-
trophiles in the blood; the number of (D) leukocytes, (E) lymphocytes
and (F) neutrophiles in bronchoalveolar lavage (*P < 0.05, **P < 0.01).

Fig. 11 Lung function measurement via (A) forced vital capacity (air,
anti-pathogen coating, formaldehyde) and (B) FEV0.2/FVC (air, anti-
pathogen coating, formaldehyde); H&E staining of mouse airway tissue
after exposure to (C) clean air, (D) the anti-pathogen coating and (E)
formaldehyde (*P < 0.05).
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surrounding peribronchiolar areas, epithelial folding, and
thickened subepithelial cell layers. The H&E stained slides
showed normal airway histology for the clean-air and designed-
coating groups (Fig. 11C and D). But formaldehyde was seen to
induce pathological changes including epithelial folding and
thickened subepithelial cell layers (Fig. 11E). Based on these
results, we concluded that the designed multi-functional
coating has good respiratory biocompatibility. The elevated
ClO2 concentration at the surface ensured high effectiveness
against most microorganisms, yet the overall ClO2 concentra-
tion in the air is maintained in a safe range for long-term
exposure in the workplace.
3. Methods
3.1. Preparation of the multi-functional anti-pathogen
formulation

On the basis of previous studies of polymeric micelle prepara-
tion,72,73 we make a suitable modication and prepared the
multi-functional anti-pathogen formulation. The stabilized
ClO2 aqueous solution (United Laboratories Ltd) was encapsu-
lated in triblock copolymers of polyoxyethylene–poly-
oxypropylene (P123 and F127, BASF Corp, USA) using a water-in-
oil-in-water (w/o/w) emulsion method. Briey, a monodisperse
water-in-oil emulsion (w1/o) was prepared and stabilized by
This journal is © The Royal Society of Chemistry 2018
an oil-soluble surfactant. Twenty-ve milliliters of activated 5%
(v/v) ClO2 were suspended in the lemon oil (1 ml, Sigma-Aldrich)
and 25 ml of 5% (w/v) Pluronic P123 (EO20PO70EO20, MW 5750 g
mol�1) surfactant solution. The emulsion was obtained by
incorporating the dispersed phase with very gentle stirring (i.e.,
400 rpm). The w1/o primary emulsion was then re-emulsied in
aqueous solutions of 5% (w/v) Pluronic F127 (EO106PO70EO106,
MW 12600 g mol�1) at 400 rpm (10 min) to generate the double
emulsion. Finally, the ascorbic acid/copper mixture was added
to the prepared double emulsion (ascorbic acid ¼ 100 ppm;
copper chloride ¼ 30 ppm).
3.2. Characterization of the multi-functional anti-pathogen
coating

The prepared anti-pathogen coatings were characterized by
optical microscope (Olympus-BX53) and transmission electron
microscopy (TEM, JEOL JEM-2010F) at 200 kV. ClO2 release
from the designed coating was measured at different times to
monitor the release of ClO2. Briey, 100 ml of the prepared anti-
pathogen formulation were coated onto glass (2.5 � 2.5 cm2).
The coated glass was sonicated in 20 ml of deionized distilled
water to dissolve the coatings. An excess amount of potassium
iodide (KI, BDH) was added, and iodometric titration was
carried out in an acidic medium. The free iodine (I2) was titrated
with 0.1 M sodium thiosulfate (Na2S2O3, RDH) with starch
indicator.
3.3. Bactericidal properties of multi-functional anti-
pathogen coating

B. subtilis (ATCC 21332); E. coli K12 (ATCC® 10798™); S. aureus
(ATCC® 25923™); Pseudomonas aeruginosa (ATCC® 27853™);
RSC Adv., 2018, 8, 18272–18283 | 18279
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methicillin-resistant Staphylococcus aureus (ATCC® MP-3™) and
Acinetobacter baumannii (BAA-1605™) were tested in this research.
The bactericidal tests were performed using a set of standard
operating procedures according to the Association of Official
Analytical Chemists (AOAC International). One hundred microli-
ters of prepared anti-pathogen formulation was coated onto glass
(2.5� 2.5 cm2). All tested bacteria were cultured in nutrient broth.
The nutrient broth was removed from cultured bacteria by
centrifugation. The precipitated bacteria were resuspended with
PBS. A hundred microliters of bacteria cell suspension (106 cells
per ml) was placed in contact with the coated glass at ambient
temperature (23 � 2 �C) in a sterilized biological safety cabinet
(NuAire, Nu-425-400E) for 5 minutes. Then samples were
immersed in a primary subculture tube containing 20 ml
neutralizer and vortexed to recover the surviving bacteria cells. The
sterile neutralizer solution was freshly prepared by adding 1% (v/v)
0.1 MNa2S2O3 to 600ml of 0.85% (w/v) normal saline (NaCl, RDH)
solution containing 0.1% (v/v) (nal concentration) of poly-
oxyethylenesorbitan monooleate (Tween 80) followed by auto-
claving at 121 �C for 20 min. One hundred microliters aliquots
from the neutralizer were cultured on a tryptone soya agar (TSA)
plate. The numbers of viable bacterial colonies were counted aer
incubating the plates for 24 h at 37 � 0.1 �C.

3.4. Inhibition zone test

Four kinds of bacteria (B. subtilis; E. coli K12; S. aureus; Pseudo-
monas aeruginosa) were tested in this research. All tested bacteria
were cultured in nutrient broth. The nutrient broth was removed
from cultured bacteria by centrifugation. The precipitated bacteria
were resuspended with PBS. Briey, 40 ml of new cultured bacterial
suspension (106 cell per ml) were uniformly spread on TSA agar
plate. Filter paper (diameter, 15 mm) was coated with 100 ml of
prepared anti-pathogen formulation. The coated lter papers were
transferred to the center of the agar plate and kept in the dark at
room temperature. Inhibition zone diameters weremeasured aer
three days. Filter papers coated with sterilized water and ethanol
were used as a negative control and a positive control respectively.

3.5. Anti-adhesion properties of multi-functional anti-
pathogen coating

Distilled water was encapsulated by P123 and F127, which were
prepared using the same procedure as described in Section 2.1.
One hundred microliters of prepared formulation were coated on
glass (uncoated glass was used as the control). One hundred
microliters of E. coli or S. aureus (109 cell per ml) suspension were
uniformly spread on the coated or uncoated glass surfaces.
Samples were incubated at 37 �C without shaking. The samples
were gently washed with sterile distilled water to remove any non-
adhered bacteria. The washed glass was examined under a micro-
scope (Nikon, Eclipse TS 100, Japan) to quantify the degree of
bacterias adhesion on the coated and uncoated surfaces.

3.6. Sporicidal properties of multi-functional anti-pathogen
coating

B. subtilis endospores (Carolina 15-4921A) and Cladosporium
spores (ATCC® 11275™) were tested in this research. One
18280 | RSC Adv., 2018, 8, 18272–18283
hundred microliters of spore suspension (105 cell per ml) was
placed on the surface of the multi-functional coating under
ambient conditions (23 � 2 �C) in a sterilized biological safety
cabinet (NuAire, Nu-425-400E). Sporicidal activity of the
designed anti-pathogen coatings was measured for a contact
time of 60 min or 120 min. Aer the required contact time, the
substrates were immersed in 20 ml neutralizer for 30 min to
stabilize the surviving spores followed by 20 ml of nutrient
broth for 10 min. The numbers of viable spores were deter-
mined by counting the number of viable bacteria colonies on
the plates. One hundred microliter aliquots from the neutral-
izer were cultured on agar plates. The numbers of viable spores
were calculated by counting the viable bacteria colonies on the
plates aer incubation for 24 h at 37 � 0.1 �C.
3.7. Virucidal properties of the multi-functional coating

Virucidal measurements was carried out for the inuenza virus
(H1N1) (ATCC ® VR-95™). Ten microliters of virus solution (105

pfu ml�1) was deposited in the center of the prepared anti-
pathogen coatings. A plain glass slide was placed on top and
pressed to obtain a uniform spread of the virus solution. The
virus was allowed to remain in contact with the sample at room
temperature for 1 minute, which is to ensure deactivation of the
inuenza virus. The sample and the glass slides were washed
with neutralizer. The negative control was an uncoated glass
slide. A plaque assay to determine the virucidal activity was
performed according to the method previously described by
Gaush et al.74 The inuenza A (H1N1) virus was deactivated
before morphology observation using transmission electron
microscopy (TEM) (JEM JEOL 2010F).
3.8. Biosample preparation for SEM and TEM

Pathogens were placed in contact with the multi-functional
anti-pathogen coating. Uncoated glass was used for the
control. Samples were washed by neutralizer and collected by
centrifuge at 8000 rpm for 10 min. Deposits were xed with
2.5% glutaraldehyde in cacodylate buffer (0.1 M sodium caco-
dylate–HCl buffer pH 7.4, Sigma-Aldrich) for 4 to 24 hours at 4–
8 �C. Samples were washed in cacodylate buffer (Sigma-Aldrich)
with 0.1 M sucrose to remove excess xative solution. Finally,
samples were dehydrated with an increasing series of ethanol
concentrations (99.9%, Sigma-Aldrich) of 30%, 50%, 70%, 90%
and 100%. Dehydrated samples were dried in a Critical Point
Dryer before observation of SEM (JEOL JSM-6300F) at an
acceleration voltage of 10–15 kV and TEM (JEOL JEM-2010F).
3.9. Anti-oxidative stress test

Antioxidant enzymes of superoxidase dismutase ($98%, Sigma-
Aldrich) and catalase (Sigma-Aldrich) were mixed with cell
suspension (E. coli and S. aureus). Different enzyme units (93.75,
187.5, 375, 750, 1500 U ml�1) of superoxidase dismutase and
catalase were used in this research. The experimental protocol
followed the protocol described in Section 2.3.
This journal is © The Royal Society of Chemistry 2018
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3.10. Respiratory toxicity test

Lung function of Kunming male mice (5–6 weeks old, 22 � 2 g;
Hubei Province Experimental Animal Center, Wuhan, People's
Republic of China) was evaluated in this research. All experi-
mental procedures were approved by the Office of Scientic
Research Management of Central China Normal University
(approval ID: CCNU-IACUC-2016-003). Tests were carried out in
sterilized animal house with negative pressure. The designed
antimicrobial formulation was coated onto the inner wall of the
exposure chamber. The coating volume per unit area is the
same as was used in the antimicrobial test. Exposure time was 8
hours per day which followed the standard set by the American
Conference of Governmental Industrial Hygienists (ACGIH).
The exposure period was 7 days. Mice groups of clean gas and
formaldehyde gas (3.0 mg m�3) (HOPE-MED 8052 inhalation
equipment, Hope-med Company, Tianjin, China) were applied
for negative control and positive control. Leukocytes, neutro-
phils, and lymphocytes were collected in blood or bron-
choalveolar lavage uid. Cell numbers were counted using
a blood cell analysis system (MTN-21, Matenu Technology
Corp., Jinan, China). Lung function (Forced vital capacity, FVC)
was measured using an AniRes2005 lung function system
(Bestlab, version 2.0, China).

3.11. Lung histological assay

The le lungs of the mice were removed for histopathology slice
preparation. All samples were xed in 10% formalin solution
(99%, Sigma-Aldrich) for 24 h at room temperature, cut into
pieces, and the separate pieces stained with hematoxylin and
eosin (H&E) following the procedure described by Liu et al.75

Stained pieces were embedded in paraffin, sectioned into 10 mm
slices, and observed using a DM 4000B microscope (Leica
Microsystems GmbH, Wetzlar, Germany).

3.12. Statistical analysis

GraphPad Prism soware was used for statistical analysis of the
experimental data, and for graphing the results. All data are
presented as the mean & standard deviation (S.D.). The pres-
ence of statistical differences between groups was determined
by ANOVA. The method of least signicant difference (LSD) was
used to compare the effects between each exposure group and
the control. p < 0.05 and p < 0.01 were considered signicant.

4. Conclusions

A smart functional coating was synthesized to exhibit long-term
“release-killing”, “contact-killing” and “anti-adhesion” activity
against bacteria, endospores and viruses. The coating was
formulated from anti-pathogen micelles tethered with copper
nanoparticles using a green synthesis method that used L-
vitamin C. The micelles prevented the encapsulated ClO2 from
quickly evaporating, and also were active in sustained release-
killing. The copper nanoparticles tethered to the micelle
surface improved the micelle stability and contact-killing
ability. To prepare copper nanoparticles in a green environ-
ment, we used ascorbic acid (Vitamin C) in our chemical
This journal is © The Royal Society of Chemistry 2018
reduction process to avoid toxicity. Ascorbic acid works both as
a reducing and protecting agent, which makes the process
economical, nontoxic and environmentally friendly. Finally, the
applied polymers provided great anti-adhesive properties to our
designed coatings. Hydrophilic PEO side-chains contributed to
preventing bacterial attachment to the coating surface. Based
on the evidence, pathogens are thought to be killed by bio-
oxidation of the designed coating. Coating-released ClO2 could
oxidize the cell membrane and penetrate into the cell to oxidize
macromolecules. In addition, copper is especially active in
generating hydroxyl radicals in the presence of ascorbic acid.
The designed coating displayed release-killing by a sustained
release of aqueous ClO2. Since aqueous ClO2 can potentially
evaporate (it exists as a gas at room temperature), we evaluated
its toxicity towards the respiratory system. We found that the
designed coating exhibited good respiratory biocompatibility. It
means that the designed coating could effectively control ClO2

release in a safe range while being sufficient to kill pathogens.
This new anti-pathogen coating provides an additional measure
of protection against the spread of diseases in high risk situa-
tions encountered in natural and manmade disasters, and
during outbreaks of disease in either human or animal
populations.
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