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Chiral Stereochemical Strategy
for Antimicrobial Adhesion

Zixu Xie, Guofeng Li, and Xing Wang

Abstract Chiral stereochemical strategy (CSS) is a universal strategy that utilizes
the “chiral taste” of microbes against their adhesion on chiral stereochemical sur-
faces. For the issue of interaction between microorganisms and material surface,
molecular chirality or chiral stereochemistry plays a crucial role on modulating
microbial behavior. The CSS thus is a soft management and control of microbes. It
would not artificially promote the evolution of microbes, potentially preventing the
formation of resistant organisms. This mini-review summarizes recent research on
borneol-based chiral antimicrobial materials. According to the composition of the
materials, we classified the borneol-based materials into synthetic polymers, natural
polymers, and organic—inorganic hybrids. Their antimicrobial adhesion perfor-
mance and the potential for biomedical applications were discussed. Due to the new
concept of managing and controlling microbes, instead of killing microbes blindly,
this review may catch special interest and inspire new opportunities in many medical
fields and disciplines.
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Introduction

Infections are the main causes of considerable morbidity and mortality to patients
[1, 2], which is one of the most threatening problems worldwide. For example,
implant failure due to infection is a thorny problem, which usually results in the
removal of the implant [3-5]. The patients suffer tremendous pain and cost.
Otherwise reports showed that hospital-acquired bacterial infections are mainly
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attributed to the attachment of bacteria to surrounding objects, medical devices, and
implants. Hospitals are not as safe as we think because of microbial distribution and
contamination. Therefore, in order to reduce the risk of infections, researchers have
been trying to explore efficient and safe antimicrobial materials. Until now, those
developed antimicrobial materials have been fabricated mainly based on contact-
killing mechanisms (such as quaternary ammoniums, quaternary phosphonium
salts, and N-Halamines) [6—11] and release-killing mechanisms (such as antibiotic,
silver or copper nanoparticles) [12-16]. However, the main problem now is the
excessive use of antibiotics, which may lead to drug resistance of microbes [17-20].
Preventing bacterial resistance has become a hotspot for current antibacterial
research. Thus, it is of great significance to develop new antimicrobial materials and
strategies that are efficient, durable, and safe [21-23].

The chiral stereochemical strategy (CSS) is a novel strategy for antimicrobial
studies, which is based on microbial recognition of the chiral stereochemical sur-
face. A bacterium is a kind of microorganism who can distinguish different chiral
surfaces [24] and have different adhesion and growth behavior on these surfaces
[25]. According to studies, CSS for antimicrobial applications have been proposed
[26, 27]. It is a broad-spectrum strategy that prevents bacterial and fungal cells from
adhering to the material surfaces [26, 27], focusing on the initial stage of the micro-
bial adhesion and contamination, allowing the microbes to autonomously leave the
surface when they distinguish the chiral stereochemistry of the materials. The devel-
opment of CSS has many potential advantages. First, it is a management and control
of microbial behavior instead of killing the microbes, which does not artificially
promote microbial evolution, prevent it from happening. Second, it is a broad-
spectrum antimicrobial strategy against both bacteria (Gram-negative or Gram-
positive) and fungi. Third, this strategy is applicable to a variety of materials, on the
basis of versatile synthetic chemistry and surface modification. Finally, chiral units
are mainly natural molecules, which are easily obtained in nature and cause little
pollution to the natural environment. The chiral molecules are thus ideal candidates
for antimicrobial materials.

In this review, we summarize recent studies about the applications of CSS in the
field of synthetic polymers, natural polymers, and inorganic carbon materials. It is
very exciting that all of these chiral stereochemical surfaces exhibit excellent anti-
microbial adhesion activities.

Chiral Stereochemical Strategy

Chirality means that a molecule cannot overlap with its enantiomer, just like the
left hand and the right hand mirrored each other cannot coincide. Chirality is
ubiquitous in life. The interaction between biosystems and materials exhibits a
high chiral preference. Therefore, CSS, based on the microbial recognition and
follow-up response of the surface chiral stereochemistry, is a novel strategy for
antimicrobial studies.
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Chiral Effect on Cells

Selective interactions of cells on a chiral stereochemical surface was first found on
calcium tartrate tetrahydrate crystals [28]. Epithelial A6 cells showed a strong pref-
erence of adhesion to the surfaces of (R,R) calcium tartrate tetrahydrate crystals,
while few cells were found on (S,S) crystal surfaces (Fig. 1) [29]. The interaction
between cells and the stereochemical structure of crystal surfaces indicated the spe-
cific chiral recognition of biosystems. From the macroscopic perspective, cells can
distinguish chiral stereochemical signals of material surfaces. It is the first time we
realized that this ability goes deep into the molecular level. This fact provided favor-
able evidence for the further study of cell behavior on chiral materials and interfaces.

Sun and his co-workers investigated the stereoselective behavior of immune cells
on different N-Isobutyryl-L(D)-cysteine (NIBC) enantiomer-modified surfaces
[30]. They used a mercapto self-assembled monolayer to simulate crystal surfaces.
In a typical adhesion experiment, the number of macrophage cells adhering on the
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Fig. 1 (a, b) Computer graphic representation of the packing arrangement of (a) calcium (R,R)-
tartrate tetrahydrate and (b) calcium (S,S)-tartrate tetrahydrate crystals viewed on the (100) plane.
(¢, d) Scanning electron micrographs of cultured Xenopus laevis kidney epithelial A6 cells plated
on calcium tartrate tetrahydrate crystals. The short-term adhesive response (10 min) was shown for
(¢) the (R,R) form and (d) the (S,S) form [29]
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L surface was much larger than that on the D surface. Moreover, macrophages on
the L-NIBC surface showed a malformed morphology and highly spread status,
whereas those on the D-NIBC surface remained a separate and round morphology.
This phenomenon also happened in the adhesion experiment with neutrophils, fur-
ther confirming the universality of cell behavior on chiral surfaces.

Besides, Luk et al. developed chiral antifouling materials inspired by the chiral
recognition of biosystems [24, 31]. They found that mannitol terminated self-
assembled monolayers (SAMs) decorated with various chiral enantiomer end-
groups can oppose the conglutination of mammalian cells and bacteria on the
surfaces. The adhesion of 3T3 fibroblast cells was limited on the D surface up to
19 days, while they were limited on the L surfaces for 13 days. Interestingly, the
conglutination of cells on the surface that formed by the racemic mixture of the
enantiomers was inhibited for 23 days, longer than either the L or D surface.

Compared to monolayer films, the polymer brush surface had a higher density of
exposed chiral functional groups [32], which helped to enhance the chiral recogni-
tion of cells. Wang et al. investigated the adhesion of cells on the surface of chiral
amino acid-based polymer brushes with different hydrophobic properties (Fig. 2).
Cells were more willing to adhere to the hydrophobic surface; the adhesion number
increased with increasing hydrophobicity of the polymer brushes. At the same time,
they also found that chirality had the ability to regulate cell adhesion comparable to
wettability properties. The concentration of cells on the L-poly(N-acryloyl-valine)
(L-PV) film was evidently at a higher level than that on the D-poly(N-acryloyl-
valine) (D-PV) film. For the quantitative analysis (Fig. 2a), the L-PV film also
exhibited a much larger average area (z-test, P < 0.01) and higher /; (fluorescent
intensities) values (z-test, P < 0.05) than the D-PV film (Fig. 2b). These results
emphasized the effect of chirality on cell adhesion [33]. More importantly, polymer
brushes demonstrated attractive advantages such as the easy tailorability of chemi-
cal compositions, functions, and the precisely controlled surface properties with
considerable bio-related applications.

Feng et al. discovered similar results for three-dimensional (3D) chiral nanofi-
bers, which were prepared by 1,4-benzenedicarboxamide phenylalanine deriva-
tives. It was revealed that left-handed helical nanofibers promoted cell adhesion
and proliferation, while right-handed nanofibers inhibited these processes. These
were attributed to the mediation of the stereospecific interaction between chiral
nanofibers and fibronectin [35]. Furthermore, Liu et al. assembled chiral helical
nanofibers by different chiral phenylalanine derivatives, and examined the effects
of chiral molecules in these helical nanofibers on cells behavior. They found that
there were clear-cut distinctions between the left- and right-handed nanofibers,
even though both were formed by the same enantiomer phenylalanine derivatives.
The results showed a rise in cell adhesion for the left-handed nanofibers formed by
L-phenylalanine derivatives and a trifling impact on cell behavior on the corre-
sponding right-handed nanofibers. By contrast, both left- and right-handed nanofi-
bers formed by D-phenylalanine had minor and negative impacts on cell adhesion.
The effects of single-handed molecules and helical nanofibers on cell adhesion are
antagonistic [36]. This discovery indicated that the investigation on the chiral
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Fig. 2 (a) Structures of the chiral polymer and the corresponding typical fluorescent images of
COS-7 cells incubated at different time periods on the chiral polymer brush films. (b) Cell count-
ing results for 1 h of incubation (left); surface area ratios (Ar) occupied by cells after 24 and 48 h
of incubation (middle); and integral fluorescent intensities (/;, by arbitrary units (a.u.)) for the cell
occupied areas on images after 24 and 48 h of incubation (right) [33, 34]

effect has gone deep into the relationship between designed molecular units and
3D assemblies.

Chirality adjusts not only the adhesion and growth of cells, but also their phago-
cytic behavior. Li et al. discovered that the chiral glutathione-coated CdTe quantum
dots (GSH-QDs) exhibited differences in cytotoxicity, whereas L-GSH-QDs were
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Fig. 3 Internalized amount by A549 cells at an Au concentration of 50 pg/mL. (a) L(D)-MAV-
AuNPs and L(D)-PAV-AuNPs in 10% FBS/DMEM, (b) PAV-AuNPs pretreated with 1 mg/mL
D-valine or D-PAV (M,,: 18,743 Da) in 10% FBS/DMEM, and (¢) PAV-AuNPs in serum-free
DMEM after co-incubation for 24 h. (d) Influence of pharmacological inhibitors on the uptake of
L-PAV-AuNPs and D-PAV-AuNPs, respectively. The cells were cultured without or with pretreat-
ment by amantadine-HC] (Aman, 1 mM, inhibitor of clathrin-mediated endocytosis), genistein
(Ge, 100 pM, inhibitor of caveolae-mediated endocytosis), amiloride-HCI (Amilo, 2 mM, inhibitor
of macropinocytosis), cytochalasin D (CytD, 10 pg/mL, inhibitor of cytoskeleton), NaN; (0.1%
(w/v), inhibit energy-dependent process) for 1 h, and then cultured with PAV-AuNPs for another
4 h. % and =** indicate significant difference at p < 0.05 and p < 0.01, respectively [38]

more cytotoxic than D-GSH-QDs due to the more cell uptake of L-GSH-QDs. Since
the cytotoxicity of the QDs is associated with their ability to induce autophagy, this
work exhibited a chiral dependent process [37].

After that, Gao et al. in 2016 found that the chirality of polymer-capped nanopar-
ticles (NPs) could also affect cellular uptake. Interestingly, the internalization
amount of D-poly(N-acryloyl-valine) gold nanoparticles (D-PAV-AuNPs) was sig-
nificantly larger than that of the L-PAV-AuNPs (Fig. 3). This chirality-dependent
cellular uptake might be ascribed to the stereoselective interaction between the
cytomembrane and the chiral PAV molecule, which was deduced from the fact that
L-phosphatidyl vesicles tend to interact with D-PAV molecules [38]. The chirality-
dependent cellular uptake phenomenon was also improved by Kehr et al. They
found that the cellular uptake amount of PMO-PL(D)L (Poly-L(D)-Lysine coated
periodic mesoporous organosilica) varied by chirality [39]. Additionally, Gindi
et al. found that C-6-glioma cells were able to adhere to the chiral penicillamine
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functionalized zeolites, while the endothelial cells did not adhere at all. Therefore,
they used an enantioselective L and D penicillamine functionalized zeolite (denoted
as L-PEN-zeo and D-PEN-zeo) for the separation of C-6-glioma cells from primary
endothelial cells [40].

All of these results demonstrated that the chiral recognition of cells on the chiral
stereochemical surface is a universal phenomenon. Cells could distinguish chiral
surfaces formed by small molecule modification, chiral polymer brushes, 3D chiral
nanofibers, as well as chiral QDs and NPs. Cells can recognize different chiral inter-
faces for different responses, in which cells mainly showed a difference of adhesion
at different chiral interfaces. Specifically, more cells preferred the L surfaces. This
seems to be a ubiquitous phenomenon of cells.

Chiral Effect on Biomacromolecules

Biomacromolecules, such as proteins and DNA, were also found to recognize dif-
ferent chiral interfaces. In 2011, Wang et al. found that proteins could easily attach
to the L surfaces of amino acid-based chiral polymer brushes [41]. Both bovine
serum albumin (BSA, negatively charged) and gelatin (positively charged) were
more inclined to adhere on the L-PV surface than on the D-PV surface (Fig. 4).
Though electrostatic interactions affected the adhesion behavior of proteins on the
surface to some extent, this electrostatic interaction was weaker compared with the
stereoselective interaction between proteins and chiral surfaces. Some researchers
also found that the chiral surface of NPs determined the adsorption orientation of
proteins [42]. Chen et al. further confirmed this specific interaction by an adsorption
test of BSA on the surface of chiral molecules-modified AuNPs. BSA adsorption
orientation to chiral surfaces might result from the formation and location of salt
bridges, which are affected greatly by the spatial distribution features of functional
groups [43]. Moreover, the chirality of the surface could affect the morphology of
proteins. For example, AB(1-40) preferred to form ring-like morphologies on
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Fig. 4 Time-dependent curves of frequency change (Af) in QCM experiments. (a) BSA adsorp-
tion and (b) gelatin adsorption on chiral polymer (L-PV and D-PV) brush films. Solid lines: L
surfaces; dash lines: D surfaces [41]
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L-N-isobutyryl cysteine (NIBC)-enantiomer-modified surfaces and rod-like mor-
phologies on the D-NIBC-modified gold substrates [44].

Qing et al. studied the chiral effect at protein/graphene interfaces utilizing cyste-
ine enantiomer-modified graphene oxide (Cys-GO) [45]. The result showed that the
chirality of the Cys-GO surface greatly influenced protein folding, which would
form amyloid aggregates. To be more specific, the R-Cys-GO inhibited the adsorp-
tion, nucleation, and fiber elongation processes of AB(1-40) and thus inhibited amy-
loid fibril formation on the surface to a large extent, while S-Cys-GO had the
opposite effect. Surface chirality strongly influenced the conformational transition
from an a-helix to f-sheet. More specifically, the S-Cys-GO accelerated this pro-
cess, while the R-Cys-GO largely restrained this process. In addition, the adsorption
of monomers and oligomers, and the subsequent fibrillation process were also influ-
enced by the chirality of surfaces [45].

Gao et al. further proved that the chirality of NPs was one of the important fac-
tors, which affected the interaction of proteins and NPs. The adsorption of BSA on
the L-PAV-AuNP surfaces was much higher than that on the D-PAV-AuNP surfaces,
which was in consistence with the aforementioned conclusion. Moreover, when the
BSA adhered on the L-PAV-AuNPs, it adopted an end-on configuration; however,
when adsorbed on the D-PAV-AuNPs, the BSA displayed both side-on and end-on
configurations (Fig. 5). The surface chiral modification of NPs could greatly influ-
ence the interaction between protein and NPs, and the subsequent protein adsorp-
tion and configuration on surfaces. Therefore, surface chirality could be an adjustable
factor in the design of NPs for specific applications [46].

Chen et al. found that the L-Cys modified surfaces supported more serum protein
adsorption than those on the D-Cys modified surfaces. More cells adhered on the

L-PAV-AuNPs D-PAV-AuNPs

Fig. 5 Proposed binding geometries for BSA to (a) L-PAV-AuNPs and (b) D-PAV-AuNPs based
on dynamic light scattering (DLS), fluorescence quenching, and isothermal titration calorimetry
(ITC) measurements. NP and protein size are not drawn to scale
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L-Cys modified surfaces under the serum-containing condition while under the
serum-free condition, no significant differences were observed on both L and D
surfaces. The results suggested that the differences of protein adsorption could be
the reason for the preference of cells to attach to the L-Cys modified surfaces [47].

Tang et al. also found that DNA preferred to adhere on the surface modified with
L-NIBC [48]. A full-sequence single-stranded DNA (ssDNA) from calf thymus
tended to present a relaxed conformation on the L surfaces, while it folded on the D
surface at a concentration of 50 pg/mL. When the concentration increased to 75 pg/
mL, ssDNA preferred to exhibit a highly extended morphology (Fig 6). In addition,
the quartz crystal microbalance (QCM) result showed that the quantity of the ssDNA
on the L surface was much larger than that on the D surface (Fig. 6¢, d). This stere-
oselective behavior of DNA was further confirmed by plasmid pcDNA3, which was
a circular double-stranded DNA (ds-DNA). Similarly, the plasmid on the L surface
exhibited a relaxed conformation, and its content was much larger than that on the
D surface [49].

Proteins and DNA can recognize chiral systems and respond differently. This
difference is not only reflected in the adhesion amount at different chiral interfaces,
but also in the morphological conformation. Due to the effect of chirality, the con-
formation of protein could transfer from a-helix to p-sheet, while DNA could
change from a relatively relaxed state to a rod-like folded state. These results pro-
vided clear evidence for the interaction between biomacromolecules and chiral sys-
tems, which may be an explanation of the difference of cell behavior on chiral
surfaces.

To summarize, it is the nature of biosystems (cells, protein, DNA, etc.) that they
can distinguish chiral stereochemistry structure and show different behavior. With
this feature, chiral functional materials could be further designed and utilized, in
particular, as antimicrobial materials in this review, where all of the abovemen-
tioned research can be regarded as the theoretical basis.

Antimicrobial Adhesion

Synthetic Polymers

Borneol molecules have been selected as ideal chiral units for antimicrobial applica-
tions. Borneol is a natural chiral drug that is presented in numerous medicinal plants.
It has a hydrophobic molecular structure with four configurations, including endo-L-
borneol, endo-D-borneol, and exo-isoborneol. They can be esterified into derivatives
with increased activity compared to the parent borneol. Accordingly, our group has
developed a series of chiral polyborneolacrylates (PBAs), including PLBA, PDBA,
and PIBA depending on the three derivative enantiomers of BA [27].

In order to evaluate the antibacterial adhesion properties of PBAs, a “prison
break” experiment was designed. The PBA rings were fixed into culture medium.
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Fig. 6 Typical AFM (Atomic Force Microscope) images for DNA adsorption on L- (a, ¢) and
D-NIBC (b, d) modified surface. DNA concentration: (a and b) 50 pg/mL; (b and d) 75 pg/
mL. Inset in (a): Entangled DNA in another area. Inset in (¢): DNA chains with another orientation
and dense arrangement. (e, f) Time dependence of the QCM frequency shift of the D- (black) and
L-NIBC (red) modified Au coated quartz-crystal resonator at DNA solutions with different con-
centrations. (e) 50 pg/mL; (f) 75 pg/mL. Experiment temperature: 25 °C [48]
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Polymer ring

. Culthre medium

Bacteria suspension

C inner ring » outerring

Fig. 7 (a) Schematic diagram of a “Prison Break” experiment for antibacterial adhesion assays of
polymer films. (b) Effects on controlling the escape of E. coli from PMMA, PLBA, PDBA, and
PIBA rings after different periods of incubation time. (¢) Optical micrographs of E. coli adhered
on the above polymers from the inner (left) to outer (right) edges of the rings after 60 h of incuba-
tion. The image size is approximately 897 pm? (34.5 pm x 26.0 pm) [27]

PMMA

PLBA

PDBA

PIBA

A bacterial suspension was placed onto the center of the circular ring and cultured
for a period of time (Fig. 7).

A “Prison Break” experiment showed that bacteria easily broke the limitation of
the poly(methyl methacrylate) (PMMA) control, while the PBAs showed excellent
antibacterial adhesion properties. Scanning the polymer rings revealed that higher
density of E. coli covered almost the entire surface of the PMMA from inside to
outside. In contrary, only a few bacteria were found at the inner ring of the PBAs,
while cells were barely observed on the outer ring of all the PBAs. These results
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confirmed the antibacterial adhesion capability of the PBAs. The antibacterial capa-
bility of the PBA rings was caused by a biological surface recognition rather than
the physical effect of blocking. Among the three enantiomers of the PBAs, the
PLBA showed the best antibacterial adhesion property. Neither E. coli nor S. aureus
could escape the PLBA ring after 75 h of incubation (Fig. 7b). This fact seems to be
in violation of the previous finding, in which the L configuration surfaces may be
good for the adhesion of biosystems. But, further investigation suggested that the
camphane-type bicyclic structure of borneol had three chiral centers, located at C1,
C2, and C4; the C2 chiral center in PLBA (/S,2R,4S-borneol pendants) corre-
sponded to a D configuration, which usually provides surfaces with a cell or protein
resistance capability. Thus, we envisioned that bacteria might mainly distinguish the
chiral center at C2, rather than C1 or C4. Anyway, it was a successful antibacterial
application of CSS.

Subsequently, the PLBA was used to modify the conventional biomedical poly-
mer, PMMA, endowing PMMA with a surface stereochemistry property and
enhancing its antibacterial adhesion capacity [50]. POMMA-co-BA) was then syn-
thesized via copolymerization of MMA and BA. By tuning the molar ratio of the
MMA and BA, a series of P(MMA-co-BA)s were obtained. The modified “prison
break” experiment (Fig. 8) showed that 10% of PBA (P,,) could give distinct anti-
bacterial activity of the P(IMMA-co-BA) copolymer. With increasing PBA content,
the anti-adhesion activity of the P(IMMA-co-BA) increased. Ps, effectively pre-
vented the adhesion and growth of E. coli on the copolymer surface and lasted for
120 h. In situ fluorescent live/dead staining showed that compared with P,
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Fig. 8 (a) Schematic illustration of a modified “Prison Break” experiment for an antibacterial
adhesion assay of polymer films. Controlling the escape of (b) E. coli and from Px films was
recorded at the denoted periods (0, 24, 48, 72, 96, and 120 h). (¢) Typical fluorescence microscopy
images of attached E. coli from a suspension of 107 cells/mL after exposure to various films for 4 h.
The live E. coli cells are stained green, while the dead cells are stained red. The scale bar in the
image is 20 pm. (d) Quantitative results for bacterial adsorption on Px films. They were estimated
using ImagelJ software. Data values corresponded to mean = SD (n = 3) [50]
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(unmodified PMMA), the bacterial population reduced dramatically on the surfaces
from P, to P,g. Particularly, there was a 99.7% decrease in E. coli adhesion P .
Meanwhile, only fragmentary dead bacteria could be found on all the surfaces,
which was almost negligible. Thus, it not only testified that this kind of borneol-
grafted copolymer had the capability of antibacterial adhesion but also confirmed
that the activity was mainly due to initial sensing and subsequent selection of revers-
ible bacterial attachment, relating interfacial stereochemistry rather than a normal
mechanism of broken killing or virulence.

The PBAs showed excellent anti-adhesion ability against both Gram-positive
and Gram-negative bacteria. Fungi, which are similar with mammalian cells, also
have an inclination to different molecular chirality and tend to stay away from the
stereochemical surface. Therefore, antifungal adhesion may be achieved on the
PBA surfaces. To shed light on this issue, Xu et al. coated PBA polymers onto
papers by a simple spraying method to impart the antifungal property of papers
[51]. As shown in Fig. 9, the fungal growth started at the center of the plate, and then
spread around to the edge of the material. After culturing for 8 days, fungal spores
had covered almost the entire surface of the control paper, while the PBA-coated
paper maintained a very clean surface, demonstrating that the PBA coating papers
displayed an outstanding antifungal performance against Aspergillus niger (A. niger)
and Penicillium sp. Unlike the traditional germicidal method, the PBA coating
papers inhibited the attachment of fungal cells and the germination of fungal spores.

scattered spore
@

1pum

Fig. 9 (a) Antifungal effect of papers coated with 0O (left up), 5 (left down), 10 (right up), and 15%
(right down) of PBA after incubating with A. niger for 8 days. (b—e) SEM images of A. niger cells on
papers coated with O (b, b’), 5 (¢, ¢’), 10 (d, d’) and 15% (e, e’) of PBA after incubating for 8 days.
The images of (b’—e’) show zoomed-in views of areas in the corresponding images of (b—e) [51]
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It was a remarkable breakthrough of CSS in the antifungal field, suggesting that
CSS is a broad-spectrum antimicrobial strategy.

Utilizing the outstanding antibacterial adhesion ability of PBAs [27], Tan
et al. introduced borneolacrylate into a diblock copolymer of poly[(N-3,4-
dihydroxyphenethyl acrylamide)-b-(borneolacrylate)] (PDA-b-PBA) via reversible
addition—fragmentation chain transfer (RAFT) polymerization. The PDA-b-PBA
was endowed with both an excellent adhesive property and antibacterial ability. The
PDA-b-PBA coating showed a good broad-spectrum antibacterial performance with
inhibition rates of 92.7% and 81.3% for E. coli and S. aureus, respectively. In addi-
tion, the PDA-b-PBA coating could be applied in antibacterial textiles due to its
easy fabrication on cotton fabrics and commercial gauze (see the plate count results
in Fig. 10) [52]. Moreover, Wu et al. developed a waterborne polyurethane function-
alized with IBA side group (IWPU). The introduction of IBA gave IWPU a unique
chiral feature and good antibacterial adhesion activity against E. coli and S. aureus.
The antibacterial activity was positively correlated with IBA side group content.
When the content of the IBA side groups reached 25%, the IWPU exhibited a very
effective resistance to bacterial adhesion [53].

Natural Polymers

Natural polymers, cellulose in particular, had been employed in textiles [54], food
packaging [55, 56], the medical field [57-59], and the environmental domain
[60, 61]. One of the main problems that hinder their applications is that these materials

PDA;(@
SS wafer SS wafer

PDA1@
SS wafer

-

~ -
PBA@ PDAq-b-PBAgs PBA@ PDA4¢-b-PBAgg
SS wafer @SS wafer SS wafer @SS wafer

Fig. 10 The photos of (a) E. coli colonies and (b) S. aureus colonies in plate count experi-
ments [52]
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a

Fig. 11 (a) Study of the antifungal adhesion activity of cellulose (left) and BGC (right) pellets, by
culturing M. racemosus in the central location of the solid medium, in the same plate for different
periods of time. The results of 0, 4, and 8 days are shown here. The insets exhibit an enlarged image.
Pink arrow: the growth frontier of M. racemosus on the pellets. Green circle: the range of the inocu-
lated M. racemosus spot. Green arc: the growth range of M. racemosus; (b, ¢) SEM images of the
antifungal adhesion results for the cellulose (b, b’) surface and the BGC (¢, ¢’) surface. By compari-
son, distinct antifungal adhesion inhibition could be found after grafting borneol molecules onto
cellulose; (d) antifungal adhesion activity of pellets of cellulose (left) and BGC (right) by culturing
A. niger for 8 days. The operation was carried out in ambient conditions, thus, M. racemosus and
yeast strains were also found. Optical micrographs showed that the fungal cells adhered to the
cellulose pellet (inset e) and stopped adhering to the BGC pellet (inset f and g) [26]

do not have antimicrobial properties. Thus, to endow these natural materials with
broad-spectrum antimicrobial properties, borneol was used to modify the surface of
the materials and enabled them with antimicrobial properties.

Shi et al. synthesized borneol-grafted cellulose (BGC) by covalently tethering
L-borneol to cellulose [26]. The BGC showed effective antifungal adhesion activ-
ity against M. racemosus and A. niger. Its surface kept a relative cleanliness even
though the evaluation time was up to 8 days. By contrast, the control cellulose
surface was almost covered with fungal cells (Fig. 11a, e). Scanning electron
microscope (SEM) images showed that a large number of grown sporangia and
hypha were found on the cellulose surface and lively germination of spores was
exhibited therein. While on the BGC surface (Fig. 11a, f), only a few hyphae
could be observed near the boundary and the serendipitous spores stayed near the
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hypha presenting a whole sphericity, indicating growth inhibition of spores on the
BGC surface. Then, a special antimicrobial evaluation was carried out in an open
environment. A large number of M. racemosus, A. niger, and yeast grew in the
medium and climbed on cellulose surface (Fig. 11g), while no cells tended to
adhere on the surface of the BGC pellet, revealing its great application potential.
Above all, these phenomena demonstrated the success of the cellulose modifica-
tion and the high antifungal power of the grafted borneol molecules.

Xu et al. developed a borneol-decorated cotton textile (BDCT) through cou-
pling of borneol 4-formylbenzoate molecules onto the amino-modified CT. The
new functionalized CT exhibited prominent antifungal adhesion properties against
M. racemosus and A. niger for more than 30 days (Fig. 12a). It also exhibited
broad-spectrum antibacterial activities against E. coli, P. aeruginosa, S. aureus,
and S. epidermidis (Fig. 12¢). The antimicrobial adhesion rates were all above 93%

d

. niger

A

BDCT

Fig. 12 (a) Effect of antifungal adhesion on raw CT (left), and BDCT (right) by culturing A. niger
in the center location of solid medium, in the same plate for different time periods (0, 2, 4, 6, 8, 15,
and 30 days). (b) SEM images of antifungal adhesion results on raw CT and BDCT surfaces. Left
are images at low magnifications; right are images at high magnifications. (¢) Antibacterial activities
of raw control CT and BDCT against E. coli, P. aeruginosa, S. aureus, and S. epidermidis [62]
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Fig. 13 (a) Model of skin flora test: Guinea pig in the left picture showed the application of the

«,

site to cover the sample (marked with blue line). The region “a” was the area bacteria were taken
from before coating samples. The region “b” was the area bacteria were taken from after coating
the samples. The right picture shows a guinea pig in contact with the BDCT. (b) The culturing
results of bacterial flora from the guinea pig skin before and after applying BDCT. (¢) Average of
total germ count before and after the application of BDCT [62]

after 50 times of an accelerated laundering test. The antimicrobial mechanism was
mainly due to the special stereochemistry of L-borneol instead of hydrophobicity.
Therefore, it was different from a traditional bacterial-killing strategy, which was
conducive to maintain skin microecological balance and did not damage the skin
flora protection barrier. As shown in Fig. 13, the number and species of a guinea
pig’s skin flora remained almost the same after contacting with the BDCT for 6 h.
Besides, it showed no skin stimulation due to no antibacterial release. For the per-
spective of application, the BDCT is meeting the frontier of antimicrobial CT, in
which beneficial microbes should live in harmony with humans, as well as protecting
us from potentially harmful microorganisms. Thus, the BDCT-like materials could
be utilized in many industries such as clothing, medical, food packaging, as well as
environmental domains to control the spread of infectious microorganisms.
Chitosan is another natural material that is derived from the deacetylation of chi-
tin [63] and known as the only pseudonatural cationic polymer [64]. As a promising
biomaterial, chitosan has the advantages of good biocompatibility, high safety, and
excellent film-forming ability [65], and is widely used in pharmaceutical [66—68],
food [69, 70], textile [71, 72], cosmetics industries [73, 74], etc. Furthermore, the
broad-spectrum antibacterial property of chitosan [75-78] makes it an ideal antibac-
terial model. However, studies have shown that the good antibacterial properties of
chitosan can only be acted in the aqueous solution state, while in the solid state,
the antibacterial property of chitosan drops sharply [79]. Therefore, to solve this
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E. coli

B. subtilis

A. niger

Fig. 14 (a, b) Effects on controlling the escape of E. coli (a) and B. subtilis (b) from control, GC,
and GCB rings after different periods of incubation time. (¢) Study of the antifungal adhesion
activity of GC (left) and GCB (right) pellets, by culturing A. niger for 0 and 29 days. The red and
blue boxes correspond to the adhesion of fungi on GC and GCB materials [85]

problem, the surface modification of chitosan is desirable. It mainly focuses on the
introduction of silver [80, 81], quaternary ammonium salt [82, 83], antibacterial pep-
tides [84], etc. to chitosan. However, all those efforts are traditional bacteria-killing
strategies, either harmful pathogen or beneficial flora.

Therefore, our group prepared a glycol-chitosan/borneol (GCB) composite by a
facile Schiff base reaction. The specific stereochemistry of the GCB impacted the
microbial sensing system to achieve an antimicrobial purpose. The antibacterial
“Prison Break” experiment showed that bacteria were confined within the GCB ring
for at least 5 days (Fig. 14a, b). The antifungal experiment also confirmed that the
GCB surface possessed long-term antifungal properties and was kept clean after
29 days of incubation, while the control tablet was covered with dense fungi
(Fig. 14c¢). The skin flora evaluation was also carried out by the same animal model
(Fig. 13a), where the silver NPs (AgNPs) modified material was used as a control
group. On the skin of a healthy guinea pig, there was a lot of yellow flocculent
Kurthia and white Acinetobacter, which were classified as cross-flora and symbiotic
flora, respectively. After contacting with the GCB for 6 h in a preliminary test,
the species and number of microorganisms were not reduced [85]. However,
the number of microorganisms in that AgNPs material group decreased evidently.
The results indicated that GCB was friendly to the intrinsic skin flora.
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Inorganic Carbon Materials

Graphene and its derivatives have been widely used as bactericidal agents [86—88].
Their antibacterial mechanisms mainly include nanoknives, oxidative stress, and
membrane wrapping or trapping. However, most of these mechanisms are available
when the graphene-based materials (GMs) are dispersed in solution, while those are
not feasible for on-surface graphene oxide (GO) or reduced GO (RGO). The solid
graphene-based materials did not show any antifungal properties. Therefore, our
group combined borneol and GO, endowed graphene-based material with antifun-
gal performance, and further demonstrated its antifungal mechanism [89].

A GO-borneol (GOB) composite was synthesized by esterification of borneol
with thiomalic acid-modified GO sheets. The landing test (Fig. 15a) showed that the
GOB tablet was the only one that no M. racemosus cells adhered or grew on it,
while the other tablets failed to resist the adhesion of M. racemosus (Fig. 15b). A
large number of M. racemosus cells could be seen to gathering in the frontier of the
tablets of GO, RGO, and GOC, and their edges were ambiguous (Fig. 15¢c). These
results were in agreement with the previous study that neither solid GO nor RGO
could resist fungal adhesion [90]. In contrast, the GOB exhibited outstanding anti-
fungal activity. M. racemosus grew outside the GOB tablet. Only a few individual
cells scattered in the edge of the GOB. Previous studies [87, 91] revealed that the
needlelike nanostructure of GO (like a nanoknife) could pierce the bacteria cell
membrane and led to the efflux of cell contents. This effect on fungi, however, was
very weak because the fungal hyphae were too large to be damaged by these nano-
structures of the solid GO (Fig. 15d). By contrast, the chiral borneol molecules in
the GOB could be the key sensors to avoid the contamination of fungi. Therefore,
this was a successful combination of inorganic material and the CSS.

Conclusions and Perspectives

In summary, biosystems have intrinsic chiral preference, in other words, the chiral
taste is a nature of biosystems. Cells or microbes, proteins or DNA all exhibit sig-
nificant differences in behavior on chiral stereochemical surfaces. With this feature,
multi types of chiral functional materials could be designed and further tailored for
a particular purpose. Until now, we know that it could be used for cell separation
[40, 93], biosensing system [94, 95], pharmaceutical industries [96-98], and antimi-
crobial materials of course.

On the basis of this understanding, we utilized CSS to develop a series of borneol-
based chiral stereochemical materials, including synthetic polymers, natural poly-
mers, and organic—inorganic hybrids. The CSS is a ubiquitous antimicrobial
adhesion strategy that is based on the reversible recognition and sensing effect of
the microbes on a material interface, focusing on the initial stage of bacterial con-
tamination, allowing the microbes to autonomously leave the surface when they
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Fig. 15 Antifungal activity of GO, RGO, GOC, and GOB. (a) Schematic representation of the
antifungal model. (b) Optical photograph of antifungal activity of the samples by culturing M.
racemosus for 5 days. (¢) Enlarged images of (b). (d) Schematic representation of the antifungal
mechanism of the GOB. Fungi are large enough that they can weaken the damage caused by the
needlelike nanostructure of the solid GO, while fungi avoid adhering on the surface of the GOB by
sensing the carbon stereochemistry of the GOB [92]

distinguish the stereochemical signals of the materials. Therefore, the obtained
borneol-based materials possessed broad-spectrum (Gram-negative bacteria, Gram-
positive bacteria and various fungi), safe (antimicrobial adhesion other than killing
or virulence) and long-term (lasting for more than 1 month) antimicrobial activities.

Although great achievements had been made in the application of CSS, the study
is still in its infancy, and a lot of challenges remain to be solved. In our opinion,
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the focus of future work will be tilted toward three aspects. The first is to find out
the underlying antimicrobial adhesion mechanism since it has not been completely
understood. Currently, it was confirmed that the antimicrobial activities of borneol-
based materials were mainly due to initial sensing and subsequent selection of
reversible microbial attachment, relating interfacial stereochemistry of borneol-
based materials, rather than the normal mechanism of killing or virulence. However,
it is still unclear what kind of bacterial sensory system is used to identify the chiral
surface, and that will be the challenge for deeper research. The second aspect is
finding a more flexible type of applicable chiral units. Although there is an infinity
of possible chiral molecules, not all of them are capable for antimicrobial applica-
tions. In addition, CSS of the borneol-based materials is mainly a characteristic of
antimicrobial adhesion, which does not artificially promote the evolution of
microbes theoretically, but, detailed verification tests are still lacking. Therefore, the
key work of the future is to determine if it will lead to the formation of resistance.

The CSS is, in fact, a management and control of microbial behavior. It will not
take the initiative to attack microbes, which will be one trend of other antimicrobial
material developed. Currently, this new antimicrobial concept can achieve a har-
monic antimicrobial model, protecting us from potentially harmful microorganisms
without harming the skin flora of human beings. This harmonic thinking is good
agreement with the Chinese traditional military strategies and tactics, The Art of
War, written by Sun Tzu: Hence to fight and conquer in all your battles is not
supreme excellence; supreme excellence consists in breaking the enemy’s resistance
without fighting. The highest form of generalship is to balk the enemy’s plans; the
next best is to prevent the junction of the enemy’s forces; the next in order is to
attack the enemy’s army in the field, and the worst policy of all is to besiege walled
cities. Hence, a microbe’s reversible adhesion on material surfaces in the initial
stage can be seen as the microbe’s plan; while the formed biofilm looks more like
the walled city. Although there are limitations to kill microbes, antimicrobial adhe-
sion is our option to some extent. What we will see in the future is, we are confident,
a continuation of that harmonic trend, to solve a great variety of problems in many
diverse scenarios.
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