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ABSTRACT: Bacterial biofilms are troublesome in the treatment Electrostatic interaction
of bacterial infectious diseases due to their inherent resistance to
antibiotic therapy. Exploration of alternative antibiofilm reagents
provides opportunities to achieve highly effective treatments.
Herein, we propose a strategy to employ self-assembled
saccharide-functionalized amphiphilic metallacycles ([2+2]-Gal,
[3+3]-Gal, and [6+6]-Gal) with multiple positive charges as a
different type of antibacterial reagent, marrying saccharide b b
functionalization that interact with bacteria via “sweet talking”. “Sweet talking” between

These self-assembled glyco-metallacycles gave various nanostruc- galactosides and bacteria

tures (nanoparticles, vesicles or micron-sized vesicles) with

different biofilms inhibition effect on Staphylococcus aureus (S. aureus). Especially, the peculiar self-assembly mechanism,
superior antibacterial effect and biofilms inhibition distinguished the [6+6]-Gal from other metallacycles. Meanwhile, in vivo S.
aureus pneumonia animal model experiments suggested that [6+6]-Gal could relieve mice pneumonia aroused by S. aureus
effectively. In addition, the control study of metallacycle [3+3]-EG; confirmed the significant role of galactoside both in the self-
assembly process and the antibacterial efficacy. In view of the superior effect against bacteria, the saccharide-functionalized
metallacycle could be a promising candidate as biofilms inhibitor or treatment agent for pneumonia.

[ Anti-bacterial effect
O Biofilm inhibition

Q2 Pneumonia treatment

B iofilms are “aggregates of micro-organism” in which cells example, small molecules,* antimicrobial peptides.,5 surfactant-
are encapsulated with large amounts of self-excreted like molecules,” polymers,” and so on, it is still a challenging
inclusion, that is, extracellular polymeric substances (EPS), task to develop efficient and simple therapy.

including polysaccharides, proteins, lipids, and DNA." Because Bacteria are covered with a heavy layer of polysaccharides.®
of the prevalence of biofilms, human infectious diseases caused Due to their abundance and structural diversity, these
by antibiotic-resistance bacteria cannot be effectively treated.” carbohydrates play crucial roles in biological functions,’
For example, infections associated with S. aureus, including especially mediating the communication between bacteria."
osteomyelitis, periodontitis, chronic rhinosinusitis, chronic Thus, it is rational to design artificial materials covered with
wound infection, and so on, resulted in more deaths and saccharides mimicking such saccharide-covered surfaces to
medical costs of typical hosPitalizatiOm.3 In view of such interact with bacteria, as “camouflage” to the inside antibiofilm
threats, there are great demands for the design and

development of biofilm inhibitors for eflicient therapy of Received: November 20, 2019

biofilm-caused diseases. Although many reagents in inhibition Accepted: December 23, 2019

and elimination of S. aureus biofilms have been reported, for
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Figure 1. Schematic representation of the formation and hierarchical self-assembly morphologies of amphiphilic metallacycles.

reagent. Although glyco-containing materials have been
employed as biofilms inhibitor in limited cases,'' the
interaction between the saccharides from materials and
bacteria has been surprisingly overlooked.

In this work, a new strategy for biofilm inhibition assisted by
artificial saccharide-coated assemblies to interact with bacteria
via their “sweet-talking”'” has been proposed. Inside the
assemblies, organoplatinum(II) metallacycles were introduced
as a precise and rigid scaffold providing multiple positive
charges'® for antibacteria and biofilms inhibition in a
synergetic way. Herein, a series of glyco-metallacycles were
designed and synthesized, which not only show attractive self-
assembly behaviors, but also exhibit outstanding antibacterial
and biofilms inhibition effect of S. aureus and could even
alleviate the pneumonia of mice caused by S. aureus in vivo. It
was found that the interaction between the assemblies and S.
aureus is crucial for the antibacterial effect. To the best of our
knowledge, this is the first report on bacterial and biofilms
inhibition effect of hierarchical self-assembly of metallacycles,
which demonstrates the orchestra of metallacycles and
saccharides.

Donor 1 and Donor 2 were synthesized through the
esterification of tetraphenylethylene (TPE) moiety with
bromine-substituted galactoside (Gal) or pentaethylene glycol
(EG;). These metallacycles were fabricated by blending donor
and acceptor in a 1:1 ratio in methanol at room temperature
through coordination-driven self-assembly (Figure 1). A series
of spectroscopic techniques were used to confirm the
formation of the desired metallacycles. All metallacycles
showed sharp singlets with concomitant '**Pt satellites
corresponding to a single phosphorus environment revealed
by the *'P NMR spectra (Figure S1). These peaks in
metallacycles shifted upfield from those of the corresponding
starting di-Pt(II) acceptor. These changes, as well as the
decrease in coupling of the flanking '**Pt satellites, are
consistent with the electron back-donation from the platinum
atoms. The "H NMR spectra displayed significant downfield
shifts of pyridyl proton signals on account of the loss of
electron density upon coordination of the nitrogen atom with
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platinum atom (Figure S2). The sharp signals in both the *'P
and 'H NMR spectra as well as the good solubility of these
products implied the formation of discrete, highly symmetric
species. Moreover, the assigned peaks in electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS)
were isotopically resolved and in good agreement with their
calculated theoretical distribution, which further confirmed the
structure of metallacycles (Figure S3). Molecular simulation
results by PM6 semiempirical molecular orbital method
showed that each hexagonal metallacycle ([3+3]-Gal, [6+6]-
Gal, and [3+3]-EG;) featured a similar geometry with a
hexagonal ring at the core surrounded by the outside
hydrophilic moiety (Gal or EG;) and [2+2]-Gal with a
roughly planar rhomboid shape (Figure S4). Meanwhile, the
saccharide-functionalized metallacycles displayed typical ag-
gregation-induced emission (AIE) properties with the
maximum emission wavelength at approximately 590 nm
(Figures 2i and SS), which are distinctive with the previously
reported TPE-based metallacycles that have a maximum
emission wavelength at approximately 490 and 500 nm."*
Interestingly, saccharide-functionalized metallacycles also
presented different fluorescence emission wavelength from
Donor 1 (emission wavelength at 545 nm, Figure SS) and
[3+3]-EG; (emission wavelength at S50 nm, Figure SS), which
means both the limited rotation by the metal-coordination
bonds and different hydrophilic moiety could lead to the
distinguished fluorescence properties in these amphiphilic
metallacycles.

With the four kinds of metallacycles in hand, the
metallacycles were first dissolved into methanol solvent,
followed by dropping moderate water into the solution to
prepare the glyco-assemblies (the final concentration of
metallacycles is 5.0 mg/mL, see Supporting Information for
details). After methanol volatilization, the obtained assemblies
were characterized. Transmission electron microscopy (TEM)
images showed that different metallacycles formed disparate
morphologies (Figure 2a—d). Nanoparticles (NPs) were found
for both [2+2]-Gal (Figure 2a) and [3+3]-EGg (Figure 2d),
while the obvious contrast between the interior and wall of the
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Figure 2. TEM images of (a) [2+2]-Gal, (b) [3+3]-Gal, (c) [6+6]-Gal, and (d) [3+3]-EG self-assemblies; AFM images of (e) [3+3]-Gal, (f)
[6+6]-Gal; (g) SEM image of [6+6]-Gal; (h) DLS profile of self-assemblies; (i) Fluorescence emission spectrum of [3+3]-Gal metallacycle vs the
H,O fraction in the CH;OH/H,O mixtures (4., = 330 nm, ¢ = 0.5 mg/mL; inset: the photographs of [3+3]-Gal metallacycle in CH;OH/H,O
mixtures with different fractions of H,O on excitation at 365 nm using an ultraviolet lamp at 298 K (¢ = 0.5 mg/mL)); Snapshots of the assembly of
() [2+2]-Gal, (k) [3+3]-Gal, and (1) [3+3]-EG; during DPD simulations.

particles suggested the vesicle structure of [3+3]-Gal (Figure
2b) and micron-sized vesicle of [6+6]-Gal (Figure 2c). The
average hydrodynamic diameters from dynamic light scattering
(DLS) profile (Figure 2h) were in accordance with those
observed size from the TEM images (ca. 145 nm for [2+2]-
Gal NPs, 210 nm for [3+3]-Gal vesicles, ca. 1.08 ym for
[6+6]-Gal micron-sized vesicles, and 72 nm for [3+3]-EGy
NPs). Atomic force microscopy (AFM), scanning electron
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microscope (SEM), and TEM energy-dispersive X-ray
mapping results were in good agreement with TEM and
DLS results (Figures 2 and S6—S9).

To understand these different nanostructures formed by the
different amphiphilic metallacycles, dissipative particle dynam-
ics (DPD) simulations (see details in Supporting Information)
were employed to investigate the self-assembly mechanism at
the molecular level. The modeling of metallacycles was
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Figure 3. (a—n) TEM, AFM, and SEM images of the microsized vesicles by the self-assembly of [6+6]-Gal and proposed self-assembly mechanism;
(o) Time sequence of snapshots illustrating the self-assembly process of [6+6]-Gal in the simulation.

established by using the coarse-grained (CG) method, where
each group in the metallacycles was represented by using one
CG bead (see the inset of Figures 2j—I and 30). For [2+2]-
Gal, about 300 metallacycle molecules were randomly placed
in solvated box at the beginning of the simulation (Figure
S14a). Due to the hydrophobicity of the metallacycle scaffold,
the molecules quickly formed into small aggregates, and the
size of the aggregates increased as standing time went on. Then
these aggregates further fused with each other due to the 7—n
stacking (i.e., effectively attractive interaction between
aromatic beads). The carbohydrate—carbohydrate interactions
(CCIs) resulting from the hydrogen bonds between hydroxyl
groups and the hydrophobicity interaction among the ring of
galactosides'” also contribute to the further fusion of these
aggregates. Finally, [2+2]-Gal assembled into NPs in the
simulation (Figure 2j), which agreed well with the
experimental findings. However, for [3+3]-Gal, because of
the stronger CClIs resulted from the existence of more
galactosides compared with [2+2]-Gal, these aggregates
therefore further fused with each other and a piece of planar
membrane occurred (Figures 2k and S14b). Finally, the
layered structure can be observed, which may give some hints
for the vesicle structures observed in the experiment. On the

64

other hand, since the far weaker interaction among EG;
molecules than CCIs, we did not consider the effective
interaction between EG; beads in the simulations. As shown in
Figures 2l and S13c, the [3+3]-EGg molecules first formed
aggregates, which was similar to the case of [3+3]-Gal
However, as standing time went on, due to the lack of CClIs,
these aggregates did not change into the layered structure and
the sphere NPs remained, which was in good agreement with
the experimental results. Collectively, the balance between
hydrophobicity and #—x stacking of the metallacycles scaffold
and the CClIs of galactosides contributes to the above special
self-assembly behaviors, and the simulation results confirmed
the importance of CClIs in the late stage of the self-assembly
evolution process, demonstrating the significant impact of
carbohydrates on the assembly morphology.

Compared with [3+3]-Gal hexagonal metallacycle, [6+6]-
Gal that possesses more galactosides with a larger molecular
size (Figure S4) may result in distinctive self-assembly
behavior. Unexpectedly, [6+6]-Gal self-assembled into some
micron-sized vesicles. TEM, AFM, and SEM were used to track
the self-assembly process and the evolution profile of the
morphologies has been depicted in Figure 3. Some small
micelles were observed from TEM and AFM images initially
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The concentrations of saccharide-functionalized metallacycles were all 2 mg/mL. Green fluorescence: the EPS stained by FITC-Con A; *p < 0.05,

#kp < 0,01, **¥p < 0.001.

(Figure 3a,b). Individual fibers fused by the small micelles at
the early stage were observed, as shown in Figure 3c,d.
Attractively, with standing time extended, the entanglement of

fibers enabled the formation of some octopus-like particles
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(Figure 3e,f). Importantly, as shown in Figure 3g—i, it was
found that the core of the octopus-like particles could grow
(even micron-scale) with more fibers entangled with the core.
In the adjacent regions to core, fibers showed the tendency to
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fuse together. Furthermore, the membrane structures were
found (Figure 3jk), which might be caused by the further fiber
fusion. On the other hand, some fibers could still be discovered
near the octopus-like particles confirming the fiber-fusion
process. We proposed that the fusion tendency of fibers was
resulted from their hydrophobic areas of relatively large
metallacycle scaffold and the strong CCls between [6+6]-Gal,
even microsized membrane could be formed with further
fusion (Figures 31 and S12). Thus, the membrane curved into
vesicle-like structure with cavity (Figure 3m), and the micron-
sized multiwall vesicles formed finally (Figure 3n). The
evolution profile of the morphologies has been depicted in
Figure 3. All the structures were also confirmed through AFM
(Figure S10) and SEM (Figure S11) images.

Although the electronic microscopes could not follow the
whole details of the self-assembly process of [6+6]-Gal, some
important intermediate morphologies were also detected
(Figure S12). DPD simulation could also provide some
evidence for the morphology transition as observed in the
experiment. As shown in Figure 30, at the beginning (0.10 ys),
due to the large size of metallacycle and multiple interacting
sites in [6+6]-Gal, the molecules formed cross-linked network.
The network further shrank to fiber structure to avoid the
undesired interactions between the hydrophobic parts and
water. Owing to the enhanced CClIs, the fiber further packed,
and finally, a piece of “irregular” membrane was formed.

To study the effect of metallacycle assemblies against the
bacteria, the antibacterial activity of metallacycle assemblies
was evaluated by the propagation of S. aureus. Briefly, S. aureus
was coincubated with different metallacycle assemblies with
the same concentration of metallacycles, and ODgy, was
recorded every hour to evaluate the growth of S. aureus. As
shown in Figures 4a and S1S5, [6+6]-Gal vesicles exhibited
superior antibacterial activity than the other metallacycles
assemblies. Meanwhile, [3+3]-Gal vesicles and [2+2]-Gal NPs
showed slightly better antibacterial activity than [3+3]-EG;
NPs, indicating that the galactosides moiety contributed better
to antibacterial activity.

Encouraged by the antibacterial activity of metallacycles, the
efficacy of metallacycles assemblies to disrupt bacterial biofilms
was evaluated by crystal violet staining assay (see Supporting
Information for details). Different concentrations of the
metallacycle assemblies were coincubated with equivoluminal
planktonic S. aureus for 24 h. Afterward, the biofilms of S.
aureus were quantified by the absorbance of crystal violet at
590 nm (Table S1). The biofilm formation results (calculated
according to the formula in Supporting Information) are
shown in Figure 4b,c. The capacity in biofilms inhibition of
different metallacycle assemblies and Donor 1 was compared
to investigate the role that metallacycle assemblies played in
biofilm inhibition (Figure 4b). The three metallacycle
assemblies demonstrated satisfactory biofilm inhibition activity
at 25 uM concentration (consistent concentration of metalla-
cycles), which is much better than the performance of Donor
1. Furthermore, even at a relatively low concentration (12.5
uM), [6+6]-Gal vesicles still showed over 90% inhibition,
which is much better than those of [2+2]-Gal NPs and [3+3]-
Gal vesicles on biofilms inhibition. To further demonstrate the
contribution of galactosides, the biofilm inhibition properties
of Donor 1, [3+3]-Gal vesicles, and [3+3]-EG; NPs were
investigated at the same concentration. Figure 4c revealed that
[3+3]-Gal vesicles showed a strong biofilm inhibition effect,
while [3+3]-EGs NPs and Donor 1 showed little biofilms
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inhibition effect. The difference was even much more
significant at S0 yM, which suggested that galactosides played
an important role in inhibition of biofilms of S. aureus. The
biofilms experiments agreed well with the antibacterial effect in
proliferation curves. As mentioned above, [6+6]-Gal vesicles
exhibited a strong biofilm inhibition effect even at very low
concentration, which surpassed the effect in many reported
works.”'® Visualized evidence in biofilms inhibition has been
provided by confocal laser scanning microscopy (CLSM) 3D
images (Figure 4e). Biofilms were fixed with absolute ethyl
alcohol and labeled with FITC-Concanavalin A, which labels
EPS of biofilms.'” The samples with an addition of [2+2]-Gal
NPs, [3+3]-Gal vesicles, and [6+6]-Gal vesicles (2 mg/mL)
showed nearly no biofilms formation.

The interaction between S. aureus and saccharide-function-
alized metallacycles was investigated to gain further insight into
the mechanism of biofilms inhibition. As shown in Figure S16,
owing to the intrinsic fluorescence of metallacycles, 358 nm
laser was used to excite without any other external dyes to
stain, all S. aureus were observed in the bright field overlapped
with metallacycle assemblies. This result demonstrated that the
strong interaction between S. aureus and metallacycle
assemblies. S. aureus possesses considerably negative charges
because of external components (mainly proteins and lipids) of
bacteria.'® Therefore, zeta ({) potential was employed to
investigate the interaction between metallacycle assemblies and
S. aureus (Tables S2 and S3). The value of { potential
increased from —27.7 to 33.2 V after 2.0 mg/mL [3+3]-Gal
metallacycle assemblies was added, while [3+3]-EGg showed
similar result. The increase of { potential indicated the binding
between S. aureus and metallacycle assemblies was through
electrostatic interaction, but may not explain the reason for
better biofilm inhibition performed by [3+3]-Gal than [3+3]-
EG;. By using quartz crystal microbalance (QCM), the
interaction between assemblies and S. aureus was further
quantified (Figure 4d), where the metallacycle assemblies were
immobilized on the surface of gold chip. The frequency
decreased after S. aureus solution was loaded to the [3+3]-Gal-
modified gold chip (purple curve in Figure 4d), indicating the
successful absorption of bacteria on the surface. After the
frequency reached equilibrium, medium was flowed onto the
chip in order to remove any nonspecific interacting bacteria.
Thus, the observed decrease in frequency (from 0 to —15 Hz)
indicates the strong interaction between [3+3]-Gal and S.
aureus. As a control, the decrease in frequency of [3+3]-EGy
modified gold chip after the similar treatment was negligible
(from 0 to —5 Hz). It is known that the weight of gold chip
increases accompanying with the frequency decrease.'” The
above difference of decrease in frequency suggested that the
glyco-metallacycles assemblies interact with S. aureus more
effectively through interaction (“sweet talking”) between
galactosides and S. aureus, which could not be achieved via
EG; modification of [3+3]-EGs. In short, the QCM result
indicated that galactoside involved in the association between
saccharide-functionalized metallacycle assemblies and S. aureus.
Hence, according to the antibacterial experiment, { potential,
and QCM results, we concluded that electrostatic interaction
contributes little to the biofilm inhibition since [3+3]-EGs,
with strong electrostatic interaction exhibiting weak biofilm
inhibition. More importantly, the “sweet talking” between
galactosides and S. aureus gave great contribution to biofilm
inhibition ([3+3]-Gal with higher biofilm inhibition than
[3+3]-EGy).
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Figure 5. (a) Scheme of S. aureus penumonia animal model to assess the effect of [6+6]-Gal assemblies on alleviating pneumonia, (b) IL-6, THF-a
was detected by ELISA to indicate the inhibition of inflammatory effect of S. aureus; ***p < 0.001.

S. aureus is the most common purulent infectious pathogen
in humans. When S. aureus infects the body, it might cause
some fatal diseases including pericarditis, pneumonia, sepsis,
and so on.”® Clinical data®" showed that S. aureus pneumonia
was already widespread worldwide with a high mortality rate,
which poses a great challenge to human health. As a proof-of-
concept demonstration of the potential of pneumonia
inhibitor, herein, S. aureus pneumonia animal model was
established to test whether saccharide-functionalized metalla-
cycles assemblies can resist against lung disease. As shown in
Figure Sa, after establishing the model of acute pulmonary S.
aureus (2 X 10° cfu/mL) infection, mice were added by
intratracheally instilling exogenously PBS or [6+6]-Gal vesicles
(35 uL, 10 uM). A total of 24 h later, the lung tissue was
ground and the lung homogenates were used to measure the
secretion of IL-6 and TNF-a since these two kinds of cytokines
could reflect the inflammation level. Figure Sb showed that
cytokines of the S. aureus group are higher than that of PBS
control group, indicating the successful establishment of S.
aureus pneumonia model. Meanwhile, the cytokines of the
group with [6+6]-Gal assemblies showed obvious decrease
compared with that of S. aureus group. The decrease of the
value of IL-6 and TNF-a demonstrated the high efficiency of
[6+6]-Gal assemblies in alleviating pneumonia in mice. This
enzyme-linked immunosorbent assay (ELISA) experiment
suggested that [6+6]-Gal assemblies could be used as the
potential pneumonia treatment reagent effectively.

In summary, a series of amphiphilic saccharide-function-
alized metallacycles were constructed and these metallacycles
displayed special self-assembly behaviors with different
morphologies (nanoparticles, vesicles, octopus-like particles
and micron-sized vesicles). Evolution profile of the morphol-
ogies and molecular simulation method were utilized to further
shed light on the mechanism of self-assembly. Significantly,
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[6+6]-Gal exhibited excellent biofilms inhibition of S. aureus,
even at a very low concentration, owing to the synergistic effect
of electrostatic interaction between metallacycle assemblies
and S. aureus as well as the interaction (“sweet talking”)
between galactoside and S. aureus. Furthermore, [6+6]-Gal
vesicles can effectively relieve pneumonia of mice caused by S.
aureus. This work opens a new avenue on biofilm inhibitor
design based on the interaction between the saccharides from
the inhibitor and the bacteria.
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