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Pyrgos[n]cages: Redefining antibacterial strategy

against drug resistance

Yi Zhang11', Miaomiao Luo't, Xiangling Shi', Aimin Li", Wei Zhou', Yuyao Yin?, Hui Wangz,

Wing-Leung Wong?, Xinxin Feng'#, Qing He'*

Amid rising antibiotic resistance, the quest for advanced antibacterial agents to surpass microbial adaptation is
paramount. This study introduces Pyrgos[n]cages (n = 1 to 4), pioneering multidecker cationic covalent organic
cages engineered to combat drug-resistant bacteria via a dual-targeting approach. Synthesized through succes-
sive photocatalytic bromination and cage-forming reactions, these architectures stand out for their dense posi-
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tive charge distribution, exceptional stability, and substantial rigidity. Pyrgos[nlcages exhibit potent bactericidal
activity by disrupting bacterial membrane potential and binding to DNA. Notably, these structures show unparal-
leled success in eradicating both extracellular and intracellular drug-resistant pathogens in diverse infection sce-
narios, with antibacterial efficiency markedly increasing over 100-fold as the decker number rises from 1 to 3. This
study provides an advance in antibacterial tactics and underscores the transformative potential of covalent or-
ganic cages in devising enduring countermeasures against antibiotic-resistant microbial threats.

INTRODUCTION
The rising tide of antibiotic-resistant bacteria poses a formidable
threat to global health (1, 2). The dwindling effectiveness of conven-
tional antibiotics against these resistant strains heralds an urgent
antibiotic crisis, necessitating a swift and comprehensive search for
new antimicrobial methods (3-5). Among these, the discovery of
unique chemical scaffolds with innovative bactericidal actions is
crucial (6-8). In antibiotic research, targeting a singular enzyme of-
ten spurs resistance, as even minor changes in the drug target can
lead to inefficacy (9-11). Monotherapeutic antibiotics that maintain
effectiveness tend to target multiple enzymes or disrupt bacterial cell
membranes (12, 13). Consequently, the development of membrane-
targeting antimicrobials is increasingly vital, given their resilience
against evolutionary resistance mechanisms in bacteria (13, 14). Re-
search in this domain, inspired by natural membrane-targeting
agents such as antimicrobial peptides (AMPs) and proteins, has
spurred the synthesis of mimics aimed at combating multidrug-
resistant bacterial infections (15-17). Cationic and hydrophobic at-
tributes are essential for the effectiveness of cationic AMPs in
antimicrobial activities (18). Typically, these AMPs manifest as cat-
ionic and amphipathic a-helical peptides, targeting anionic bacterial
membranes (18, 19). Their primary mechanism involves membrane
penetration, leading to pore formation and subsequent bacterial
membrane disruption, thereby combating multidrug-resistant bac-
teria effectively (20). However, the efficacy of AMPs and their ana-
logs is challenged in animal systems, wherein high concentrations of
salts and proteases can adversely affect their structural integrity and
function (21).

To overcome these challenges, in addition to existing inorganic
nanoparticles and inorganic/organic hybrid materials, various strategies
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have been investigated. These include modifying polypeptide struc-
tures, physically encapsulating polypeptides, and integrating multi-
ple modification techniques (21-24). Alternatively, supramolecular
macrocycles (e.g., cucurbiturils, cyclodextrins, calixarenes, and pil-
lararenes) have risen over the past decades as promising molecular
scaffolds for AMP mimics because of their facile synthesis, unique
structures, adaptable functionalities, unusual host-guest complex-
ation abilities, and dynamic modularity (25-30). More often than
not, these macrocycles serve as ideal platforms for further function-
alization antibacterial features, such as positive charges, through
covalent or noncovalent interactions, presenting promising biologi-
cal activity (31-33). For instance, in 2016, Zhang and co-workers
(34) crafted a polypseudorotaxane by threading cucurbit[7]uril onto
the lysine units of €-poly-L-lysine hydrochlorides via host-guest
complexation for effectively treating antibiotic-resistant infections.
Later in 2019, Gao's group (35) designed a multifunctional zwitter-
ionic pillar[5]arene that forms nanoaggregates with antibacterial
properties against Escherichia coli and Staphylococcus aureus and ef-
fectively disrupts established E. coli biofilms, showing promise in
overcoming bacterial resistance. In 2022, Guo’s group (36) developed
a hypoxia-responsive carrier, lactose-modified azocalix[4]arene, for
targeted biofilm inhibition and enhanced antibacterial efficacy in
diabetic wounds. Collectively, impressive are these recent advances
in terms of the low cytotoxicity and relatively high antimicrobial
activity of the supramolecular antibacterial agents. Although
macrocycle-based antibacterial agents offer a promising solution to
the challenges faced by AMPs, most, if not all, of them have been
reported to predominantly kill extracellular bacteria through
mechanisms such as disrupting bacterial membrane structure and
function. Moreover, among them, it is exceedingly rare to en-
counter systems that effectively thwart the development of bacte-
rial resistance evolution. Hence, ongoing search for new molecular
scaffolds targeting intracellular drug-resistant bacteria is high-
ly needed.

Structurally, AMPs, their synthetic analogs, and supramolecu-
lar macrocycle-based agents feature a relatively flexible architec-
ture, characterized by variable and sparse charge distribution (37).
This flexibility arises from the use of pliable linkages in attaching
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functionalities to macrocyclic frameworks or from flexible polymer
backbones for host-guest binding to the macrocycles (Fig. 1A).
However, functionalized constructs with high rigidity and uni-
formly distributed charges at fixed positions remain unmet chal-
lenges, which could result in the discovery of conceptionally new
antimicrobial agents for drug-resistant bacteria. Covalent organic
cages have garnered increasing interest from the chemical com-
munity and beyond due to their tailored synthesis, ideal function-
alization platforms, and unique binding pockets comparable to
enzyme-binding sites, as well as their broad applications in mo-
lecular recognition, mass transport, gas separation, catalysis, and
many others (38). In this contribution, we designed and synthesized
a series of multidecker covalent organic cages, named Pyrgos[n]
cages (with “Pyrgos” denoting a Greek tower and “n” indicating the
number of deckers). Each level of these Pyrgos[n]cages is formed
by two parallel benzene rings acting as the top and bottom and
three positively charged imidazolium groups serving as the “walls”
(Fig. 1B). Unprecedentedly, these functionalized molecules feature
exceptionally high rigidity and up to 12 positive charges uniformly
displaced at fixed positions. Consequently, the Pyrgos[n]cage se-
ries, synthesized through iterative photocatalytic bromination and
cage-forming reactions, exhibited both strong bactericidal proper-
ties and biocompatibility. Their efficacy is rooted in a dual-action
mechanism: disrupting bacterial membrane potential and bind-
ing to DNA (Fig. 1C). These structures proved highly effective
across various bacterial infection models, successfully targeting
not only extracellular but also intracellular bacteria in mammali-
an cells and mouse models. This underscores their potential as
powerful, low-toxicity covalent organic cage-based agents against
resistant infections, offering insights for future antimicrobial de-
velopment.

A Antibacterial agents based on AMPs and
supramolecular macrocycles (previous work)
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RESULTS

Design and synthesis of Pyrgos[n]cages

In continuance of our efforts to develop new functional molecular
systems via enclosing conventional cages to form carcerands and the
like (e.g., superphanes) (39-42), we have conceived a new class of
molecular constructs through axially stacking molecular cages in a
vertical sequence. These structures, reminiscent of the Greek tower
Pyrgos, can be suitably named “Pyrgos[n]cage,” with n denoting the
count of stacked deckers. The design is straightforward, but the syn-
thesis is full of hardships. To achieve this goal, we selected benzene
rings as the top and bottom and chose imidazolium as the connect-
ing bridges based on their synthetic accessibility, rigidity, symmetry,
charge distribution, and potential antimicrobial activity.

As shown in Fig. 2, the synthesis began with the easily prepared
1,3,5-tris(bromomethyl)benzene (1b), which was coupled with im-
idazole or benzimidazole using NaH in dimethylformamide (DMF)
at room temperature to produce 2a or 2b, respectively. Subse-
quently, 2a was reacted with 1a or 1b in CH3CN under reflux for
48 hours, yielding asymmetrical Pyrgos[1]cage (3) with a 71% yield
and symmetrical Pyrgos[1]cage (P-1) with an 84% yield. Notably,
all three or six methyl groups on compounds 3 or P-1 could be
converted into bromomethyl units through photocatalytic bromi-
nation under ultraviolet light (360 nm, 100 W) in the presence of
N-bromosuccinimide (NBS). This transformation follows the com-
plete anion exchange of 3 and P-1 with hexafluorophosphate (PFs"),
resulting in the key intermediates 4a (95% yield) and 4b (83% yield).
Moving forward, upon subjecting asymmetrical Pyrgos[1]cage,
4a bearing three bromomethyl groups to cage-forming reaction
with 2a in CH3CN under reflux for 48 hours led to the formation
of expected asymmetrical Pyrgos[2]cage (P-2a) with a yield of
19%. Likewise, when 4b was used to react with 2a under typical

C Proposed in vitro and in vivo
antibacterial mechanism
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Fig. 1. lllustrative structures of the conventional and new antibacterial agents and the working mechanism of the latter. (A) AMP and supramolecular macrocycle-
based antibacterial agents (previous work) and (B) Pyrgos[n]cage-based antibacterial agents (this work). (C) A proposed mechanism of Pyrgos[n]cages for killing in vitro

and in vivo S. aureus.

Zhang et al., Sci. Adv. 10, eadp4872 (2024) 26 July 2024

20of 11

¥202 ‘62 AInc uo A1siBAIUN 21UYILIA|0d Buoy BuoH e 610:90us oS mmmy/:sdiy WwoJy papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

< A NN @
T .« g !
NaHDMF R, N
- NN
\_ RT.24h, 43% _harour _ N
= i RT, 24 h, 60%
1b: Ry = CHs JN
1a or 1b, CH;CN N
Reflux, 48 h l NBS, hv 2b
Br
?R/j 3Br- Br
N Br Br
N @ J
. / B Br
) (el r Fo—=<
’ —; 6PFg
RNM o I N '
No— 5
. Ly ©Q
3Ry =H, 71% 2a, CHACN N N
P-1: Ry = CHg, 84% Reflux, 48 h, 53% —<\
N
1. NH4PFg/H2O \ ~ N (@ £ I
2.NBS, hv, 0.5-15h —< 6Br E@> <‘-@
1. NH4PFg/H,0 4 N
Br o N ( 2.NBS, hv, 1h, 94% N S—</
Br |€ > O [ Br
=<7\ 3FFe” N Br
6 Br

4a: R; = H, 95%
4b: Ry = CH,Br, 83% P-2b
/?G
2a, CH4CN

Reflux, 48 h, 19% 2. N ®

A @»

| N

—< 6Br /

N : N

@ N N

sy { () B
N l' N N

P-2a

<"-@] 4
=

P-3

9 CH3CN
Reflux, 48 h, 2%

12Br~

Fig. 2. Synthesis of Pyrgos[1]lcage (P-1), Pyrgos[2]cages (P-2a and P-2b), Pyrgos[3]cage (P-3), and Pyrgos[4]cage (P-4). RT, room temperature.

cage-forming conditions, an unprecedented triple-decker Pyrgos[3]cage
(P-3) was obtained, achieving a yield of 42%.

Advancing our synthesis further, when hexakis(bromomethyl)
benzene (5), efficiently derived from 1b through photocatalytic bro-
mination with NBS, was treated with 2a in acetonitrile under reflux
for 48 hours, a symmetrical Pyrgos[2]cage (P-2b) was successfully
produced in a yield of 53%. Much to our delight, P-2b was found
able to be converted into its hexabromo-substituted variant (6) as

Zhang et al., Sci. Adv. 10, eadp4872 (2024) 26 July 2024

white solid with a high efficiency of 95% yield, following complete
anion exchange with PF¢~ and subsequent NBS-involved photocata-
lytic bromination. Eventually, an unusual tetradecker cage, Pyrgos[4]
cage (P-4), was successfully obtained. This was achieved by reacting
the key precursor 6 with 2b, derived from the reaction of 1b with
benzimidazole in DMF using NaH as the base at room temperature
for 24 hours, yielding 60%. Under typical cage-forming condi-
tions, the final product was obtained in a 2% yield. Note that these
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Pyrgos[n]cages were simply purified by precipitation or repeated
recrystallization in acetonitrile, rather than normal chromatogra-
phy. All Pyrgos[n]cages and the related key intermediates were
fully characterized by standard spectroscopic analyses (see figs. S1
to S35).

X-ray single-crystal structures of Pyrgos[n]lcages
We next performed crystallographic analysis to further support the
formation of Pyrgos[n]cages (P-2b, P-3, and P-4). Specifically, a
high-quality single crystal was obtained by slow diffusion of ethyl
ether into a solution of P-2b in acetonitrile, after anion exchange
with PF¢ . The resulting crystal structure revealed that an expected
double-decker molecular construct with two imidazolium-based
covalent organic cages axially fused (Fig. 3, A and B). Each Pyrgos[2]
cage molecule (P-2b) displayed a rigid and column-shaped confor-
mation with three hexakis(methyl)benzenes in a face-to-face ar-
rangement, forming two distinct deckers. Six imidazolium units
evenly distributed between the each two adjacent parallel benzene
rings contribute to the molecule’s height of ~10.2 A and a decker
height of 5.1 A (Fig. 3B and fig. $36). Although P-2b comprises two
subcavities, they primarily exclude anions except fluoride due to the
limited internal space being occupied by three hydrogen atoms from
the imidazolium moieties (fig. S37). In addition, six counter PF¢~
anions in each unit cell indicated that Pyrgos[2]cage P-2b indeed
carries six positive charges, as anticipated. These charges are uni-
formly distributed throughout the molecule, with each imidazolium
unit contributing one positive charge (fig. S38).

In the case of Pyrgos[3]cage (P-3), single crystals suitable for x-ray
crystallography were obtained by slowly evaporating a solution of
P-3 in water, again, after anion replacement with PF¢". The yielding

crystal structure gave a triple-decker Pyrgos[3]cage, an axially ex-
panded version of P-2b (Fig. 3, C and D, and figs. S39 and $40). This
rigid molecular scaffold has a height of 15.8 A with an averaged
decker height of 5.3 A. Within the unit cell, each P-3 molecule is
associated with about two bromides and seven PF¢ as the counter
anions, indicating that P-3 carries nine evenly distributed positive
charges across its nine imidazolium units (fig. S41). In a similar
manner to the crystal growth of P-3, good-quality single crystals of
Pyrgos[4]cage (P-4) were obtained through slow evaporation of a
solution of P-4 in a mixture of acetonitrile and water. The crystal
structure of P-4 showcased a remarkable tetradecker arrangement,
featuring four perpendicularly stacked (benz)imidazolium-based
cages (Fig. 3E). Impressively, the overall height of P-4 was estimated
to be ~21.1 A, with decker heights measuring 5.2 A for the benz-
imidazolium layers and 5.4 A for the imidazolium levels (Fig. 3E
and figs. S42 to S44). Notably, the structure exhibited a uniform dis-
tribution of 12 positive charges across its (benz)imidazolium units, as
evidenced by the surrounding 12 bromide counter anions for each
P-4 molecule (figs. S42 and S45A). Compared to other Pyrgos[n]
cage, Pyrgos[4]cage displays stronger symmetry. The H atoms in the
(benz)imidazolium-based cavity and imidazolium-based cavity as-
semble two perfect equilateral triangle structure where side lengths
were 3.0 and 4.2 A, respectively (fig. S44). The excellent symmetry
indicates that the rotation angles of imidazolium units in the same
cavity are all the same. This unique symmetry brings extraordinary
rigidity and stability to Pyrgos[4]cage. Taken in concert, these ob-
servations led us to conclude that a series of conceptionally new
Pyrgos[n]cages, featuring straightforward synthesis, robust stability,
pronounced rigidity, and densely packed positive charges, have been
successfully established.

Fig. 3. Single-crystal x-ray structures of Pyrgos[nlcages. (A) Top view and (B) front view of P-2b. (C) Top view and (D) front view of P-3. (E) Front view of P-4. C, yellow;
N, blue; H, white. Solvent molecules and counter anions are omitted for clarity. CCDC (Cambridge Crystallographic Data Center) P-2b: 2272285, P-3: 2270664, and P-4:
2270662 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, by emailing
data_request@ccdc.cam.ac.uk, or by contacting The CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +441223 336033.
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Antimicrobial activity of Pyrgos[nlcages with a suppression
of resistance development

AMPs are characterized by their short length, relative flexibility, cat-
ionic nature, and amphipathic structure, offering broad-spectrum
effectiveness against pathogens and rapid action, yet they face limi-
tations such as potential toxicity to host cells and, inter alia, suscep-
tibility to protease degradation (21). Thus, there is a compelling need
for innovative molecular systems that can retain the benefits of AMPs
while circumventing their limitations. In this context, Pyrgos[n]
cages could be promising and potent antibacterial agents, owing to
their special functionalities including (i) dense positive charge dis-
tribution, facilitating interactions with negatively charged bacterial
membranes or DNA; (ii) rigid, metabolically resistant structure; and
(iii) balanced hydrophobicity and hydrophilicity, reminiscent of
classic supramolecular antibacterial agents.

To test our hypothesis, we next sought to evaluate the antibacte-
rial activity and selectivity of these Pyrgos[n]cages against impor-
tant clinical bacterial pathogens. S. aureus continues to pose a
substantial threat to human health, resulting in high mortality rates
attributed to severe systemic infections. This pathogen has acquired
a reputation for its multidrug resistance capabilities, which, when
combined with its extensive array of virulence factors exacerbating

illnesses, renders it an exceedingly challenging organism to manage
within clinical settings (43).The results were shown in Fig. 4A,
table S1, and fig. S46. As expected, all Pyrgos[n]cages tested showed
excellent antibacterial effects against S. aureus, methicillin-resistant
S. aureus (MRSA), and other clinical multidrug-resistant clinical
S. aureus, except for P-4, possibly hindered by its poor water (or di-
methyl sulfoxide) solubility. Increasing the number of deckers in the
Pyrgos[n]cages enhanced their effectiveness against Gram-positive
bacteria. In sharp contrast, Pyrgos[n]cages exhibited nearly no anti-
bacterial effect on Gram-negative bacteria, likely due to their uniquely
dense outer membrane with lipopolysaccharides and divalent cat-
ions, which prevent Pyrgos[n]cages from entering (fig. S46B). We
speculated that this could be attributed to the increase in cationicity
and hydrophobicity of Pyrgos[n]cages, factors known to boost the
antibacterial activity (44). Notably, P-2b and P-3 demonstrated rap-
id antimicrobial kinetics, eradicating all S. aureus within an hour
(fig. S47).

Pyrgos[n]cages demonstrate superior efficacy against clinical
multidrug-resistant bacterial cells, surpassing most conventional
antibiotics. This supports our hypothesis that Pyrgos[n]cages could
operate through an unconventional antibacterial mechanism, enabling
them to overcome common resistance determinants and maintain

A B
ug/mi P41 P-2b P2a  P-3 P4 8] s
S. aureus 4 1 0.725 0.188 N.D. .
o — Norfloxacin
skix001913a 2 0125 04125 <0.0325 N.D. g 61
skix001915a 4 0125 <0.0325 <0.0325 N.D. 5,
USA300 2 025 0.00625 <0.0325 N.D. 2
MRSA 1 025 025 0125 N.D. e
B.subtilis 1 025 025 0125 N.D.
5-30 4 4 1 0065 ND. 70 2 4 6 8 10 12 14 16
1-71 4 2 05 <0.0325 N.D. c Days
cfnd64 16 4 1 025  N.D. 100 .
1-230 8 4 1 025  N.D. £ s
cfn420 8 4 1 025  N.D. S
cfn87 16 2 2 05  ND. > 60
6-31 16 6 3 025  N.D. §> 40
5-30 4 2 1 0125  N.D. 20
52 8 4 15 0125 ND. Yy B
6-66 2 1 1 <0.0325 N.D. 7 2 4 8 16 32 64 128 4%
[P-S] (“g/ml) Triton X-100
D
HEK 293T RAW 264.7 HK-2
120
1004 I I l TIT l : I I I I : P I
2 80 I Iy i L L !
8 60 |
>
8 40
20
1 2 4 8 16 32 64 128 1 2 4 8 16 32 64 128 1 2 4 8 16 32 64128
[P-3] (ug/ml) [P-3] (ug/ml) [P-3] (ug/ml)

Fig. 4. Antimicrobial activity assays with Pyrgos[n]cages. (A) Minimum inhibitory concentration (MIC) values of Pyrgos[n]cages. Different strains, including laboratory
strains and clinical isolates with multidrug resistance, were covered in the evaluation. skix001913a, skIx001915a, 5-30, 1-7, cfn464, 1-230, cfn420, cfn87, 6-31, 5-30, 5-2, and
6-66 are S. aureus clinical isolates with multidrug resistance; MRSA and USA300 are methicillin-resistant S. aureus strains. B. subtilis, Bacillus subtilis; N.D., not determined.
(B) Resistance evolution profile of S. aureus against P-3 and norfloxacin. Norfloxacin exhibited a sharp increase in MIC by eightfold after 14 days. (C) Hemolytic activity of
P-3 with concentrations ranging from 1 to 128 pg/ml. (D) Cell viability assays of P-3 on two mammalian cell lines (murine macrophage RAW 264.7, H. sapiens embryonic

kidney cell line HEK 293T, and a human kidney cell line HK-2).
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resistance resilience even under continuous drug pressure (Fig. 4B).
In contrast to traditional antibiotics such as norfloxacin, which ex-
hibited an eightfold increase in minimum inhibitory concentra-
tions (MICs) during stepwise resistance evolution, Pyrgos[n]cages
effectively limit the MIC change to twofold. These results suggested
that the intracellular aggregation of Pyrgos[n]cages may suppress
major resistance mechanisms.

In addition, note that Pyrgos[n]cages exhibited low eukaryotic
cytotoxicity, as evidenced by hemolytic assays (Fig. 4C and fig. S48)
and mammalian cell growth inhibition assays (Fig. 4D and fig. $49).
These findings suggest that the mechanism of action of Pyrgos[#]
cages may be specific to bacterial cells, a crucial characteristic for
their consideration as antimicrobial agents.

Molecular insights into Pyrgos[n]lcages: Dual targeting of
membranes and DNA

Given the promising therapeutic index as observed above, we
next sought to conduct an in-depth mechanistic investigation of
Pyrgos[n]cages. Since Pyrgos[n]cages feature multiple and evenly
distributed cationic sites, these could facilitate their interaction
with negatively charged biomacromolecules, such as bacterial
membranes and DNA. Thus, we first investigated the interaction

between Pyrgos[n]cages and bacterial membrane, the outmost barrier
of the cell envelope, through a comprehensive set of biochemical
and microbiological assays. Membrane interaction was first studied
by lipid interference assays with PG (phosphatidylglycerol; major
membrane lipid of the bacteria). Our findings indicated that the
antimicrobial activity of Pyrgos[n]cages could be suppressed by the
addition of PG (Fig. 5A), with the greatest effect (8-fold MIC
change) for P-3 as compared to the shorter Pyrgos[n]cages (1.25- to
1.5-fold MIC changes). This result preliminary suggested that Pyrgos[#]
cages showed affinity toward membrane lipid possibly via electro-
static interactions, which may lead to attachment of Pyrgos[n]cages
on the surface of bacterial cells and alternation of the cell functions.
To verify this hypothesis, we next measured the surface potential
of S. aureus cells in the presence of Pyrgos[n]cages. As shown in
Fig. 5B, in the absence of Pyrgos[n]cages, the zeta potential of
S. aureus cells was largely negative because of the presence of an-
ionic lipids including cardiolipin, PG, phosphatidylinositol, and tei-
choic acids as major components of its phospholipid lipid bilayer.
With increasing concentration of cationic Pyrgos[n]cages (16 or 32 pg/
ml), we found changes in the zeta potential of S. aureus from negative
to positive. The results may indicate that the positively charged
Pyrgos[n]cages interacted with the bacterial membrane (45). Consistent
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Fig. 5. Membrane-targeting activity assays and DNA-targeting activity assays. (A) The exogenous PG interference assay suggested that Pyrgos[nlcages have an in-
teraction with PG, especially. (B) Zeta potential changes of bacteria after being treated with Pyrgos[n]cages of different concentrations (16 and 32 pg/ml). (C) Results from
the cytoplasmic membrane depolarization assay. Apparent cell membrane disruption by addition of Pyrgos[n]cages could be observed. (D) Gel retardation assay showing
the complexation of a 6500-base pair plasmid DNA (Pcold-ctxm-15) and Pyrgos[n]cages/vancomycin (VAN). DNA was fluorescently labeled by Gel-Red, an intercalator-
type dye. (E) Upon the introduction of 64 mM of the compound, we observed a remarkable inhibition of EB-DNA fluorescence, indicating the compound’s potential to
interact with and perturb the structure. This observation has been well documented and is presented in the accompanying experimental data. (F) Confocal microscopic
images showing P-3-stained bacteria cells and DNA stained by 4',6-diamidino-2-phenylindole (DAPI) in B. subtilis [blue: DAPI-stained B. subtilis DNA, excitation (Ex) = 405 nm,
emission (Em) = 425 to 475 nm; green: P-3 fluorescence, Ex = 405 nm, Em = 500 to 550 nm). Scale bars, 10 and 40 pm. (G) The two-dimensional (2D) intensity histogram
was plotted using P-3 fluorescence and DAPI fluorescence against nucleus fluorescence, respectively.
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with the results of lipid interference assays, P-3, the molecule with
the most deckers, exhibited the most prominent effect on surface
potential change.

Following the demonstrated membrane interaction of Pyrgos[#]
cages, we proceeded to examine their impact on the structural in-
tegrity and functions of bacterial membranes, including the perme-
ability barrier and bioenergetic transduction sites. Traditionally,
AMPs are recognized for seriously disrupting bacterial membrane
structures through mechanisms such as toroidal pore formation,
barrel-stave pore formation, or carpet-like disruption. These actions
result in severe deformation of membrane integrity and the leakage
of cellular contents (46). To investigate the impact of Pyrgos[n]cages
on bacterial membrane structure, we initially observed the mor-
phology of S. aureus cells treated with P-3 and noted no substantial
membrane rupture (fig. S50). Similarly, using the propidium iodide
membrane permeability assay, we detected no substantial alteration
in membrane permeability following the treatment with Pyrgos[n]
cages (fig. S51). These findings collectively indicated that Pyrgos[#]
cages, unlike traditional AMPs, may affect the bacterial cell mem-
brane less destructively. The observed antimicrobial activity could
therefore stem from interference with critical membrane functions,
such as bioenergetic transduction.

To test our hypothesis regarding membrane potential changes,
which are critical for a broad spectrum of bacterial physiological
processes and behaviors (47) including antibiotic resistance (48),
cell division (49), and environmental sensing (50), we conducted
cytoplasmic membrane depolarization assays using a DiSCs5 dye.
This potentiometric probe accumulates on hyperpolarized mem-
branes and integrates into the lipid bilayer, where its fluorescence is
quenched at high concentrations. Thus, an increase in DiSC35 fluo-
rescence signals membrane potential dissipation. Our results, de-
picted in Fig. 5C, demonstrated that Pyrgos[n]cage treatment elevated
fluorescence intensity, signifying membrane potential disruption.
Furthermore, P-3 would interact with bacterial cell surfaces through
electrostatic attraction, a process that can lead to the aggregation of
bacteria into clusters. This aggregation creates a microenvironment
where the diffusion of nutrients and signaling molecules is heavily
compromised, potentially altering the metabolic and communica-
tive processes of the bacteria (figs. S52 and S53) (51-53). Notably,
P-3 exhibited the most substantial depolarizing effect, followed by
P-2b, P-2a, and P-1, aligning with their lipid-binding affinity and
surface attachment capabilities as shown in Fig. 5, A and B.

Beyond disrupting bacterial membrane, some natural AMPs can
penetrate bacterial membranes to inhibit additional intracellular
bacterial targets (54, 55). Given the cationic structure of Pyrgos[n]
cages and their membrane-associating activity, it is plausible that
they might internalize within cells to act against intracellular targets
such as negatively charged DNA. In vitro gel retardation assays indi-
cated a dose-dependent DNA migration retardation with Pyrgos[n]
cages addition (Fig. 5D). Furthermore, a fluorophotometric compe-
tition assay revealed that P-3 is the most potent DNA binder among
Pyrgos[n]cages, as evidenced by its ability to displace the known
DNA binder ethidium bromide (EB), resulting in fluorescence loss
(Fig. 5E and figs. S54 and S55). This enhanced binding capacity may
be due to increased multivalent interactions as the number of cage
layers rises. Using molecular operating environment for molecular
docking, the results (fig. S56) indicate that the most probable DNA
binding mode is a groove binding mode. This interaction involved
the observation of hydrophobic interactions, hydrogen bonds, and

Zhang et al., Sci. Adv. 10, eadp4872 (2024) 26 July 2024

n-n stacking involving arene C—H bonds. We also explored P-3’s
potential for cellular internalization and subsequent DNA binding.
Confocal microscopy demonstrated marked colocalization of P-3’s
green fluorescence with Hoechst, a DNA-specific dye permeable to
bacteria (Fig. 5F), with a colocalization coefficient of 0.93 (Fig. 5G
and fig. §57), suggesting successful internalization and DNA in-
teraction.

Together, the interactions with biomacromolecules indicated
that Pyrgos[n]cages, particularly P-3, diverge from classical AMPs
by not solely disrupting membrane integrity. Instead, they exert an-
timicrobial effects by embedding into the bacterial membrane and
further permeating into the cell to target intracellular DNA. This
distinctive dual-targeting approach not only underpins the potent
antibacterial activity of P-3 but also ensures the biocompatibility
necessary for practical applications in ex vivo and in vivo disease-
related studies, which are explored in the subsequent section.

Eradication of intracellular S. aureus by Pyrgos[n]cages with
notable biocompatibility

On the basis of in vitro antibacterial activity and antimicrobial resis-
tance, we further investigated the antimicrobial effect of Pyrgos[n]
cages under more physiologically related bacterial infection condi-
tions, especially with the consideration of S. aureus being a stubborn
intracellular persisting pathogen. Accumulating evidence suggests
that S. aureus can adapt to an intracellular lifestyle in various host
cells including keratinocytes, endothelial cells, epithelial cells, fibro-
blast, osteoblasts, and macrophages, contributing to chronic infec-
tions and antibiotic resistance (4, 12). After being phagocytosed,
S. aureus resides in early phagosomes, advances to late phagosomes,
and ultimately merges with lysosomes to form phagolysosomes
(Fig. 6A). Within the acidic phagolysosome environment, S. aureus
assumes a dormant persister cell state, acting as a reservoir for re-
current infections. Therefore, these distinct microbiological traits
suggest that, for Pyrgos[n]cages to be effective in combatting intra-
cellular S. aureus, three preliminary requirements have to be fulfilled:
(i) antimicrobial activity against the dormant persistent intracellular
style of S. aureus, (ii) sufficient uptake within S. aureus—infected
cells, and (iii) precise colocalization with the S. aureus-residing
phagolysosomes.

Activity against dormant S. aureus cells was demonstrated
with an artificial slow-growth culturing condition with phosphate-
buffered saline (PBS) (56). As shown in Fig. 6B, while conven-
tional antibiotic vancomycin fails to kill dormant S. aureus with
a concentration up to 8 pg/ml, P-3 effectively eradicated these per-
sisting bacteria at 0.25 pg/ml, a dose comparable to its activity
against active growth S. aureus. Consistent results were obtained
with a higher initial inoculum of bacteria (fig. S58). Next, intracel-
lular uptake of Pyrgos[n]cages was quantified by flow cytometry,
indicating a remarkable level of accumulation of these molecules
(Fig. 6C). The intracellular localization of P-3 in S. aureus-infected
macrophages (Sa@RAW) was then examined using high-resolution
confocal microscopy. The results revealed a pronounced cocoloni-
zation between P-3 and S. aureus (Fig. 6D-i and fig. S59A), with a
colonization coefficient of 0.73. Further investigation suggested
that this favorable drug-bacteria cocolonization may stem from
the phagosomal localization of S. aureus (Fig. 6D-ii and fig. S59B)
and the lysosomal localization of P-3 (Fig. 6D-iii and fig. S59C).
Drug-bacteria cocolonization was thus facilitated by the subsequent
fusion of the S. aureus—containing phagosome and P-3-containing
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lysosome, forming phagolysosomes, in line with the natural intra-
cellular fate of S. aureus.

facilitating the interactions of P-3 with biomacromolecules in a
multivalent manner. The cooperative nature of such multivalency,

The efficacy against dormant persistent bacteria, coupled with
sufficient accumulation and precise colocalization within the pha-
golysosome compartment, underscores the activity of P-3 against
challenging intracellular S. aureus, with noticeable improvement
over the conventional antibiotic vancomycin (Fig. 6E). Note that P-3
displays the highest level of activity among the Pyrgos[n]cages, align-
ing with the effects on biomacromolecule targeting. Inspired by this
correlation, we further reviewed the relationship between the multi-
decker chemical structure of Pyrgos[n]cages, biomacromolecular
binding affinity, and their antibacterial activities (Fig. 6F). Increas-
ing the number of deckers brings together increased positive charge
(F charge) and hydrophobicity (log P) in the Pyrgos[n]cages series,

Zhang et al., Sci. Adv. 10, eadp4872 (2024) 26 July 2024

together with the dual-targeting mechanism of action, thus results
in the most potent in vitro and in cellular antimicrobial activities of
P-3. Together with its demonstrated cellular biocompatibility, P-3
represents a promising antimicrobial agent for subsequent in vivo
study with an S. aureus-infected animal model.

In vivo antimicrobial activities of Pyrgos[n]cages in a S.
aureus skin infection model

Wound infections affecting the dermis, including burns, surgical
site infections, and diabetic foot ulcers, pose substantial challeng-
es in health care (57). Recognizing that S. aureus is a prevalent
contributor to chronic wound infections (58, 59), we established a
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mouse excision wound model infected with S. aureus to assess the
efficacy of P-3. In this model study, large surface wounds were
artificially created on mice, and the wound areas were infected
with a high load of a highly virulent MRSA (carbapenem-resistant
Acinetobacter baumannii) clinical isolate (10 colony-forming units).
The wound area underwent treatment with vancomycin, P-3, and
PBS over 7 days, with the mice’s status observed for an additional
7 days (see flowchart in Fig. 7A). We observed that P-3 treatment led
to enhanced sterilization of the wound surface throughout the entire
treatment period (Fig. 7B). After just 1 day of treatment, there was a
four-log reduction in bacterial load on the wound surface (Fig. 7C),
representing a substantial improvement over the other treatment
groups. The Pyrgos[n]cages treatment also facilitated wound healing
(figs. S60 and S61) with a notably improved recovery of the wound
area. As depicted in Fig. 7D, the hematoxylin and eosin (H&E) stain
analysis of the wound section in the PBS group reveals a partial loss of
the epidermis in the skin tissue (red arrow), accompanied by a locally
remarkable thickening of the skin in the affected area (black arrow).
In sharp contrast, the wound section of the P-3 group exhibited intact
skin with a moderate level of thickening (black arrow). No toxicity
was observed during the P-3 treatment, as indicated by both the
mouse body weight change (Fig. 7E) and the immunohistogram of
major organs after treatment (Fig. 7F). Collectively, the in vivo data
suggested that P-3, endowed with an antiresistant mechanism of action

stemming from a new chemical molecular design, holds promise for
the treatment of the notorious S. aureus skin infection.

DISCUSSION

In conclusion, we unveil a series of Pyrgos[n]cage-ingeniously engi-
neered multidecker cationic covalent organic cage-achieved through
innovative photocatalytic bromination and precise cage-forming reac-
tions. These structures, characterized by their ease of synthesis, modi-
fiable dimensions, exceptional rigidity, and extraordinary stability,
stand out for their densely packed, uniformly distributed positive
charges. Demonstrating a remarkable ability for selective interaction
with bacterial rather than human cells, Pyrgos[n]cages exert potent
bactericidal effects by simultaneously targeting bacterial mem-
branes and DNA. A notable specificity for Gram-positive over Gram-
negative bacteria was observed, with ex vivo studies revealing that the
P-3 variant eradicated S. aureus while preserving mammalian cell
integrity. Crucially, in vivo experiments in mouse models infected
with methicillin-resistant S. aureus showcased P-3’s outstanding bac-
tericidal efficacy with minimal toxicity, heralding these molecular
frameworks as pivotal advances in combating drug-resistant bacterial
infections. This study not only sets a new paradigm in antibacterial
strategy but also charts the course for future innovations in antimicro-
bial therapy. Subsequent efforts will aim to broaden the antimicrobial
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Fig. 7. In vivo antimicrobial activities of P-3 in a S. aureus skin infection model. (A) Schematic diagram of S. aureus cutaneous abscess infection and treated. N = 6 for
the P-3 group, N = 6 for the vancomycin group, N = 6 for the PBS group. (B) Comparison of bacterial loads of major organs for PBS, vancomycin, and P-3 treatment groups.
The day after the wound was coated with bacteria was the starting day of counting. (C) Quantification of bacteria burden and the bacterial colony images on survived
mice’s wound areas on first day. (D) H&E stain analysis of the wound area of the survived mice at day 8. (E) The infected mouse weights change during treatment. (F) Organ

tissue H&E staining analysis for different treatment groups at day 8.
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spectrum of Pyrgos[n]cages, particularly against Gram-negative
pathogens, by enhancing their affinity for lipopolysaccharides, thus
underscoring the transformative potential of covalent organic cages
in addressing the urgent challenge of antibiotic resistance.

MATERIALS AND METHODS

All solvents and reagents were purchased from commercial sources
without further purification. "H and ">C nuclear magnetic resonance
spectra were collected using Bruker AVANCE 400, and deuterated
solvents were purchased from Cambridge Isotope Laboratories.
Residual solvent peaks were used as internal reference [CDCl; 6 =
7.26 parts per million (ppm), D,0 8 =4.79 ppm, CD3CN 8 = 1.94 ppm,
and dimethyl sulfoxide-ds 8 = 2.50 ppm]. High-resolution mass spec-
trometry (electrospray ionization) was recorded on Bruker Apex-Q IV
FTMS mass spectrometer. X-ray crystallographic data were collected
on Bruker D8 Venture diffractometer. All the flow cytometry studies
were performed on a Becton Dickinson Accuri C6 Plus instrument.
Zeta potential was conducted on a Malvern Zetasizer Nano ZSP instru-
ment. Fluorescence spectroscopies were measured on a Hitachi F-7000
fluorescence spectrophotometer. Fluorescence microscope images were
acquired using a Nikon Eclipse Ti2-E Laser Confocal Microscope. For
blue/cyan fluorescence, wavelength was set at 405 nm for excitation. For
green fluorescence, wavelength was set at 488 nm for excitation. For red
fluorescence, wavelength was set at 561 nm for excitation. The part of
obtained data was processed through Origin 2017 and GraphPad Prism
8 and then saved as vector image files (*.eps) for coloring and annota-
tion in Adobe Ilustrator CC 2015.

Water was obtained from a Milli-Q purification system. The follow-
ing bacteria were purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA): S. aureus Newman strain (ATCC, 25904),
S. aureus USA300 (ATCC, BAA-1717), B. subtilis from subsp. subtilis
(Ehrenberg) Cohn (ATCC, 6051), Enterococcus faecalis (Andrewes
and Horder) Schleifer and Kilpper-Balz (ATCC, 19433), Klebsiella
pneumoniae subsp. pneumoniae Schroeter Trevisan (ATCC, 27736),
A. baumannii Bouvet and Grimont (ATCC, 19606), Pseudomonas
aeruginosa PAO1 (ATCC, 47085), and E. coli K12 (ATCC 29425) was
from TsingKe Biological Technology, Beijing. P. aeruginosa reference
strain 14 was obtained from BEI Resources. Bacterial clinical isolates
were from Shenzhen People’s Hospital and Peking University People’s
Hospital. All bacteria strains were confirmed by 16S ribosomal DNA
sequencing. Homo sapiens embryonic kidney cell line human embry-
onic kidney (HEK) 293 (ATCC, CRL-3216) and murine macrophage
celllineRAW 264.7 (ATCC, TIB71) were purchased from ATCC. Bacteria
names without an affix or note are laboratory strains.
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