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Bacteria, as living agents, have been widely used for microbial therapy due to their inherent ability to colonize different in vivo
microenvironments, particularly in the gut and tumor. The interaction with diverse biointerfaces plays a critical role in bacterial
colonization, and thereby determine the ultimate efficacy of microbial therapy. Although surface modification of bacteria with
exogenous functional motifs can vary their interaction with surroundings, the effects of surface chirality of modified bacteria on
mucous adhesion, tumor cell binding, and bacterial competition remain unknown. Here, we describe surface chirality-dependent
selective interactions of bacteria to mucins, tumor cells, and pathogens. By coating bacteria with cationic polyethyleneimine
modified with different chiral amino acids through electrostatic interaction, we find that bacteria coated with a D-chiral surface
structure exhibit greatly increased adhesion to both mucins and tumor cells compared with those of L- and DL-structures. In
addition, by adjusting the chirality of the coating, wrapped probiotic bacteria can selectively resist pathogenic bacteria, showing
great potential to enhance colonization and positively modulate the gut and tumor microbiota. This work discloses surface
chirality-dependent interaction of bacteria with different biointerfaces, showing a potential to tune the colonization and ther-
apeutic effect of living bacterial agents for disease treatment.
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1 Introduction

Microorganisms exist widely in human oral cavity, nasal
cavity, gastrointestinal tract, skin, and other tissues and or-
gans and play a vital role in maintaining human health [1,2].
With gradual deepening of the study of the gut microbiome,
it has been recognized that imbalance of the gut microbiome
can negatively affect the metabolic and immune homeostasis
of the host [3—6]. For example, disruption of the gut mi-
crobiota may contribute to the development of a broad
variety of diseases, such as inflammatory bowel disease,
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obesity, diabetes, and cancer [7,8]. On the other hand, recent
studies have found that various types of solid tumors are
colonized with abundant bacteria and the development,
progression, and even the efficacy of tumor therapy are
closely associated with the tumor microbiota [9,10]. For
instance, the colonization of specific bacteria in tumor sites
has been reported to be able to retard tumor growth and play
synergistic antitumor effect with conventional therapy
modalities, as these bacteria themselves as well as their
metabolites can activate the body’s immune system to gen-
erate protective immunity [11,12]. Therefore, it is of great
significance to positively regulate the balance of the corre-
sponding microbiota for disease treatment [13].

Given their inherent ability to colonize different biointer-
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faces, particularly in the gut and tumor, bacteria have been
widely used as living agents to modulate the microbiota [14].
Depending on their species and biological functions, bacteria
can be employed as either active delivery vehicles or living
biotherapeutics to inhibit pathogenic bacteria and maintain a
healthy microbial composition [15]. To achieve satisfactory
efficacy, adequate colonization at the sites of interest, which
largely relies on the interaction of bacteria with environ-
mental biointerfaces, is essential [16]. To date, surface
modification with exogenous functional motifs has been
frequently applied to tailor the interaction of bacteria with
surroundings [17]. More recently, we and other groups have
utilized surface coating of bacteria to control over their in-
teraction with in vivo biointerfaces [18-20]. For example,
coating with polyphenol-metal networks can promote bac-
terial colonization at mucous layer basing on an enhanced
dually hydrogen bonding- and hydrophobic interaction-
mediated adhesion [21]. Moreover, wrapping with tumor cell
membranes is able to not only reduce immune clearance of
bacteria by macrophages through a specific CD 47 protein/
signal regulatory protein a recognition, but also increase
tumor accumulation via homotypic tropism [22]. Despite
these elegant achievements [23-25], alternative modalities
capable to manipulate the interaction of bacteria with ex-
ternal environments are highly desirable to expand the fea-
sibility to improve the colonization and corresponding
therapeutic effect of living bacterial agents.

Chirality, ubiquitously existing from small-molecular
amino acids and polysaccharides to DNA, proteins, teeth,
hands, etc., is closely related to life [26-30]. Except for
chiral proteins and sugars, there are many free short peptides
and D-amino acids in the cell membrane and cell wall of
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bacteria [31], which leads to chiral performance of bacteria
themselves in optics. These chiral molecules are essential for
bacterial cell structure, growth, and metabolism [32]. In
recent years, many studies have shown that chiral nano-
materials have obvious chiral selectivity for cell adhesion
[33], proliferation [34], differentiation [35], cell phago-
cytosis [36], gene editing [37], and even disease diagnosis
and treatment [38—40]. Therefore, we speculate that
coating bacteria with a chiral surface structure may offer
an appealing strategy to tune bacteria-host interfacial in-
teraction for optimal colonization and enhanced treatment
efficacy.

Herein, we report the construction of chiral coating on
bacterial surface using synthetic polymers through interfacial
self-assembly (Figure 1). By means of end-capping with
different chiral amino acids, the modified polyethyleneimine
(PEI) is able to deposit on bacteria via electrostatic interac-
tion, forming a chiral surface coating that is stable in diverse
conditions. Interestingly, bacteria coated with chiral coating
show surface chirality-dependent selective interactions with
mucins, tumor cells, and pathogens. We find that in com-
parison to those of L- and DL-structures, bacteria wrapped
with a D-chiral surface structure display greatly increased
adhesion to not only intestinal mucins, but also different
types of tumor cells including 4T1, Caco2, B16-OVA, and
CT26 cell lines. Furthermore, coated probiotic bacteria can
selectively resist pathogenic bacteria including Staphylo-
coccus aureus (SA) and Pseudomonas aeruginosa (PA14) by
adjusting the chirality of the coating, showing great potential
to improve colonization and positively regulate the gut and
tumor microbiota. This work discloses surface chirality-de-
pendent interaction of bacteria with different biointerfaces,
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Figure 1 Schematic illustrations of the preparation of self-assembled chiral polymer-coated bacteria and the applications in chiral-selective adhesion to

mucin and tumor cells and bacterial competition (color online).
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proposing an alternative to develop advanced living bacterial
therapeutics.

2 Results and discussion

Chiral polymers were synthesized by conjugated chiral L- or
D-histidine with PEI and abbreviated as L-His-PEI or D-His-
PEIL, which was based on our previous reported methods
[41]. Then, a well-known probiotic strain Escherichia coli
Nissle 1917 (EcN) was chosen and coated with the as-pre-
pared chiral polymer by vortexing in phosphate buffered
solution (PBS) for 30 min, as shown in Figure 2a. By virtue
of electrostatic interaction, the positively charged chiral
polymers could easily self-assemble onto the negatively
charged bacterial surface and form a supramolecular chiral
membrane around the bacteria. Considering the cytotoxicity
of cationic polymers, the effects of concentrations of chiral
polymers on bacteria were tested. The bacteria were coated
with three different polymer concentrations including 40, 80,
and 160 pg/mL and the coated EcN (termed as EcN@L-His-
PEI, EcN@ D-His-PEI, and EcN@DL-His-PEI, respec-
tively) were cultured in 100% Luria Bertani (LB) medium.
The growth curve was recorded within 12 h by monitoring
the values of optical density at 600 nm (ODgyy ,m)- En-
couragingly, the chiral polymers showed negligible effects
on the growth of bacteria at a polymer concentration of
40 ug/mL (Figure 2b). The logarithmic phase of bacterial
growth curve shifted slightly with the concentration in-
creasing to 80 pg/mL (Figure Sla, Supporting Information
online). Upon reaching up to 160 pg/mL, the logarithmic
phase of the bacterial growth curve was delayed by 1 to 2 h
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(Figure S1b). All these concentrations enabled a satisfactory
coating efficiency (Figures S2 and S3). The results suggested
that although the chiral polymer at high concentrations
emerged cytotoxicity, there was no obvious side effect on the
growth of bacteria at concentrations that could form a surface
coating efficiently. As such, the concentration of 40 ng/mL
was selected for all subsequent experiments.

We next characterized the physicochemical properties of
the chiral polymer coated bacteria. First, the chirality of the
coated bacteria was analyzed by circular dichroism (CD)
spectrum. As shown in Figure S4, L-His-PEI appeared a
positive CD signal at 220 nm, while D-His-PEI presented a
completely opposite signal. As for uncoated bacteria, an
obvious CD signal is detected at 230 nm (Figure 2c). After
coating with chiral polymer, the CD spectrum of EcN@L-
His-PEI showed a negative Cotton effect at 230 nm and a
positive Cotton effect at 220 nm, which were attributed to
EcN and L-His-PEI, respectively. In terms of EcN@D-His-
PEIL, it displayed a broad negative CD signal at the range of
210-250 nm and EcN@DL-His-PEI maintained the chirality
of EcN (Figure 2c¢). It was illustrated that the surface chirality
of bacteria could be varied by using different chiral polymer
coatings. The hydrodynamic size of uncoated EcN was about
1,950 nm, which was increased to 2,100-2,200 nm after
coating with chiral polymers (Figure 2d). In addition, the
zeta potential of uncoated EcN was about —35 mV, which
turned to around —25 mV after coating (Figure 2e). These
results indicated that the chiral polymers were successfully
self-assembled on the surface of bacteria.

To directly visualize coated bacteria, EcN labeled with red
fluorescent protein (EcN-mCherry) was utilized for confocal
imaging. The chiral polymers of L-, D- and DL-His-PEI with

(b) 154 = Ec

(a) 1 N
. | - EcN@L-His-PEI
L-His-PEI D-His-PEI —— EcN@D-His-PEI
§ 1 —— EcN@DL-His-PEI
1 g 1.0
£
Self-assembly I Self-assembly g
a
Bacteri Bac@ : Bac@ © 05
acteria Bacteria
L-His-PEl  D-His-PEI
0'0 T T T T T | § T T T T T T T
DAY HH oA DN
(c) 10 @) 500 (e) Time ()
—EC‘N@L-Mis-FEI 0
5 —EcN@D-Hls-PEI 2000 ’>\
——EcN@DL-His-PEI T 104
g 51500 5
0 o T .20
£ & 1000 g%
a a S
O s 500 S 30
N
¢ 40— : . ;
104y - r T N \ \ \
€d! <o PE _PE\ <o PE
200 250 300 350 400 Mis s Mis ecN L PE\ L pEl . pE\
@\ \8] DL S s s
Wavelength (nm) et ECN@ ECN@ Ec“@\' Ec“@o 2cﬂ@°"“

Figure 2 (a) Fabrication of chiral polymer-coated bacteria by self-assembly. (b) Growth curves of uncoated EcN and chiral polymer-coated bacteria in LB
medium at 37 °C. ODg ,, values were recorded at 30 min intervals using a microplate reader (n = 5). (¢) CD spectra of EcN, EcN@L-His-PEI, EcN@D-His-
PEI, and EcN@DL-His-PEI. (d) Hydrodynamic sizes and (e) zeta potentials of EcN, EcN@L-His-PEI, EcN@D-His-PEI, and EcN@DL-His-PEI measured

by DLS (n = 3) (color online).
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a small amount of fluorescein isothiocyanate isomer (FITC)
labeled PEI were added to the PBS suspension of EcN-
mCherry, respectively. After half an hour of vortexing, the
coated ECN-mCherry samples were centrifuged and washed
five times with PBS. The obtained labeled coated bacteria
were defined as EcN-mCherry@L-His-PEI, EcN-mCher-
ry@D-His-PEI, and EcN-mCherry@DL-His-PEI, respec-
tively. With the help of laser scanning confocal microscope
(LSCM), the polymer coated on bacterial surface could be
clearly observed. As shown in Figure 3a and Figure S5,
bacteria without a chiral polymer coating only showed red
fluorescence from EcN-mCherry expressed fluorescent
protein. Differently, all the chiral (L- and D-His-PEI) and
racemic (DL-His-PEI) polymer coated EcN-mCherry could
be detected by both red fluorescence of the bacteria and the
green fluorescence of the polymer self-assembled on the
surface of bacteria. Histograms obtained from flow cyto-
metric analysis presented a distinct shift of FITC-labeled
EcN-mCherry@L-His-PEI, EcN-mCherry@D-His-PEI, and
EcN-mCherry@DL-His-PEI to higher fluorescence intensity
than uncoated EcN-mCherry, further verifying the successful
decoration with a chiral polymer coating (Figure 3b). Ad-
ditionally, the morphologies of uncoated and coated bacteria
were also observed by transmission electron microscopy
(TEM). The surface of the uncoated EcN-mCherry was clean
and bacteria pili could be clearly observed. In contrast, the
surface of chiral polymer-coated EcN-mCherry became
rough and numerous nanoparticles that might be ascribed to
the aggregated PEI were scattered on the surface of the
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bacteria (Figure 3c—f and Figure S6). To prove the flexibility
of this coating method, we tested Salmonella Typhimurium
VNP20009 (VNP), which could be similarly coated by using
the same protocol (Figure S7). Taken together, all these re-
sults demonstrate that the chiral polymer could be easily
coated on bacterial surface by self-assembly and chiral
coatings could be obtained.

To verify the stability of the chiral coating on bacterial
surface and study its interactions with the surroundings as-
sociated with the intestinal tract and tumor tissue, the chiral
polymer-coated bacteria were transferred to LB medium,
Dulbecco’s modified Eagle media (DMEM) containing 10%
fetal bovine serum (FBS), and PBS (pH 2) respectively and
vibrated for 1 h. Then, the treated bacteria were centrifuged
and washed several times with PBS before LSCM observa-
tion (Figures S8 and S9). It could be clearly visualized that
the bacteria remained evenly coated with a green chiral
coating even after treatment with LB, DMEM + 10% FBS
medium or PBS (pH 2). Subsequently, the fluorescence in-
tensity of coated bacteria was analyzed by flow cytometry
before and after LB, DMEM + 10% FBS medium, and PBS
(pH 2) treatment. It showed that about 80% fluorescence
intensity was remained for EcN-mCherry@L-His-PEI and
EcN-mCherry@DL-His-PEI groups after treatment with LB
medium (Figure S10). Similarly, 70% of retention of fluor-
escence intensity was observed for EcN-mCherry@D-His-
PEI group. After treatment with DMEM + 10% FBS med-
ium, the fluorescence intensity of ECN-mCherry@L-His-PEI
group was barely affected (Figure S10). The fluorescence
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Figure 3 (a) Typical LSCM images of unmodified EcN-mCherry and chiral polymer-coated EcN-mCherry@L-His-PEI, EcN-mCherry@D-His-PEI, and
EcN-mCherry@DL-His-PEI. Scale bars: 4 um. (b) Flow cytometry histograms and mean fluorescence intensity (MFI) values of uncoated EcN-mCherry,
EcN-mCherry@L-His-PEI, EcN-mCherry@D-His-PEI, and EcN-mCherry@DL-His-PEI post votexing with chiral and racemic polymers for 30 min. TEM
images of (¢c) EcN-mCherry, (d) EcN-mCherry@L-His-PEI, (¢) EcN-mCherry@D-His-PEI, and (f) EcN-mCherry@DL-His-PEI. Scale bars: 500 nm (color

online).
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intensity values remained at 80% and over 90% for EcN-
mCherry@D-His-PEI group and EcN-mCherry@DL-His-
PEI groups, respectively. Similarly, over 90% fluorescence
signals remained after incubation bacteria with PBS (pH 2)
(Figure S10). The above data illustrated that the chiral
polymer coating could exist stably on bacterial surface under
different culture media.

Mucous layer, which lines the insides of organs and cav-
ities throughout the body, lubricates and protects these ob-
jects from bodily fluids and invasive pathogens [42]. In
addition to its involvement in absorption, particularly in the
gastrointestinal tract, as the body’s largest protective barrier,
mucous layer plays a crucial role in maintaining the home-
ostasis of the gut microbiota [43]. Mucin refers to an im-
portant category of large extracellular glycosylated proteins
that are the main organic components of mucous layer [44].
As reported, mucin is critical for the colonization of sym-
biotic bacteria (e.g., Akkermansia muciniphila) [45]. To in-
vestigate the interaction with mucous layer, we evaluated the
binding of mucin with bacteria wrapped by different chiral
polymer coatings. Freshly prepared uncoated EcN, chiral and
achiral polymer coated EcN were mixed with FITC-labeled
mucin in PBS and vibrated for 30 min, respectively. After
washing with PBS for five times to remove unbound free
mucin, all the samples were analyzed by flow cytometry to
quantify the binding efficiency. As shown in Figure 4, there
was an obvious shift after incubating the bacteria with mu-
cin, which indicated that bacteria could bind mucin effi-
ciently. More importantly, bacteria coated with a D-chiral
polymer coating, namely EcN@D-His-PEI, achieved the
strongest fluorescence intensity after incubation with mucin
compared with those of uncoated bacteria, EcN-mCher-
ry@L-His-PEI, and EcN-mCherry@DL-His-PEI. This in-
crement indicated that the affinity between D-chiral coating
and mucin was stronger than those of L-handed and achiral
polymer coatings, disclosing a chirality-dependent selective
binding between mucin and bacterial surface.

The tumor microbiota has been reported to be closely re-
lated with tumor malignancy [46]. Specific bacteria with
ability to target and colonize tumor tissue have been
exploited for tumor therapy due to their effectiveness to
modulate a beneficial tumor microbial composition and/or
elicit antitumor immune responses [47]. EcN, as one of the
most widely used bacteria in bacterial therapy, can be easily
modified by genetic engineering [48], synthetic bioengi-
neering [49], and chemical approaches [50-52] to improve
target accumulation in tumor sites. For example, EcN de-
corated with aptamers on the surface can facilitate its en-
richment in tumor tissue following systemic injection, due
largely to the specific interaction between the aptamers on
bacteria surface and the receptor on tumor cell membrane
[53]. Previous studies have proved that cells have selective
adhesion and uptake of chiral nanomaterials [41]. We hence
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Figure 4 (a) Flow cytometry histograms and (b) MFI values of uncoated
EcN-mCherry, EcN-mCherry@L-His-PEI, EcN-mCherry@D-His-PEI, and
EcN-mCherry@DL-His-PEI post interaction with FITC-labeled mucin for
30 min (7 = 3). The feed number of bacteria was set at ODy ,,, = 2 and the
concentration of mucin was set at 0.4 mg/mL. Significance was assessed
using one-way analysis of variance (ANOVA) with the Tukey’s post-test,
giving p-values, *p < 0.05, **p < 0.01, ****p < 0.0001 (color online).

speculated that coating bacteria with chiral polymer coatings
could tune the interaction with tumor cells. Freshly prepared
uncoated EcN-mCherry, chiral and achiral polymer-coated
EcN-mCherry (1 % 10° colony forming units (CFUs)) were
added to mouse breast cancer (4T1) cells and incubated for
1 h under 37 °C. Cells were labeled with Hoechst and then
washed with PBS for ten times to remove unbound bacteria
before observation by LSCM. As visualized in Figure Sa, it
was clearly that bacteria wrapped with chiral polymer coat-
ings presented increased adhesion to 4T1 cells compared
with uncoated bacteria. Strikingly, after incubation, bacteria
with a D-handed polymer coating showed the highest num-
ber on 4T1 cells compared with those of L-handed and ra-
cemic counterparts. This highlighted that coated EcN
exhibited chiral-selective cell adhesion to 4T1 cells. In ad-
dition, the bacteria adhered on cell surface were collected
and enumerated by plate counting (Figure Sb—e). Similarly,
EcN-mCherry@D-His-PEI group showed near three-time
higher adhesion on 4T1 cells than that of ECN-mCherry@
L-His-PEI group and more than eight-time higher than those
of uncoated EcN and EcN-mCherry@DL-His-PEI groups
(Figure 5f). We also studied the adhesion of chiral polymer-
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Figure 5 (a) LSCM images of cellular adhesion on 4Tl cells by incubation with PBS, uncoated EcN-mCherry, EcN-mCherry@L-His-PEI, EcN-
mCherry@D-His-PEL and EcN-mCherry@DL-His-PEI for 1 h, respectively. Scale bar: 25 um. Typical digital images of agar plates containing EcN-mCherry
collected from (b) uncoated EcN-mCherry, (¢) EcN-mCherry@L-His-PEL (d) EcN-mCherry@D-His-PEI, and (¢) EcN-mCherry@DL-His-PEI adhered on
4T1 cells. (f) Statistical results of plate counting of uncoated EcN-mCherry, EcN-mCherry@L-His-PEI, EcN-mCherry@D-His-PEL, and EcN-mCherry@DL-
His-PEI adhered on 4T1 cells (n = 3). Significance was assessed using one-way ANOVA with the Tukey’s post-test, giving p-values, **p < 0.01, ***p < 0.001

(color online).

coated bacteria to other tumor cells including Caco2, B16-
OVA, and CT26. Both LSCM and plate counting results
confirmed that D-handed polymer-coated bacteria achieved a
superior adhesion ability to all these tumor cells (Figures
S11-S13). Collectively, these results demonstrated that
chiral polymer-coated bacteria were endowed with remark-
able chiral selectivity for adhesion to tumor cells.

Finally, we assessed the interaction between coated pro-
biotics and pathogenic bacteria. As a typical pathogenic
strain, SA was chosen given its inherent capability to com-
pete and suppress EcN. The resistant ability of chiral poly-
mer-coated EcN against SA was examined by bacterial plate

counting. The as-prepared bacteria were mixed with SA at an
OD ratio of 4:1 and vibrated at room temperature. After 1 h
incubation, the bacteria were centrifuged and the number of
survived bacteria was counted. Notably, D-chiral polymer-
coated EcN appeared the lowest number of survived SA
(golden yellow colonies, Figure 6a). As expected, the num-
ber of living SA after treatment with unmodified bacteria
was the highest. The statistical results supported that the
residual bacteria in unmodified EcN, EcN-mCherry@L-His-
PEI and EcN-mCherry@DL-His-PEI groups were 208-, 28-,
and 7-time higher than those in EcN-mCherry@D-His-PEI
group, respectively (Figure 6b). Significantly, the same trend
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Figure 6 (a) Typical digital images of agar plates containing EcN-
mCherry (red) and SA (gold yellow) collected from uncoated EcN-
mCherry, EcN-mCherry@L-His-PEI, EcN-mCherry@D-His-PEI, and
EcN-mCherry@DL-His-PEI after competition with SA for 1 h. (b) Statis-
tical results of survival number of SA after incubation with uncoated EcN-
mCherry, EcN-mCherry@L-His-PEI, EcN-mCherry@D-His-PEI, and
EcN-mCherry@DL-His-PEI, respectively (n = 3). Significance was as-
sessed using one-way ANOVA with the Tukey’s post-test, giving p-values,
**p < 0.01, ****p < 0.0001 (color online).

in the resistance of chiral polymer-coated EcN against pa-
thogenic bacteria was observed by using PA14. As depicted
in Figure S14, EcN-mCherry@D-His-PEI claimed ~2-fold
higher antibacterial efficacy toward PA14 compared with
those of EcN-mCherry@L-His-PEI, and EcN-mCherry
@DL-His-PEI. All these data certificated that D-His-PEI
coating could endow probiotics with superior resistance
against some pathogenic bacterial species, demonstrating
that chirality-dependent selective bacterial competition.

3  Conclusions

In summary, we have reported the preparation of chiral
polymer-coated bacteria via interfacial self-assembly. By
end-capping with different chiral amino acids, the resulting
cationic PEI can self-assemble on bacterial surface through
electrostatic interaction, generating a chiral coating. This
approach is applicable to different bacterial strains and the
formed coating is stable in diverse environments. Bacteria
coated with a chiral coating demonstrate surface chirality-

December (2023) Vol.66 No.12

dependent selective interactions with mucins, tumor cells,
and pathogens. In contrast to L- and DL-structures, bacteria
coated with a D-chiral surface structure show significantly
increased adhesion to both intestinal mucins and tumor cells
(4T1, Caco2, B16-OVA, and CT26 cell lines). Moreover,
coated probiotic bacteria are able to selectively suppress
pathogenic strains including SA and PA14 by tailoring the
chirality of the coating, spotlighting appealing superiority to
enhance colonization and positively modulate the gut and
tumor microbiota. Our work proposes a concept of surface
chirality-dependent interaction of bacteria with different
biointerfaces. Given the versatility of chiral coating to
modify diverse strains, we anticipate the potential of this
approach to develop innovative living bacterial agents with
optimal colonization and therapeutic effect for disease
treatment.
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