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Biofilm-associated infections on medical implants pose significant clinical challenges. This study reports a bio-
film inhibition and eradication brush polyelectrolyte (HA-K) composed of a hyaluronic acid backbone and poly(,-
lysine) side chains. HA-K self-assembles into a uniform polyelectrolyte complex (PEC, 300-400 nm) driven by
electrostatic, hydrophobic, and hydrogen-bonding interactions. This brush polyelectrolyte complex possesses
promising stability against pH (3.5-9.5) and concentration (up to 100 mg/mL) variations. It achieves exceptional
biofilm inhibition efficacy (> 97.8% for S. aureus, > 99.9% for E. coli) without inducing drug resistance.
Mechanistically, HA-K PEC displays >80% binding efficiency toward planktonic bacteria, potently inhibiting
bacterial binding with both implant surfaces and epithelial cells. Meanwhile, HA-K PEC can efficiently penetrate
mature biofilms (e.g., 5-day-old) by dissociation into small nanoparticles (50-100 nm) and destruction of biofilm
extracellular polymeric substances. Besides, HA-K PEC enhances bacterial twitching motility, increases ROS
production and membrane permeability within biofilms, leading to efficient biofilm eradication. In vivo studies
reveal that HA-K PEC prevents bacterial colonization on implants and alleviate biofilm-associated infections/
inflammation. HA-K PEC also displays negligible cytotoxicity/hemolysis and can be readily metabolized by the
liver and kidney within 48 h. This work presents an efficient strategy to combat biofilm-associated infections by
simultaneously preventing and treating bacterial biofilms while minimizing the risk of drug resistance.

1. Introduction procedures such as surgical debridement can cause secondary injury

[10,11]. Non-bactericidal strategies, such as using bacterial adhesion

The colonization of bacterial biofilms on the surfaces of organs, tis-
sues, and implantable medical devices presents a significant challenge in
the prevention and treatment of clinical infections. Mature biofilms,
protected by a physical barrier formed by extracellular polymeric sub-
stances (EPS) and bacterial dormancy [1,2], can resist antibiotic pene-
tration and induce persistent infections [3-5], leading to chronic disease
(e.g., non-healing wounds) in up to 80% of cases [6,7]. While traditional
bactericidal strategies (e.g., antibiotics) can temporarily inhibit plank-
tonic bacteria, they accelerate the accumulation of dead bacteria and
exacerbate the global drug resistance crisis [8,9]. Moreover, invasive

inhibitors and antifouling coatings, have emerged to reduce the risk of
drug resistance [12-15]. However, they often fail to completely prevent
bacterial adhesion and biofilm formation and lack the biofilm-
eradicating capability needed to effectively combat biofilm-associated
infections.

Polyelectrolyte complexes (PECs) are a promising class of bio-
materials that have been extensively explored as drug delivery carriers,
surface coatings, and more [16,17]. By combining oppositely charged
polyelectrolytes, PECs with tunable structures (e.g., nanoparticles and
layer-by-layer self-assembled films) and functions (e.g., antifouling and
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antibacterial) can be readily fabricated [18-21]. In terms of combating
biofilm-associated infections, PECs have been used as delivery carriers
of antibiotics and other antibacterial reagents to enhance biofilm
penetration [22-24]. However, bacterial drug resistance can inevitably
occur when trace antibiotics are exposed to bacteria via an uncontrolled
release. Complicated fabrication processes, such as layer-by-layer self-
assembly, are time-consuming and require additional equipment. The
stability of PECs in aqueous solutions is another concern that PECs
frequently undergo liquid-liquid phase separation (LLPS) under pH or
concentration variations [25,26]. Some layer-by-layer self-assemble
PEC coatings have displayed antibacterial and antifouling dual functions
to prevent biofilm formation on implant surfaces [27,28]. Yet, poor
antibacterial activity and dissociation of the PEC coatings eventually
result in biofilm-associated infections [29]. Overall, PEC based materials
have shown interesting biofilm penetration and antibacterial properties.
However, the stability of PECs still requires improvement, and PECs
designed solely for the prevention and treatment of bacterial biofilms
have not yet been developed.

We designed a brush polyelectrolyte (HA-K, Fig. 1) by covalent
integration of anionic hyaluronic acid (HA, as backbone) and cationic
poly(,-lysine) (as side-chain). HA-K can self-assemble into PEC nano-
particles exclusively. HA-K PEC is different from conventional PEC
nanoparticles that are generally prepared by self-assembling cationic
polymers (e.g., antibacterial polymers) and anionic polymers. Conven-
tional PEC nanoparticles have suffered from complicated fabrication
processes and stability issues [30]. In comparison, HA-K PEC can be
simply prepared by directly dissolving in aqueous solutions. The brush-
like architecture of HA-K is composed of covalently linked cationic and
anionic segments. It improves the stability of HA-K PEC against disso-
ciation and binding affinity for planktonic bacteria via multivalent in-
teractions, including electrostatic  interactions, hydrophobic
interactions, hydrogen bonding interactions, and so on. This work pro-
vides the first example of exclusive PECs with superior biofilm inhibition
and eradication properties without raising any drug resistance. The
underlying mechanisms have been investigated. The biosafety and in
vivo antibacterial adhesion and antibiofilm properties of HA-K PEC
suggest its potential to prevent and treat biofilm-associated infections.
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2. Results and discussion
2.1. Synthesis and characterization of HA-K

Poly(Ne-tert-butylcarbonyl- -lysine) (BK) with amino end groups was
first synthesized via a ring-opening polymerization (ROP) of Ne-tert-
butylcarbonyl-,-lysine N-carboxyhydrides (BLL-NCA), using n-butyl-
amine as the initiator and N,N-dimethylformamide (DMF) as the solvent.
Amidation reaction between BK and hyaluronic acid (HA) was achieved
using 1-ethyl-(3-dimethylaminopropyl)-3-carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) in a mixed solvent of water and DMF (v/v,
1:1), yielding a brush polymer, namely HA-BK. HA-BK underwent
deprotection reaction in the presence of trifluoroacetic acid (TFA),
affording the target product, namely HA-K where K was short for poly(;-
lysine). The successful synthesis of HA-K was confirmed by H NMR
spectroscopy (Fig. S1). The degree of substitution (DS) of HA was
defined as the number of poly(,-lysine) per 100 p-glucuronic acid of HA.
It was determined by 'H NMR based on the peak areas corresponding to
the n-butyl end group of poly(,-lysine) protons and N-acetyl-p-glucos-
amine and p-glucuronic acid residues of HA protons. HA-K with DS
values of 4.0, 7.2, 10.1, and 10.8 was synthesized to modulate the
antibacterial properties.

As the pH increased, HA-K underwent deprotonation (Fig. 2A and
Fig. §3), leading to a gradual decrease in Zeta potential. HA-K with a DS
of 7.2-10.8 reached electrical neutrality within the pH range of 6-7.
Under acidic conditions, its positive Zeta potential indicates that it
predominantly presents cationic groups, which may confer bactericidal
activity in the biofilm microenvironment. The Zeta potential of HA-K
(DS = 4.0) was always below zero at pH 3.5-9.5, due to the increased
ratio of carboxylic acid groups to amino groups in a single polymer.
Dynamic light scattering (DLS) was used to investigate the self-assembly
behavior of HA-K in aqueous solutions. At pH 7.4, HA-K (100 pg/mL)
with DS of 4.0-10.8 showed hydrodynamic diameters (i.e., sizes)
ranging from 300 to 400 nm (Fig. 2B and S4), suggesting the formation
of PECs. The size of HA-K PEC under acidic conditions (pH 5.5) showed
no significant difference as compared to that under physiological con-
ditions (pH 7.4). The morphology was observed by transmission electron
microscopy (TEM), which revealed spherical self-assemble structure of
HA-K PEC in aqueous solution (Fig. 2C). The overall distribution was
fairly uniform, and the diameters determined by TEM were consistent
with the DLS results. NaCl, urea, and sodium dodecy! sulfate (SDS) were
used to disrupt intermolecular electrostatic interactions, hydrogen
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Fig. 2. (A) Zeta potentials of HA-K at pH 3.5-9.5. (B) Sizes of HA-K PEC at pH 5.5 and 7.4. (C) TEM images of HA-K PEC at different magnifications. (D) The effects of
NacCl, urea, and SDS on the sizes of HA-K PEC. (E) Sizes of HA-K PEC at different concentrations. (F) Durability of HA-K PEC aqueous solutions. (G) Enzymatic
degradation stability of HA-K PEC (0.1 mg/mL in PBS, 24 h, 37 °C). Data are mean + standard deviation (SD) (n = 3) (***p < 0.001).

bonds, and hydrophobic interaction of HA-K PEC in aqueous solutions,
respectively (Fig. 2D). HA-K PEC dissociated to a great extent with
addition of NaCl (e.g., 0.5 M), indicating that intermolecular electro-
static interaction is the main attractive force driving the formation of
HA-K PEC. Significant dissociation of HA-K PEC can be observed by
addition of SDS (e.g., 1.0 mg/mL), indicating that hydrophobic inter-
action between adjacent HA-K chains also plays an important role in the
formation of PEC. Intermolecular hydrogen bonding interactions also
contributed to the formation of HA-K PEC as evidenced by the decrease
in their sizes with the addition of urea. In addition, HA-K PEC showed
good stability against concentration variations (0.1-10 mg/mlL, Fig. 2E).
No phase separation was observed even at 100 mg/mL in PBS (Fig. S5).
It also showed good durability that size of HA-K PEC barely changed
within 30 days (0.1 mg/mL, Fig. 2F). Proteases, such as proteinase K and
trypsin were unable to degrade HA-K PEC within a short time (i.e., 0-48
h) (Fig. 2G and S6A), potentially avoiding the degradation by bacteria
prior to antibacterial treatment. HA-K PEC also showed good serum
stability by incubating with mouse serum at 37 °C for 0-48 h (Fig. S6B).
The good stability of HA-K PEC makes it ready to be used in vivo.

2.2. Prevention of bacterial biofilm formation

HA inhibited 77.9% and 79.0% biofilm growth of S. aureus and
E. coli, respectively (Fig. 3A). The cationic poly(i-lysine) (Kjo) exhibited
limited efficacy of biofilm inhibition (inhibited 46.2% S. aureus and
72.6% E. coli biofilm growth). In comparison, HA-K PEC inhibited
>97.8% bacterial biofilm growth (Fig. 3A), outperforming the linear
polymers (i.e., HA and Kjo) and their blend (i.e., HA + Kj(). These re-
sults highlight the importance of the brush-like architecture and cova-
lent integration of HA and poly (i-lysine). The DS also affected the
efficacy of biofilm inhibition of HA-K PEC. Specifically, HA-K PEC (DS =
7.2) exhibited the highest efficacy of biofilm inhibition (97.8%) against
S. aureus, whereas HA-K PECs (DS = 4.0, 10.1 and 10.8) only inhibited
<93.2% S. aureus biofilm growth (Fig. S7). A similar trend was observed

in terms of preventing of E. coli biofilm formation. Overall, all HA-K
PECs showed potent biofilm inhibition and eradication properties. DS
ranging from 4.0 to 10.8 displayed an insignificant effect (< 5%) on the
efficacy of biofilm inhibition and eradication of HA-K PEC. HA-K PEC
(DS = 7.2) was used as the model compound because of its most potent
antibiofilm properties. We reasoned that HA-K PEC with different DS
should possess the same antibiofilm mechanisms as HA-K PEC (DS =
7.2).

The minimum biofilm inhibitory concentration (MBIC) of HA-K PEC
(DS = 7.2) was 37.5 pg/mL for both S. aureus and E. coli (Fig. 3B). It was
much lower than the minimum inhibitory concentration (MIC, Fig. S8)
and the minimum bactericidal concentration (MBC, Fig. S9). The MIC
and MBC of HA-K PEC (DS = 7.2) for S. aureus and E. coli were > 400 pg/
mL. Bacterial cell viability treated with HA-K PEC (DS = 7.2) was further
measured by flow cytometry using a SYTO 9/PI staining assay (Fig. S10).
HA-K PEC (DS = 7.2) showed insignificant bactericidal effect on both
S. aureus and E. coli. This suggested that inhibition of biofilm growth
using HA-K PEC is independent of the bactericidal mechanism, thereby
reducing the likelihood of bacteria developing resistance to the material.
To verify this point, we conducted a bacterial drug resistance assay
(Fig. S11). In the antibiotic group, the MBICs of vancomycin and
tobramycin against S. aureus and E. coli increased to 128-fold and 64-
fold, respectively, as compared to the initial values. In contrast, the
MBIC of HA-K PEC remained unchanged, indicating that HA-K PEC did
not induce the emergence of bacterial drug resistance. Quantitative
reverse transcription polymerase chain reaction (QRT-PCR) was used to
investigate the key genes (mprF and clfB) of S. aureus after HA-K PEC or
antibiotics (e.g., vancomycin) treatments. mprF gene involved in path-
ways related to antimicrobial peptide/cationic antimicrobial substance
tolerance. The vancomycin treated S. aureus increased the expression of
mprF gene (Fig. S12), indicating the raise of drug resistance. In com-
parison, the HA-K PEC treated S. aureus maintained the mprF gene
expression level further verified the inhibition of drug resistance. In
addition, the clfB gene expression level was suppressed by HA-K PEC,
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Fig. 3. The efficacy and mechanism of biofilm inhibition using HA-K PEC (DS = 7.2). (A) Biofilm growth of S. aureus and E. coli inhibited by PBS (the control), HA,
K10, HA + Kj0, and HA-K PEC (50 pg/mL in PBS). (B) Biofilm growth of S. aureus and E. coli inhibited by HA-K PEC at different concentrations. (C) CLSM images of
S. aureus and E. coli biofilm growth untreated or treated by HA-K PEC. (D) Coverage of S. aureus and E. coli untreated or treated by HA-K PEC. (E) HA-K PEC induced
bacterial aggregation determined by DLS. (F) Flow cytometry assay of the binding efficiency between bacteria and HA-K PEC. (G) SEM and (H) TEM images of
planktonic bacteria untreated (control) and treated with HA-K PEC (Scale bar = 500 nm). Data are mean + SD (n = 3) (**p < 0.01, ***p < 0.001). n.d. signifies

not detected.

suggesting the inhibition of S. aureus adhesion.

We then employed confocal laser scanning microscopy (CLSM) to
provide a more intuitive assessment of biofilm inhibition by HA-K PEC.
As shown in Fig. 3C and D, both S. aureus and E. coli biofilm formation
were effectively inhibited in the presence of HA-K PEC, with only spo-
radic bacterial colonization observed on the surface of the vessel and
minimal dead bacteria detected.

2.3. Biofilm inhibition mechanism of HA-K PEC

The interactions between HA-K PEC and bacteria were initially
investigated by DLS (Fig. 3E). Bacteria aggregation was observed for
both S. aureus and E. coli after mixing with HA-K PEC as evidenced by the
significant increase in their sizes. In addition, bacteria aggregation
induced by HA-K PEC was further observed under CLSM (Fig. S13).
These phenomena indicated that HA-K PEC can bind with multiple
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bacteria, leading to bacterial aggregation.

Staphylococcal protein A (SPA) is a surface protein of S. aureus and
plays a vital role in maintaining bacterial structural integrity [31].
Moreover, SPA would bind to immunoglobulin G (IgG), promoting
bacterial adhesion and subsequent infection [32]. Therefore, antibac-
terial materials that can efficiently bind to SPA provide a promising
strategy to inhibit S. aureus biofilm formation. Consequently, we focused
on the interaction between HA-K PEC and SPA. We measured the cir-
cular dichroism (CD) spectra of HA-K PEC, SPA and their mixture. Poly
(,-lysine) side-chains of HA-K adopted a random coil conformation due
to the short peptide chain length while SPA predominantly adopted an
a-helical conformation in PBS (Fig. S14). For the SPA and HA-K PEC
mixture, the helicity of SPA significantly decreased suggesting that HA-K
PEC can bind to SPA and break the intramolecular hydrogen bonds of a
helix domain. We quantitatively assessed the binding affinity between
HA-K PEC and SPA (Fig. S15-S16). The binding constants of HA-K PEC to
SPA are all above 10° M~! (Table S2), outperforming both HA (Kp =
9.65 x 10* M™Y) and Ky (Kp = 4.19 x 10% M™1). It is interesting to
observe that HA-K PEC (DS = 7.2) and SPA has the K, of 1.3 x 10°M!
which is close to the K}, of weak antibody-antigen.

Flow cytometry was used to determine the binding efficiency of HA-
K PEC toward bacteria (Fig. 3F). It is interesting to observe that HA-K
PEC (DS = 7.2) exhibited high binding efficiency (Fig. S17) toward
S. aureus (85.1%) and E. coli (83.5%). This phenomenon likely arises
from multivalent interactions between HA-K PEC and bacteria,
including electrostatic, hydrophobic, and hydrogen-bonding in-
teractions. We presume that HA-K PEC should also have potentially high
binding efficiency toward commensal bacteria because of the multiva-
lent interactions between HA-K PEC and bacteria. We also reason that
HA-K PEC should be non-lethal to the beneficial microbiota, providing a
way to replace broad-spectrum antibiotics that are lethal to the benefi-
cial microbiota.

The surfaces of untreated planktonic bacteria were smooth, whereas
HA-K PEC-treated planktonic bacteria exhibited surface wrinkling, as
shown by both SEM (Fig. 3G) and TEM (Fig. 3H). Nevertheless, the
membranes of HA-K PEC-treated planktonic bacteria remained intact
and undamaged, as further confirmed by the membrane permeability
assay. In this experiment, the PI fluorescence intensity of bacteria did
not significantly increase after exposure to HA-K PEC, indicating that
HA-K PEC did not alter bacterial membrane permeability (Fig. S18). It is
worth noting that the assembled structure of HA-K PEC was not observed
by TEM (Fig. 3H). Bacteria on surfaces were also observed under SEM
(Fig. S19). Planktonic bacteria can readily grow biofilms on the surfaces
without any treatment. In comparison, bacterial biofilms were signifi-
cantly inhibited by HA-K PEC as evidenced by the observation of only
sporadic bacterial adhesion.

2.4. Biofilm eradication and penetration properties of HA-K PEC

We further investigated the biofilm eradication property of HA-K
PEC. Specifically, 1-day-old biofilm was incubated with HA-K PEC for
24 h. HA-K PEC eradicated >84.3% and 85.6% 1-day-old S. aureus and
E. coli biofilm biomass at 50 pg/mL (Fig. 4A), outperforming linear
polymers (i.e., HA and Kjg), blend of linear polymers (i.e., HA + Kj)
and common antibiotics (Fig. S20).

HA-K PEC with a moderate substitution degree (DS = 7.2) showed
the highest biofilm eradication efficacy, achieving eradication rate
91.0% for S. aureus and 89.5% for E. coli. HA-K PECs (DS = 4.0, 10.1 and
10.8) eradicated <88.3% S. aureus biofilm and < 88.2% E. coli biofilm
(Fig. S21). Moreover, we determined the minimum biofilm eradication
concentration (MBEC) of HA-K PEC for both bacterial strains, finding
that the MBECs for S. aureus and E. coli were 75 pg/mL and 50 pg/mL,
respectively (Fig. 4B). HA-K PEC (DS = 7.2) also exhibited biofilm
eradication property against more mature biofilms (i.e., 3-day-old and 5-
day-old, Fig. 4C-4D). It showed higher biofilm eradication rates against
E. coli biofilms than those of S. aureus biofilms with 3 or 5 day maturities,
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indicating strain-dependent difference. This phenomenon presumably
originated from the distinct EPS structures of E. coli and S. aureus bio-
films. HA-K PEC should have higher permeation efficiency in mature
E. coli biofilms.

CLSM was further used to investigate the biofilm eradication prop-
erty of HA-K PEC (Fig. 4E and Fig. 4F). HA-K PEC (DS = 7.2) eradicated
>99% of 1-day-old biofilms formed by both S. aureus and E. coli. The
biofilm penetration property of HA-K PEC was also investigated by
CLSM. Specifically, S. aureus and E. coli were cultured on PDMS surfaces
for 1 day (d), 3 d, and 5 d, respectively, followed by staining with SYTO
9. Rhodamine B-labeled HA-K PEC PBS solution (DS = 7.2, 50 pg/mL)
was added to the biofilm surface. It was removed at predetermined
times, and the resulting biofilm was observed under CLSM.

HA-K PEC can efficiently penetrate in both 1-day-old and 3-day-old
biofilms within 2 h (Fig. S22) as evidence that the yellow fluorescence
filled the entire biofilm. It also demonstrated potent biofilm penetration
property toward 5-day-old biofilms of both S. aureus and E. coli (Fig. 4G).
We have performed a layer-by-layer tomographic scanning along the
vertical Z-axis of the biofilm to spatially quantify the penetration
property of HA-K PEC (Fig. S23-S24). For all S. aureus and E. coli biofilms
with different maturities, HA-K PEC was able to penetrate dense EPS
barriers and effectively enrich to the deep layers of biofilms as evidence
that the red fluorescence peak (exclusively from Rhodamine B-labeled
HA-K PEC) shifts toward lower numbered layers and maintains a high
signal throughout the entire layer. As the maturity of the biofilm in-
creases, the biofilm penetration efficiency gradually decreases. None-
theless, HA-K PEC can still efficiently penetrate 5-day-old biofilms
within 8 h. In addition, it demonstrated higher permeation efficiency in
E. coli biofilms.

2.5. Biofilm eradication mechanism of HA-K

Generally, the pore size of biofilm EPS is approximately 200 nm,
which is smaller than the size of HA-K PEC (300-400 nm). From this
perspective, HA-K PEC would not be expected to penetrate biofilms
unless it can disrupt the EPS or dissociate into smaller self-assembled
structures. A common approach to evaluate whether materials disrupt
and reduce biofilm EPS is to measure changes in extracellular protein
and polysaccharide contents. The results showed that, regardless of
biofilm maturity, HA-K PEC significantly decreased protein and exopo-
lysaccharide levels in both types of bacterial biofilms (Fig. 5A and B),
indicating that HA-K PEC can effectively reduce the EPS content of
biofilms. EPS protein and eDNA staining assays were used to further
verify EPS disruption following HA-K PEC treatment (Fig. S$25-S26). For
both S. aureus and E. coli biofilms, HA-K PEC was able to decrease EPS
protein and eDNA contents from outer to inner layers of the biofilms.

Furthermore, we extracted water-soluble EPS from the S. aureus
biofilm using the methanol-phenol method. The particle size of the
extracted EPS was about 430 nm, whereas the blend composed of HA-K
PEC and EPS was around 70 nm, indicating dissociation of both EPS and
HA-K PEC (Fig. 5C). This result supports our proposed mechanism that
HA-K PEC disrupts the EPS structure and dissociates, thereby facilitating
biofilm penetration.

The dissociation of HA-K PEC induced by extracted EPS was further
verified by fluorescence spectroscopy. An aggregation-induced emission
(AIE) dye [33], namely 4-(1,2,2-triphenylvinyl)phenyl (TPE) was
covalently incorporated into HA-K. TPE-labeled HA-K PEC exhibited a
strong fluorescence peak at 500 nm due to its aggregation (Fig. 5D).
After interaction with EPS, the fluorescence intensity at 500 nm signif-
icantly decreased, indicating dissociation of the HA-K PEC.

Besides biofilm EPS, HA-K PEC also interacted with biofilm bacteria.
Unlike planktonic bacteria, HA-K PEC significantly increased the
membrane permeability of biofilm bacteria (Fig. S5E). We assumed that
the acidic microenvironment of biofilms (e.g., pH 5.5) [34,35] caused
HA-K PEC to maintain an overall positively charged surface and
enhanced its interaction with the negatively charged bacteria, resulting
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in increased membrane permeability.

Additionally, HA-K PEC elevated the production of ROS in the bio-
film (Fig. 5F). We have verified that HA-K PEC itself was not able to
generate any ROS. ROS are frequently generated by bacterial aerobic
respiration. It is reported that carbonyl cyanide m-chlorophenylhy-
drazone (CCCP) could interfere with respiratory processes of bacteria by
inhibition of ATP synthesis [36]. The production of ROS in HA-K PEC
treated bacterial biofilms was significantly suppressed in the presence of
CCCP (Fig. S27), indicating a secondary bacterial stress response
induced by HA-K PEC interactions.

The increase of bacterial membrane permeability and ROS produc-
tion in biofilms should lead to bacterial cell death after HA-K PEC
treatment. Indeed, the biological activity and survival of bacteria in the
biofilms were significantly reduced after HA-K PEC treatment (Fig. 5G,
H and S28). Cell viability of bacteria within biofilms was further
measured by flow cytometry using a SYTO 9/PI staining assay (Fig. S29).
HA-K PEC (DS = 7.2) showed significant bactericidal effect on both
S. aureus and E. coli in respective biofilms ascribing to contact killing
from electrostatic interactions and ROS stress-induced killing.

Bacterial twitching and swarming are key modes of motility.
Twitching motility, driven by surface fimbriae, is typically observed in
certain Gram-negative bacteria, such as E. coli and P. aeruginosa [37,38].
When bacteria attach to surfaces, they migrate toward the attachment
site to seek essential nutrients through mechanisms such as swarming
motility [39-41]. Therefore, twitching and swarming motility play vital
roles in biofilm formation and dissociation. Consequently, we investi-
gated the effect of HA-K PEC on the twitching and swarming of E. coli
motilities (Fig. 5I). HA-K PEC significantly enhanced bacterial twitching
motility, such that the diameter of bacterial movement was five times
greater than that of the control group. This increased motility hindered
the ability of bacteria to rapidly adhere to surfaces during the initial
colonization phase. Therefore, HA-K PEC significantly enhanced bacte-
rial twitching motility, outperforming K;o and HA in terms of hindering
biofilm formation and promoting the dispersion and dissociation of pre-
existing biofilms. HA-K PEC can inhibit bacterial swarming motility,
thereby significantly reducing bacterial aggregation. This inhibition
contributed substantially to the inhibition and eradication of biofilms.
Kj0 exhibited the most pronounced inhibition efficacy on bacterial
swarming motility while HA-K PEC demonstrated better inhibition ef-
ficacy than HA, indicating that the inhibition mechanism of swarming
motility was primarily related to the poly(i-lysine) chains.

SEM was used to observe the morphologies of biofilm bacteria
treated with HA-K PEC (Fig. 5J). It revealed that HA-K PEC effectively
eradicated the majority of S. aureus and E. coli in respective biofilms.
Additionally, HA-K PEC re-assembled on the surfaces of biofilm bacteria,
leading to the rupture and death of bacteria.

2.6. In vivo prevention and treatment of biofilm associated infections and
assessment of biosafety of HA-K PEC

We further evaluated the in vivo biofilm inhibition and eradication
properties of HA-K PEC (DS = 7.2). In the biofilm inhibition mouse
model, we created artificial wounds on the subcutaneous area of the
mouse back, inserted PDMS slides into the wounds, and sutured them.
We then injected S. aureus suspensions along with HA-K PEC solutions to
the wounds. The slides were retrieved on day 3 and day 7 post-
administration, followed by quantification of the bacterial content on
the slides (Fig. 6A). In the biofilm eradication mouse model, we inserted
the 1-day-old S. aureus biofilm coated PDMS slides into the subcutane-
ous area of the mouse back, followed by surgical suturing. Then, HA-K
PEC solutions were injected into the wounds (Fig. 6B).

As illustrated in Fig. 6C, HA-K PEC significantly inhibited biofilm
formation on the implanted slides (inhibited >95.2% and 99.7% of
bacterial biofilm growth) in vivo on day 3 and day 7 post-
administration. SEM was used to investigate the potential biofilm
growth on the implanted slides (Fig. S30). The untreated implant surface

Chemical Engineering Journal 545 (2026) 179623

was completely covered by the biofilm containing a large number of
S. aureus cells. In comparison, the HA-K PEC treated implant surface was
adhered by few S. aureus cells without any biofilm growth. Hematoxylin
and eosin (H&E) staining assay was used to analysis the histopathology
of planktonic S. aureus infected PDMS slide surrounding tissues
(Fig. S31). After 3 and 7 days of implantation, untreated (control) mouse
skin tissues were full of inflammatory cells, whereas HA-K PEC treated
mouse skin tissues showed significantly inhibited inflammatory
reaction.

HA-K PEC also exhibited high biofilm eradication property (eradi-
cated >64.6% and 63.9% of bacterial biofilm) in vivo on day 3 and day 7
post-administration (Fig. 6D). SEM was used to observe biofilm mor-
phologies on the implanted slides after HA-K PEC treatment (Fig. S32).
The S. aureus biofilm on implant surface was efficiently disrupted by HA-
K PEC as compared to the untreated surface. The biofilm eradication of
HA-K PEC should involve the efficient biofilm penetration via dissoci-
ation into smaller nanoparticles, disruption of the EPS matrix via mul-
tiple interactions, regulation bacterial twitching/swarming motility,
increasing ROS production and bacterial cell membrane permeability. In
terms of the EPS disruption mechanisms, HA-K PEC possesses a chemical
way to interact and dissociate the biofilm EPS which is distinct from
previous reported physical EPS disruption mechanism (e.g., ultrasonic
cavitation) [42,43]. While the physical EPS disruption showed a much
shorter treatment time (e.g., 5-10 min), it required additional facilities,
such as ultrasonic therapeutic apparatus. Histopathological analysis
revealed severe inflammatory response that large number of inflam-
matory cells accumulated in the tissues around the S. aureus biofilm
infected PDMS slides after 3 and 7 days of implantation (Fig. S33). After
HA-K PEC treatment, the tissues around the S. aureus biofilm infected
PDMS slides showed significantly alleviated inflammation reaction after
3 and 7 days of implantation, suggesting potent in vivo biofilm eradi-
cation properties.

Additionally, we collected blood samples to measure the levels of
inflammatory factors and found that HA-K PEC could reduce the content
of TNF-a in the body, thereby alleviating bacterial-induced infections
(Fig. 6C-6D). Fluorescence imaging was employed to investigate the
absorption and distribution of HA-K PEC in vivo. Specifically, Cy5-
labeled HA-K PEC (50 pg/mL in PBS) was subcutaneously injected into
the dorsal region of normal mice. The fluorescence distribution in major
organs (heart, liver, spleen, lung, and kidney) was evaluated at pre-
determined intervals using a 3D quantitative fluorescence imaging sys-
tem (Fig. 6E). HA-K PEC mainly distributed in the liver and kidney.
Fluorescence intensity in these organs gradually increased within 4 h,
followed by a steady decrease, and complete disappearance by 48 h post-
administration. This suggests that HA-K PEC is primarily metabolized
and excreted through the liver and kidney, respectively.

HA-K PEC exhibited negligible cytotoxicity toward NIH 3 T3 cells at
<500 pg/mL (Fig. S34), which is much higher than its MBIC and MBEC.
We also assessed the hemolytic properties of HA-K PEC. It also demon-
strated low hemolysis (< 4%) even at 2000 pg/mL (Fig. S35). In addi-
tion, a mouse model was used to evaluate blood routine and blood
biochemical indices of HA-K PEC (Fig. S36-S37). Statistical significance
was not observed for HA-K PEC treated and untreated mice, indicating
good blood compatibility.

2.7. Proteomic assessment of HA-K PEC treated S. aureus

To investigate the effect of HA-K on the protein expression of
S. aureus, TMT-based quantitative proteomics analysis was conducted on
both untreated and HA-K PEC treated planktonic S. aureus. A total of
2335 proteins were identified (unique peptides >1, FDR < 0.01).
Differentially expressed proteins (DEPs) were screened using the criteria
of fold change (FC) > 2 (or < 0.5) and p-value <0.01. As shown in
Fig. 7A, 756 DEPs were identified, with 594 up-regulated and 162 down-
regulated. Next, the cell components in the Gene Ontology (GO) data-
base were annotated and counted. The subcellular localization of DEPs
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enriched into the cell components category in the GO database revealed
that 51.45% were located in the cytoplasm, 30.43% in the cell mem-
brane, 7.97% in the ribosome, 6.52% in the extracellular region, 2.90%
in the cell wall and 0.72% in the nucleoid (Fig. 7B), indicating that HA-K
PEC predominantly affects the cytoplasm and cell membrane of
S. aureus. The clustering heatmap (Fig. S38) illustrates significant
changes in the protein expression patterns of HA-K PEC treated S. aureus,
with columns representing different samples and rows representing in-
dividual proteins. Red indicates highly expressed proteins, while blue
indicates low-expression proteins.

DEPs were classified into three GO categories: biological processes,
molecular function, and cellular components, with the top 20 GO terms
shown in Fig. 7C. The molecular functions associated with DEPs
included catalytic activity, binding, transporter activity, and
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transcriptional regulatory activity. In biological processes, DEPs were
involved in cellular processes, metabolic processes, biological regula-
tion, and localization. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis identified a total of 99 pathways associated
with DEPs, categorized into five groups: metabolism, genetic informa-
tion processing, environmental information processing, cellular pro-
cesses, and human diseases (Fig. 7D). Notably, the majority of DEPs
were associated with the metabolism pathway, with 79 DEPs annotated
as involved in metabolic processes. This suggests that the metabolic
activity of S. aureus treated with HA-K PEC significantly increased,
implying that bacterial activity was enhanced rather than inhibited,
which aligns with the previous experimental findings that HA-K PEC did
not inhibit bacterial activity at a concentration of 100 pg/mL. Biofilm
bacteria exhibited distinct proteomic and metabolic profiles as
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compared to planktonic ones [44]. HA-K PEC also displayed different
interactions with them. Specifically, HA-K PEC was non-lethal to
planktonic bacteria with no influence on bacterial cell membrane
permeability. In comparison, HA-K PEC became lethal to biofilm bac-
teria because of the acidic microenvironment. Fatty acids are essential
components of cell membranes, and the inhibition of fatty acid synthesis
can disrupt the formation of bacterial cell membranes and biofilms
[45,46]. Based on the TMT-based quantitative proteomic analysis, HA-K
PEC inhibited bacterial biofilm formation by reducing the metabolism
and synthesis of fatty acids of S. aureus. QqRT-PCR was used to investigate
the fabD gene involved in fatty acids synthesis pathway. HA-K PEC-
treated S. aureus exhibited reduced fabD gene expression (Fig. $39),
indicating the reduction of fatty acid synthesis.

Additionally, S. aureus and epithelial cell binding was inhibited by
HA-K PEC. Specific analysis of this pathway revealed that HA-K PEC
downregulated the expression of clfB, SdrC/D, and SasG/Pls in S. aureus,
thereby diminishing bacterial colonization of epithelial cells (Fig. 7E).
The downregulation of clfB gene expression level of S. aureus treated by
HA-K PEC further verified the inhibition of S. aureus adhesion and
bacterium-host-cell-interactions as revealed by qRT-PCR (Fig. S39). To
further verify the above discovery, we used flow cytometry to measure
the binding between bacteria and epithelial cells. The results showed
that the binding efficiency of S. aureus to epithelial cells was greatly
reduced by HA-K PEC (Fig. 7F), suggesting that HA-K PEC can be readily
used to prevent S. aureus binding and subsequent biofilm formation on
epithelial cells and epithelial tissues.

3. Conclusion

We have demonstrated that the brush polyelectrolyte complex HA-K
PEC effectively prevents and eradicates implant-associated biofilms,
thereby addressing biofilm-related infections at both early and estab-
lished stages. HA-K self-assembles into stable PECs that exhibit strong
binding to planktonic bacteria and efficient penetration into mature
biofilms. Mechanistically, HA-K PEC engages in multivalent electro-
static, hydrophobic, and hydrogen-bonding interactions, resulting in
high affinity for planktonic bacteria, while its dissociation into smaller
nanoparticles within the biofilm enables disruption of the EPS matrix
and promotes biofilm clearance. Importantly, HA-K PEC displays
negligible cytotoxicity toward mammalian cells and does not induce
bacterial drug resistance. Collectively, these features position HA-K PEC
as a promising non-antibiotic therapeutic platform for the simultaneous
prevention and treatment of biofilm-associated infections on medical
implants.
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