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a b s t r a c t

Planktonic bacteria adhere and subsequently form biofilms on implantable medical devices can cause

severe infections that have become the major types of hospital-acquired infections. Traditional coatings

for the implants are frequently lack of long-term antifouling and bactericidal activities. It is still a big

challenge to simultaneously improve the antifouling and bactericidal activities of the coatings. Herein,

we report that mixed-charge glycopolypeptide coatings are of long-term antibacterial activities to effi-

ciently inhibit the biofilm growth. The glycosylation of mixed-charge polypeptides has led to a signif-

icant improvement of both antifouling and bactericidal activities. The cooperative effect of the saccha-

ride residues and mixed-charge residues improved the resistance of the polypeptide coatings against

protein adsorption. The saccharide and l-glutamic acid (E) residues collectively enhanced the bacterial

membrane-disruption of cationic l-lysine (K) residues, leading to potent bactericidal activity. Meanwhile,

the glycopolypeptide coatings showed superior biocompatibility, long-term antibiofilm and anti-infection

properties in two types of mouse subcutaneous infection models and one type of mouse urinary tract

infection model. This work provides a new strategy to achieve antibacterial coatings with long-term ac-

tivities for preventing implantable medical device associated infections.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the improvement of medical technique, various im-

plantable medical devices (e.g., catheters and prosthetics) have

been developed and widely used to help repair tissue, restore bio-

logical functions, and so on [1]. Meanwhile, implant surfaces have

provided a “comfortable” platform for bacteria adhesion and sub-

sequent biofilm formation, which has led to high rate of device-

associated infections (DAIs) [2,3]. While planktonic bacteria can be

readily killed by anbiotics and other anibacterial agents [4] such

as antimicrobial peptides (AMPs) [5,6] and silver nanoparticles

[7,8], they are able to adhere and subsequently form biofilms on

implantable medical devices, causing severe infections. Biofilms

are difficult to eliminate, frequently causing the removal and sec-

ondary implantation of the medical devices. Therefore, strategies

that can prevent biofilm formation are highly desirable to combat

DAIs. Antibacterial coatings with antifouling or bactericidal activi-

ties have exhibited short-term (less than two weeks) inhibition of

biofilm formation [9,10]. However, antifouling coatings are not able

to kill bacteria [11,12]. Eventually, bacteria can conquer the hydra-
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tion layer of an antifouling coating by bacterial pilus and adhesins,

leading to bacterial adhesion and biofilm formation. While bacteri-

cidal coatings can kill bacteria by contact or by releasing antibiotics

[13], reactive oxygen species (ROS) [14] or AMPs [15]. The surface

bactericidal activity was frequently screened by dead bacteria [16].

Moreover, bactericidal coatings, such as cationic polymer coatings

have raised biocompatibility issues, which need to be further ad-

dressed.

Therefore, antibacterial coatings with both antifouling and bac-

tericidal activities have been developed to address the DAI issues

[17,18]. Generally, they are composed of both hydrophilic (e.g., hy-

droxyl groups and poly(ethylene glycol) (PEG)) and bactericidal

(e.g., cationic groups and AMPs) components to achieve antifoul-

ing and bactericidal activities, respectively [19,20]. The two distinct

functional components can be randomly or separately integrated

in a polymer. Much effort has been made to pursue potent sur-

face antibacterial properties by adjusting the chemical structures

and compositions of the functional groups. Nevertheless, different

functional components are frequently lack of cooperative effect,

consequently leading to inadequate antibacterial activity. For ex-

ample, mixed-charge polypeptide coatings with equivalent l-lysine

(K) and l-glutamic acid (E) residues displayed resistance to both

https://doi.org/10.1016/j.cclet.2024.109746
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Fig. 1. Schematic illustration of the mixed-charge glycopolypeptide coatings and their long-term antibacterial activities originating from simultaneously improved antifouling

and bactericidal activities.

protein adsorption and bacterial adhesion due to the hydration of

hydrophilic groups, including carboxyl (−COO−) and ammonium

(−NH3
+) groups [21–23]. Yet, they displayed lower bactericidal ac-

tivity than cationic polypeptide or AMP coatings owing to the elec-

tronic interactions between K and E residues, which weakened

the membrane-disruption of cationic groups. In order to potenti-

ate the surface antibacterial property, the exploration and discov-

ery of functional components that can simultaneously improve the

antifouling and bactericidal activities are of great importance.

In nature, carbohydrates play unique roles in biological func-

tions. For instance, the glycocalyx of cells is a carbohydrate-rich

layer composed of glycosylated proteins, lipids, and so on [24]. Car-

bohydrates of the glycocalyx are engaged in cell recognition and

cell-cell interactions [25]. Inspired by the structure and function of

glycocalyx, researchers have designed the glycosylated AMPs and

cationic polymers that have shown improved targeting specificity

in solution [26]. The glycosylated surfaces have showed switchable

bacterial adhesion by tuning the carbohydrate-protein (i.e., FimH

lectin) interactions [27] or fouling resistance ascribing to the hy-

dration of carbohydrates and steric hindrance effect [28]. However,

glycosylated surfaces with potent antifouling and bactericidal ac-

tivities have not been developed.

Herein, we report the design, synthesis, and biological prop-

erties of a new series of glycopolypeptides (i.e., ExnKpnKqn(Glu)

or ExnKpnKqn(Lac)) composed of three distinct functional compo-

nents, including E, K, and saccharide-conjugated K residues (Fig.

1). The glycopolypeptides were deposited on implant surfaces

with the assistance of polydopamine (PDA) forming potent an-

tibacterial coatings. The structure-property relationship of the gly-

copolypeptide coatings was systematically investigated. The sur-

face antibacterial mechanisms were revealed by a series of exper-

iments that indicated a cooperative effect of different functional

components. For the first time, we discovered that the saccha-

ride residues can improve both antifouling and bactericidal ac-

tivity of the mixed-charge polymer coatings. The top-performing

glycopolypeptide coating displayed biocompatibility and long-term

(i.e., 28 days) antibacterial activity both in vitro and in vivo.

The glycopolypeptides were synthesized by ring-opening poly-

merizations (ROPs) of α-amino-acid-based N-carboxyanhydrides

(NCAs) and side-chain modifications (Fig. 2A and Scheme S1

in Supporting information). Nε–tert-butyloxycarbonyl-l-lysine NCA

(BLL-NCA) and γ -benzyl-l-glutamate NCA (BLG-NCA) were used as

the monomers to yield E and K residues, respectively. The NCAs

were initiated by n-butylamine and the ROPs were performed in

anhydrous DMF at room temperature. The monomer conversion

was monitored by Fourier transform-infrared (FTIR) spectroscopy.

The resulting polypeptides (i.e., BKyn and BExnBKyn) were precip-

itated in cold diethyl ether when the νC=O band of NCA rings at

1853 cm−1 in the FTIR spectra completely disappeared. The degree

of polymerization (DP) was controlled by adjusting the initial mo-

lar ratio of the monomer and initiator (i.e., [M]0/[I]0). The num-

bers of E and K residues (i.e., xn and yn) in a single polypeptide

chain were tuned by changing the feeding ratio of BLL-NCA and

BLG-NCA. The number-average molecular weight (Mn) and molecu-

lar weight dispersity (Đ) were determined by gel permeation chro-

matography (GPC) equipped with a multi-angle laser light scatter-

ing (MALLS) detector. The GPC determined Mns are close to the

theoretical ones and the Đs are relatively small (≤1.19), suggesting

that the n-butylamine initiated ROPs of BLL-NCA and BLG-NCA are

well-controlled (Fig. S1 and Tables S1 and S2 in Supporting infor-

mation).

The molecular structures of BKyn and BExnBKyn were confirmed

by 1H nuclear magnetic resonance (1H NMR) spectroscopy (Fig. 2B

and 1H NMR spectra section in Supporting information). For ex-

ample, the chemical shifts at 5.06 and 3.81ppm correspond to the

protons of the benzyl methylene of E residues and ε-carbon of K

residues, respectively. Therefore, the E/K ratios can be determined

by 1H NMR based on the integration ratios of the above protons.

They are close to the feeding ratios further indicating the well-

controlled ROPs. Moreover, the DPs were determined by the 1H

NMR according to the integration ratios of the protons of the ben-

zyl methylene of E residues, ε-carbon of K residues and methyl end

groups.

BKyn and BExnBKyn underwent deprotection of tert–

butyloxycarbonyl (Boc) and benzyl groups under acidic conditions,

yielding the polypeptides with amino pendants (i.e., Kyn and

ExnKyn, Fig. 2A and Scheme S1). A mixed-charge polypeptide,

namely E15K15 was synthesized. It has been reported that the

balance of E and K residues in the mixed-charge polypeptide coat-

ings are important to achieve potent surface antibacterial property

[18]. The glycosylation of Kyn and ExnKyn via the amidation reac-

tion yielded the designed glycopolypeptides (i.e., ExnKpnKqn(Glu)

and ExnKpnKqn(Lac)) with mixed-charge pendants. Gluconic acid

and lactobionic acid were used for the glycosylation. Because

that they are commercially available in a large scale and com-

posed of 5 or 8 nonionic and highly hydrophilic hydroxyl groups.

The mixed-charge glycopolypeptides with constant numbers of

E and K residues and different number of saccharide residues
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Fig. 2. (A) Synthetic routes of the mixed-charge glycopolypeptides, namely ExnKpnKqn(Glu) and ExnKpnKqn(Lac). (B) 1H NMR spectra of BE15BK45 in DMSO–d6 and

E15K15K30(Lac) in D2O. (C) FTIR spectra and (D) SEM images of the uncoated, PDA, and E15K15K30(Lac) coated PDMS. Scale bar: 1 μm. (E) Water contact angles of the uncoated,

PDA, E15K15, glycopolypeptides coated PDMS. Data are mean ± standard deviation (SD) (n = 3).

(E15K15Kqn(Glu) and E15K15Kqn(Lac), qn=5, 15, and 30) were

synthesized. However, their DPs are different. In order to further

investigate the effect of the content of saccharide residues on the

biological properties, E20K20K20(Lac) and E10K10K40(Lac) with the

same DP were synthesized. The glycopolypeptides with exclusive

lactose (K30(Lac) and K60(Lac)), E/lactose (E15K30(Lac)) or K/lactose

(K15K30(Lac)) residues were also synthesized to compare with the

mixed-charge glycopolypeptides, aiming to explore the role of the

charge groups on the biological properties.

The molecular structures of the E15K15 and all resulting gly-

copolypeptides were also confirmed by 1H NMR (Fig. 2B and 1H

NMR spectra section in Supporting information). For example, the

chemical shifts at 3.56–4.59ppm correspond to the protons of lac-

tose. The missing chemical shifts at 5.01 and 1.35ppm suggest suc-

cessful deprotection of both benzyl and Boc groups with high con-

versions.

All resulting polypeptides can be readily dissolved in aqueous

solutions, such as Tris–HCl buffer (pH 8.5), enabling their coat-

ing preparation from a safe and environmental-friendly solution.

Prior to the coating preparation, we investigated the polypeptide

conformation and polymer surface charges in aqueous solutions

by circular dichroism (CD) spectroscopy and dynamic light scat-

tering (DLS) technique. The solution conformations of the E15K15,

K30(Lac), K60(Lac), E15K30(Lac), and K15K30(Lac) in pH range of 4.5–

9.5 are random-coils (Fig. S2 in Supporting information), indicat-

ing that the charge repulsion or steric hindrance effect disrupt

intermolecular hydrogen bonds of α-helix. The mixed-charge gly-

copolypeptides also adopt random-coil conformations at pH 7.4.

However, E15K15K5(Glu), E15K15K5(Lac) under low pH conditions

(e.g., pH 5.5), and E15K15K30(Glu), E15K15K30(Lac) under high pH

conditions (e.g., pH 8.5) adopt small portion of α-helical confor-

mation as evidence that the mean residue ellipticity at 222nm,

[θ ]222 increased at specific pH values. The pH-induced coil-to-

helix conformation transition usually involves the protonation of

amino pendants or deprotonation of carboxyl pendants. Yet, the

mixed-charge glycopolypeptides adopt different solution conforma-

tions under the same pH conditions. The structure-conformation

relationship is still unclear. Moreover, the zeta potential analysis

of E15K15 and all mixed-charge glycopolypeptides revealed a zero

zeta potential under the neutral condition (Fig. S3 in Supporting

information), suggesting an equal amount of negative and posi-

tive charges, namely carboxyl (−COO−) and ammonium (−NH3
+)

group.

Polydimethysiloxane (PDMS), namely silicone was used as the

substrate. It has been widely used in implantable medical de-

vices owing to its desirable elasticity, good chemical stability, and

biocompatibility [11,29]. The polypeptide coatings on PDMS slides

were prepared via a codeposition process in the dopamine (DA)

Tris–HCl buffer solution (pH 8.5). It can self-polymerize in weak

basic solution with the presence of oxidative reagents, such as

oxygen, depositing and forming a PDA coating on various sub-

strates [30]. The chemical interactions between PDA and low po-

larity polymer substrate (e.g., poly(tetrafluoroethylene) and PDMS)

are mainly van der Waals and hydrophobic interactions [31]. The

PDA coatings can be readily used as an adhesion layer for further

surface modifications. Water-soluble polymers can be readily de-
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posited on various substrates with the assistance of DA [32]. The

codeposition process usually involves the self-polymerization of

DA, Michael addition reactions, hydrogen bonding interactions, and

so on [33]. The chemical interactions between polymer coatings

and PDA coatings are mainly hydrogen bonding, cationic-π , and π-

π interactions [33]. Previous evidence has indicated that polymer

coatings prepared by DA-assisted codeposition process are of good

stability against soaking in various aqueous solutions, ultrasoni-

cation, and autoclaving [32,34]. The mixed-charge glycopolypep-

tides, such as E15K15K30(Lac) self-assembled in Tris–HCl buffer so-

lution (pH 8.5) forming nanoscale aggregates mainly owing to the

intermolecular electrostatic interactions (Fig. S4 in Supporting in-

formation). Similar results were observed in the polymer/DA solu-

tions. The addition of DA increased the hydrodynamic diameters of

polymers, suggesting the presence of interactions (e.g., electrostatic

interactions and hydrogen bonds) between the glycopolypeptides

and DA molecules.

Besides the polypeptide coatings, we also prepared PEG and

melittin coatings to compare their surface biological properties.

PEG is widely used for antifouling applications [35]. Melittin is

a commercially available AMP and has high surface bacterici-

dal activity by contact [34,36]. Polymer blend coatings, namely

E15K15/K30(Lac) and melittin/PEG227 coatings were also prepared to

investigate the effect of functional component distribution (blend

or random copolymer) on the surface biological properties.

All polymer coatings were successfully prepared as confirmed

by a combination of characterization techniques, including FTIR, X-

ray photoelectron spectroscopy (XPS), and scanning electron mi-

croscopy (SEM). In the FTIR spectra of polypeptide, melittin, and

polymer blend coatings (Fig. 2C and Fig. S5 in Supporting informa-

tion), the appearance of characteristic amide I and amide II bands

corresponding to the peptide bonds suggests the formation of poly-

mer coatings on PDMS surfaces. In addition, the FTIR band at 1466

cm−1 corresponds to the bending vibration of –CH2–, verifying the

preparation of PEG227 coating. In the XPS spectra, uncoated PDMS

showed O 1s, C 1s, Si 2s, and Si 2p peaks at 532.0, 284.5, 99.0, and

154.0 eV, respectively (Fig. S6 in Supporting information). After de-

position of PDA on the PDMS surface, a characteristic N 1s peak

appeared in the XPS spectrum of PDA coating. While all polypep-

tides and melittin coatings are of the N 1s peak in the XPS, their

N 1s binding energy were different from PDA coating. Polypeptides

are composed of peptide bonds whereas PDA contains indole moi-

eties. Moreover, PEG227 coated PDMS did not show the N 1s peak

in the XPS because of the small amount of DA used in codeposi-

tion process (polymer to DA weight ratio was 16/1) and weak N 1s

peak of PDA layer covered by PEG227.

The surface morphologies of the polymer coatings were charac-

terized by SEM. The unmodified PDMS surface was flat without any

noticeable nanoscale structures (Fig. 2D and Fig. S7 in Supporting

information). PDA coating showed slightly increased roughness and

few nanoparticles randomly distributed on the surface, likely due

to the poorly controlled self-polymerization of DA. The polymer

coatings prepared from polypeptides, melittin, PEG227, and poly-

mer blends are of rougher surface morphologies than both PDMS

and PDA coating (Fig. 2D and Fig. S7). The thickness of the poly-

mer coatings in the dry state was measured by spectroscopic ellip-

sometry (Fig. S8 in Supporting information). E15K15, glycopolypep-

tides, PEG227, melittin and polymer blend coatings. The thickness

of E15K15, glycopolypeptides, PEG227, melittin, and polymer blend

coatings was in the range of 200–360nm. Given that all polymer

coatings were non-leachable, we reasoned that the coating thick-

ness should not affect the surface biological properties, including

antifouling, bactericidal, and biocompatible properties.

The water contact angles of the unmodified PDMS and the

polymer coatings were measured by a drop shape analysis in-

strument. The unmodified PDMS surface was highly hydropho-

Fig. 3. Adsorbed protein (%) on the uncoated, PDA, E15K15, glycopolypeptides,

PEG227, and polymer blend coated PDMS surfaces. Data are mean ± SD (n = 3).
∗∗P < 0.01, ∗∗∗P < 0.001.

bic with a contact angle of 110.7° whereas the PDA coating was

hydrophilic (59.2°, Fig. 2E). All polypeptide coatings are highly

hydrophilic with water contact angles below 27.2°, ascribing to

their large amounts of hydrophilic pendants, such as carboxyl

(−COO−), ammonium (−NH3
+), and saccharide groups. Glycosy-

lation of polypeptides resulted in increased hydrophilicity as evi-

dence that E15K15Kqn(Glu) and E15K15Kqn(Lac) showed lower water

contact angles than E15K15. Moreover, E15K15K30(Lac) showed lower

water contact angles than E15K15, K30(Lac), and E15K15/K30(Lac),

suggesting a cooperative effect of the charges and saccharides that

enhanced the hydration of the random copolymer coatings.

Protein adsorption resistance of the unmodified PDMS and the

polymer coatings was measured by the micro-BCA assay (Fig. S9

in Supporting information). Bovine serum albumin (BSA) and fib-

rinogen (Fg) were chosen as the model proteins because that they

are important proteins in blood and frequently related to bacte-

rial adhesion on material surfaces [37]. The adsorbed proteins on

uncoated PDMS surfaces were defined as 100%. High protein ad-

sorption resistance is usually related to potent antifouling property

of polymer coatings [38,39]. Both uncoated and PDA coated sur-

faces showed poor resistance against protein adsorption (Fig. 3).

In comparison, the protein adsorption on all polypeptide coatings

(<39.4%) was significantly lower than uncoated PDMS surface, as-

cribing to the formation of hydration layers around the hydrophilic

polypeptides that are able to inhibit non-specific protein adsorp-

tion and initial bacterial adhesion. The trend of resistance of each

polymer against BSA and Fg adsorption was similar. For example,

the adsorbed BSA or Fg were 20.8% and 28.3% on K30(Lac) coating,

respectively.

Glycosylation of mixed-charge polypeptides (e.g., E15K15) re-

sulted in enhanced resistance against protein adsorption. The ad-

sorbed protein decreased with the increase of saccharide residues

for the E15K15Kqn(Glu) and E15K15Kqn(Lac) coatings. Neverthe-

less, E15K15K30(Lac) coating with 50% saccharide residues showed

lower protein adsorption resistance than both E20K20K20(Lac)

(33% saccharide residues) and E10K10K40(Lac) (67% saccharide

residues) coatings, suggesting that the protein adsorption re-

sistance was collectively affected by the content of saccharide

residues and DP. The mixed-charge glycopolypeptides with lac-

tose pendants showed lower protein adsorption resistance than

the ones with glucose pendants, presumably due to the in-

creased hydrogen bonds between lactose pendants and water.
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Fig. 4. (A) Representative images of the LB agar plates treated with S. aureus and E. coli from uncoated and different polymer coated surfaces. (B) Statistical data of colony

count of surviving bacteria from the uncoated, PDA, E15K15, glycopolypeptides, PEG227, melittin, and polymer blend coated PDMS. (C) Plots of protein leakage versus time for

the uncoated, PDA, E15K15, E15K15K30(Glu), E15K15K30(Lac), and melittin coated PDMS. Data are mean ± SD (n = 3). ∗∗∗P < 0.001.

E15K15K30(Lac) coating showed significant lower protein adsorp-

tion resistance than E15K15, K30(Lac), and E15K15/K30(Lac), indi-

cating the cooperative effect of the charges and saccharides that

enhanced the polymer-water interactions. Increasing the DP of

Kqn(Lac) slightly enhanced the resistance against protein adsorp-

tion. The balance of negative and positive charges played an im-

portant role on the resistance against protein adsorption. Specifi-

cally, E15K15K30(Lac) coating showed significant lower protein ad-

sorption resistance than E15K30(Lac) and K15K30(Lac), respectively.

Moreover, the protein adsorption resistance of E15K15K30(Lac) coat-

ing was much lower than PEG227 coating. As compared to other

developed antifouling coatings, E15K15K30(Lac) coating showed

higher protein adsorption resistance than tetra(ethylene glycol)-

based single-chain cyclized/knotted polymer coatings [40], PEG-

based single-chain nanoparticle coatings [41], and anionic polymer

coatings [42].

The bactericidal activities of the polymer coatings were inves-

tigated by a contact-killing assay. S. aureus and E. coli were used

as the model bacteria. They are widely used Gram-positive (i.e.,

S. aureus) and Gram-negative bacteria (i.e., E. coli) for surface an-

tibacterial property evaluation. S. aureus is usually associated with

the infections of skin, bloodstream, and bones while E. coli often

cause the urinary tract infections [43]. In the contact-killing as-

say, the bacterial suspension solution was added to coating sur-

faces which were subsequently covered by a pristine polyethylene

(PE) membrane and incubated at 37 °C for 24 h. Then, the sur-

viving bacteria on the polymer coatings were counted by an agar

plate colony counting assay (Fig. 4A). The uncoated PDMS, PDA and

PEG227 coatings showed no bactericidal activity against S. aureus

or E. coli. Kqn(Lac) and E15K30(Lac) coatings showed insignificant

bactericidal activities whereas the polymer coatings prepared from

E15K15, mixed-charge glycopolypeptides, and K15K30(Lac) showed

more than 1.5 log-reduction of S. aureus and 1.3 log-reduction of

E. coli as compared to the uncoated PDMS.

It was interesting to observe that the glycosylation of mixed-

charge polypeptides resulted in significantly improved bacteri-

cidal activities, especially for the samples with 15–40 residues

of saccharides. For example, E15K15K30(Glu), E15K15K30(Lac), and

E20K20K20(Lac) coatings showed >99.9% bactericidal efficiency

against both S. aureus and E. coli. The bactericidal kinetic re-

sults indicated that E15K15 coating only killed 73.1% S. aureus and

67.8% E. coli after incubation for 4h whereas E15K15K30(Glu) and

E15K15K30(Lac) coatings killed more than 95.3% bacteria by contact,

indicating the importance of glycosylation to enhance the bacteri-

cidal activities (Fig. S10 in Supporting information). E15K15K30(Lac)

coating showed similar bactericidal efficiency (>99.9%) and killing

rate to the AMP (melittin) coating. As compared to other developed

bactericidal coatings, E15K15K30(Lac) coating showed higher bac-

tericidal efficiency than positively charged quaternary ammonium

and hydrophobic benzyl group modified poly(lysine methacry-

lamide) coatings [44] and imidazolium-based polymer coatings

[16].

The bactericidal efficiencies of the mixed-charge glycopolypep-

tide coatings are related to the saccharide structures and con-

tents, and polymer chain length. The polymer coatings with lac-

tose residues showed higher bactericidal activities than the coat-

ings with glucose residues (Fig. 4B). E15K15K30(Lac) coating also

showed higher killing rate than E15K15K30(Glu) coating (Fig. S10).

For the E15K15Kqn(Glu) and E15K15Kqn(Lac) coatings, the bacte-

ricidal efficiency increased with the increase of saccharide residue

contents (from 14% to 50%). E10K10K40(Lac) coating with 67% sac-

charide residues showed slightly lower bactericidal efficiency than

E15K15K30(Lac) coating. For the coatings with the same saccharide

residues, E20K20K20(Lac) coating with long polymer chains showed

higher bactericidal efficiency than E15K15K15(Lac) coating.

Another interesting observation is that the mixed-charge gly-

copolypeptide coatings showed significantly enhanced bacterici-

dal activities than the cationic glycopolypeptide coating. For ex-

ample, E15K15K30(Lac) coating showed >99.9% bactericidal effi-

ciency whereas K15K30(Lac) coating showed 97.8% against S. aureus

and 82.5% against E. coli. This phenomenon indicates that the E

residues are essential functional components to potentiate the bac-

tericidal activities probably by improving the polymer-bacterium

interactions.

Moreover, E15K15K30(Lac) showed higher bactericidal efficiency

than E15K15/K30(Lac) coating, indicating that the bactericidal activ-

ities cannot be improved by simply blending polymers. The poly-

mer blend coatings, including melittin/PEG227 and E15K15/K30(Lac)

coatings showed significantly decreased bactericidal activities as

compared to melittin and E15K15 coatings.
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The surface bactericidal mechanism of the polymer coatings

was first investigated by SEM. The uncoated and polymer coated

PDMS slides were incubated with S. aureus or E. coli at 37 °C for

24 h. Loosely adhered bacteria were gently washed off by phos-

phate buffer saline (PBS) buffer. The morphologies of attached bac-

teria on polymer surfaces were observed by SEM (Fig. S11 in Sup-

porting information). The bacteria on uncoated and PDA coated

surfaces are of regular shapes (spherical or columnar). In com-

parison, the bacteria shrank on the mixed-charge glycopolypeptide

coatings, eventually forming severely deformed cells or cell mem-

branes. Similar results were observed on E15K15 and melittin coat-

ings. We speculated that the bactericidal mechanism of the result-

ing polypeptide coatings was a membrane disruption mechanism

[45]. To further verify this mechanism, the protein leakage assay

was used to analyze the bacterial membrane damage after con-

tacting with different surfaces. The protein leakages from uncoated

and PDA coated surfaces were not noticeable whereas the leakage

from melittin coating was fast and significant (Fig. 4C), owing to

the electrostatic interaction between melittin and bacterial mem-

branes. It is known that the melittin-bacterium interactions can

induce pores in membranes and increase membrane permeability

[46,47]. Noticeable protein leakages were observed for the E15K15

and mixed-charge glycopolypeptide coatings. In particular, the pro-

tein leakage rate from E15K15K30(Lac) coating was similar to the

melittin coating. We speculated that the E15K15 and mixed-charge

glycopolypeptide coatings are of the same bactericidal mechanism

as the melittin coatings, namely the electrostatic interaction be-

tween the cationic residues (e.g., K) and anionic bacterial mem-

branes.

Glycosylation improved the surface bactericidal activities, pre-

sumably ascribing to the enhanced polymer-bacterium interac-

tions. To verify this assumption, we modified the polymers with

rhodamine B and observed the polymer treated bacteria under

the confocal laser scanning microscope (CLSM). E15K15 treated

bacteria showed no fluorescence whereas both E15K15K30(Glu)

and E15K15K30(Lac) treated bacteria showed intense blue fluo-

rescence (Fig. S12 in Supporting information), owing to the ac-

cumulation of E15K15K30(Glu) and E15K15K30(Lac) on the bacte-

rial surfaces. These results confirmed that the saccharide residues

could enhance polymer-bacterium interactions. Moreover, both

E15K15K30(Glu) and E15K15K30(Lac) showed bactericidal activities in

solution as evidence that the bacterial membranes were disrupted

and aggregated.

Besides the saccharide residues, E and K residues also played

important roles on the polymer-bacterium interactions and surface

bactericidal activities. To this end, we analyzed the binding affinity

between the polymer coatings and bacterial surface proteins that

related to the initial bacterial adhesion. Staphylococcal protein A

(SpA) was used as the model protein from bacterial surfaces be-

cause of its biological function to initiate S. aureus adhesion to the

abiotic substrates [48]. The binding constant (Ka) of K30(Lac)-SpA

was close to K60(Lac)-SpA (Fig. S13 and Table S3 in Supporting in-

formation), indicating negligible effect of DP on the binding affin-

ity. The Ka of E15K15K30(Lac)-SpA was about two times higher than

that of E15K15-SpA. It was also 1.4 and 4.7 times higher than those

of K15K30(Lac)-SpA and E15K30(Lac)-SpA, respectively. These results

indicated that the saccharide, E, and K residues collectively affected

the polymer-bacterium interactions.

The antibiofilm property of the polymer coatings was evalu-

ated by soaking the PDMS slides in bacterial suspension solutions

and incubating for 2–28 days. The surface attached bacteria were

counted by the agar plate colony counting assay (Figs. S14 and

S15 in Supporting information). The biofilm growth was defined

as the percentage of surface attached bacteria on polymer coatings

as compared to those on the uncoated PDMS surface (Fig. 5A). Af-

ter incubation for 48h, the uncoated and PDA coated surfaces were

covered by the S. aureus or E. coli biofilms, due to their poor an-

tibiofilm property. The K30(Lac), K60(Lac), E15K30(Lac), and PEG227

coatings showed good antibiofilm property, owing to the formation

of hydration layers around the hydrophilic polymer chains that in-

hibited the initial bacterial adhesion. The S. aureus biofilm growth

on K30(Lac) and K60(Lac) coatings was faster than the E. coli biofilm

growth, likely resulting from the different saccharide-bacterium in-

teractions. While the biofilm growth on the PEG227 coating was

low (≤1.18%) after 48h, the biofilm will eventually form because

the PEG227 coating has no bactericidal activity. While the melit-

tin coating has potent bactericidal activity by contact, the biofilm

can readily grow on dead bacteria attached to the melittin coating

leading to fast biofilm growth (≥43.50%). The melittin/PEG227 coat-

ing showed faster biofilm growth than the PEG227 coating, suggest-

ing that the melittin component suppressed the antifouling prop-

erty of PEG227 component.

The biofilm growth on the E15K15 coating was faster than the

PEG227 coating, but slower than the melittin coating. The glyco-

sylation of the mixed-charge polypeptide has achieved extremely

low biofilm growth. The E15K15K30(Lac) coating showed near zero

biofilm growth (≤0.06%) after 48h, indicating superior antibiofilm

property. We speculate that the good antibiofilm property of gly-

copolypeptide coating is related to the simultaneously improved

antifouling and bactericidal activities. Specifically, the hydration

layer formation of the polypeptide coatings can inhibit the initial

bacterial adhesion. Once the bacteria conquer the hydration layer

by bacterial pilus and interact with the polypeptides, they can be

readily killed by the membrane disruption mechanism.

We further investigated the antibiofilm property of the

E15K15K30(Lac) coating for potential long-term uses. The adhered

bacteria and biofilms on the material surfaces were observed by

CLSM (Fig. 5B). After 3 days incubation, thick and dense biofilms

were formed on the uncoated PDMS slides. In comparison, zero

biofilm was attached to the E15K15K30(Lac) coating even after 28

days incubation, indicating a long-term antibacterial activity. More-

over, the ultralow biofilm formation on the glycopolypeptide coat-

ings after 28 days incubation further indicated good durability of

the coatings, because that the biofilm can easily formed on PDMS

surfaces within 48h if the glycopolypeptide coatings were dam-

aged or degraded. The agar plate colony counting assay was used

to quantify the biofilm growth (Fig. 5C and Fig. S15). The biofilm

growth on the E15K15K30(Lac) coating was extremely slow that it

was 0.27% for S. aureus and 0.78% for E. coli after 28 days. So far,

polymer coatings with long-term antibacterial activities have been

rarely discovered. The antibiofilm property of E15K15K30(Lac) coat-

ing after 28 days were similar to the ultrahigh molecular weight

poly(N,N-dimethyl acrylamide) coating [32] and poly(3-sulfopropyl

methacrylate-co-3-acrylamidopropyl trimethylammonium chloride)

coating [49].

The hemolysis of the polymer coatings was measured by soak-

ing the polymer coated PDMS slides in the red blood cell (RBC)

suspension solution for 1 h, followed by analysis the optical den-

sities (OD) of the supernatants of the RBC suspension solution

treated by the polymer coatings and the controls. The RBCs in PBS

and Triton X-100 solution (1% in PBS, v/v) were used as the nega-

tive and positive controls, respectively.

The uncoated, PDA, and PEG227 coated PDMS surfaces showed

negligible hemolysis (<0.1%, Fig. S16 in Supporting information).

However, the melittin coating lysed 92.4% RBCs within an hour, in-

dicating high cytotoxicity. The melittin/PEG227 coating also showed

high hemolysis (92.3%), suggesting that the PEG227 component can-

not suppress the membrane disruption of the melittin component.

All polypeptide coatings showed extremely low hemolysis (<2.0%),

indicating low toxicity toward the RBCs. The glycosylation of E15K15

decreased the hemolysis likely owing to the improved antifouling

property by incorporation of saccharide residues.
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Fig. 5. (A) Biofilm growth on the uncoated, PDA, E15K15, glycopolypeptides, PEG227, melittin, and polymer blend coated PDMS after culturing for 48h (n = 3). ∗∗∗P < 0.001.

n.d., signifies not detected. (B) CLSM images of S. aureus and E. coli after culturing for 3–28 days on the uncoated and E15K15K30(Lac) coated PDMS. The bacteria were stained

with a mixture of SYTO 9 (green: live and dead) and PI (red: dead) solution (in dark, 20min). Scale bar: 60 μm. (C) Biofilm growth on the uncoated and E15K15K30(Lac) coated

PDMS after culturing for 3–28 days. Data are mean ± SD (n = 3).

The cytotoxicity of the polymer coatings was evaluated by gen-

tly covering the polymer coated PDMS slides on the mammalian

cells, incubating for 24h, and measuring the cell viability by a

MTT assay. HEK 293T renal epithelial cells and NIH 3T3 fibrob-

last cells were used as the model cells. Similar to the hemolysis

results that the uncoated, PDA, and PEG227 coated PDMS surfaces

showed negligible cytotoxicity toward the mammalian cells, but

the melittin and melittin/PEG227 coatings killed near all the cells

by contact (Fig. S17 in Supporting information). All polypeptide

coatings showed high cell viability, indicating negligible cytotoxi-

city. For example, the glycosylation of E15K15 decreased the hemol-

ysis. For example, the cell viability of NIH 3T3 cell covered by the

E15K15, K30(Lac), and E15K15K30(Lac) coatings were >98%, suggest-

ing that the mixed-charge and saccharide residues cannot disrupt

the mammalian cell membranes. In comparison, the cationic gly-

copolypeptide [K15K30(Lac)] coating showed slightly decreased cell

viability of both HEK 293T cells and NIH 3T3 cells due to the pos-

itively charged polymer chains that can destabilize the cell mem-

branes.

Moreover, the in vivo biocompatibility of the E15K15K30(Lac)

coated PDMS slide was evaluated by a mouse subcutaneous im-

plantation model. The animal experiments were approved by the

Institutional Animal Care and Use Committee at Soochow Univer-

sity. The animal experimental protocols were performed by the

NIH guidelines for the care and use of laboratory animals (NIH

Publication No. 85–23 Rev. 1985). After implantation for 14 days

(Fig. S18A in Supporting information), the implant surrounding tis-

sues were evaluated by the histological analysis (Fig. S18B in Sup-

porting information). The tissues were not damaged or diseased

that no obvious inflammatory reaction was observed, indicating

good in vivo biocompatibility of the E15K15K30(Lac) coating.

The E15K15K30(Lac) coating was used to explore the in vivo anti-

infection property of the mixed-charge glycopolypeptides. To this

end, we established two types of mouse subcutaneous infection

models against S. aureus and one type of mouse urinary tract in-

fection model against E. coli. S. aureus and E. coli were used in the

in vivo experiments because that they are known to cause skin and

urinary tract infections, respectively. In the subcutaneous infection

models, the E15K15K30(Lac) coated PDMS slides were treated by

S. aureus before or after implantation to simulate the bacterium

contaminated implants prior to or after the surgery. The uncoated

PDMS slide was used as the control. After implantation for 14

days, the skin above the uncoated PDMS implant became red and

swollen (Fig. 6A and Fig. S19A in Supporting information) owing

to the severe bacterial infection. In comparison, the skin above the

E15K15K30(Lac) coated PDMS implant has self-healed after 14 days.

The agar plate colony counting assay was used to quantify the im-

plant surface attached S. aureus (Fig. 6B and Fig. S19B in Support-

ing information). More than 3.0 log reduction of S. aureus was ob-

served for the E15K15K30(Lac) coated PDMS implant after 3 days

(Fig. 6C and Fig. S19C in Supporting information), suggesting the

potent in vivo anti-infection property. The implant surrounding tis-

sues were evaluated by the histological analysis on days 3, 7, and

14 (Fig. 6D and Fig. S19D in Supporting information). Large num-

ber of inflammatory cells was observed in the subcutaneous tis-

sue contacted with the uncoated PDMS implant. In comparison, no

obvious inflammatory reaction was observed in the subcutaneous

tissue contacted with the E15K15K30(Lac) coated PDMS implant.

In the mouse urinary tract infection model, the urinary catheter

was inserted into the mouse urethra and bladder, followed by in-

jection of E. coli into the bladder via a syringe. The agar plate

colony counting assay and the histological analysis were performed

7



F. Yang, J. Shi, Y. Wei et al. Chinese Chemical Letters 36 (2025) 109746

Fig. 6. (A) Picture of the mouse’s back implanted by uncoated (left) and E15K15K30(Lac) (right) coated PDMS slides after incubation with S. aureus on day 14. S. aureus

suspension solution was injected into the incisions after implantation. (B) Representative images of the LB agar plates treated with detached the S. aureus from the uncoated

(control) and E15K15K30(Lac) coated PDMS slides or the E. coli from the uncoated (control) and E15K15K30(Lac) coated urinary catheters after implantation for 3, 7, and 14

days. (C) Statistical data of colony count of surviving bacteria from the uncoated (control) and E15K15K30(Lac) coated PDMS slides. (D) Hematoxylin and eosin (H&E) staining

images of the uncoated (control) and E15K15K30(Lac) coated PDMS surrounding subcutaneous tissues after implantation for 3, 7, and 14 days. (E) Statistical data of colony

count of surviving bacteria from the uncoated (control) and E15K15K30(Lac) coated urinary catheters. (F) H&E staining images of the uncoated (control) and E15K15K30(Lac)

coated urinary catheter surrounding urethral tissues after implantation for 3, 7, and 14 days. Data are mean ± SD (n = 3). ∗∗∗P < 0.001. Scale bar: 100μm.

on days 3, 7, and 14 (Figs. 6B and E). The E. coli colonies detached

from the uncoated and E15K15K30(Lac) coated urinary catheters on

day 3 were 1.60× 106 and 1.20× 103 CFU/mL, respectively (Fig.

6E), indicating that the E15K15K30(Lac) coating inhibited >99.9%

biofilm growth. After 14 days of implantation, the uncoated uri-

nary catheter was blocked by the biofilm whereas no noticeable

biofilm formation was observed on the E15K15K30(Lac) coated uri-

nary catheter. The histological analysis indicated large number of

inflammatory cells in the uncoated urinary catheter surrounding

urethral tissues from day 3 to day 14 (Fig. 6F), whereas the tis-

sues around the E15K15K30(Lac) coated urinary catheters showed

insignificant inflammation reaction even on day 14.

In summary, we demonstrate the first example of mixed-charge

glycopolypeptide coatings with long-term antibacterial activities

and good biocompatibility. The cooperative hydration effect of the

saccharide residues and mixed-charge residues enables higher re-

sistance against BSA or Fg adsorption than the coatings prepared

from the mixed-charge polypeptide, glycopolypeptide with exclu-

sive saccharide residues, and polypeptide blends. Both saccha-

ride and l-glutamic acid residues play essential roles on the en-

hancement of the membrane-disruption of cationic residues. Con-

sequently, the mixed-charge glycopolypeptide coatings showed su-

perior antibiofilm properties due to the simultaneously improved

antifouling and bactericidal activities. The top-performing coat-

ing, namely E15K15K30(Lac) coating showed extremely low protein

adsorption, outperformed traditional antifouling polymer (PEG227)

coating. It also showed high bactericidal efficiency against both

S. aureus and E. coli (>99.9%), and fast killing rate similar to the

traditional AMP (melittin) coating. In vitro biofilm growth on the

E15K15K30(Lac) coating was near zero during a short-term period

(e.g., 0–2 days) and less than 0.8% during a long-term period (e.g.,

3–28 days). All mixed-charge glycopolypeptide coatings showed

negligible hemolysis and cytotoxicity. The E15K15K30(Lac) coating

showed potent in vivo bactericidal activity to prevent subcutaneous

implant associated infections. It also showed in vivo long-term an-

tibiofilm property to significantly inhibit the urinary catheter asso-

ciated infection. The mixed-charge glycopolypeptides can be read-

ily used as antibacterial coatings on various implantable medical

devices (such as urinary catheters, prostheses, implantable health-

care dressings, and so on) to prevent biofilm formation and infec-

tion in long-term.
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