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a b s t r a c t

The considerable hazard posed by periprosthetic joint infections underlines the urgent need for the

rapid advancement of in-situ drug delivery systems within joint materials. However, the pursuit of sus-

tained antibacterial efficacy remains a formidable challenge. In this context, we proposed a novel strat-

egy that leverages swelling and erosion mechanisms to facilitate drug release of drug-loaded ultrahigh

molecular weight polyethylene (UHMWPE), thereby ensuring its long-lasting antibacterial performance.

Polyethylene oxide (PEO), a hydrophilic polymer with fast hydrating ability and high swelling capac-

ity, was incorporated in UHMWPE alongside the antibacterial tea polyphenol (epigallocatechin gallate,

EGCG as representative). The swelling of PEO enhanced water infiltration into the matrix, while the

erosion of PEO balanced the release of the encapsulated EGCG, resulting in a steady release. The be-

havior was supported by the EGCG release profiles and the corresponding fitted release kinetic models.

As demonstrated by segmented antibacterial assessments, the antibacterial efficiency was enhanced 2

to 3 times in the PEO/EGCG/UHMWPE composite compared to that of EGCG/UHMWPE. Additionally, the

PEO/EGCG/UHMWPE composite exhibited favorable biocompatibility and mechanical performance, mak-

ing it a potential candidate for the development of drug-releasing joint implants to combat prosthetic

bacterial infections.

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

Medica, Chinese Academy of Medical Sciences.

Periprosthetic joint infection (PJI) is a catastrophic complica-

tion after orthopedic joint replacement associated with reinfec-

tion, reoperation, and high mortality [1-3]. According to the Aus-

tralian Orthopaedic Association National Joint Replacement Reg-

istry (AOANJRR), multiple revisions for PJI in joint replacement

have shown continued growth in the last 5 years, reaching 6.8%

procedures in 2022 [4]. Patients suffering from PJI may experience

mild to severe symptoms, including joint swelling, purulence or si-

nus tract accompanied by fever for acute infections and persistent

pain for chronic infections [5]. Although systemic antibiotic ther-

apy is broadly applied, treatment for staphylococcal infections lasts

6–8 weeks and, in some cases, extends up to 5 years [6]. This pro-

longed duration is due to the limited and ineffective bioavailability

of a wide range of antibiotics at the bone/implant interface [7,8].
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To enhance patients’ quality of life and reduce healthcare costs, it

is imperative to develop in situ drug-releasing antibacterial joint

materials.

Ultrahigh molecular weight polyethylene (UHMWPE) bearing

surfaces are articulating components of joint prostheses with ex-

cellent self-lubrication and mechanical properties [9,10]. Two pre-

dominant methodologies are employed to endow UHMWPE joint

materials with antibacterial performance. One is to modify the

surface with drug-carrying pores and coatings. Lahiri et al. en-

gineered gentamicin-loaded micron-sized pores on the surface of

UHMWPE by solvent etching, lyophilization and vacuum impreg-

nation technique. The modified surface of UHMWPE showed po-

tential against bacterial infection through the release of gentamicin

[11,12]. Porous coatings introduced on UHMWPE liners through

electrostatic spray were able to load and release more gentam-

icin, as confirmed by the release profile and 10 days of antibac-

terial testing [13]. Another direct approach is to blend drugs in

UHMWPE. The entire UHMWPE matrix could serve as a reser-
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Fig. 1. Preparation and characterization of PEO/EGCG/UHMWPE composite. (a) Schematic illustration of the preparation process and release mechanism of

PEO/EGCG/UHMWPE composite. (b) OM images of the cut slices. (c) SEM images of the cryo-fractured surface. The yellow dot line in SEM images refers to the delivery

pathways in the composite. (d) Theoretical pathway volume fraction of PEO/EGCG/UHMWPE composites. (e) Hybrid pathway area conducted from OM images. (f) EGCG

release rate and (g) cumulative EGCG release profiles of PEO/EGCG/UHMWPE composites. EGCG release concentration of PEO/EGCG/UHMWPE composites at a total release

duration of (h) 12h and the following (i) 108 h. Data are presented as mean ± standard deviation (SD) (n = 5). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. P0E6.

voir to carry drugs stably, exerting longer antibacterial duration

than drug-loaded pores and coatings [14-16]. A variety of antibi-

otics (including gentamicin, tobramycin, ciprofloxacin, levofloxacin,

vancomycin, linezolid, colistin, and rifampicin) were incorporated

into UHMWPE, rendering the antibiotic-releasing UHMWPEs ef-

fective against the causative PJI pathogens for over 3 weeks

[17]. To circumvent antibiotic-resistant bacteria, we introduced tea

polyphenol-releasing UHMWPE as an alternative to antibiotic ther-

apy. The incorporated tea polyphenols formed continuous delivery

pathways in UHMWPE matrix at the concentration of 6 wt%, en-

dowing the material with 100% antibacterial effect on Staphylococ-

cus aureus (S. aureus) and Escherichia coli (E. coli) [18-21]. Further-

more, oxidation stability and crosslinking of UHMWPE were im-

proved by tea polyphenols. Despite the progress for drug-releasing

UHMWPE, it remains a great challenge in achieving sustained drug

release to match the acute and chronic infection cycle.

In recent years, a multitude of methodologies has emerged for

constructing controlled drug release systems in biomedical devices

[22-28]. Among them, hydrophilic matrix tablets composed of hy-

drophilic polymers are most commonly applied in oral drug de-

livery. They are characterized by modulating drug release through

rapid swelling and slow erosion of the hydrophilic polymers, there-

fore improving the bioavailability of the drugs [29,30]. Driven by

the valuable feature of hydrophilic matrix tablets, we proposed

a novel strategy predicated on swelling and erosion mechanisms

to engineer drug-releasing UHMWPE with prolonged antibacte-

rial efficacy. Polyethylene oxide (PEO), a hydrophilic polymer with

fast hydrating ability and high swelling capacity, was adopted in

UHMWPE along with an antibacterial tea polyphenol (epigallocat-

echin gallate, EGCG as representative). As illustrated in Fig. 1a,

PEO and EGCG were uniformly coated on the surface of UHMWPE

grains, forming hybrid delivery pathways in the UHMWPE matrix

after compression molding. The incorporated PEO hydrated and

swelled upon contact with the aqueous medium, generating os-

motic pressure that facilitated water uptake and release of the in-

ternal EGCG. Furthermore, the slow erosion of PEO extended the

release of encapsulated EGCG, promising in prolonging antibacte-

rial performance to combat PJI.

The incorporated PEO serves to encapsulate EGCG flakes and

coat EGCG-wrapped UHMWPE, leading to a smoother surface of

the wet-mixed granules compared to virgin UHMWPE (Fig. S1 in

Supporting information). Because the ether oxygens in PEO ex-

hibit a certain hydrogen bond interaction with phenolic hydrox-

yls on EGCG [31,32], the interaction tends to agglomerate mul-

tiple granules into larger aggregates. The uniformly coated PEO

and EGCG then form hybrid pathways between UHMWPE granules

under consolidation pressure, as observed via optical microscope

(OM) (Fig. 1b) and scanning electron microscope (SEM) (Fig. 1c).

Compared to EGCG/UHMWPE (P0E6) with uniform EGCG pathway

structure, the hybrid pathways containing PEO presents local ag-

gregation with slender channels. This structure enlarged in SEM

resembles the pore-throat structure characterized as varicose bod-

ies with narrow throats in sandstone reservoirs, which is favorable

for increasing water permeability and diffusion tortuosity [33,34].

The theoretical volume fraction of the hybrid pathway composed

of EGCG and PEO is calculated by the mass fraction and density.

Due to smaller density of PEO compared to EGCG, the volume frac-

tion of the hybrid pathway increases with increasing PEO concen-

tration (Fig. 1d). Interestingly, the actual pathway area conducted

from OM images is much larger, showing a constant value regard-

less of the PEO and EGCG proportion (Fig. 1e). The enlargement of

value might be associated with the pores at the boundary regions

between EGCG/UHMWPE granules, which are in turn filled by the

incorporated PEO.

The hydrophilic feature of PEO and the unique morphology of

the hybrid pathways encouraged us to explore the release behav-

ior of the PEO/EGCG/UHMWPE composite, a factor critically influ-

ential in the antibacterial properties. As reported previously [21],

P0E6 exhibits a pronounced decline in EGCG release rate during

the initial 12h period, subsequently stabilizing at a value lower
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Fig. 2. The antibacterial performance of PEO/EGCG/UHMWPE composites. Photographs of S. aureus and E. coli (a) co-cultured with and (b) adhered to virgin UHMWPE and

PEO/EGCG/UHMWPE composites (scale bar: 1 cm). UH represents UHMWPE. Percentage reduction of (c) S. aureus and (d) E. coli. Data are presented as mean ± SD (n = 5).
∗∗∗P < 0.001 vs. P0E6. (e) Inhibition zones against S. aureus and E. coli co-cultured of drug-sensitive tablets soaked in EGCG extracts collected at 12h and the subsequent

108 h. C represents drug-sensitive tablets without EGCG extracts. Quantitative analysis of the inhibition zones of (f) S. aureus and (g) E. coli. Data are presented as mean ±
SD (n = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. n.s., no significance.

than 0.1 μg mL−1 h−1. Although the overall trend remains con-

sistent, it is notable that both the initial and steady-state release

rates are higher with elevation in PEO and reduction in EGCG pro-

portion (Fig. 1f). Correspondingly, PEO/EGCG/UHMWPE composites

present higher and sustained cumulative release profiles in con-

trast to EGCG/UHMWPE counterpart (Fig. 1g). This enhanced re-

lease behavior can be attributed to the swelling of PEO and capil-

lary force provided by pore-throat like pathway structures, which

play pivotal roles in promoting water absorption [35,36]. Addition-

ally, micropores of swelled PEO are observed on the matrix surface

after immersion, indicating the erosion of incorporated PEO (Fig. S2

in Supporting information). Synchronization of swelling and ero-

sion of PEO in the composites leads to the sustained release of

EGCG, similar to that in hydrophilic matrix tablets. The cumulative

EGCG release concentration was assessed at 12h and the subse-

quent 108h to model acute and chronic infection periods. Compar-

ative analysis demonstrates that the EGCG release concentration of

PEO/EGCG/UHMWPE composites exceeds that of counterpart lack-

ing PEO at 12h (Fig. 1h). Notably, the values of P1E5 and P1.5E4.5

are 1.5 (P < 0.05) and 2.8 times (P < 0.001) that of P0E6, attributed

to the rapid water uptake of PEO. Furthermore, the presence of PEO

facilitates internal EGCG release, leading to an augmented cumula-

tive EGCG release concentration over the subsequent 108h as the

PEO proportion increases (Fig. 1i). The release concentrations of

P1.5E4.5 is 48.1 μg/mL, representing a 14-fold increase compared to

P0E6 (P < 0.001). All comparisons point to the fact that hydrophilic

PEO assists sustained EGCG release through swelling and erosion.

The EGCG release profiles were fitted to Higuchi, Korsmeyer-

Peppas, and Weibull release kinetic models [37-39]. The estimated

parameters are summarized in Table S1 (Supporting information).

All the groups show poor R2 except for P1.5E4.5, indicating a de-

parture from perfect Fickian diffusion within the system. It is clear

that the release of EGCG is influenced by additional factors of

PEO swelling and erosion within PEO/EGCG/UHMWPE composites,

effects not accommodated by the Higuchi model. Employing the

Korsmeyer-Peppas model with the introduction of power-law ex-

ponent (n) demonstrates a notable enhancement in the correlation

coefficient (R2 > 0.90) across all groups. Although n ≤ 0.5 demon-

strates a predominantly Fickian diffusion mechanism, the increase

of n and dissolving-erosion constant K value implies the swelling

and erosion process. Weibull approach adapted to complex dissolu-

tion and release has the best fit in all scenarios with R2 > 0.99. The

extended time scale (a) further underscores the swelling of PEO.

The short-term antibacterial efficacy of PEO/EGCG/UHMWPE

composites was initially evaluated through a 12h bacterial co-

culture. The increase of PEO causes a significant decrease in

both S. aureus and E. coli bacterial colonies, regardless of the re-

duced incorporation of EGCG (Fig. 2a). Among the composites,

P1.5E4.5 exhibits minimal bacterial presence, aligning with its su-

perior release performance. Following rinsing planktonic bacte-

ria on the composite surface, bacterial colonies were further co-

cultured to determine the presence of any surviving adherent bac-

teria (Fig. 2b). Bacterial proliferation is constrained yet observable

on UHMWPE and P0E6. Few bacterial colonies proliferate with the

PEO/EGCG/UHMWPE composite, indicating that the adherent bac-

teria are deactivated by the gradual release of encapsulated EGCG

during PEO swelling and erosion. The statistical results validate the

effective antibacterial properties of the composites against both S.

aureus and E. coli (Figs. 2c and d). Since S. aureus is more sensitive

to EGCG [40], the composites show higher antibacterial effect on

S. aureus compared to E. coli. Notably, the P1.5E4.5 achieves a 100%

reduction for both strains within the short-term period, showcas-

ing promise in addressing acute infections.

To assess the sustained antibacterial performance of the com-

posite, the inhibition zone test was conducted on the EGCG re-

lease solutions obtained during both the rapid and stable release

periods. As depicted in Fig. 2e, all composites yield good antibac-

terial effects during the 12h release period. However, the inhibi-

tion zones of composites containing PEO are significantly larger

than the EGCG/UHMWPE counterpart for the subsequent 108h re-

lease. Based on the statistical analyses (Figs. 2f and g), it is evident

that P0E6 experiences a significant decrease in the inhibition zone

diameter, aligned with the reduced EGCG release (Figs. 1h and i).

The variance in the inhibition zone diminishes with increasing PEO

content, signifying the role of PEO in prolonging the antibacterial

effect.

The surface-attached bacterial morphology was observed via

SEM. Fig. 3a illustrates densely aggregated clusters of S. aureus

with typical spherical shapes on the surfaces of virgin UHMWPE

and P0E6. Conversely, isolated bacteria can be observed on the

surface of composites containing PEO. The close inspection re-

veals that the cell walls of S. aureus exhibit structural integrity on

virgin UHMWPE, yet notable distortion and irregularity with the

composites. It manifests as perforations that result in intracellu-

lar substance leakage and bacterial folding. Furthermore, S. aureus

colonies co-cultured with P1.5E4.5 show abnormal cell rupture,

seen as complete lysis (arrow in enlarged view). E. coli colonies
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Fig. 3. The antibacterial mechanism of PEO/EGCG/UHMWPE composites. (a) Morphological observation of S. aureus and E. coli on the surface of virgin UHMWPE and

PEO/EGCG/UHMWPE composites. UH represents UHMWPE. Intracellular ROS of the (b) S. aureus and (c) E. coli after 8 h incubation. Quantitative analysis of the intracel-

lular ATP of (d) S. aureus and (e) E. coli after 12h incubation. Data are presented as mean ± SD (n = 5). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. RFU, relative fluorescence

units.

Fig. 4. Cytotoxicity of PEO/EGCG/UHMWPE composites. (a) Live/dead staining images of HUVECs on PEO/EGCG/UHMWPE composites. (b) Quantitative analysis of live/dead

staining images. (c) Viability of HUVECs co-cultured with virgin EGCG at different concentrations. Data are presented as mean ± SD (n = 5).

display characteristic rod-shaped morphologies with flagella and

intact cellular walls. The morphological deformation pattern ob-

served in these colonies is similar to S. aureus when cultured with

the composites.

Due to the damaging effect of reactive oxygen species (ROS)

on the bacterial cell membranes [41], intracellular ROS of the two

strains was measured by fluorescence spectrophotometry to de-

termine if the additional PEO affects the ability of EGCG to in-

crease oxidative stress in bacteria. Fluorescence images confirm an

8h culture period to be the best condition with the highest fluo-

rescence brightness of ROS (Fig. S3 in Supporting information). In

this condition, ROS production of bacteria increases with increas-

ing PEO in the composites (Figs. 3b and c), confirming that the

augmented release of EGCG in PEO/EGCG/UHMWPE composites is

more efficacious in inducing bacterial death. Specifically, the intra-

cellular ROS of S. aureus and E. coli for P1.5E4.5 is 1.3 and 2 times

(P < 0.001) of P0E6.

Adenosine triphosphate (ATP) serves as a nucleotide that pro-

vides energy for sustaining bacterial activity, the reduction of

which signifies cytolysis of the bacteria cells [42]. The lumines-

cence spectra of intracellular ATP reveal a peak luminescence at

570nm with a half-bandwidth of 82nm (Figs. S4a and b in Sup-

porting information). The observed decrease in signal counts rela-

tive to increased PEO proportion is attributed to the electric charge

or group binding effect of the released EGCG (Figs. 3d and e),

which causes damage to the bacterial cell membrane [43]. Espe-

cially, the electric charge effect contributes significantly, rendering

S. aureus more susceptible than E. coli, as evidenced in Fig. 2.

In light of the essential biosafety and mechanical require-

ments for implants, there is significant apprehension regard-

ing the cytotoxicity, mechanical strength, and toughness of

PEO/EGCG/UHMWPE composites. Fig. 4a illustrates the comprehen-

sive coverage of live cells (depicted in green), with an absence

of evident dead cells across all groups. Based on the cell distri-

bution, it can be deduced that the cells are uniformly dispersed

across the surface. The viability of human umbilical vein endothe-

lial cells (HUVECs) on the surfaces of all groups surpasses 97%, as

depicted in Fig. 4b. Despite the favorable biocompatibility of the

composites, heightened concentrations of EGCG reduce the cell vi-

ability (Fig. 4c). Therefore, the PEO incorporating proportion is lim-

ited to 1.5wt% with a maximum EGCG release concentration of

66.7± 12.6 μg/mL (Fig. 1). In terms of mechanical properties, the

incorporated PEO results in a moderate decrease in ultimate ten-

sile strength (UTS), work-to-failure and impact strength (Is) (Fig.

S5 and Table S2 in Supporting information), presumably due to the

hydrophilic PEO affect interfacial adhesion or some solubility in the

UHMWPE matrix. Intriguingly, P1E5 presents an enhanced elonga-

tion at break (EAB) with a rough fracture surface and obvious load-

bearing fibers (Fig. S6 in Supporting information), relevant to the

relatively uniform distribution of PEO as observed in OM and SEM

(Fig. 1). Nevertheless, all composites with a UTS above 30MPa, EAB

above 250% and Is above 25kJ/m2 can be used as clinically vali-

dated [44].

Overall, a long-term antibacterial UHMWPE artificial joint ma-

terial was developed by incorporating hydrophilic PEO to assist

the release of EGCG via a swelling and erosion mechanism. The
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morphology of the PEO/EGCG/UHMWPE composites showed hy-

brid delivery pathways with a pore-throat like structure, effec-

tively extending EGCG release by enhancing water permeability

and diffusion tortuosity. The release kinetics closely aligned with

the Korsmeyer-Peppas and Weibull models, substantiating the sig-

nificant role of PEO in swelling and erosion processes. The an-

tibacterial efficiency of the PEO/EGCG/UHMWPE composites was

enhanced 2–3 times with increasing PEO proportion and EGCG re-

lease, which was corroborated through segmented release and an-

tibacterial assessments. Given that the incorporated PEO negligibly

influences the antibacterial mechanism of released EGCG and the

biocompatibility along with mechanical properties of the material,

the PEO/EGCG/UHMWPE composites hold considerable promise for

manufacturing antibacterial UHMWPE bearing implants with effec-

tive long-lasting protection against PJI.
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