International Journal of Nanomedicine Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

In situ Antibiotic-Loaded Copper Tannic Acid
Coordination Nanospheres Targeting Biofilms for
the Treatment of Chronic Osteomyelitis

Ziming Ren®'*, Yuelei Zhang'*, Yanyan Liu®?*?, Gang Wang'

'Department of Traumatic Orthopedics, The First Affiliated Hospital of Anhui Medical University, Hefei, Anhui, People’s Republic of China;
2Department of Infectious Diseases & Anhui Center for Surveillance of Bacterial Resistance, The First Affiliated Hospital of Anhui Medical University,
Hefei, Anhui, People’s Republic of China; *Anhui Province Key Laboratory of Infectious Diseases & Institute of Bacterial Resistance & Institute of
Infectious Diseases, Anhui Medical University, Hefei, Anhui, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Yanyan Liu; Gang Wang, Email liuyanyan725@ahmu.edu.cn; orthowanggang@ | 63.com

Purpose: The formation of biofilms hinders direct contact between antibiotics and bacteria, reducing the efficacy of antibiotic therapy
and presenting a substantial obstacle to the treatment of chronic osteomyelitis. To address this problem, we successfully constructed
a chemically and structurally robust vancomycin-copper-tannic acid (Van@CuTA) antibiotic sustained-release system via a simple
synthetic method, to target bacteria and inhibit biofilm formation.

Methods: Tannic acid (TA), copper ions (Cu?"), and vancomycin hydrochloride (Van) were mixed and stirred at a low temperature to
afford Van@CuTA nanospheres. Their antibacterial activity was evaluated against methicillin-resistant S. aureus (MRSA) using the
Oxford cup method and live/dead bacterial staining. Their anti-biofilm activity was assessed via FE-SEM observations. Cell viability
was assessed via MTT assay and osteogenic activity was detected via Western blotting (WB) and alkaline phosphatase (ALP) staining
after co-culture with MG-63 cells. In vivo tibia-induced osteomyelitis model in rabbits was conducted to further validate the efficacy
of Van@CuTA in treating osteomyelitis.

Results: The developed nanospheres exhibited drug release properties, with TA being released from the carrier and inhibiting the
formation of bacterial biofilms. In vivo experiments demonstrated inhibition of MRSA biofilm formation through the encapsulation of
TA within fibrin and its sustained release, followed by the sequential release of Van and Cu+ to directly eradicate MRSA. Moreover,
Van@CuTA effectively promoted cell proliferation and bone formation. Van@CuTA is a multifunctional system that integrates biofilm
targeting, drug release, antimicrobial activity, and cuproptosis-like bacterial death.

Conclusion: This study offers a novel and promising strategy for the development of antimicrobial agents to combat MRSA-induced
chronic osteomyelitis.
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Introduction

Osteomyelitis is a bone infection characterized by inflammation, typically resulting from the spread of infection from
surrounding tissues, trauma, surgical contamination, or systemic bacteremia.' Posttraumatic osteomyelitis (PTO) repre-
sents a significant subset of osteomyelitis cases. In China, traffic accidents account for up to 30 % of the primary injury
factors associated with PTO.? Given the relatively thin coverage provided by the skin and subcutaneous tissue, the tibia
and fibula of the lower extremities are particularly common sites of infection. Among the pathogenic microorganisms
causing osteomyelitis, Staphylococcus aureus (S. aureus) is by far the most prevalent.® S. aureus secretes numerous
extracellular and cell-associated virulence factors that facilitate adhesion, immune evasion, invasion, and pene‘[ration.4
Importantly, S. aureus infects osteoclasts, macrophages, and other cells, proliferating within them to evade immune
system clearance.”® Additionally, it can form biofilms. Acting as a diffusion barrier, biofilms can impede the penetration
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of antimicrobial drugs and nutrients, thereby contributing to antibiotic resistance.” Furthermore, they hinder direct
antibiotic contact with bacteria at the infection site, thus reducing their efficacy. Up to 47 % of cases of S. aureus
osteomyelitis are caused by MRSA strains.’

Vancomycin is a glycopeptide antibiotic that exerts its effects by inhibiting the cross-linking of peptidoglycan
precursors and mature polysaccharide layers.® This inhibition ultimately disrupts the synthesis of peptidoglycan in
bacterial cell walls. The resulting disruption leads to defects in the cell wall, which subsequently culminates in bacterial
death. As one of the antibiotics approved by the FDA for the treatment of MRSA infections, vancomycin presents several
advantages: it is readily accessible, well-known among clinicians, and cost-effective.” However, meticulous drug
monitoring is essential to mitigate the risk of nephrotoxicity. Even Van, which is clinically used to treat MRSA-
induced osteomyelitis, may lead to the emergence of Van-resistant S. aureus (VRSA). Standard treatment for chronic
osteomyelitis includes thorough early-stage debridement, removal of necrotic tissue, and administration of appropriate
antimicrobial agents, either systemically or locally.'®!" However, the attainment of optimal bactericidal effects with
antibiotics continues to pose significant challenges due to the formation of biofilms.'? To combat antibiotic-resistant
bacteria, developing novel antibiotics or enhancing the susceptibility to existing.'*'* Given the slow pace of new drug
development and the rapid rise in antibiotic resistance, alternative therapies are crucial for osteomyelitis management.'>~
7 Antibacterial materials capable of preventing or disrupting biofilm formation represent a promising research field for
preventing early stage osteomyelitis from progressing to chronic osteomyelitis.'® 2"

Tsvetkov et al clearly demonstrated that excessive copper (cuprotosis) can induce cell death by targeting lipoylated
proteins of the tricarboxylic acid (TCA) cycle.”’ This mechanism has been extensively investigated, revealing that the
targets of copper-induced cytotoxicity are evolutionarily conserved across species, from bacteria to humans. Such
findings suggest that the antimicrobial activity of copper ions may be universally applicable.’>* Furthermore,
Karygianni et al demonstrated that the dense architecture of biofilms hinders the penetration of antimicrobial drugs,
while the acidic, hydrogen peroxide-containing microenvironment within biofilms suppresses the immune response.**
These insights have driven the advancement of drug delivery systems tailored to target bacterial biofilms, catalyze the
in situ generation of reactive oxygen species (ROS), compromise biofilm integrity, and integrate bacterial cell wall-
degrading agents. Such approaches aim to address the diminished efficacy of single antimicrobial agents due to biofilm
formation and significantly enhance the synergistic antibacterial effect.>>*® For example, copper-doped polyoxometalate
clusters have demonstrated potential in addressing biofilm-associated infections by inducing a copper-poisoning-like
death mechanism in bacteria.”’

TA, also referred to as tannin, belongs to a class of natural polyphenols rich in pyrogallol and catechol groups. It’s
structural properties confer strong antioxidant properties, excellent antibacterial activity, and the capacity to promote cell
proliferation, tissue regeneration, and wound healing.”®?° TA can significantly enhance the anti-staphylococcal efficacy of
beta-lactam antibiotics by inhibiting S. aureus biofilms.>® Nanoparticle systems incorporating TA have demonstrated
effective in vivo and in vitro MRSA biofilm eradication while maintaining good biocompatibility.>' TA is rich in hydroxyl
and carboxyl groups, and can form chelates with various metal ions (Ag", Cu*", Mg*", Zn*", Fe**, Eu’*, Au*"),>*®
enabling responsive drug release under different environmental conditions, while retaining both TA and metal ion
biological activities.

In this study, a simple solution-based method was developed to construct a topical drug delivery system targeting
planktonic bacteria and biofilms in infectious environments. The metal polyphenol network (MPN) serves as a shell for
encapsulating non-resistant antimicrobial peptides, while TA binds to bacterial surfaces through its affinity for the cell
wall. The synthesized antibacterial nanospheres were encapsulated in fibrin sealant. During this process, the robust
structure of the MPNs enabled the slow dissolution of the material, releasing Cu®" and Van, which led to bacterial
death. Through slow drug release, Van@CuTA effectively eradicated bacteria and inhibited biofilm formation. In vivo
experiments demonstrated its strong antibacterial activity and bone-repair capabilities. Overall, this study highlights
the efficacy and durability of Van@CuTA in eliminating MRSA and suppressing biofilm formation, offering a novel
strategy for treating biofilms and resistant planktonic bacteria that hinder osteomyelitis healing.
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Materials and Methods

Reagents

Vancomycin hydrochloride was purchased from MCE (China). Copper chloride (CuCly), TA, ascorbic acid, and
dexamethasone were obtained from Aladdin (China). Fibrin sealant (Human) was purchased from Shanghai RAAS
(China). The titanium sheets (purity > 99.5 %) were purchased from Qinghe County Jin’ou Metal Materials Co., Ltd.
(China). 2.5 % glutaraldehyde fixed solution was purchased form Labcoms (USA). Mueller Hinton Broth (MHB) and
Mueller Hinton Agar (MHA) were purchased from Thermo Scientific™ Oxoid™ (USA). Dimethyl sulfoxide (DMSO),
thiazolyl blue tetrazolium bromide (MTT), and the live/dead bacteria staining kit (100 T) were obtained from Solarbio
(China). B-Glycerophosphate disodium salt hydrate and pentobarbital sodium salt were purchased from Sigma-Aldrich
(USA). Phosphate-buffered saline (PBS) was acquired from Biosharp (China).

Nanospheres Preparation

The Van@CuTA nanospheres were prepared via a simple solution method. First, 4 mg of CuCl, was dissolved in 40 mL
of double-distilled water and stirred at room temperature (RT, about 25 °C) for 1 h. Then, 4 mg of TA and 4 mg of Van
were added, and the mixture was stirred at 4 °C for 24 h. After centrifuging at 10,000 rpm for 10 min, an earthy yellow
precipitate was obtained.>* Discard the supernatant and resuspend in double-distilled water. The blank formulation
(CuTA) was prepared using the same method, but without the Van. The CuTA and Van@CuTA obtained from the
coprecipitated/coordinated polymer were stored at 4 °C until further analysis.

Materials Characterization

The surface morphology of the prepared Van@CuTA was characterized using transmission electron microscopy (TEM,
Thermo scientific Talos L120C G2, USA) and field-emission scanning electron microscopy (FE-SEM, ZEISS Gemini
SEM 300, Germany).***" After synthesis, both CuTA and Van@CuTA were allowed to stand at 4 °C and RT. At specific
time intervals (0, 1, 3, 5 d), the variations in particle size and polydispersity index (PDI) were monitored to assess the
post-synthesis stability of the materials. The average particle size and PDI were determined via dynamic light scattering
(DLS) analysis using a Zetasizer Lab (Malvern, UK) (n = 3).** The samples were diluted 50 to 100 times with double
distilled water before measurement.

In vitro Antibacterial Efficiency

In this study, MRSA (ATCC 43300) was used as the experimental strain. Single colonies were transferred to MHB after
resuscitating cryopreserved strains from MHA. The Oxford cup method was used to determine the diameter of the
inhibition zone (1Z).** The MHA was adjusted to pH 5, and the bacterial suspension was evenly spread. The MHA plates
spread with bacterial suspensions were divided into four groups: PBS group, Van group, CuTA group, and Van@CuTA
group. The experimental concentrations of Van group and Van@CuTA group included 1 mg/mL, 0.5 mg/mL and
0.25 mg/mL. Three Oxford cups were placed on the plate at a distance of 2 cm, followed by the addition of 200 uL
of fibrin sealant with PBS, Van, CuTA, and Van@CuTA (n = 3). After 2 d, the IZ diameter was measure using
a millimeter ruler to evaluate the in vitro antibacterial activity of Van@CuTA and the gelation ability of the fibrin sealant.

Live/Dead Bacterial Fluorescence Assay

To further validate the antibacterial properties of Van@CuTA against planktonic MRSA, a live/dead bacterial fluores-
cence assay was performed.** The turbidity of bacterial suspensions was measured and adjusted using the DensiCHEK
plus turbidity meter (bioMérieux, France). Briefly, the instrument was calibrated and blanked with a sterile saline solution
(0.85 % NaCl). Bacterial colonies were emulsified in saline to achieve an initial suspension. The suspension density was
then measured with the DensiCHEK plus and adjusted to a value equivalent to 0.5 McFarland standard (approximately
1.5 x 10® CFU/mL) by adding more bacteria or saline as needed. An MRSA suspension (500 pL, 9x10° CFU/mL) was
co-incubated with 500 pL PBS, Van (1 mg/mL), CuTA (1 mg/mL) and Van@CuTA (1 mg/mL) for 2 d (n = 3). The
supernatant was removed after centrifugation at 5000 g for 15 min and the bacteria were resuspended by adding 1mL of
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0.85 % NaCl solution. Repeat that twice. The density of the bacterial suspension was adjusted to 1x10® CFU/mL. The
bacteria were then incubated with NucGreen and EthD-III in the dark for 15 min. The samples were placed on glass
slides, covered, and imaged using laser scanning confocal microscopy (Zeiss LSM 880, Germany) to assess bacterial
viability. Live bacteria exhibited green fluorescence, whereas dead bacteria showed red fluorescence.

Biofilm Formation Imaging

Biofilm formation on titanium sheets was evaluated using FE-SEM.** The titanium sheets were cut into strips measuring
12 x 2 x 0.3 mm, then sterilized via autoclaving and dried in an oven for subsequent use. Titanium sheets were incubated
with the prepared MRSA suspension (4.5 x 10* CFU/mL) at 37 °C to form biofilms (n = 3). At specific time points (1, 2,
3, 4, and 5 d), the sheets were collected for biofilm evaluation. Subsequently, the biofilms were fixed with a 2.5 %
glutaraldehyde fixed solution at 4 °C for 12 h, followed by washing with PBS to remove any residual fixative. The
biofilms were dehydrated using different ethanol gradients (30, 50, 70, 80, 90, and 100 %) at RT. After critical point
drying (QUORUM K850, UK), the samples were sprayed with gold (Cressington 108 Auto, UK) and examined via FE-
SEM.

In vitro Antibiofilm Assay

The antibiofilm effect of Van@CuTA was further verified using FE-SEM. The biofilms cultured on the surface of the
titanium sheets were exposed to 4 groups: PBS, Van (1 mg/mL), CuTA (1 mg/mL) and Van@CuTA (1 mg/mL) for
48 h (n = 3), and the same steps followed as described above.

Cell Culture

MG-63 cells (Procell Technology, China) were cultured in minimum essential medium (MEM) containing non-essential
amino acids (NEAA) (Procell, China), supplemented with 10 % fetal bovine serum (Procell, China) and 1 % penicillin—
streptomycin solution (Procell, China), in a humidified atmosphere of 5 % CO, at 37 °C.***® For osteogenic differentia-
tion, MG-63 cells were cultured in osteogenic differentiation medium (MEM including NEAA) supplemented with 10 %
fetal bovine serum, 1 % penicillin—streptomycin solution, 200 uM ascorbic acid, 10 mM B-glycerophosphate disodium
salt hydrate, and 100 nM dexamethasone.'®> The culture medium was refreshed twice per week.

Cell Viability Assay

The MTT assay was employed to assess cell viability. In brief, MG-63 cells were seeded into a 48-well plate 2x10* cells/
well and incubated until adherence (n = 3). The original culture medium was subsequently substituted with an osteogenic
differentiation medium supplemented with varying concentrations of Van@CuTA (0, 50, 100, 200, 400 ug/mL). Wells
without nanospheres served as the control groups. After incubation for 1, 3, and 5 d, the cell density of each well was
observed under an inverted microscope (CKX, Olympus). A 0.5 % MTT solution was then added, followed by incubation
at 37 °C for 2 h. After removing the culture medium, DMSO (200 pL) was added and the plate was shaken for 10 min.
The absorbance value was determined at a wavelength of 492 nm with the utilization of a microplate reader (BioTek
ELx800 TM, USA).

Western Blotting

For total protein extraction, MG-63 cells were lysed in RIPA buffer (Beyotime, China), and the resulting lysate was
centrifuged at 15000 x g for 10 min to remove cellular debris. Protein concentration was determined using the BCA
Protein Assay Kit (Beyotime, China). Protein samples were subjected to SDS-PAGE, first at a constant voltage of 55
V for 1 h (based on Marker, Thermo Scientific™ PageRuler™, USA), then at 110 V until the target bands reached the
middle of the gel. The membrane transfer apparatus was filled with the electrophoresis buffer and operated at a constant
current of 200 mA; the transfer duration was adjusted according to the molecular weight of the target protein.
Subsequently, the PVDF membrane was sequentially incubated with primary and secondary antibodies specific to the
target proteins. After incubation with the ECL chemiluminescent solution (Beyotime, China), protein expression was
visualized with a chemiluminescence imager, using GAPDH as the internal reference.
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ALP Staining and Assay

ALP activity, a hallmark of early osteogenic differentiation, was visualized using a BCIP/NBT colorimetric kit
(Beyotime, China). After co-culture with 200 pg/mL Van@CuTA for 7 and 14 days, MG-63 cells were rinsed with
PBS and incubated with the ALP substrate solution (n = 3). Then the cell layers were then rinsed with ultrapure water,
and microscopic images were acquired using an inverted microscope (Olympus CKX53, Japan).

Osteoblastic cells synthesize ALP, an enzyme that cleaves phosphate groups from p-nitrophenyl phosphate to produce
p-nitrophenol (PNP). The absorbance of PNP serves as a biochemical indicator for evaluating the osteoblastic activity of
cells cocultured with the nanospheres. Accordingly, ALP activity was further quantified using the ALP Assay Kit
(Beyotime, China), and the absorbance of the resulting solution was measured at 405 nm with a microplate reader.

In vivo Experiments

All experimental protocols in this study were approved by the Ethics Committee of Anhui Medical University
(LLSC20231459). Animal housing and procedures were performed in accordance with the “Guiding Principles for the
Care and Use of Animals” (China).

In the in vivo experiment, 16 pathogen-free male New Zealand white rabbits at 4 months of age (mean weight = 2.76 +
0.11 kg) were investigated, with a healthy control group included. The rabbits were randomly assigned to four groups:
Normal group, PBS group, Fibrin Sealant group, and Van@CuTA group (n = 4). Following anesthesia with pentobarbital
sodium (30 mg/mL), the bilateral hind limbs were shaved, disinfected with povidone-iodine skin cleanser, and covered with
sterile drapes. A longitudinal incision measuring 1 cm was performed using a No. 10 blade at the proximal tibial metaphysis.
Subsequently, a cortical bone window was created utilizing a 4-mm Kirschner wire. After removing the contents of the
bilateral tibia cavities, 1 mL of 5 % sodium morrhuate (Hainan Unipul Pharmaceutical Co., Ltd., China) was injected.
Titanium sheets that were submerged in an MRSA suspension for 48 h were employed to induce the osteomyelitis model.*’
The titanium sheets utilized in the Normal group were sterile. Following the placement of contaminated titanium sheets,
200 pL of 1 X PBS was injected into the medullary cavity for the PBS group. In the Fibrin Sealant group and the Van@CuTA
group, 200 pL of fibrin sealant was administered without or with final concentration of 200 pg/mL Van@CuTA, respectively.
The medullary cavity was then occluded using bone wax, after which the incision was sutured, disinfected, and dressed.>

At 28 d post-surgery, the rabbits were euthanized via intravenous administration of 2.5 mL pentobarbital sodium
(200 mg/mL), and their tibias were harvested for subsequent analysis.’' All animals were housed in a standard laboratory
environment with ventilated room, a temperature of 25 + 1 °C, humidity of 60 £ 5 %, and a 12 h light-dark cycle, with
unrestricted access to water and food.

FE-SEM Characterization and Microbiological Evaluation

On 28 d, the following are the brief procedures for aseptically collecting secretions from the incision site: Disinfect the
skin surrounding the incision with 75 % ethanol. Gently insert a sterile cotton swab into the basal part of the incision and
rotate it to absorb the purulent fluid. Promptly transfer the collected sample into a sterile EP tube containing 1 mL of
PBS. Vortex the sample vigorously for 2 min to homogenize the bacterial suspension. Dip a sterile spreader into the
suspension and spread it onto MHA plate (n = 3). Then, incubate the plate at 37 °C for 24 hours.

After the incision secretion has been collected, the implanted titanium sheets were carefully retrieved (n = 3).
Subsequently, the biofilms were fixed with a 2.5 % glutaraldehyde fixed solution at 4 °C for 12 h, followed by washing
with PBS to remove any residual fixative. The biofilms were dehydrated using different ethanol gradients (30, 50, 70, 80,
90, and 100 %) at RT. After critical point drying (QUORUM K850, UK), the samples were sprayed with gold
(Cressington 108Auto, UK) and examined via FE-SEM. Mass spectrometry (VITEK® MS, French) was used to verify
the bacterial species.

Radiographic Analysis
To evaluate bone infection, digital X-ray and computed tomography (CT) images of the tibias were obtained (n = 3). CT
scans were acquired in the sagittal, coronal, and axial planes. The RadiAnt DICOM Viewer was then used for 3D
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reconstruction. Changes in the intramedullary and soft-tissue signals, the presence of subperiosteal and/or extraperiosteal
fluid collections, and the formation of soft-tissue abscesses were assessed. The Odekerken scoring system was employed

to evaluate osteomyelitis-related manifestations.>

General Observations
Postoperatively, the body weight was monitored every 2 d. The surface morphology of the harvested tibial specimens was
examined macroscopically, and local features at the incision site were documented concurrently (n = 3).

Histological Evaluation

For histological staining, the harvested tibial specimens were first fixed with 4 % paraformaldehyde, then decalcified with
ethylenediaminetetraacetic acid (EDTA), followed by dehydration through a graded ethanol series, and finally embedded
in paraffin (n = 3). Longitudinal sections (approximately 5 um thick) were taken from the upper middle portion of each
tibia and examined under a transmission light microscope.

Statistical Analysis

The mean + standard deviation (SD) was used to present quantified data and each experiment was performed in triplicate
or more (n > 3). Statistical analysis of data was completed with GraphPad Prism software. The statistical significance of
the differences was obtained through the parametric test (Student’s t-test or ANOVA) and non-parametric test (Mann—
Whitney U-test or Kruskal-Wallis T test). p < 0.05 considered statistically significant, indicated as* for p < 0.05, ** for
p < 0.01, and *** for p < 0.001.

Results
Synthesis and Characterization of Van@CuTA

The Van@CuTA nanospheres were synthesized via a simple solution method, as shown in Figure 1A. Cu®" formed
coordination bonds with TA, enabling cross-linking end encapsulation of Van via co-precipitation.*?

As shown in Figure 1B, the synthesized Van@CuTA can be readily dispersed in an aqueous solution, giving rise to
a stable and homogeneous earth brown colloidal suspension. A notable concentration-dependent color intensification
phenomenon can be witnessed. The color gradually evolves from a light tan at 50 pg/mL to a deep tan at 2 mg/mL. This
visual gradient not only validates the successful synthesis of the nanospheres but also attests to its excellent dispersibility
and the increasing density of nanospheres within the solution.

Both FE-SEM and TEM were employed, revealing the amorphous structure of Van@CuTA. TEM and FE-SEM
images of Van@CuTA revealed a spherical diameter similar to that of the hydrodynamic size measured using DLS
(Figure 1C). Notably, a loose net-like shell covering the nanocore was observed in the TEM image, confirming the
formation of the CuTA complex around Van nanocrystals. Moreover, the FE-SEM image of Van@CuTA indicated that
the MPN was a homogenous and cross-linked system.

As depicted in Figure S1, all synthesized specimens were furnished the DLS intensity distribution plots, namely
CuTA and CuTA@Van. All the samples display a single, relatively narrow peak. This indicates that nanospheres exhibit
excellent dispersibility and homogeneity within the dispersion medium, ruling out the presence of a mixture of multiple
particle size populations. The Z-average particle size of CuTA measures 227.0 + 6.2 nm, with a PDI of 0.429 + 0.044,
thereby demonstrating remarkable monodispersity. Subsequent to the encapsulation of Van, the particle size of
Van@CuTA increases to 430.8 £ 9.7 nm, with a PDI of 0.520 + 0.055. This increase in particle size serves as compelling
evidence for the successful encapsulation of Van by CuTA.

As in Figure 1D, both CuTA and Van@CuTA exhibited acceptable stability during storage at 4 °C for 5 d, with no
visible crystallization or agglomeration. Furthermore, the particle size and PDI did not change significantly. Even after
3 d at RT, both formulations maintained acceptable diameters, indicating that Van@CuTA possesses good physical
stability for storage and transportation at low temperatures. Compared to conventional stabilizers, CuTA conferred
superior physical stability to Van.
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Figure | Synthesis and characterization of the Van@CuTA nanospheres. (A) Schematic diagram illustrating the synthesis principle. (B) Digital photograph of the earthy
brown Van@CuTA nanospheres dispersed in double-distilled water at varying concentrations (from left to right: 50, 100, 200, 400, 1000, and 2000 pg/mL). The volume in
each EP tube is 500 pL. (C) TEM and FE-SEM images of CuTA and Van@CuTA. (D) Stability of CuTA and Van@CuTA evaluated at 4 °C and RT over 5 d, characterized by
particle size and PDI. All data were presented as means + SD (n = 3).
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Van@CuTA Interaction with Bacteria in vitro

As shown in Figure 2A and Table 1, compared with CuTA, Van@CuTA exhibited relative antibacterial activity against
MRSA. The IZ values of Van at gradient concentrations were 1.8, 1.6 and 1.2 cm, while those for Van@CuTA at the
same concentrations were 1.4, 1.2 and 1.0 cm. These results clearly suggest the antibacterial effect of Van@CuTA against
MRSA.

Live/dead bacterial staining further demonstrated the antimicrobial properties of CuTA and Van@CuTA (Figure 2B).
Fluorescence staining of live and dead tissues was performed using NucGreen (green fluorescence) and EthD-III (red
fluorescence). Statistical analysis of the red/green fluorescence intensity indicated that Van@CuTA at a concentration of
1 mg/mL exhibits superior bactericidal efficacy against MRSA compared to the use of either Van or CuTA alone at the
same concentration (Figure 2C), highlighting the significant antibacterial properties of Van@CuTA.

FE-SEM analysis was performed to investigate the spatial organization of biofilms and the distribution of extra-
cellular polymeric substances (EPS) (Figure 2D). After 24 h of incubation, only sparse bacterial adhesion was observed
on the titanium sheets, corresponding to the initial adhesion stage. After 24—48 h of incubation, the cells produced more
EPS and formed immature honeycomb-like structures. After prolonged incubation for 48—72 h, mature 3D biofilm
architectures were observed, consisting of dense microcolonies embedded in a complex EPS matrix (maturation stage).
After 72-96 h of incubation, biofilm dispersion began, with individual bacteria detaching into the surrounding environ-
ment due to the EPS degradation. Both intact and damaged bacteria were observed on the titanium sheets at this
dispersion stage. Briefly, the MRSA strain followed a typical biofilm life cycle: attachment, microcolony formation,
development, maturation, and dispersion.

To investigate the antibiofilm mechanism of Van@CuTA, changes in MRSA morphology after treatment with PBS,
Van, CuTA, and Van@CuTA were examined using FE-SEM (Figure 2E). Untreated MRSA biofilms exhibited typical
honeycomb-like structures. After Van treatment, residual rough biofilm-like structures were still visible, with a small
number of bacteria remaining on the Van-treated titanium surface. CuTA-treated surfaces showed clump-like deposits,
possibly representing CuTA bound to the biofilm. However, after treatment with Van@CuTA, almost no honeycomb-like
structures were present on the surface of the titanium sheet. The bacterial surface collapsed and became wrinkled,
indicating that the biofilm was barely formed, and the bacterial membrane was severely damaged.

Van@CuTA Interaction with Osteoblast Cells in vitro

Minimal cytotoxicity is essential for materials used in tissue engineering applications. To estimate the potential cytotoxic
effects of Van@CuTA, the viability of MG-63 cells was investigated using the MTT assay at varying concentrations (50,
100, 200, 400 pg/mL) of extract from the composites (Figure 3A). After 5 d of incubation, no significant cytotoxicity was
observed at concentrations up to 400 pg/mL. In fact, cell viability increased with increased Van@CuTA concentrations,
indicating favorable cytocompatibility. However, at 400 pg/mL, a slight decrease in cell viability was noted, although no
signs of cytotoxicity were observed.

The effect of the Van@CuTA nanospheres on osteogenesis-related proteins was investigated by analyzing the expression of
RUNX2 at the protein level (Figure 3B) after 7 and 14 d of co-incubation with MG-63 cells.”> WB analysis showed that
RUNX2 expression was significantly higher in the Van@CuTA group compared to the control group (Figure 3C). Therefore,
the developed nanospheres exhibited superior biocompatibility and excellent osteogenic effects.

Additionally, the ability of the Van@CuTA nanospheres to stimulate mineralization in MG-63 cells was analyzed via
ALP staining after 7 and 14 d of induction (Figure 3D).>* The Van@CuTA group exhibited a greater number of blue-
stained nodules with more intense coloration, with quantitative analysis (Figure 3E) revealed that Van@CuTA signifi-
cantly enhanced ALP expression.

Van@CuTA Eliminates Bacterial Infections in vivo

Considering the ability of Van@CuTA to target the surface of Gram-positive bacteria, the co-release of TA and Van can
disrupt the bacterial biofilm, while bacterial internalization of Cu®" induces cuproptosis-like bacterial death. Therefore,
bone marrow infections caused by MRSA can be effectively treated using this solution.
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Table | Table of the Measurement Data for Inhibition Zones of Different Treatment Groups. All Data Were Presented as
Means + SD (n = 3)

Groups Control Van CuTA Van@CuTA

Img/mL | 0.5mg/mL | 0.25mg/mL | Img/mL | Img/mL | 0.5mg/mL | 0.25mg/mL

Inhibition zone size(cm) 0 1.8+0.3 1.6£0.3 1.240.1 0 1.4+0.2 1.2+0.1 1.00.1

Compared with the normal group, the PBS-treated group exhibited skin swelling and ulceration near the incision site,
while the fibrin gel group showed skin swelling (Figure 4A). Conversely, the Van@CuTA group exhibited no obvious
signs of infection.

At 28 d, examination of the infected tibias revealed yellow abscesses and bone erosion in the PBS and Fibrin gel
groups, respectively (Figure 4B). In contrast, the tibias in the Van@CuTA group appeared normal, indicating near-
complete eradication of infection in this group.

By 28 d, the incisions had almost completely healed, and bacterial survival was further investigated by using the
diffusion plate method. Compared with the PBS and Fibrin gel groups, the Van@CuTA group had a significantly lower
number of colonies (Figure 4C).

To confirm the pathogen of the established infection model, we conducted mass spectrometry analysis on the bacterial
isolates recovered from the exudates of the three groups of animals. As presented in Supplementary Figure S2, the mass

spectra of all three isolates were unambiguously identified as Staphylococcus aureus, with a confidence level exceeding
99.9 %, thereby validating the specificity of our infection model.

FE-SEM was employed to investigate biofilm formation. As shown in Figure 4D, in the normal group, only red blood
cells were observed on the surfaces of the titanium sheets. Compared to the PBS and Fibrin gel groups, the Van@CuTA-
treated sheets barely formed biofilms, with minimal bacterial presence and red blood cells.

Van@CuTA Accelerated Bone Healing in vivo

During the treatment period, the body weight of the rabbits was monitored every two days (Figure 5A), with rabbits in
the Van@CuTA group gaining weight as slowly as those in the Normal group. Conversely, rabbits in the remaining
groups exhibited a marked reduction in body weight during the initial phase of treatment. Blood analysis at
28 d (Figure 5B) revealed that the white blood cell (WBC), monocyte (MON), and neutrophil (NEU) count in the
Van@CuTA group were closest to Normal, suggesting significantly alleviated inflammatory response.

Radiographic assessments were conducted to evaluate manifestations of osteomyelitis infection.” After 28 d, the
Normal group showed no signs of abnormal tibial morphology and exhibited the minimal extent of the bone defect
(Figure 5C). In contrast, the Van@CuTA group displayed mild or no periosteal reaction and showed closure of the defect
by day 28. Conversely, the PBS and Fibrin gel groups exhibited classic features of chronic osteomyelitis, including
periosteal reaction, osteolysis near the metaphyseal region, and diaphyseal osteolysis accompanied by cortical resorption.

Histological evaluation using hematoxylin-eosin (HE) staining revealed visible retention of a large number of
inflammatory cells—including lymphocytes, multinucleated giant cells, and neutrophils—in the bone marrow of the
PBS and CuTA groups on 28 d (Figure 5D). By comparison, the infiltration of inflammatory cells in the Van@CuTA
group was markedly reduced, suggesting that the synergistic antibacterial activity of Cu?*, TA, and Van effectively
eliminated MRSA-induced osteomyelitis.

Goldner’s staining was employed to assess new bone formation and mineralization of the bone matrix in the tibias at
28 d. The Normal group exhibited a well-organized, newly formed bone matrix surrounding the tibia, with osteocytes
enclosed within osteogenic lacunae. In contrast, the PBS and CuTA groups showed significantly fewer osteocytes
embedded in the new bone matrix, along with disrupted matrix architecture. Notably, the Van@CuTA group exhibited
a new bone matrix structure similar to that of the normal group.
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Figure 3 Biocompatibility and promotion of osteogenesis in MG-63 cells. (A) MTT assay results showing viability of MG-63 cells after various treatments. (B) Western blot
analysis of RUNX2 expression in MG-63 cells post-treatment. (C) Quantitative analysis of relative RUNX2 expression in MG-63 cells after treatments. (D and E)
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Discussion

In this study, we constructed a metal polyphenol-antibiotic co-delivery system with a dual-mode antibacterial mechanism
via a simple solution-based method. TA specifically targets MRSA and its biofilms through chemical coordination, while
the locally released Cu®" and Van exert a dual bactericidal effect by inducing copper toxicity-like cell death and
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inhibiting cell wall synthesis, respectively. In order to accomplish local high-concentration drug delivery and spatial
anchoring at the infection site, thereby surmounting the issues of nanosphere diffusion and loss, we encapsulated the
synthesized antibacterial nanospheres within the fibrin sealant. Notably, the incorporation of non-antibiotic components
effectively mitigated antibiotic resistance associated with biofilm formation. Furthermore, Van@CuTA not only pro-
moted cell proliferation and accelerated bone healing, but also maintained excellent biocompatibility, offering a novel
therapeutic strategy with anti-biofilm, bactericidal, and bone regeneration capabilities for the clinical management of
chronic osteomyelitis.

TA, a natural polyphenol with abundant sources, has been extensively investigated for its antibacterial mechanisms,
including inhibition of peptidoglycan, teichoic acid, and lipids synthesis, disruption of cell membranes, inhibit ribosome
formation and interfere with the biosynthetic pathways of proteins and amino acids.’® Owing to its pyrogallol/catechol
groups and dendritic structure, TA can effectively chelate with various metal ions to form stable complexes under neutral
or basic pH conditions. Zhang et al developed a grid-like structure by assembling TA and Cu*+, which encapsulated
disulfiram.”’ This innovative approach facilitated responsive release within the tumor microenvironment, thereby
eliciting an anti-tumor effect. The CuTA nanosheets synthesized by Ha et al exhibit a stimulus-responsive release of
the encapsulated drugs and Cu’+ within an acidic environment characterized by a high concentration of glutathione.’®
This mechanism bears a resemblance to our design for antibiotic release under infection conditions. Hu et al employed
gallic acid (GA), a hydrolysis product of tannic acid, to bind with Cu’+ for coating Van intended for application in
infected wounds.?® As CuGA underwent degradation, Van was released, exerting functions such as sterilization, anti-
inflammation, promotion of epidermal cell proliferation at the wound site, and angiogenesis.

The developed Van@CuTA system employs a TA-Cu®+ coordination network as the coating carrier for loading
sensitive antibiotics. The surface morphology and structure were analyzed via TEM and FE-SEM. Nanospheres with an
amorphous structure and a rough surface were observed. Particle size and PDI measurements revealed that the stability of
Van@CuTA decreased with increasing temperature, suggesting that the rapid local release of the encapsulated drug
during in vivo application could expedite the achievement of minimum bactericidal concentration (MBC).

In vitro bacterial experiments demonstrated that the Van@CuTA system exerted a synergistic bactericidal effect by
targeting both planktonic bacteria and biofilms within an infectious microenvironment. Live/dead fluorescence staining
and FE-SEM imaging revealed that Van@CuTA exhibited superior antibacterial efficacy against MRSA and biofilm
inhibition compared with free antibiotics. Mechanistic studies revealed that the TA phenolic hydroxyl groups can
coordinate with teichoic acid in the cell walls of Gram-positive bacteria, enhancing bacterial adhesion. The chemical
stability and pH responsiveness of the metal-polyphenol network enable controlled dissociation in acidic microenviron-
ments, thus triggering the synergistic and sustained release of Cu’+ and Van. During the targeting phase, Cu’+ generates
ROS through a Fenton-like reaction that compromises the integrity of the bacterial cell membrane, while Van specifically
inhibits peptidoglycan synthesis in the cell wall, leading to an intracellular osmotic imbalance.’® Moreover, the sustained
release of Cu*+ effectively degrades the extracellular polysaccharide matrix, enhancing the osmotic killing effect of Van
on dormant bacteria within recalcitrant biofilms.®

In vitro cell experiments confirmed that the system not only promoted osteoblast proliferation, but also upregulated
RUNX2 expression, thereby enhancing osteogenesis. This improved osteogenic differentiation may be attributed to either
a reduction in local ROS levels or activation of the calcium signaling pathways. ROS is a known regulator of bone tissue
regeneration and can impair osteogenic induction by downregulating key osteogenesis-related genes such as RUNX2,
ALP, and BMP-2.%" Furthermore, MPNs have been shown to effectively enhance the osteogenic differentiation of hASCs
even under H,0, exposure.®® In vivo animal models demonstrated that Van@CuTA could significantly reduce bacterial
load, alleviate inflammatory responses at the infection site, and promote bone defect repair.

Chronic osteomyelitis presents a formidable clinical challenge due to bacterial films that adhere to bone, shield
pathogens from the effects of antibiotics and immune defense, thus promoting bone destruction.®® Additionally, due to
the low permeability and reduced blood flow of bone tissue, intracellular bacterial infection, and proliferation, effective
treatment of chronic osteomyelitis requires antibiotics to penetrate hard bone structures, biofilms, and even host cells
while maintaining adequate therapeutic concentrations locally.***> The Van@CuTA system investigated in this study
effectively inhibited bacterial growth and biofilm formation, significantly reduced bacterial counts in vivo and levels of
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inflammatory cells in the blood, eradicated local inflammation, promoted osteoblast proliferation, and facilitated the
repair of damaged bones. In vivo results revealed no evident bone destruction or sequestrum formation post-treatment,
and marked new bone formation was observed, further validating its efficacy for bone repair.

In this study, we successfully demonstrated the excellent therapeutic effect of the constructed Van@CuTA in a rabbit
model of chronic osteomyelitis. However, several significant technical limitations have somewhat impacted the compre-
hensive evaluation of Van@CuTA properties. Firstly, due to constraints associated with current detection methods, we
were unable to accurately quantify the drug loading efficiency (DLE) and drug loading capacity (DLC) of Van. This
limitation hindered our ability to thoroughly elucidate the quantitative relationship between drug loading and release
behavior from a pharmacokinetic perspective. Secondly, while the pH-responsive release characteristics of the material
design were preliminarily validated through in vitro antibacterial experiments, the absence of quantitative release kinetics
data within complex physiological environments in vivo has restricted our understanding of Van@CuTA’s intelligent
drug release behavior. Finally, although MG-63 cells serve as a valuable osteogenic model for bone-related research, they
do not fully replicate the behavior exhibited by human primary osteoblasts or osteoblasts derived from human pluripotent
stem cells.

Despite these limitations, the therapeutic effect demonstrated by the Van@CuTA in the animal model was not
significantly compromised, indicating that the functional design is effective at a broader level. However, to further
enhance the clinical translation and application of Van@CuTA, future research must address several key aspects: on one
hand, it is essential to develop a high-performance liquid chromatography-tandem mass spectrometry method for
quantitatively measuring DLE and DLC. This will facilitate a multi-dimensional quantitative evaluation of drug loading
performance and release kinetics; on the other hand, constructing a more comprehensive in vitro biomimetic environment
model is crucial to simulate pH gradient changes within the infection microenvironment. Additionally, integrating this
with in vivo real-time monitoring technology will allow for an in-depth exploration of the responsive drug release
mechanisms of Van@CuTA under pathological conditions, thereby improving its controllability and reliability.
Furthermore, future investigations should also encompass quantitative bacterial culture analysis as well as assessments
of common clinical parameters through immunohistochemical and fluorescence staining techniques. We anticipate that
these findings will yield comprehensive insights into the biological properties of Van@CuTA. Additionally, we explored
CuTA’s role as a Van carrier. Given the diverse array of pathogens associated with chronic osteomyelitis, it is imperative
to further investigate other bacterial types and their potential interactions with various sensitive antibiotics. This approach
will provide a more robust experimental foundation for subsequent clinical applications.

Conclusion
In summary, CuTA serves as an effective antibiotic carrier and is anticipated to facilitate the loading of other poorly
water-soluble antibiotics, thereby enhancing the therapeutic efficacy against chronic osteomyelitis resulting from non-
MRSA infections. The subsequent phase of this study will involve further validation of the safety and antibacterial
properties of the nanospheres in large animal models, such as beagle dogs, providing essential data support for future
clinical research.

Its potential clinical application as an alternative treatment for chronic osteomyelitis-related infections includes
continuous in vivo and in vitro release of antibiotics, inhibition of bacterial growth and biofilm formation, as well as
promotion of osteogenesis. This approach is expected to transform the traditional treatment paradigm for chronic
osteomyelitis by preventing infection recurrence or secondary removal associated with conventional antibiotic bone
cement. Ultimately, it aims to achieve complete resolution without necessitating lesion clearance while improving patient
compliance and quality of life.
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