
 

Journal Pre-proof

Toward a disruptive, minimally invasive small finger joint implant
concept: Cellular and molecular interactions with materials in vivo

Heithem Ben Amara , Pardis Farjam , Theresa M. Lutz ,
Omar Omar , Anders Palmquist , Oliver Lieleg , Martin Browne ,
Andy Taylor , Gijsbertus J. Verkerke , Jeroen Rouwkema ,
Peter Thomsen

PII: S1742-7061(24)00289-7
DOI: https://doi.org/10.1016/j.actbio.2024.05.042
Reference: ACTBIO 9344

To appear in: Acta Biomaterialia

Received date: 23 January 2024
Revised date: 21 May 2024
Accepted date: 24 May 2024

Please cite this article as: Heithem Ben Amara , Pardis Farjam , Theresa M. Lutz , Omar Omar ,
Anders Palmquist , Oliver Lieleg , Martin Browne , Andy Taylor , Gijsbertus J. Verkerke ,
Jeroen Rouwkema , Peter Thomsen , Toward a disruptive, minimally invasive small finger joint
implant concept: Cellular and molecular interactions with materials in vivo, Acta Biomaterialia (2024),
doi: https://doi.org/10.1016/j.actbio.2024.05.042

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2024 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

https://doi.org/10.1016/j.actbio.2024.05.042
https://doi.org/10.1016/j.actbio.2024.05.042


 1 

Toward a disruptive, minimally invasive small finger joint implant concept: Cellular and 
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Abstract 

Osteoarthritis (OA) poses significant therapeutic challenges, particularly OA that affects the hand. 

Currently available treatment strategies are often limited in terms of their efficacy in managing pain, 

regulating invasiveness, and restoring joint function. The APRICOT® implant system developed by 

Aurora Medical Ltd (Chichester, UK) introduces a minimally invasive, bone-conserving approach for 

treating hand OA (https://apricot-project.eu/). By utilizing polycarbonate urethane (PCU), this implant 

incorporates a caterpillar track-inspired design to promote the restoration of natural movement to the 
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joint. Surface modifications of PCU have been proposed for the biological fixation of the implant. 

This study investigated the biocompatibility of PCU alone or in combination with two surface 

modifications, namely dopamine-carboxymethylcellulose (dCMC) and calcium-phosphate (CaP) 

coatings. In a rat soft tissue model, native and CaP-coated PCU foils did not increase cellular 

migration or cytotoxicity at the implant–soft tissue interface after 3 d, showing gene expression of 

proinflammatory cytokines similar to that in non-implanted sham sites. However, dCMC induced an 

amplified initial inflammatory response that was characterized by increased chemotaxis and 

cytotoxicity, as well as pronounced gene activation of proinflammatory macrophages and 

neoangiogenesis. By 21 d, inflammation subsided in all the groups, allowing for implant 

encapsulation. In a rat bone model, 6 d and 28 d after release of the periosteum, all implant types were 

adapted to the bone surface with a surrounding fibrous capsule and no protracted inflammatory 

response was observed. These findings demonstrated the biocompatibility of native and CaP-coated 

PCU foils as components of APRICOT® implants. 
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1. Introduction 

Among joint diseases, osteoarthritis (OA) is the predominant cause of disability (1), with the hand 

being one of the most commonly affected areas (2). Hand OA is characterized by inflammation-driven 

articular cartilage degradation and bone remodeling, frequently leading to significant pain and 

limitation of movement (3). Due to the considerable morbidity that is associated with OA, extensive 

efforts have focused on the development of pharmacological treatments (4, 5) primarily aimed at 

alleviating pain and mitigating cartilage damage (6). However, these interventions often fail to stop 

disease progression, making surgical intervention an inevitable choice in advanced stages of hand OA 

(7).  

Arthroplasty of the hand, which involves the surgical removal and replacement of damaged 

cartilaginous surfaces in the joint, is often the only option for improving mobility and alleviating pain 

for many patients (7). This approach typically requires the use of an implant (8), and it particularly 

involves the proximal interphalangeal (PIP), metacarpophalangeal (MCP), and trapeziometacarpal 

(TMC) joints (9). Historically, hinged silicone prostheses (10) have been used as a mainstay for hand 

arthroplasty, primarily facilitating joint spacing (11). Despite being considered the gold standard, these 

implants are associated with complications such as deformity correction issues, implant fractures, and 
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synovitis (9). Subsequent developments in implant materials, including metal-on-plastic and pyrolytic 

carbon, have offered some improvements. However, limitations in motion, joint instability, recurrent 

pain, and concerns about implant longevity and reoperation rates continue to limit the efficacy of these 

treatments (12). 

Despite its long history, hand arthroplasty has not achieved the same level of success as hip or knee 

arthroplasty (13), with complication rates as high as 35% (14). In fact, the transfer of hip and knee 

arthroplasty technologies to hand joints often overlooks the unique characteristics of hand joints: their 

small size, variable loading, involvement in kinetic chains, extensive range of movement, and intricate 

soft tissue structures (15). Achieving implant stability in hand arthroplasty typically requires 

techniques such as intramedullary, press-fit, bone ingrowth, or cemented fixation (15), which increases 

the invasiveness of the procedure. As a result, innovative approaches that minimize tissue damage, 

enhance range of motion, and effectively alleviate pain during the treatment of hand OA are 

increasingly needed. 

The APRICOT® (Anatomically Precise Revolutionary Implant for Conserving Osteoarthritis 

Treatment) system provides an implant design (16) for minimally invasive hand OA surgery (Figure 

1). APRICOT® avoids the need to remove bone and simplifies implant insertion and removal, 

significantly reducing the requirement for general anesthesia and extensive surgical procedures. The 

implant utilizes thin foils of polycarbonate urethane (PCU), a polyurethane elastomer that is known for 

its biostability, wear resistance, and a balance of toughness and compliance, making it a suitable 

candidate for use in orthopedic joint implants. For example, PCU has demonstrated efficacy for knee 

hemiarthroplasty and total meniscus replacement (17). The innovative design of APRICOT®, inspired 

by caterpillar track movement, prevents sliding at joint surfaces, thus reducing wear and tear at the 

implant site. By avoiding the articulation of two solid components typical of conventional implants, 

the APRICOT® design confines any wear debris within the implant, mitigating potential damage. 

Minimally invasive fixation systems (18) that utilize either biological glues or mechanical fixation, in 

addition to surface functionalization protocols, are vital for ensuring ultralow friction and smooth joint 

movement of APRICOT® implants. 

As a whole joint disease, OA affects the articular cartilage, subchondral bone, ligaments, the capsule, 

synovium, and periarticular muscles (19). Central to the APRICOT® concept is minimizing the 

activation of inflammation and the associated reparative response in all joint components, including 

both soft tissue and bone. Ensuring the biocompatibility of the implant via the characterization of the 

local cellular and molecular inflammation and tissue repair mechanisms is crucial. Such an 

understanding is even more important considering that inflammation is a key driver of OA 

progression. 

                  



 4 

The present study aimed to investigate the cellular and molecular responses to PCU implants in soft 

tissue and their ability to adapt to bone without causing protracted inflammation. PCU foils, were 

tested alone or in combination with two candidates for surface modification: a dopamine-based 

bioadhesive film [dopamine-carboxymethylcellulose (dCMC) conjugate] and a calcium-phosphate 

(CaP) coating. While the use of dCMC  is aimed at forming molecular bonds with tissue surfaces 

through carboxyl groups of carboxymethylcellulose (20) and the catechol functional groups of 

dopamine, the CaP coating is designed to encourage bone ingrowth to promote implant stability (21). 

Employing dedicated soft tissue  (22-24) and bone models in rats, the present study demonstrated that 

PCU implants do not exacerbate initial inflammation, except when PCU implants were combined with 

dCMC films which exhibit early cytotoxicity in soft tissue. Finally, the placement of PCU implants on 

bone surfaces after the release of the periosteum resulted in effective mitigation of inflammation and 

adaptation of the implants to the bone via a fibrous encapsulation. 

 

2. Materials and methods 

2.1. Implants 

Discs (diameter = 10 mm; thickness = 300 μm) and rectangular membranes (3 mm x 6 mm; thickness 

= 200 μm) were made from bare polycarbonate urethane (PCU) alone, a polycarbonate urethane–

dopamine-carboxymethyl cellulose composite (dCMC), and polycarbonate urethane coated with 

calcium phosphate (CaP). 

2.1.1. PCU: PCU implants were manufactured from polycarbonate (PCU) film that was extruded from 

pellets (Carbothane AC-4085 A, Aurora Medical Ltd) using a fully representative manufacturing 

process by Aurora Medical Ltd. The discs and rectangular membranes were cut under identical 

temperature, vacuum profiles and forming strains, prior to washing (70% EtOH and diH2O, in 

sequence) and drying. 

2.1.2. dCMC: d-CMC adhesive films were developed at the Technical University of Munich by 

employing carbodiimide chemistry to create d-CMC conjugates. Carboxymethylcellulose molecules 

(Biosynth Carbosynth; YC44523; viscosity 1.000–1.300 mPa/s) were dissolved in 2-(N-

morpholino)ethanesulfonic acid [MES; 1% (w/v); 10 mM; pH = 5] prior to a 3-h incubation with 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Carl Roth; 5 mM) and N-

hydroxysulfosuccinimide (sulfo-NHS, abcr GmbH, 5 mM). The solution was then mixed (1:1) with 

dopamine hydrochloride [1 % (w/v), Sigma Aldrich] in phosphate-buffered saline (PBS), incubated 

with shaking (overnight; 4°C), and dialyzed against ultrapure water (48 h; 4°C). After the solution was 

frozen and lyophilized for 2 d, the obtained dCMC powder was solubilized in water (10 mg/mL) and 

poured into custom-made polycarbonate 6-well plates prior to degassing under a vacuum to obtain 

films that were subsequently dried (48 h; room temperature). 
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2.1.3. CaP: For coating with calcium-phosphate, cleaned PCU samples were exposed to cold low-

pressure oxygen plasma (40 s; 0.5 Torr; 50 W) using a plasma cleaner (CUTE, Femto Science). Each 

sample was then immediately transferred to a 48-well plate and vertically suspended for 24 h in 

supersaturated simulated body fluid (SBF; 1 mL/well; 37°C) followed by washing (diH2O) and drying 

(N2) as previously described (21).  

2.2. Preimplantation characterization 

Surface microstructure of PCU and CaP implants were examined using a scanning electron 

microscope (SEM, JEOL JSM-IT 100) following gold sputter-coating (10 mA, 60 s). The chemical 

characterization of CaP and PCU was performed using X-ray diffraction (XRD, D8 DISCOVER, 

Bruker). Crystallography Open Database (COD) and Mercury 4.0 software were used to analyse the 

data. The percentage of crystallinity was computed using DIFFRAC.EVA software (v 4.3.1.2). In 

addition, the degree of dopamine functionalization in dCMC was assessed by determining the 

absorption behaviour of the different molecular solutions (CMC, dCMC, dopamine) at a 250-350 nm 

wavelength range (SpectraMax ABS Plus, Molecular Devices) using solutions of 10 mg mL
-1

 in 

ddH2O each. From the obtained data, the degree of functionalization of CMC with dopamine was 

calculated. 

2.3. Animal models and surgical procedures 

Female Sprague‒Dawley rats (250–300 g; Taconic Biosciences) were used for the in vivo testing of 

disc-shaped implants in soft tissue (n = 24) and of membranes in bone (n = 46). These experiments 

were approved by the Local Ethical Committee for Laboratory Animals at the University of 

Gothenburg, Sweden (soft tissue experiments: Dnr-4725/2023; bone experiments: Dnr-14790/2019).  

The soft tissue model (22-24) allows investigation of cellular responses in three topographically 

distinct compartments of the implant–soft tissue interface: i) the cells adherent to the implant surface, 

ii) the inflammatory fluid around the implant (exudate), and iii) the peri-implant soft tissue. In brief, 

surgeries were carried out under anesthesia induced by 4% isoflurane inhalation. The backs of the rats 

were shaved and cleaned before eight separate incisions were made to form subcutaneous pockets via 

blunt dissection. In each rat, six experimental sites received disc-shaped implants (PCU, CaP, and 

dCMC) and two were left without implants (n = 2, Sham) before closure with nonresorbable sutures. 

After cleaning of their backs, the rats were recovered from anesthesia and returned to the animal 

facility. Temgesic (Reckitt Benckiser; 0.03 mg/kg) was administrated for analgesia immediately and at 

8 h post-surgery. The rats were euthanized with an overdose of pentobarbital after 3 d or 21 d 

(n = 12/timepoint), and three types of samples were collected: i) implants (n = 8/group/time 

point): implants were collected following pocket re-entry for analyses of adherent cells (counting or 

gene expression); ii) peri-implant exudate (n = 8/group/time point): exudate was obtained from the 

pockets by lavage with PBS following implant retrieval, and each retrieved volume was divided to 
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analyze cells (counting, viability, cytotoxicity, or gene expression); iii) implant and peri-implant 

tissue (n = 8/group/time point): tissues were dissected en bloc for histology and histomorphometry.    

The bone model enables the study of membrane adaptation to bone. In brief, the rats were anesthetized 

with 4% isoflurane, followed by shaving and cleaning of the surgical sites on both hind limbs, and 

local complementary anesthesia by administration of lidocaine. Incision and reflection of the skin and 

muscle were then performed, followed by periosteum release to expose the metaphyses to the tibiae. 

Based on a predefined randomization scheme, the exposed bone surface in each tibia of all rats was 

implanted with one membrane (PCU, CaP, or dCMC) or was left without implants (Sham). Mattress 

sutures stabilized the membranes to the surrounding periosteum and soft tissues, followed by the 

repositioning of the overlaying muscles and skin, and Temgesic-analgesia was induced immediately 

and at 8 h post-surgery. The rats were euthanized after 6 d and 28 d (n = 24/timepoint), and the 

implants and associated soft and bone tissues were subjected to en bloc dissection (n = 

8/group/timepoint) for histology, histomorphometry, and immunohistochemistry.  

2.4. Cell counting, cell viability, and cytotoxicity 

Implants and exudates that were collected from the soft tissue pockets at 3 d and 21 d were used to 

quantify the number of cells that adhered to the implant (n = 8/group/time point) and the number of 

cells that was present in the exudate (n = 8/group/time point) using the NucleoCounter® system 

(ChemoMetec). For the counting of implant-adherent cells, the collected implants were immediately 

submerged in a lysis buffer (100 μL, Reagent A100, ChemoMetec) in a 96-well plate and shaken (2 

min, 500RPM) to facilitate cell detachment. A stabilization buffer was added to the cell lysate (100 

μL, Reagent B, ChemoMetec) prior to loading into a NucleoCassette™ with propidium iodide to stain 

the nuclei; then the total number of cells was automatically counted. To count the number of cells 

present in the exudate, an exudate fraction was directly introduced into a NucleoCassette™ to count 

the dead cells. Additionally, another fraction of the exudate was diluted at a 1:1:1 ratio with the lysis 

and stabilization buffers and then loaded into a NucleoCassette™ to count the total number of cells. 

Moreover, to assess cytotoxicity, dedicated exudate volumes (110 μL; n = 8/group/time point) were 

centrifuged to quantify lactate dehydrogenase (LDH) levels through the spectrophotometric 

measurement of lactic acid which is a product of the LDH-mediated pyruvic acid conversion (C-

laboratory, Sahlgrenska University Hospital, Gothenburg). 

2.5. Gene expression 

Quantitative polymerase chain reaction (qPCR) was conducted on cells from two different 

compartments of the soft tissue pockets: i) exudate (n = 8/group/time point): after removing an 

exudate  fraction for cell counting, the remaining exudate volume was centrifuged (400 × g, 5 min) to 

pellet the cells which were lysed in RNA Shield (Zymo Research), and ii) implant surface (n = 

8/group/time point): retrieved implants were placed in RNA Shield to lyse the adherent cells. Cell 
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lysates from the exudates and from the implant surfaces were subsequently frozen (-80°C). RNA 

extraction was performed using an RNeasy Micro Kit (Qiagen GmbH), according to the 

manufacturer's guidelines. RNA integrity and concentration were assessed in a preliminary pilot study 

using a Pico 6000 RNA Kit (Bioanalyzer 2100 system, Agilent Technologies) and a Nanophotometer 

P-36 (Implen GmbH), respectively. cDNA synthesis was performed using the TATAA GrandMaster 

cDNA Synthesis Kit (TATAA Biocenter AB), following the prescribed protocols. Previously 

validated primers (Bio-Rad) were used for the gene panel listed in Table S1. The reference gene panel 

included the following rat genes: 18s, ACTB, GAPDH, HPRT1, YWHAZ (Bio-Rad) and gene 

stability was determined by GeNorm and Normfinder (GenEx software, Multid). HPRT1, which was 

identified as the most stable, was used for normalization. Relative gene expression was calculated 

using the delta-delta-Cq method. 

2.6. Histology 

Implants and adjacent tissues that were obtained from both soft tissue and bone experiments were 

preserved in formalin, decalcification (of bone samples only) in Ethylenediaminetetraacetic 

acid (EDTA; 10%) followed by dehydration and paraffin infiltration. Tissue sections were cut at a 

thickness of 5 μm (Leica RM 2255, Leica Biosystems Nussloch GmbH), deparaffinized with xylene, 

stained with hematoxylin and eosin, and examined using an optical microscope (Nikon Eclipse E600, 

Nikon).  

2.7. Immunohistochemistry, TRAP staining, and TUNEL staining 

Immunohistochemistry was performed on sections from the soft tissue and bone experiments. Tissue 

sections were deparaffinized, rehydrated, and washed in PBS. Antigen retrieval was achieved by 

incubating the sections at 90°C for 20 min, followed by blocking with a 5% solution of goat serum in 

4% bovine serum for 30 min. Primary rabbit polyclonal antibodies targeting iNOS (PA1036, Thermo 

Fisher), MRC1 (PA5101657, Thermo Fisher), and Periostin (PA5-79850, Thermo Fisher) and CD68 

(PA581594, Thermo Fisher) were added at dilutions of 1:100, 1:30, 1:100, and 1:1500 respectively, 

and incubated for 2 h at room temperature. Immunoreactivity was detected using the Pierce 

Horseradish Peroxidase detection system (Thermo Fisher) with DAB (Metal Enhanced DAB Substrate 

Kit, Thermo Fisher) as the chromogen, following the manufacturer's protocols. Control sections were 

processed similarly, excluding the primary antibodies, and served as negative controls. In addition, 

selected sections from the soft tissue experiments were stained with the TUNEL Assay-Kit (ab206386, 

Abcam) to detect apoptotic cells, according to the manufacturer’s protocol. Similarly, selected sections 

from the bone experiments were subjected to TRAP staining (387A-1KT, Sigma-Aldrich) to detect 

osteoclasts, following the manufacturer’s instructions. 

2.8. Image analysis 
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Full digital scans of the soft tissue and bone sections were captured using a Plan Apo 20x/0.5 objective 

lens mounted on an optical microscope. Images were imported into QuPath v.0.4.3 software for 

histomorphometric analysis of peri-implant tissues.  

For soft tissues, the 21-d peri-implant fibrous capsules (n = 4/group/timepoint) were evaluated using 

the following parameters: i) thickness of the fibrous capsule: was measured using 20 equidistant 

lines, i) area of the fibrous capsule: was measured by manually outlining the fibrous capsule using 

the ‘wand tool’ and normalizing this measurement to the fibrous capsule perimeter, and iii) cell 

density of the fibrous capsule: was calculated using automatic cell nuclei detection (‘Cell detection’ 

plugin) and normalized to the capsule area. This cell density was compared to that in the subcutaneous 

fascia at Sham sites (within a rectangular region of interest matching the average fibrous capsule area 

around all implants i.e., ~ 650 000 μm
2
). 

For bone, cell density was measured in tissues surrounding the implants within a distance of 100 μm 

from the implant-tissue interface and normalized to the area of the defined region of interest. The cell 

density of the peri-implant tissues was compared to that of the soft tissue overlaying cortical bone of 

Sham sites. The region of interest in the Sham group had a rectangular shape and an area equal to the 

average area of all peri-implant regions of interest, i.e., ~ 400 000 μm
2
. In addition, identical regions 

of interest in immunohistochemistry sections from bone-implanted tissues were used to quantify cells 

positive to iNOS, MRC1, and Periostin. For this purpose, scans of the implants and peri-implant 

tissues or of sham-operated tissues were transferred to QuPath v.0.4.3 software and cells were counted 

using the automated ‘positive cell detection’ plugin. The proportion of positive cells was measured in 

an average of ~1600 cells/region of interest. 

2.9. Statistical analysis 

Statistical comparisons of cell counts, cytotoxicity, and histomorphometric parameters were performed 

using the unpaired Kruskal–Wallis U test. Statistical comparisons of the gene expression data were 

performed using two-way ANOVA with multiple comparisons via test Benjamini and Hochberg's test 

of the false discovery rate.  Differences for which P < 0.05 were considered statistically significant. 

 

3. Results 

3.1. Preimplantation characterization 

The surfaces of PCU and CaP were examined using SEM (Figure 2a). CaP showed a uniform 

homogenous multi-layer coating with a thickness of 5.8 μm as reported elsewhere (21). The general 

structure of the coating consisted of a dense layer with a porous surface, including micro-cracks that 

were covered with porous globules (Figure 2a). The stability of CaP coating on the PCU surface was 

previously evaluated with a scratch test and a 180° bend test (21). The scratch test showed that the 

coating did not delaminate up to a shear stress of 16.9 (±4) MPa. The bend test demonstrated that the 
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coating remained stable, with only limited propagation of existing small cracks, upon severe 

deformation of the flexible PCU substrate (21). The crystal structure of PCU and CaP was determined 

by XRD (Figure 2b). CaP implants did not reveal any peaks of bare PCU. An amorphous halo was 

detected for CaP with the calculated crystallinity index (CrI) of 27.7%. The well-developed discrete 

peaks were visible at 2ϴ=12.1 ° and 2ϴ=23.9 °, and small peaks at 2ϴ=29.8 °, 2ϴ=32.11 °, 2ϴ=45.8 °, 

and 2ϴ=48.4 ° which revealed similarities with Brushite crystal structures. The dCMC was based on 

carboxymethyl-cellulose modified by dopamine molecules. Spectroscopic analysis (Figure 2c) 

showed a pronounced peak at 280 nm, which is typical for the dopamine molecule. From the peak 

height, the degree of catechol functionalization achieved with the chemical coupling procedure was 

calculated as 43 %.  

3.2. Implants in soft tissue elicit a transient cellular migration and a transient upregulation of 

inflammatory cytokines and chemokines  

To study the cellular and molecular responses to the implants, the cells adherent to the implant surface 

and those in the inflammatory fluid around the implant (exudate) were retrieved from the 

subcutaneous pockets (Figure 3a-f).  

Samples were harvested at postoperative days 3 and 21 which enabled the investigation of initial 

inflammation and subsequent tissue repair and regeneration, respectively. All the experimental sites 

remained closed and did not feature clinically discernible macroscopic signs of dermal inflammation.  

The number of cells that were present in the exudate (Figure 3g) or adhered to the implants (Figure 

3h) at 3 d were higher than those observed at 21 d across all groups, demonstrating a transient, acute 

inflammatory response attributable to the synergistic influence of surgical intervention and the 

implant. No difference in the number of cells at the surface of the different implant types or in the 

exudates, or in the ratio of the number of implant adherent cells to the number of exudate cells (Figure 

3i) were observed at either timepoints. Cell counts in the per-implant exudate did not differ from Sham 

exudates at 3 d. Such a comparison was not feasible after 21 d owing to the natural healing process at 

the Sham sites, resulting in the absence of a detectable pocket after 21 d. 

qPCR (Figure 3j) was performed to study the gene expression of critical inflammatory cellular 

mediators and chemoattractants such as cytokines (TNF and IL8) and chemokines (IL8 and MCP1). A 

modest increase in the expression of proinflammatory cytokines was evident at 3 d. Among the 

groups, the dCMC group exhibited a more robust TNF gene response in both cells within the exudate 

and those adherent to the implant surface. Importantly, the expression levels of the potent 

chemoattractants IL8 and MCP1 exhibited a significant decline from 3 d to 21 d, highlighting the 

transient nature of the initial inflammatory response to the implants.   
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Overall, all the implants resulted in a transient increase in cell infiltration and the expression of 

inflammatory cytokine and chemokine genes. This response was particularly noticeable in the dCMC 

group. 

3.3. The dCMC coating transiently potentiates the initial inflammatory response and activates 

proinflammatory macrophage polarization pathways 

Histology was performed to examine the soft tissues that interfaced with the implants and Sham 

pockets. At 3 d (Figure 4a), the fascial loose connective tissue, which is situated beneath the 

subcutaneous musculature surrounding all the implants, exhibited an evident infiltration of 

inflammatory cells in comparison to the wounded subcutaneous facia in Sham sites. This 

inflammatory infiltration, which suggested pronounced cellular recruitment, was also observed close 

to the tissue interface with the implants where a proteinaceous network was particularly visible. Also 

detectable around blood vessels irrigating the subcutaneous fascia, the cellular infiltrates consisted 

mostly of mononuclear cells and polymorphonuclear leukocytes and appeared denser in the dCMC 

group than in the other groups (Figure 4a). 

qPCR analysis of cells that were present in the exudate or those adherent to the implants was 

performed to study of the expression of genes encoding for macrophage markers (Figure 4b). 

Macrophages are key for orchestrating the reparative/regenerative response to biomaterials, and play 

different roles during inflammation and tissue repair.  

The expression of iNOS, which is a marker of the M1 macrophage phenotype crucial during the initial 

inflammatory phase, decreased from 3 d to 21 d both in cells that were present in peri-implant 

exudates or those adherent to the implants. Notably, the dCMC group exhibited the highest expression 

of iNOS at 3 d, exceeding the expression of this gene in exudate cells and implant-adherent cells in the 

other groups by more than 4-fold and 6-fold, respectively. This marked increase was transient and was 

not observed at 21 d. In contrast, no differences in iNOS mRNA levels were detected between PCU, 

CaP, or Sham at either timepoints. 

Furthermore, qPCR was used to analyze the expression of ARG1, MRC1, and IL10, genes associated 

with the M2 macrophage phenotype that is pivotal during tissue repair and regeneration.  Specifically, 

in cells adherent to dCMC implants, the gene expression of ARG1 and IL10—but not MRC1—was 

higher than that of the PCU and CaP groups at 3 d, and then decreased to comparable levels across all 

groups at 21 d. In exudate cells, the gene expression of MRC1—but not ARG1 and IL10—were lower 

in dCMC group than that in the PCU, CaP, and Sham at 3 d, and then increased to a similar level as 

that in the other groups at 21 d.  Importantly, the ratios iNOS/ARG1 (Figure 4c, Figure S1a-b) and 

iNOS/MRC1 (Figure S1c-d) ratios were 2- to 100-fold higher in the dCMC group than that in the 

other groups at 3 d, further illustrating the strong activation of M1 macrophage-related pathways by 

dCMC. This trend remained at 21 d but at a considerably lower amplitude, confirming the transient 

nature of the initial proinflammatory response of macrophages that was induced by dCMC. Moreover, 
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immunohistochemistry targeting the proinflammatory macrophage marker CD68 in soft tissue sections 

(Figure 4d) showed an evident presence of positive cells at 3 d, particularly t the vicinity of the 

dCMC-coated implants. At 21 d, only a few CD68-positive cells were detected (Figure S4). 

In summary, the gene and protein expression of macrophage markers was comparable among PCU, 

CaP, and Sham groups. dCMC resulted in the establishment of an initial proinflammatory milieu that 

was characterized by cellular infiltration into the peri-implant soft tissues and potent upregulation of 

M1 macrophage-related gene and protein expression. This inflammatory phase was succeeded by a 

transition toward the induction of M2 macrophage-related gene expression, indicative of a shift to 

reparative mechanisms. 

3.4. dCMC but not by PCU or CaP elicits increased initial cytotoxicity  

Cell death plays a critical role in inflammation and tissue repair/regeneration. Cell viability and 

cytotoxicity were therefore quantified in the exudates through analysis of dead cells (Figure 5a), and 

measurements of the extracellular release of lactate dehydrogenase (LDH, Figure 5b), which is an 

enzyme released upon the cytoplasmic membrane disruption.  

At 3 d, the number of dead cells in the exudate was elevated across all groups. The dCMC group 

exhibited the highest number of dead cells. This finding was consistent with the concentration of LDH 

which was the highest in the dCMC group at 3d. 

At 21 d, the number of dead cells decreased in all groups. LDH concentration did not vary between 3 d 

and 21 d, except in the PCU group which exhibited an increase in LDH levels over time.  

Furthermore, apoptosis-related pathways were studied by qPCR analysis (Figure 5c) of the expression 

of proapoptotic (DDIT4 and CASP3) and antiapoptotic (BCL2) genes. At 3 d, the dCMC group 

exhibited an elevated expression of proapoptotic genes DDIT4 and CASP3 particularly in implant-

adherent cells; these results confirmed dead cell count and cytotoxicity findings. The DDIT4/BCL2 

ratio further showed clear induction of apoptosis gene expression in the dCMC group at 3 d (Figure 

5d; Figure S2). At 21 d, both proapoptotic and antiapoptotic genes exhibited overall higher expression 

compared to 3 d in cells from exudates or in cells adherent to the implants. In addition, TUNEL 

staining revealed a notable presence of apoptotic in soft tissues at 3 d especially close to the interface 

with the dCMC-coated implants (Figure 5d). Only a few TUNEL-positive cells were observed in 

tissues at 21 d (Figure S5). 

Taken together, these findings indicate that, at 3 d, dCMC induced increased cell death and 

cytotoxicity as well as the induction of apoptosis-related gene expression.  

3.5. PCU implants foster fibrous encapsulation 

To determine whether the differential regulation of inflammation and apoptosis-related pathways 

affected tissue repair/and regeneration, qPCR analysis of the expression of selected proregenerative 
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(FGF2, COL1A1, and TGF) and neoangiogenetic (VEGF) markers was performed (Figure 6a). 

mRNA levels of these genes noticeably increased between 3 d and 21 d, regardless of the group or 

whether the cells were harvested from the exudate or from the implant surface. At 3 d, dCMC 

increased the expression of VEGF gene, which was evident in cells adherent to the implants, but 

decreased the expression of the proregenerative gene COL1A1 in cells from the exudates. In contrast, 

PCU activated fibrogenesis pathways as early as 3 d by upregulating the TGF gene. At 21 d, the 

highest COL1A1 gene expression was observed in cells from exudates in the CaP group. 

Histology was performed at 21 d (Figure 6b) to verify whether the differential regulation of 

proregenerative genes led to morphological differences in the fibrous encapsulation of the implants. 

All the implants were encircled with a 50-100-μm-thick fibrous capsule with a dense fibrillar content 

that was preferentially oriented in parallel to the implant surface and in which cells and blood vessels 

were visible. The PCU group had the thickest fibrous capsule (Figure 6c). The cell infiltration of the 

tissue surrounding the implants markedly decreased between 3 d and 21 d. The density of cells in the 

21-d peri-implant fibrous capsule was comparable among PCU, dCMC, and CaP groups, but higher 

than the density of cells in the 21-d subcutaneous fasciae of Sham sites (Figure 6c; Figure S3). 

To summarize, while dCMC increased gene expression related to neoangiogenesis, PCU resulted in an 

early activation of fibrogenesis genes, fostering implant encapsulation. 

3.6. dCMC and CaP do not alter the regulation of cellular adhesion-related genes 

Considering the potential adhesive properties of dCMC and CaP, the expression of cellular receptors 

that are involved in cellular adhesion in the initial stage of inflammation (TLR4) or in the subsequent 

reparative phase (ITG1 and ITG2) was studied by qPCR analysis (Figure 7). TLR4 gene expression 

was elevated at 3 d in the dCMC group but substantially decreased over time in all the groups, 

suggesting the attenuation of inflammation over time in response to the implants. A contrasting trend 

was observed in the expression of the integrin genes ITG1 and ITG2. Across all the groups, both 

genes were more highly expressed at 21 d than at 3 d, but there were no noticeable differences 

between the different implants.  

3.7. PCU, dCMC and CaP are adapted to the bone surface via fibrous encapsulation 

To study the interaction between bone and the implants (PCU, dCMC or CaP), with Sham sites 

serving as a control, the implants were placed on a flat bone surface, denuded of periosteum, on the 

proximal metaphyses of tibiae in rats (Figure 8a-g). 

At 6 d and 28 d, all the experimental sites remained closed and did not feature clinically discernible 

macroscopic signs of inflammation in the skin.  Throughout the observation period, none of the 

animals featured gait impairment attributable to the surgical procedure or the presence of the implants. 

The implants with the surrounding tissues were coronally cut (Figure 8g). The histological sections 
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were used to visualize the implanted membranes, the underlying bone, and the adjacent soft tissues 

(Figure 8h).  

At 6 d (Figure 8i, k), cellular infiltration into the connective tissue surrounding the implant was 

evident in all the experimental groups. The infiltrating cells consisted mostly of mononuclear cells and 

were surrounded by an abundant extracellular matrix with numerous small blood vessels, which is 

typical of granulation tissue. The connective tissue interposed between the implants and bone 

exhibited less pronounced cellular infiltration than that in the connective tissue overlying the implants.  

At 28 d (Figure 8j, k), all implants were consistently surrounded by a dense fibrillar capsule that was 

sporadically interrupted by direct contact between the implants and the underlying bone. Of all the 

examined specimens (n=30 at 6 d; n=30 at 28 d), bone–implant contact was observed only in one PCU 

at 28 d, not exceeding 0.8%. In contrast, at 6 d, the density of cells was comparable between the top 

and bottom areas of the connective tissue surrounding the implants.  

Histomorphometry (Figure 8l) was performed in a region of interest around the implants within 100 

μm from the implant-tissue interface, and demonstrated comparable cellular density across all groups 

at 6 d and 28 d. No differences were found with respect to cell infiltration between the test sites and 

Sham sites.  

Immunohistochemistry was executed to determine the presence of cells expressing the iNOS 

(inducible nitric oxide synthase, Figure 9a), and MRC1 (mannose receptor C-type 1, Figure 9b) 

proteins, which are markers of M1 and M2 macrophage polarization, respectively.  The expression of 

Periostin (Figure 9c), which is a protein involved in bone regeneration via periosteal stem cells, was 

also investigated. At 6 d, examination of the soft tissues interposed between the implant and bone 

indicated that inflammatory cells that were positive to iNOS were present in the dCMC group, and to a 

lesser extent in the PCU, CaP, and Sham groups. In support of these observations, the quantification of 

iNOS-positive cells was higher in the dCMC group in comparison to PCU and Sham groups (Figure 

9d). At 28 d, the expression of iNOS decreased in dCMC without differences between groups in the 

expression of any of the studied proteins. No significant differences in the proportion of MRC1-

positive cells were found between the different implant types at 6 d and 28 d.  Moreover, the 

histochemical analysis using Tartrate-resistant acid phosphatase (TRAP) to detect osteoclasts (Figure 

S6) did not exhibit evident reactivity on the surface of bones adjoining the implants at 6 d and 28 d 

suggesting that bone remodelling activities were not activated in any of the groups.  

Together, the PCU membranes, either alone or in combination with dCMC or CaP, were surrounded 

by a fibrous capsule without direct contact with bone. Compared with the other groups, the dCMC 

group appeared more associated with cells exhibiting an inflammatory phenotype in the peri-implant 

tissues.  

 

4. Discussion 
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The biocompatibility of polyurethanes in general, and polycarbonate urethane in particular, has been 

traditionally inferred from long-term morphological studies in animal models (25, 26) or humans (27, 

28), and from cytocompatibility assays in vitro (29). The present study reinforces the understanding of 

PCU biocompatibility, providing insights about the cellular and molecular mechanisms that drive the 

in vivo response to this biomaterial. PCU implants with or without coatings are shown to elicit an 

initial inflammatory response that subsequently resolves in a relatively thin, proper soft tissue 

encapsulation both in soft tissue and in contact with bone.  

In a study that used the same animal model as herein, polyurethane urea—another variant of 

polyurethane elastomer—was previously proven (30) to exhibit comparable biocompatibility to 

titanium, which is widely acknowledged as a state-of-the-art biocompatible metallic biomaterial. 

Interaction with polyurethane urea implants resulted in a decreased inflammatory response and a lower 

secretion of the proinflammatory cytokine TNF during the early postoperative phase compared to 

titanium implants. Furthermore, polyurethane urea implants were associated with increased secretion 

of the anti-inflammatory cytokine IL-10 and a heightened presence of pro-regenerative macrophages 

at the implant interface. Importantly, no significant differences were observed in the levels of the 

cytotoxic marker LDH when compared to those in Sham controls (30). The response elicited by PCU 

in the present study recapitulates several key characteristics that were observed with polyurethane urea 

implants, highlighting its biocompatibility. Beyond the comparable levels of LDH, PCU implants 

showed no significant differences in cell counts or in the expression of genes associated with 

inflammatory cytokines or macrophage polarization in comparison to Sham sites. PCU effectively 

mitigated the initial inflammatory response and promoted the expression of the reparative gene TGF 

as early as 3 d post-implantation. As a result, the fibrous capsule surrounding the PCU implants was 

thicker than that around the other implants in this study. Yet, this thickness aligns with that of peri-

implant capsules with other biomaterials such as titanium (31) or magnesium (24), which have been 

demonstrated to possess biocompatible properties in the same soft tissue model.  

Moreover, in the present study, the CaP group mirrored most of the primary findings observed during 

the inflammatory and reparative phases in both the PCU and Sham groups. These results are consistent 

with previous in vivo (32) and in vitro (33) studies that showed the biocompatibility of CaP coatings 

(34). For instance, the subcutaneous implantation of CaP-coated titanium discs in goats (35) resulted 

in a fibrous encapsulation comparable to that around uncoated titanium implants over a period of 2 to 

12 w, without discernible adverse effects. Furthermore, previous in vitro tests of PCU and CaP-coated 

PCU (21), which were identical to those employed in the present study, demonstrated comparable 

viability and differentiation of human bone marrow mesenchymal stem cells. The CaP coating on PCU 

was revealed to be amorphous in the present study. Intriguingly, compared to uncoated titanium 

implants, this specific CaP phase on the surface of titanium implants has been shown to decrease 
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chemotaxis to the implants and reduce cytotoxicity during the postoperative period in the same rat soft 

tissue model as in the present study (36), further supporting the biocompatibility of CaP-coated PCU. 

A major finding in this study was the distinct initial response to dCMC-coated PCU, which was 

characterized by increased inflammation, neoangiogenesis, and apoptosis. Indicative of the early 

activation of proinflammatory pathways, the present study provides the first in vivo evidence of the 

ability of dopamine-carboxymethyl cellulose conjugates to strongly stimulate M1 macrophage-related 

gene expression. Dopamine is a critical catecholamine neurotransmitter (37) expressed by several 

immune cells and plays an important role in cell-cell communication during the immune response. For 

example, dopamine produced by dendritic cells amplifies inflammation by activating the response of 

Th17 cells (38). Moreover, dopamine has been previously associated with the proinflammatory 

activation of microglia, the brain-resident macrophages (39). In response to dopamine, microglia 

exhibited increased cellular migration along with heightened secretion of nitric oxide and 

proinflammatory cytokines, which are characteristic of the M1 phenotype, in cell culture and tissue 

sections of rodents (39). Similarly, dopamine administration was proven to polarize tumor-associated 

macrophages toward the M1 phenotype, thus inhibiting tumor growth in a rat glioma model (40). 

While coactivation of proinflammatory macrophage and neoangiogenesis pathways, as observed in the 

dCMC group is widely established in biomaterial-associated responses (41), questions remain about 

the elevated cytotoxicity in this group. Beyond the potential concentration-dependent toxicity of 

dopamine, these questions might hypothetically be answered by the synergistic association between 

nitric oxide-mediated oxidative stress and dopamine-induced mitochondrial dysfunction, both of 

which are known to have cytotoxic implications (42). A role of carboxymethyl cellulose in promoting 

cell death appears less likely, given the strong evidence that negates the cytotoxic effects of this 

cellulose derivative. However, its potential impact on the initial response to dCMC should not be 

entirely dismissed, considering recent findings demonstrating its ability to significantly modulate the 

cellular metabolism (43) in general, and inflammation (44) in particular. In fact, in vitro studies (44) 

have shown that carboxymethyl cellulose can modulate the macrophage inflammatory response by 

simultaneously stimulating both proinflammatory (TNF and MCP1) and anti-inflammatory (IL10) 

cytokines. This duality mirrors the findings in the dCMC group of the current study, particularly in 

terms of the qPCR results of implant-adherent cells. However, it is intriguing that this concomitant 

activation of M1 and M2 macrophage gene markers at the implant surface in the dCMC group was not 

replicated in the surrounding exudate, revealing specific activation of macrophage programs. This 

discrepancy between gene expression at the implant surface and the peri-implant exudate raises 

questions about the potential role of PCU in modulating the initial proinflammatory reaction to dCMC. 

Therefore, delineating the specific contributions of dopamine, carboxymethyl cellulose, and PCU to 

the initial response in the dCMC group warrants further elucidation. 
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In all the experimental groups, the initial inflammatory response was effectively alleviated, facilitating 

reparative encapsulation of the implants in soft tissue. However, in bone, none of the experimental 

treatments, including CaP-coated PCU, achieved direct bone contact despite the ability to promote 

mesenchymal stem cell differentiation toward the osteogenic lineage in vitro (21). The osteogenic 

differentiation of skeletal stem/progenitor cells, predominantly originating from the bone marrow and 

the periosteum is a pivotal factor in bone formation (45, 46). In the present study, these cells could not 

be derived from the bone marrow compartment upon preservation of the continuity of the cortical 

barrier, nor could they come from the periosteum due to surgical release (47). The surrounding skeletal 

muscles, although also capable of furnishing osteoprogenitors (48), supply nutrients via vascular 

ingrowth, which is vital for the repair of the injured bone (49). The obstruction of vascular invasion by 

interposition of the foil between the injured bone and surrounding muscles (49) in this study further 

diminished the osteogenic potential at the operated sites. This was evidenced not only by the low 

detection of Periostin, which is a crucial factor for bone regeneration in the injured periosteum (46), 

but also by the consistent fibrous encapsulation of the implants.   

In agreement with standardized, experimental biocompatibility protocols, the present study utilized 

normal tissue conditions. However, this study does not address the biocompatibility of the studied 

materials in an inflammatory environment with a constitutively increased expression of 

proinflammatory and tissue-degrading molecules due to disease. Similarly, the interactions between 

the selected materials and the variability of the surface structure/texture of cartilage and bone surfaces 

inside small joints affected by OA were not studied. Moreover, the experimental models used in the 

present study do not allow the investigation of the influence of the implants on pain elicited by OA. 

These obvious limitations require further interrogation in a real-life, osteoarthritic joint milieu, which 

would be an important step in the clinical translation of this concept. Furthermore, the polymer foil 

inside a joint would be subjected to cyclic loads during joint motion, eventually leading to the 

generation of wear particles that may potentially accumulate over time. While the surface treatment 

within the implant is designed to minimize wear, released particles are expected to be contained inside 

the implant. Beyond the need to determine the long-term biological response to the implants, future 

studies require a focus on the eventual release of abraded particles under mechanical load in the joint 

by characterizing their type, quantity, size, and shape.   

In the context of hand OA, which is characterized by a lack of skeletal stem/progenitor cells from the 

periosteum or muscles, achieving the integration of PCU membranes in subchondral bone with or 

without coatings is less likely. The present findings prompt a consideration of the necessity for 

mechanical fixation of these membranes to bone surfaces (18) in the context of the APRICOT 

implants.  Nevertheless, proper fibrous encapsulation of PCU membranes could play a crucial role in 

stabilizing APRICOT® implants. This concept is reminiscent of the Swanson-hinged silicone joint 
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spacer that is widely used in hand OA surgery (11, 50). In addition to supporting the surrounding 

synovial capsule and alleviating pain, the fibrous encapsulation of these implants is believed to avoid 

the need for permanent implant transfixation in bone, thereby potentially extending the lifespan of the 

implant (11). Although the conditions of hand OA are not replicated in the animal models that were 

used in this study, these models are instrumental for delineating the responses of various cell types to 

the implants. In the soft tissue model, the distinct compartmentalization of the soft tissue–implant 

interfaces enabled a comprehensive characterization of cellular behavior and distribution. In bone, the 

response of skeletal cells to the implants facilitated an assessment of the local response and adaptation 

of the membranes while excluding potent periosteal osteoprogenitors. These findings are relevant to 

the biocompatibility of the APRICOT® implants, as well as their capacity for bone integration, and 

provide crucial insights to establishing a proof-of-concept for human applications.  

 

5. Conclusion 

For the first time, this study used cellular and molecular analyses to investigate the in vivo response of 

cells at the interface with native and surface-modified PCU implants. A transient initial inflammation 

followed by reparative fibrous encapsulation was found to be consistent across all implant groups, 

regardless surface modification. However, PCU surfaces functionalized with dCMC initially exhibited 

evident M1 macrophage-driven exacerbation of inflammation with diminished viability and 

proapoptotic gene expression of the recruited cells. While reparative osteogenesis via Periostin was 

not observed at the implant–bone interface, a fibrous encapsulation of all the implants without a 

protracted inflammation demonstrated a proper adaptation to the bone surface.  Based on these 

experimental observations, it is concluded that PCU and CaP-coated PCU foils are candidate 

biomaterials for the application of the APRICOT® concept in small finger joints. 
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Figure legends 

 

Figure 1: The APRICOT® implant for hand osteoarthritis  
(a), Hand affected by osteoarthritis with diseased tissues in the finger joint. (b), The APRICOT® 

implant, shown in a 3D representation and in a cross-sectional view (A-A'), is designed to 

conform to the contour of the diseased joint. (c), Installation of the APRICOT® implant in the 

distal interphalangeal joint of a hand finger. Illustrations in b  and c are adapted from (16). 

 
 Figure 2: Material characterization 

(a), Scanning electron micrographs of bare polycarbonate urethane (PCU) and PCU coated with 

a layer of calcium phosphate (CaP). (b), XRD pattern of the bare PCU film and the PCU film 

coated with CaP. (c), Successful conjugation of dopamine to carboxymethylcellulose was verified 

by detecting a strong absorbance peak obtained at 280 nm. Scale bar: a = 5 μm. 
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Figure 3: Implants in soft tissue promote transient cellular migration and upregulation of 
inflammatory cytokines and chemokines 
(a-c), Disc-shaped implants made of polycarbonate urethane (PCU) with a dopamine-

carboxymethylcellulose film (dCMC) applied upon hydration (b, c) or coated with a calcium 

phosphate layer (CaP; d) were subcutaneously inserted into the dorsum of rats (e, a) according 

to a randomization scheme. In addition to those from the Sham sites, the implants with or 

without surrounding tissue were retrieved after 3 d and 21 d. Analyses of cells that adhered to 

the implants, those in the per-implant exudate, or those in the Sham exudate were analyzed via 

cytometry and gene expression assays (no exudate was collected from the Sham group at 21 d 

due to the closure of the pockets). Tissues around the implants or those retrieved from the 
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Sham group were examined via histology. (g-i), Total cells from the implant surface (g) and 

from the exudate (h) were counted separately and the corresponding ratio of implant 

surface/exudate cell counts was determined (i) (n = 8/group/timepoint). (j), qPCR analysis of 

the relative mRNA levels of inflammatory markers (TNF, IL8, and MCP1) at the implant surface 

(top panel) and in the exudate (bottom panel) (n = 8/group/timepoint). 

The data are shown as the mean ± s.d. * P<0.05 PCU versus dCMC versus CaP versus Sham. # 

P<0.05 3 d versus 21 d. Kruskal‒Wallis and two-way ANOVA tests were performed. Scale bars: 

b-f = 2 mm. 

 

Figure 4: Initial cellular infiltration of peri-implant tissues and regulation of genes related to 
macrophage polarization 
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(a), Histology of implants and the associated tissues and Sham tissues at 3 d. Areas outlined in 

dashed red lines indicate the implants. The dashed red lines show the implant–tissue interface. 

Hematoxylin and eosin staining (b), qPCR analysis of the relative mRNA levels of macrophage 

markers (iNOS, MRC1, ARG1 and IL10) at the implant surface and in the exudate (n = 

8/group/timepoint). (c), The ratio of iNOS/ARG1 mRNA levels indicates the proportions of 

proinflammatory macrophages (M1) versus proregenerative macrophages (M2) among cells 

that adhered to the implant surface (top panel) or among cells in the exudate (bottom panel) 

(one mean value representing n = 8/group/timepoint; details in Figure S1). (d), 

Immunohistochemistry to detect CD68-positive cells (arrowheads) at 3 d in soft tissue sections 

(CD68-immunohistochemistry in the 21 d-soft tissue sections is shown in Figure S4). Dashed 

lines indicate soft tissue–implant interface.  

The data are shown as the mean ± s.d. * P<0.05 PCU versus dCMC versus CaP versus Sham. # 

P<0.05 3 d versus 21 d. Two-way ANOVA. Scale bars: a: white = 1 mm, black = 100 μm, d = 5 

μm. 
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Figure 5: Cell viability, cytotoxicity, and regulation of genes related to apoptosis-related 
pathways 
(a-b), In the exudates, the number of dead cells (a) and the lactate dehydrogenase (LDH) 

concentration (cytotoxicity; b) were measured (n = 8/group/timepoint). qPCR (c) analyzed the 

relative mRNA levels of apoptotic (DDIT4 and CASP3) and antiapoptotic (BCL2) genes at the 

implant surface and in the exudate (n = 8/group/timepoint). (d), Ratio of DDIT4/BCL2 mRNA 

levels indicated proapoptotic versus antiapoptotic gene expression in cells that adhered to the 

implant surface (top panel) or in cells in the exudate (bottom panel) (one mean value 

represents n = 8/group/timepoint; details in Figure S2). (e), Detection of TUNEL-positive cells 

(arrowheads) indicative of apoptotic cells in soft tissue sections at 3 d (TUNEL histochemistry 

in 21 d-soft tissue sections are shown in Figure S5). Dashed lines indicate soft tissue–implant 

interface.  
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The data are shown as the mean ± s.d. * P<0.05 PCU versus dCMC versus CaP versus Sham. # 

P<0.05 3 d versus 21 d. Kruskal‒Wallis and two-way ANOVA tests were used. Scale bar: e = 25 

μm. 

 

 

Figure 6: Fibrous encapsulation and expression of gene markers of regeneration and 
neoangiogenesis 
(a), qPCR analysis of the relative mRNA levels of proregenerative and neoangiogenesis markers 

at the implant surface and in the exudate (n = 8/group/timepoint). (b), Histology of the implant 

with the associated tissues at 21 d. Areas highlighted in red dashed lines indicate the implants. 

The peri-implant fibrous capsule (FC) is highlighted. Hematoxylin and eosin staining. (c), 

Histomorphometry of the peri-implant fibrous capsule. The relative area is the area of the 

capsule normalized to the capsule perimeter (n = 4/group/timepoint). 

The data are shown as the mean ± s.d. * P<0.05 PCU versus dCMC versus CaP versus Sham. # 

P<0.05 3 d versus 21 d. Kruskal‒Wallis and two-way ANOVA tests were used. Scale bars: a: 

black = 1 mm, white = 50 μm. 

                  



 27 

Figure 7: Regulation of cellular adhesion-related gene expression 
(a-b), Relative mRNA levels of cellular adhesion markers (TLR4. ITG1, and ITG2) at the 

implant surface (a) and in the exudate (b) (n = 8/group/timepoint). 

The data are shown as the mean ± s.d. * P<0.05 PCU versus dCMC versus CaP versus Sham. # 

P<0.05 3 d versus 21 d. Two-way ANOVA was performed. 
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Figure 8: Bone response to the implants 
(a-h), Rectangular membranes (a) made of PCU (b), coated with CaP (c), or with dCMC (d) 

applied upon hydration (e) were implanted (f) and immobilized (g) on the medial surface of the 

proximal extremity of the tibiae of rats. In addition to Sham sites, implants with surrounding 

tissue were retrieved after 6 d and 28 d for histological analysis with hematoxylin and eosin (h, 

section from 28 d). Yellow dashed line: dCMC film. White dashed line: axis of histological section 

of the implants and associated tissues. Red dashed line: implant section. Black dashed line: tibia 

section. (i-k), Histology of the peri-implant soft tissue and bone with magnified tissues 

interfacing with the top and bottom surface of the implants at 6 d (i) and 28 d (j), in addition to 

Sham tissues (k). Red dashed line: tissue interfacing with the implant. Black dashed line: 

junctional region between the bone and the overlaying soft tissue at the surgical site. (l), Density 

of cells in tissues within 100 μm from the implant–tissue interface (n = 3-6/group/timepoint). 

The data are shown as the mean ± s.d. The Kruskal‒Wallis test was used. Scale bars: b-g = 2 

mm; h = 1 mm; i, j: white = 100 μm, black = 50 μm. 
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Figure 9: Immunohistochemistry images of the tissues surrounding the membranes and in 
Sham sites 
(a), Immunohistochemistry to detect iNOS-positive cells at 6 d and 28 d. (b), 

Immunohistochemistry to detect MRC1-positive cells at 6 d and 28 d. (c), 

Immunohistochemistry to detect Periostin-positive cells at 6 d and 28 d. Red dashed line: 

interface tissue–implant. Black dashed line: the junctional region between the bone and the 

overlaying soft tissue at the surgical sites. Green dashed line: a multinucleated cell expressing 

MRC1. Arrowheads and insets highlight immunopositive cells. (d), Quantification of cells 

positive to iNOS, MRC1 and Periostin in tissues within a 100 μm distance from the interface 
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tissue–implant in PCU, dCMC, and CaP groups and within a 100 μm distance in the soft tissue 

overlaying bone surface in Sham group (n = 3-6/group/timepoint).  

The data are shown as the mean ± s.d. * P<0.05 PCU versus dCMC versus CaP versus Sham. # 

P<0.05 6 d versus 28 d. The Kruskal‒Wallis test was used. Scale bars: a-c: black = 50 μm, white 

= 5 μm. 
 

 

Graphical Abstract 

 

 

Statement of Significance 

 

Hand osteoarthritis treatments require materials that minimize irritation of the delicate finger joints. 

Differing from existing treatments, the APRICOT® implant leverages polycarbonate urethane (PCU) 

for minimally invasive joint replacement. This interdisciplinary, preclinical study investigated the 

biocompatibility of thin polycarbonate urethane (PCU) foils and their surface modifications with 

calcium-phosphate (CaP) or dopamine-carboxymethylcellulose (dCMC). Cellular and morphological 

analyses revealed that both native and Ca-P coated PCU elicit transient inflammation, similar to sham 

sites, and a thin fibrous encapsulation in soft tissues and on bone surfaces. However, dCMC surface 

modification amplified initial chemotaxis and cytotoxicity, with pronounced activation of 

proinflammatory and neoangiogenesis genes. Therefore, native and CaP-coated PCU possess sought-

for biocompatible properties, crucial for patient safety and performance of APRICOT® implant. 
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