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Graphical Abstract 

Highlights 

• Bioinert ultra-high molecular weight polyethylene (UHMWPE) hybrid with bioactive
components enhances bone tissue regeneration

• Glue-free junction of bulk and porous UHMWPE allows morphology variation whilst
maintaining strong adhesion

• Attenuated Total Reflectance Fourier transform infrared (ATR FTIR) spectroscopy of
collagen helps optimize the fabrication
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Abstract:  

A layered hybrid implant was designed and fabricated for the surgical replacement of worn cartilage 
to meet the complex requirements of biocompatibility and mechanics. The natural hierarchical 
structure was purposefully mimicked to improve the implant performance and integration. The hybrid 
was fabricated using three components: processed collagen gel, hydroxyapatite (HAp) powder and 
ultra-high molecular weight polyethylene (UHMWPE) in bulk and sponge form. The fabrication 
included hot molding, sacrificial templating, infusion, and freeze-casting stages. The hybrid had a 
porous transition layer made of porous UHMWPE impregnated with collagen by means of infusion. 
SEM and FTIR analyses confirmed successful collagen impregnation of porous UHMWPE. The 
morphology of transition layer was selected and produced to provide the UHMWPE pore size 
distribution in a range ~50-150 μm that is favorable for the osseointegration by osteoblast 
proliferation. Biocompatibility tests were carried out in vitro. The index of red blood cells hemolysis 
of 0.6 % after 4 hours of co-incubation proves excellent biocompatibility of the fabricated UHMWPE-
Collagen-HAp hybrid.  

Keywords: Collagen, hydroxyapatite, freeze-casting, micromechanical bending test, electron 
microscopy, UHMWPE. 

1. Introduction 

Demanding reconstructive surgery applications call for continuous improvement of implant 

materials. Solutions based on metallic alloys, ceramics, polymers and their hybrids are being 

considered and optimized for safe bone and cartilage replacement. New biocompatible materials must 

meet a wide range of requirements in terms of different properties. In particular, suitable mechanical 

performance is required in terms of the static and dynamic stiffness and strength, fatigue durability 

and contact behaviour. In terms of biomedical performance, bioinertness and/or controlled 

biodegradability are sought [1]. Some of the studies focus on the synergy of components in order to 

develop new organic/inorganic hybrid materials, for instance, through nanosilicates being 

incorporated in polymer scaffolds [2]. 

Hip and knee joint replacement demands ensuring low friction and wear resistance, along with the 

properties listed above [3]. A complete joint replacement with stiff metal assembly and low friction 

polymer inserts is a widely commercialized engineering solution that delivers acceptable performance 

and durability  [4],  since failed implants require repair or replacements with traumatic surgical 

intervention to perform secondary operations that are particularly complicated for aged patients [5].  

An artificial cartilage patch with bone integration offers an attractive alternative to reduce the 

instances of invasive surgical procedures. A multi-layered patch can be used locally to restore patches 
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of damaged cartilage. The architecture of a hybrid involves the main load-bearing and low friction 

layer — bulk ultra-high molecular weight polyethylene (UHMWPE) — and two layers facilitating 

osseointegration and introducing a gradual change of mechanical properties.  

UHMWPE is a popular prosthetic material for artificial hip joints [6] possessing low dry friction 

coefficient down to 0.05 [7]  with excellent wear resistance [8]. Its tribological properties can be 

enhanced via the addition of carbon nanotubes [9], molecular chain orientation or radiation cross-

linking [10]. It is highly bioinert, i.e. hardly interacts with the host tissues enhancing the stability of 

implant. Since bulk UHMWPE does not integrate with the host bone, it requires the creation of a 

porous structure to promote mechanical linking and “keying in” to establish a secure joint.  

A bi-layered UHMWPE hybrid was fabricated in a one-stage hot molding process. The hybrid 

contains a low friction bulk layer and a porous layer that must have  particular shape and size of open 

pores and the thickness of pore struts for optimal osseointegration [11], [12]. The use of a water-

soluble sacrificial filler allows creating a gradient structure [13]. The impregnation of bi-layered 

UHMWPE with antibiotics and growth protein factors [14] as well as the introduction of marrow-

derived stem cells (MSC) can be used to facilitate faster osseointegration and new osteogenesis [15].  

In the present study we pursue further development of the paradigm of multi-layered biomedical 

hybrids for faster osseointegration. Namely, porous UHMWPE impregnated with collagen gels and 

slurries can produce even better performance in reconstructive surgery. Collagen impregnation is 

based on the known phenomenon of stable adhesion of collagen layer to UHMWPE hybrid [16]. 

Collagen-based scaffolds have been investigated previously for artificial bone and cartilage [17], 

as well as for heart valve prostheses [18]. Collagen is a crucial fibrous component of mammalian 

tissues: bones, cartilage, tendons, and skin. It consists of a complex hierarchical system of protein 

fibers.  Freeze-dried type I collagen has been reported in the literature as an extracellular matrix that 

promotes cell propagation and proliferation [19]. There is an extensive range of studies devoted to 

collagen as a base for fabricating bone replacement scaffolds [20], [21], [22], in combination with 

electrospun fibers and additives [23]. Scaffolds can be freeze-cast to create aligned open porosity, 

with crosslinking to improve the mechanical performance for osseointegration [18]. These core ideas 

underlie the concept of the multilayered patch presented herein. 

Hydroxyapatite (HAp) is widely used as the main mineral component of bioactive materials as an 

accelerating additive for bone regeneration [24]. HAp is a natural created candidate for bone 

prostheses as it forms the mineral part of the mammalian bone. HAp powder has been successfully 

used in additive manufacturing to treat local injuries. 3D printing of HAp with burn-off binder for 

bone implants allows obtaining the required geometry [25], [26]. However, bulk HAp possesses 

rather limited strength and toughness in the absence of tight integration with an organic fibrous 
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scaffold such as collagen. We therefore concluded that the use of a Collagen-HAp composite offers 

a promising avenue for further exploration: the fibrous collagen scaffold reduces the brittleness of 

pure HAp grafts, and also protects from fast HAp resorption [27]. Freeze-casting has been proposed 

as a method of creating versatile HAp-Polyvinyl Alcohol (PVA) systems with complex organization 

for load-bearing biomaterials [28]. Subsequent osseointegration involves the re-deposition of 

biogenic HAp, resulting in the formation of stable bone tissue. 

Table 1. Recent studies of cartilage-bone implants  
Material Features Tensile modulus Fabrication 

method 
Application References 

UHMWPE- 
collagen scaffold 

stable chemically 
bonded collagen layer  

- Acetic acid 
treatment to tune 

wettability of 
UHMWPE; 

Collagen soaking; 

Plasma treatment 
for UHMWPE 

surface activation 

Tissue 
engineering 

[16] 

UHMWPE/ 

FMWCNT films 

reduce of wear rate; 

multiple increase of 
mechanical 

characteristics 

31-35 GPa 
(UHMWPE/FMWCNT); 

0.72 GPa (bulk 
UHMWPE) 

Extrusion 
technique 

Cartilage [9] 

Porous UHMWPE 
scaffold 

controlled porosity 
(79%) with mean 

diameter of pore 350 
nm; 

biocompatibility; 

156 MPa (porous 
UHMWPE) 

0.7 ± 0.05 GPa (Bulk and 
porous UHMWPE hybrid) 

* required reinforcement 
to reach cortical bone 

strength 

Hot molding Bone tissue 
engineering  

[11][12] 

 

Collagen sponge interconnected open 
porous structure 

400 -700 kPa depending 
on thickness 

Freeze-drying Cell  
cultivation  

[19] 

Collagen/oxidized 
microcrystalline 
cellulose scaffold  

hemostatic; 

biodegradable 

- Freeze-drying Surgery  
absorbing 
material 

[23] 

Collagen/PLA 
mesh 

high open porosity; 

good cell proliferation; 

fast recover after 
mechanical load 

22.8 ± 7.8 kPa Melt spun PLA 
fibers; 

Freeze-drying of 
mesh 

Cartilage 
cellular 
matrix 

[17] 

Collagen-
glycosaminoglycan 

scaffold 

aligned high porous 
structure (99 %); guided 

thermal transition; 

590 ± 0.04 kPa 

 

Freeze-drying Heart Valve [18]  

high porosity (95 %); 
not aligned structure 

7.6 kPa Freeze-drying Tissue 
engineering 

[22] 
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Collagen hydrogel aligned structure 567 ± 134 kPa Freeze-drying Muscle, 
tendon 

engineering 

[20] 

 

Hydroxyapatite 
based ceramic 

cellular to lamellar 
structure transition 

- Freeze-casting 

Sintering 

Bone tissues [28] 

 

Table 1 shows that the material systems mentioned above were successfully used in fabricating 

cartilage and bone tissue scaffolds for reconstructive surgery.  

In the present study, stepwise combination of hot molding, collagen impregnation and freeze-

casting/drying was used to produce multilayered hybrids. UHMWPE-Collagen-HAp hybrids were 

characterized with SEM, FTIR, and Raman spectroscopy for comprehensive evaluation.  

Characterization of the properties of each layer within the hybrid was carried out. Due to the 

complexity of the hybrid hierarchy and layer organization, once the layers were characterized in terms 

of the general morphology and collagen spatial distribution, similar assessments were performed for 

the layers after joining. The presence of collagen was confirmed using spectroscopic methods. The 

mechanical integration by collagen bridging established strong glue-free bonding between layers 

within the layered hybrid. Mechanical tests revealed the principal phenomena taking place in the 

hybrid under loading. 

 

2. Materials and Fabrication Methods 

2.1. The Fabrication of UHMWPE-Collagen-HAp Hybrid 

2.1.1. Bulk UHMWPE and Porous UHMWPE Preparation 

The UHMWPE powder GUR 4120 Ticona GmbH (Sulzbach, Germany) with a molecular weight 

of 5´106 g/mol was used for the double-layered sample fabrication. The first layer originated from 

UHMWPE, while the porous layer was obtained using a mixture of UHMWPE and sodium chloride 

(NaCl). The NaCl was used as the soluble filler with the following particle size distribution up to 0.8 

mm – 75%; with 0.8 mm to 1.2 mm – 25%. 
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Fig. 1. The fabrication of multi-layered UHMWPE hybrids. 

Fig. 1 contains the steps required to obtain the UHMWPE hybrid with varied porosity. Solid-state 

mixing of UHMWPE powder and NaCl was performed in a planetary ball mill Fritsch Pulverisette 5 

Fritsch GmbH (Idar-Oberstein, Germany) with the rotation speed 90 rpm. The powders were loaded 

in 500 ml agate bowls with corundum grinding balls of diameter 10 mm used as milling bodies. 

Mixing was carried out under low energy conditions to prevent the reduction of particle size. As a 

result, a mixture of UHMWPE and NaCl of specific composition was obtained, with the mass ratio 

1:9 [11]. Hot molding under the pressure of 50 MPa and a temperature of 180 °C processed the layered 

UHMWPE hybrid for 2 hours. The samples were cylinders with a diameter of 26 mm and the height 

of a bulk layer of 7 mm and a thick porous layer of 3 mm. The obtained specimens were rinsed with 

distilled water to release the fillers and dried at 70 °C for 1 hour. 

 

2.1.2. Porous UHMWPE Impregnated with Collagen 

The layered UHMWPE hybrid was impregnated with 2 wt. % collagen gel solution BioProduct 

Ltd. (Moscow, Russia) using three different routes shown in Fig. 2. The first route of impregnation 

was spreading of collagen gel on the top surface (Fig. 2a). Fig. 2b illustrates the second route of 

impregnation via vacuum infiltration whereas the air evacuated from the pores was replaced with 

collagen intrusion into the pores.  

 
Fig. 2. Different methods of collagen impregnation. 

The third route involved a syringe as a chamber to load the porous specimen with collagen by the 

assigned pressure (Fig. 2c). The impregnation of UHMWPE hybrid was a preliminary step before the 

freeze-drying process.  



Materials Today Communications, 24 (2020) 101052     https://doi.org/10.1016/j.mtcomm.2020.101052 
 

2.1.3. Collagen-HAp Hybrid 

The 2 wt. % collagen gel solution in 0.02M acetic acid was mixed with HAp powder (NGO 

Polystom, Moscow, Russia) with the mass ratio 90:10 and 70:30, respectively. The slurry was stirred 

using alumina milling bodies (d = 5 mm) using SPEX™ SamplePrep8000M Mixer/Mill (Stanmore, 

UK) for 20 min at the 1425 rpm. A cylindrical mold was consisted of PLA 3D-printed walls and 

thermally conductive aluminum base to generate predominantly vertical heat flow for the guided 

formation of ice crystals. Freeze-casting included primarily cooling down of layered UHMWPE 

hybrid and collagenous slurry to provide glue-free junction (Fig.3). The frozen specimen was held in 

Free Zone benchtop device Labconco® (Kansas City, USA) at -30 °C for 48 hours. 

 

Fig. 3. The flow-chart process of freeze-casting. 
 

2.1.4. Sterilization 

UHMWPE-Collagen-HAp hybrids were subjected to radiation sterilization using linear electron 

accelerator UEL-10-15-С JSC NIIEFA (Saint Petersburg, Russia). The energy of the accelerated 

electrons in the nominal mode is 10 MeV, the output power is 12 kW. Standard irradiation doses (up 

to 20 kGy) were used. 

 

2.2. Characterization Methods 

2.2.1. Scanning Electron Microscopy (SEM) 

The morphology of porous UHMWPE sample and multilayered UHMWPE-Collagen-HAp hybrid 

was examined using scanning electron microscopy (SEM) in VEGA3 microscope (Tescan, Brno, 

Czech Republic) with the accelerating voltage of 10 kV and 20 kV and analyzed using software 

VEGA TC. The sample preparation included platinum-coating by Auto Fine Coater JFC-1600 (JEOL, 

USA). The morphology of UHMWPE-Collagen hybrids was examined using Phenom ProX scanning 

electron microscope with the accelerating voltage of 10 kV. Elemental distribution of hybrid layers 

was performed using energy dispersive X-ray analysis. 
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2.2.2. Contact Angle Measurement 

The wettability of obtained UHMWPE hybrid was assessed to monitor the collagen affinity during 

the collagen impregnation. The contact angles were measured using EasyDrop Shape Analyzer 

KRÜSS (Hamburg, Germany) using a static sessile drop method at room temperature. For every 

measurement, 5 μL of water and collagen gel solution was dropped on the sample surface by the 

dosing dispenser. The baseline and contact angle were determined via Drop Shape Analysis. 

 

2.2.3. Vibrational Spectroscopy 

The spectroscopy methods were aimed to trace collagen throughout the hybrid to evidence the 

successful integration of layers. Attenuated Total Reflectance Fourier transform infrared 

spectroscopy (ATR FTIR) was used to examine the chemical structure of collagen-derived 

biomaterials. ATR FTIR spectra of collagen-based hybrids were collected in the wavelength range of 

4000-600 cm–1 using a stand-alone FTIR microscope LUMOS (Bruker) equipped with a germanium 

ATR crystal. Analogous spectra of collagen film (prepared by drying of the 2 wt. % collagen gel 

solution in acetic acid in room temperature) and HAp powder were obtained as reference data. ATR 

FTIR spectra of the porous UHMWPE samples before and after surface modification and spectra of 

the hybrid UHMWPE-Collagen were recorded in the wavelength range of 4000-400 cm–1 using 

Nicolet 380 (Thermo Scientific, Massachusetts, USA) spectrometer equipped with diamond ATR 

crystal.  

Raman spectra were obtained using DXRxi Raman imaging microscope Thermo Fisher Scientific 

(Massachusetts, USA) with the laser wavelength of 532 nm. Decellularized extracellular matrix 

(DEM) and fibers of collagen type I from calf skin Sigma-Aldrich (St. Louis, Missouri, USA) were 

used as reference materials. DEM taken from an ethically mortified dog was provided by N.N. 

Blokhin MRCO Institute (Moscow, Russia) in accordance with the regulations in force [29].  

2.2.4. Micromechanical Bending Test 

The cracking and flaking behavior of freeze-dried collagen and Collagen-HAp forming part of 

UHMWPE-Collagen-HAp hybrid were investigated using the in-situ transverse three-point bending 

test method. In situ three-point bending test was performed using a Deben micro-tester (Deben, UK) 

with a 1 kN tensile module under Altami 6C optical microscope (St. Petersburg, Russia), to study the 

microstructure of materials during the deformation process. Mechanical testing of a layered sample 

is schematically illustrated in Fig. 4. The motorized tensile module realized a crosshead displacement 

velocity of 1.0 mm/min. 
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Fig. 4. Scheme of the 3-point bending experiment: 1. bulk UHMWPE; 2. porous UHMWPE 

impregnated with collagen; 3. Collagen-HAp hybrid. 

 

2.2.5. Biocompatibility Tests In Vitro 

According to the introduction part, the Collagen-HAp layer has positive track record in biomedical 

applications. Bulk UHMWPE is widely referred as bioinert, however, the middle UHMWPE-

Collagen layer has not been tested in term of biocompatibility. Since the biocompatibility of 

UHMWPE-Collagen-HAp hybrid is mandatory requirement, the testing of UHMWPE sponge 

impregnated with collagen is to be carry on. Hence, two sterile UHMWPE-Collagen hybrids were 

washed by 0.9 % sodium chloride solution (PanEco, Russia) before analysis. Then each sample was 

divided into 5 parts, with weight 0.020 ± 0.003 g. 

For hemolysis studies, red blood cells (RBCs) were isolated from blood and suspended in 

phosphate-buffered saline (PBS) [30]. 500 μL RBC suspension was introduced into wells of a 24-

well plate (Thermo Scientific NUNC, Rochester, USA) with the samples of the UHMWPE-Collagen 

hybrids. Positive and negative controls were produced by adding 100 μL of Triton-X-100 Sigma-

Aldrich (St. Louis, Missouri, USA) or PBS, respectively. The plate with RBCs and alloy samples was 

incubated at 37 °C for 4 hours. Probes for analysis were collected at 1, 2, and 4 h after the beginning 

of the test. The percentage of hemolysis was calculated as described in reference [30]. Optical density 

(OD) of the supernatant was measured at 540 nm using a Labsystems Multiscan MS plate reader. 

Tested samples were described as biocompatible if the value of hemolysis did not exceed 10 % at 4 

hours after the start of co-incubation of the cells with the samples [31]. 

For the evaluation of the cell vitality, 1 ml of mouse white blood cells (WBCs) in RPMI-1640 

medium supplemented with 10 % fetal bovine serum (Thermo Scientific, USA), 100 μg/ml penicillin, 
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100 μg/mL streptomycin, and 2 mL-glutamine (All Gibco, Carlsbad, USA) in the concentration 

5.4·104 cells/ml (94 % viability) were cultivated with tested samples in a 24-well plate (Nunc, USA) 

at 37 °C in a humidified atmosphere with 5% CO2. The control WBCs were treated with only RPMI 

1640. After incubation for 24 h, 20 μL 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide 

(MTT) (Sigma) with a concentration of 5 mg·mL–1 was added into each well. The plates were 

incubated for 4 h under cell culture conditions. Subsequently, 500 μL dimethyl sulphoxide (PanEco, 

Moscow, Russia) was added to the cells by replacing the medium, to dissolve the formazan crystals. 

OD of the solution (100 μL) was measured at 540 nm in 96-well plates. The vitality of WBCs was 

calculated as described in [31].  

Biocompatibility was proved in  case the value of hemolysis did not exceed 10 % at 4 hours after 

the start of co-incubation of the cells with the samples and viability of sample-treated WBCs was not 

significantly changed or higher in comparison with the intact control (p > 0.05) [32]. Tests were 

performed with triplicate assays and repeated three times using separate samples. OD measurements 

were presented as mean ± standard deviation (SD). A comparative analysis was performed using the 

Mann-Whitney U test. The difference was considered significant at p < 0.05. The described study 

was approved by the local ethics committee of N.N. Blokhin NMRC for oncology (Moscow, Russia). 

 

3. Results and Discussion 

3.1. Sample Morphology 

The primary materials of UHMWPE-Collagen-HAp hybrid included the powders and the collagen 

gel solution. The provided powders were assessed using laser particle size analyzer Analysette 22 

(Fritsch, Idar-Obserstein, Germany).  The unimodal size distribution for UHMWPE powder indicated 

the predominant size of particles 5 μm (Supporting Materials, Fig. S1.1). HAp powder showed a 

bimodal distribution, with the most abundant probability of particles in the range from 16.7 to 18.36 

μm, and the smaller fraction having grain size below 2 μm.  

Pores of irregular sizes emerged after the removal of the sacrificial NaCl and resulted in a wide 

range distribution illustrated in Fig. 5a.  Fig. 5b demonstrated the pore surface of the cellular 

UHMWPE. The inner surface of the pore was observed to offer a suitable scaffold for the cell growth 

and attachment [33]. 
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Fig. 5. SEM images of: a) porous UHMWPE; b) the inner surface of a UHMWPE pore. 

Diverse collagenous structures were obtained as a result of room temperature drying and Freeze-

drying. Fig. S1.2 showed desiccated collagen films with the single fibre up to 2 μm in length (see 

Supporting Materials). An assessment of porosity was performed to find the penetration limit of 

collagen within the UHMWPE porous structure. The pore size distribution was evaluated through 

processing the SEM images using Fiji package based on the open-source software ImageJ. At the first 

stage, each pore was classified and essentially separated by Gaussian blur filter (blurring radius 2.0 

pixels) and segmented using Shanbhag threshold approach. The assumption of spherical pore shape 

was made, and circular cross-sections were tracked to output the number and areas of pores. The area 

data was converted into radius with further logarithm transformation. Fig. S1.3 (see Supporting 

Materials) demonstrates the mean pore size for collagen sponge of 20-54 μm while for porous 

UHMWPE these values span from 54-148 μm, respectively. 

Moreover, distributions were tested against the Gaussian hypothesis with Pearson's chi-squared 

criterion. Results showed low p-values, namely, 3´10-2 for porous UHMWPE and 3´10-13 for 

collagen that less than confidence coefficient equals to 5´10-2. The hypothesis was rejected.  

 

Description of Collagen Impregnation Facilitated by Three Methods 

Fig. 6a showed the morphology of UHMWPE-Collagen hybrid obtained by the first method via the        

mechanical spreading of collagen over the surface of porous UHMWPE.  
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Fig. 6. SEM images of UHMWPE-Collagen hybrid prepared by: the mechanical spreading of 

collagen (a); vacuum infusion (b); syringe impregnation (c). 

The results showed a massive collagen layer on the surface of UHMWPE with a negligible amount 

of collagen inside UHMWPE pores. Therefore, the first method of impregnation facilitated limited 

depth penetration of collagen into open-cell porous UHMWPE.  

Fig. 6b showed a large amount of applied collagen via vacuum infusion in the cellular UHMWPE. 

The last method involved the impregnation of collagen with the help of syringe manually. Fig. 6c 

reveals the reduced amount of collagen located in the pores of UHMWPE. Syringe infusion was much 

more applicable for UHMWPE-Collagen hybrid preparation. 

UHMWPE-Collagen-HAp Hybrid 

The SEM image of UHMWPE-Collagen-HAp hybrid performed the morphology of layer stacking 

in Fig. 7. The interface between bulk UHMWPE and UHMWPE-Collagen layers was demonstrated 

in Fig. 8a.  

 

Fig. 7. The architecture of the multilayered UHMWPE-Collagen-HAp hybrid: schematic diagram 

(a); SEM image of the produced ‘sandwich’ (b). 
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The roughness of metal mold (piston) determined the surface roughness of bulk UHMWPE (Rz = 

0.2 µm). Bulk UHMWPE was covered with collagen after impregnation and Freeze-drying. The 

border was visible due to the different porosity of UHMWPE layers. Bulk-to-porous transition layer 

showed no delamination or other flaws promising both strong binding between layers and smooth 

mechanical performance gradient.  

Fig. 8b gave a representation of the interaction of porous UHMWPE-Collagen layer and 

90Collagen10HAp hybrid. Collagen-HAp layer was differentiated by the aligned nature of the open 

porous structure.   

 

Fig. 8. SEM images of the transition layer between: bulk UHMWPE and UHMWPE-Collagen (a); 

UHMWPE-Collagen and 90Collagen10HAp hybrid (b). 

EDX analysis provided the element distribution found in the porous UHMWPE-Collagen layer 

(Fig. S2.1). The presence of phosphate group was due to the method of hybrid preparation, whereas 

Collagen-HAp slurry penetrated throughout the layers during freeze-drying and casting. The 

elemental maps of Ca, P and S indicated the homogeneous distribution of hydroxyapatite (Fig. S2.2).   

 

3.2. Contact Angle Measurement 

UHMWPE is a hydrophobic polymer, in contrast with hydrophilic collagen. It seems to be the main 

reason for the limited penetration of collagen into porous UHMWPE at the impregnation stage. 
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Fig. 9. Contact angle measurement of the UHMWPE sample before/after modification. 

The porous UHMWPE was established hydrophobic almost like bulk UHMWPE since the contact 

angles were higher than 90°. The contact angle of as-received UHMWPE sample after dropping water 

on the surface was 111° and diminished to 99° after specific modification – etching by a reagent 

based on the chromic acid solution. Conversely, the contact angle of UHMWPE-Collagen surface 

was 104° then decreased down to 81° after etching, as shown in Fig. 9. 

According to the results, the wettability of UHMWPE in hybrids was improved after chemical 

modification. The change of contact angles can be explained by the formation of hydrophilic groups, 

such as hydroxyl (–OH) and carbonyl groups (–C–O, –C=O), which were identified by FTIR 

spectroscopy of modified samples (see below). As expected, modest wettability of UHMWPE can be 

noticeably improved due to aggressive etching. However, the method could deteriorate 

biocompatibility characteristics and since should be avoided. Therefore, the control methods over the 

collagen impregnation were implemented. The molecular spectroscopy methods such as FTIR and 

Raman were applied in order to detect collagen in the depth of polymer poroid. 

 

3.3. FTIR Spectroscopy 

Fig. 10a illustrated ATR FTIR spectra of the 70Collagen30HAp hybrid (30 wt. % of HAp) and 

dried collagen film and HAp (powder). The infrared spectrum of collagen exhibited a series of 

characteristic bands [34], namely Amide I (1638-1646 cm–1), Amide II (1541-1157 cm–1), Amide III 

(1350-1200 cm–1), as well as Amide A (3312 cm–1) and Amide B (2932 and 3060 cm–1). Amide A 

absorption band corresponded to NH stretching vibration, while asymmetrical stretching vibrations 

of CH2 group were represented by the Amide B band. Amide I band was associated with CO 

stretching vibration in polypeptide backbone. Amide II and Amide III bands were generally 

associated with both NH in-plane bending and CN stretching vibrations [35]. Amide III band was 

highly sensitive to the secondary structure folding [36]. Comparing the spectra of the 
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70Collagen30HAp hybrid and neat collagen film revealed that the similarity except for differences in 

the Amide III band in Fig. 10b. Amide A absorption band corresponded to NH stretching vibration, 

while the asymmetric stretching vibration of CH2 group was represented by the Amide B band (see 

Fig. 10c). 

 

  
Fig. 10. ATR FTIR spectrum of the Collagen-HAp hybrid as compared to those for pure collagen 

and HAp: a) whole spectrum (3600-600 cm–1 range), b) Amide I-Amide III bands in the 1800-1100 

cm–1 range, c) Amide A and Amide B bands (3500-2500 cm–1).  

The strong band centered at 1029 cm–1 was accompanied with a weak satellite at 1088 cm–1, as well 

as the absorption feature near 600 cm–1 observed in the spectrum of the 70Collagen30HAp hybrid 

correspond to the phosphate group vibrations of HAp that was verified by comparison with the 

reference spectrum of pure HAp powder. These signals evidence the HAp presence after the freeze-

casting of samples [36]. 
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Fig. 11. ATR FTIR spectra of UHMWPE samples before/after etching (3700-700 cm–1). 

UHMWPE samples after wettability modification were characterized by FTIR spectroscopy. Fig.11 

illustrated the FTIR spectra of as received and chromic acid-modified UHMWPE. The absorption 

peaks of 2914, 2847, 1471, and 717 cm–1 were attributed to methylene –CH2 asymmetrical stretch 

vibration, –CH2 symmetrical stretch vibration, –CH2 non-symmetry changing angle vibration, and –

(CH2)n swing in-plane vibration, respectively [37], [38]. The broadband around 3400 cm–1 observed 

the presence of the hydroxyl group –OH in the spectra of UHMWPE hybrid. The vibrations bands 

around 1633 cm–1 and 1120 cm–1 referred to oxygen-based carbonyl groups –C=O and –C–O, 

respectively [38]. Thus, the surface etching with chromic solution caused an increase of the oxygen-

containing group. 

 

Fig. 12. FTIR spectra of UHMWPE-Collagen surface. 
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FTIR spectrum of hybrid UHMWPE-Collagen surface was presented in Fig. 12. The spectrum 

contained Amide A, Amide B bands at 3304 cm–1 and 3068 cm–1 and Amide I, Amide II, Amide III 

bands at 1653 cm–1, 1544 cm–1 and 1237 cm–1, respectively. The absorption features corresponded to 

specific Amide groups for collagen. Hence, FTIR spectroscopy proved the presence of collagen on 

UHMWPE surface. 

 

Fig. 13. ATR FTIR spectra of UHMWPE-Collagen cross-section (violet solid trace) as compared to 

the UHMWPE (blue solid trace). 

FTIR spectrum of a section of UHMWPE-Collagen composite was shown in Fig. 13. Besides, the 

prominent absorption bands of polyethylene (doublet 2914/2847 cm–1 and peak at 1471 cm–1), there 

were two additional signals, which were Amide I and Amide II bands – two most intensive infrared 

absorption features of collagen (see Fig. 12). 

 

3.4. Raman Spectroscopy 

Raman spectrum of 90Collagen10HAp hybrid (10 wt. % of HAp) was compared with the reference 

spectra of decellularized extracellular matrix (DEM) and Sigma Collagen I type (Fig. 14). Collagen 

comprised the group of Amides with characteristic signals in the range 3200-1200 cm–1 (Fig. 14a) 

[39]. Additionally, the mineral subregion started from 1200-500 cm–1 with the characteristic bands of 

HAp [40].  
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Phosphate group stretching (1045 and 960 cm–1) and bending (597-588 cm–1) vibrations indicated 

the HAp (Fig. 14b) [41]. Fig. 14a presented the peaks attributed to collagen at 2933, 1660, 1455 and 

1250 cm–1 [39] [42]. 90Collagen10HAp had intensive peaks of phosphate groups and weak Amide 

bands related to the collagen (Fig.14a).   

Raman spectra of UHMWPE as received and UHMWPE-Collagen hybrid were given in Fig. S3.1. 

The Raman spectrum of  UHMWPE  showed ‘fingerprint’ features at 1060, 1127, 1170, 1293, 1380, 

1416, 1438, and 1455 cm–1 (Fig. S3.1) [43]. The intense peaks 1060 and 1127 cm–1 were caused by 

the C–C stretching vibrations, and the peak at 1293 cm–1 was due to the C–H twisting vibration [43]. 

 

 

Fig. 14. Raman spectra for Collagen–HAp hybrid and reference samples: a) Amide subregion 

(3200–1200 cm–1); b) the subregion of Phosphate bonds (1200–500 cm–1). 

There were also intense bands at 2847, 2881, and 2924 cm−1 corresponding to the C–H stretching 

vibrations [44]. The Raman spectrum of the UHMWPE-Collagen hybrid was dominated by the 

above-mentioned very intense bands of UHMWPE, which masked the less intense Raman signals of 
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collagen.   Thus, Raman measurements could not confirm the presence of collagen within the sample 

as reliably as it was proved by FTIR spectroscopy (see Section 3.3).  

 

3.5. Micromechanical Bending Test 

The in-situ bending tests performed under an optical microscope allow direct observation of the 

macro-mechanisms, which facilitated a cracking and fracturing process. Fig. 15 showed the typical 

force-displacement curves of three-point bending tests plotted for the patch with the last layer of 

freeze-dried collagen (Fig. 15a) and 90Collagen10HAp (Fig. 15b), respectively. Moreover, the strain 

was calculated by the Digital Image Correlation (DIC) and compared to the theoretical prediction 

made using basic elastic beam bending theory [45], namely  
𝜎
𝑦 =

𝐸
𝑅 	or	𝜎 = 𝐸 ⋅

𝑦
𝑅 = 𝐸 ⋅ 𝜖, 

where σ — stress [Pa], y — displacement from the neutral line [pixel], R —  radius of curvature 

[pixel], E—Young's modulus [ Pa]. 

The estimated Young’s modulus of UHMWPE-Collagen-HAp and UHMWPE-Collagen without 

HAp hybrids had close values that reached 1.23 GPa and 1.27 GPa, respectively. Taking into the 

account that the bulk UHMWPE is the strain resistant component of the system with Young’s 

modulus 0.7 GPa [12], we conclude that the increased rigidity of UHMWPE-Collagen-HAp hybrid 

seems to reflect the synergetic contribution of non-UHMWPE layers. 

 

Fig. 15. The force-displacement curve of three-point bending test for a) Freeze-dried collagen 

hybrid; b) Collagen-HAp hybrid. 

The sequence of images was taken during continuous loading of both hybrids (Fig. S4.1, Fig. S4.2). 

The more strain increased, the more progressive cracks opened, as shown in Fig. S4.1(c–d). At the 

initial stage, no damage was detected within the freeze-dried collagen layer at the displacement of 
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3.659 mm (Fig. S4.1a). A small crack appeared from the center of the layer at the displacement of 

4.007 mm (Fig. S4.1b). Collagen-HAp layer showed a crack occurring at a smaller displacement 

(1.106 mm) in Fig. S4.2 compared to the freeze-dried collagen layer (3.659 mm), revealing brittle 

behavior of HAp.  

The preliminary evaluation of the elasticity modulus indicated the negligible input of HAp and 

dominant one of bulk UHMWPE for both of the hybrids. Despite this, no visible delamination of the 

collagen-derived layer was in the interface zone for both specimens. 

 

3.6. Biocompatibility Tests 

Hemolysis of RBC occurs due to membrane damage during incubation and the subsequent release 

of hemoglobin in the extracellular medium. Biocompatible material should not induce hemolysis 

higher than 10 %. The percentage of hemolysis after incubation of RBC on the surface of the tested 

UHMWPE-Collagen hybrid was 0.6 (0.3-1.8) % after 4 hours of co-incubation (see Fig.16a). 

The vitality of WBC also did not significantly change after incubation with the studied samples in 

Fig.16b. A difference of OD (WBC+UHMWPE-Collagen hybrids) from control (intact WBC) was 

insignificant statistically (p = 0.998) which indicated the absence of inhibition of cell viability after 

contact with the tested sample. Due to the proved biocompatibility of porous UHMWPE impregnated 

with collagen, the UHMWPE-Collagen-HAp hybrid including the bulk and porous UHMWPE layers 

was claimed as biocompatible. 

  
Fig. 16. Results of UHMWPE-Collagen hybrids biocompatibility tests: percentage of hemolysis 

after 1.2 and 4 hours of incubation (a); WBC vitality after incubation with the tested sample for 24 

hours compared with the control (b). 
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4. Conclusions 

We introduced the gradual fabrication of UHMWPE-Collagen-HAp hybrid to treat the 

osteochondral defects. The concept of hierarchical structure allows creating of the new featured 

biomaterial layer by layer. The bioinert layer of UHMWPE with high wear and load resistance meets 

the requirement for the artificial cartilage. The sacrificial templating method and collagen 

impregnation provided the UHMWPE-Collagen hybrid with required pores for the cell affinity [24]. 

The method for creating a glue-free junction of bulk and porous layers [12] performs a gradient of 

porosity including changes of Young’s modulus, and permeability to Collagen-HAp slurries. Freeze-

casting and drying promoted the open-porous structure of Collagen-HAp for osseointegration. The 

Collagen-HAp hybrid promoted the stable interface with the other layers proven by Deben tensile 

micro tests. Hence, each component made a valuable impact on the produced patch. 

Alongside the creation of controlled gradient porosity of UHMWPE, several requirements to the 

cartilage-bone patch were reached: a) the modification of bulk UHMWPE to lower the friction 

coefficient; b) flexible variation of the collagen-to-HAp ratio; c) the wettability change of porous 

UHMWPE to hydrophilic for collagen affinity. 

Due to the complex multi-stage nature of patch fabrication that may have affected the outcome, it 

was required to detect the collagen spectrum within the patch structure for quality assessment. ATR 

FTIR spectroscopy provided a strong criterion for the presence of collagen after the UHMWPE-

Collagen preparation. 

The outstanding challenges comprise the next tasks: to prove the mechanical properties and  in vivo 

testing for further validation of the osseointegration.  The biological tests would be carefully planned 

in terms of animal age for representative results. 
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Appendix A. Supplementary Materials 

 

Fig.S1.1. Size distribution of: a) UHMWPE powder; b) Hydroxyapatite powder. 

 

Fig. S1.2. SEM image of desiccated collagen film. 
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Fig. S1.3. The pore size distribution of:  a) freeze-dried collagen; b) porous UHMWPE 

 

 

Fig. S2.1. Elemental X-ray mapping of UHMWPE-Collagen layer. 
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Fig. S2.2. Elemental X-ray mapping of collagen-HAp layer.  
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Fig. S3.1. Raman spectra for the UHMWPE-Collagen and UHMWPE: a) the whole spectrum of 

(3200-1000 cm−1); b) low Raman shift subregion (1500-1000 cm−1). 

 

 

Fig. S4.1. The cracks development for the Freeze-dried collagen hybrid.  
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Fig. S4.2. The cracks development for the Collagen-HAp hybrid. 

 


