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A B S T R A C T

Synovial joints, critical for limb biomechanics, rely on sophisticated lubrication systems to minimize wear. 
Disruptions, whether from injury or disease, often necessitate joint replacements. While additive manufacturing 
offers personalized implants, ensuring wear resistance remains a challenge. This study delves into the potential of 
Ti3C2Tx and Mo2TiC2Tx nanosheets in mitigating wear of additively manufactured cobalt-chromium tungsten 
alloy substrates when incorporated as additives into synovial fluid. The colloidal solutions demonstrate an 
excellent stability, a crucial factor for reproducible assays and potential clinical applicability. Analysis of contact 
angles and surface tensions reveals MXene-induced alterations in substrate wettability, while maintaining their 
general hydrophilic character. Viscosity analysis indicates that MXene addition reduces the dynamic viscosity, 
particularly at higher concentrations above 5 mg/mL, thus enhancing dispersion and lubrication properties. 
Friction and wear tests demonstrate a dependency on the MXene concentration, while Ti3C2Tx exhibits stable 
friction coefficients and up to 77 % wear reduction at 5 mg/mL, which was attributed to the formation of a wear- 
protecting tribo-film (amorphous carbon and MXene nano-sheets). Our findings suggest that Ti3C2Tx, when 
supplied in favorable concentrations, holds promise for reducing wear in biotribological applications, offering 
avenues for future research into optimizing MXene utilization in load-bearing joint replacements and other 
biomedical devices.

1. Introduction

The human body comprises intricate sets of living tissues with 
numerous contact interfaces, which are typically lubricated by vital 
body fluids. Among these, synovial joints stand out as pivotal compo
nents in limb biomechanics, which facilitate the movement of rigid 
structures like bones. The integrity of synovial joints relies on a delicate 
interplay of anatomical and cellular components, namely featuring the 
synovial fluid (SF). This viscous fluid, which is composed of plasma 
proteins, cellular elements, and lubricating molecules, among other 
substances, is essential for the maintenance and regulation of 

physiological processes [1,2]. The disruption in these lubrication sys
tems, whether due to injury, disease, or aging, increases friction and 
wear, which can lead to irreversible damages and often joint replace
ment with prosthetic devices, a commonplace medical procedure today. 
However, the removal of the generated wear debris from these articu
lating surfaces during usage can result in complications, including 
metallosis, tissue inflammation, osteolysis, implant loosening, and 
eventual failure [3,4]. Hence, the biotribological behavior of these 
systems becomes paramount for their safe and reliable operation. The 
limited effectiveness of existing solutions imposes a significant financial 
burden on healthcare systems and subjects patients to prolonged 
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suffering, leading to revision surgeries [5].
Metals, such stainless steel, titanium (Ti) or cobalt-chromium (CoCr) 

alloys have found extensive use in medical devices due to their overall 
biocompatibility combined with their tensile strength, fracture tough
ness, and overall durability, making them suitable for load-bearing joint 
replacements like total hip or total knee arthroplasty [6–8]. Neverthe
less, the release of metallic and oxide wear debris into the peri‑implant 
space can trigger various adverse biochemical reactions, ranging from 
localized inflammation and bone loss to toxic effects, implant contam
ination, and mechanical failure [5].

Additive manufacturing (AM) of metals presents a promising avenue 
for load-bearing joint replacements, offering the potential for complex, 
patient-specific designs that optimize fit and functionality. This tech
nology can revolutionize this field by reducing reliance on off-the-shelf 
implants and potentially enhancing patients’ comfort and mobility, as 
these are precisely made to fit the specific anatomy. However, a sig
nificant challenge relates to the wear resistance of AM parts [9]. 
Traditional manufacturing methods often employ specialized materials 
and processes to meet rigorous wear requirements for load-bearing 
joints, whereas AM materials may fall short in this regard. Over
coming this limitation is a critical focus for researchers and engineers to 
ensure the long-term success and safety of additively manufactured joint 
implants.

In the realm of tribology, 2D layered materials hold tremendous 
potential to reduce friction and wear in various substrate materials, 
whether operating under dry or lubricated conditions [10,11]. Current 
research endeavors are geared towards the development of materials 
with low friction, minimal wear, and corrosion resistance. In this regard, 
two-dimensional (2D) materials, such as graphene and its derivatives, 
transition metal dichalcogenides, and hexagonal boron nitride (h-BN), 
have garnered notable attention due to their high mobility, excellent 
electrical conductivity, fair mechanical strength, and extended spin 
diffusion length. When used as additives in lubricated systems, 2D ma
terials serve various functions within the contact area [12]. They can act 
as shearing films and nano-roller bearings during sliding, which 
potentially transitions the friction mechanism from sliding to rolling, 
while also regulating the lubricant flow to minimize frictional losses [11,
13]. Regardless of the dry or lubricated nature of the contact, 2D ma
terials may initiate tribo-chemical reactions [14], which lead to the 
formation of advantageous tribo-films with low shear resistance [15]. 
Due to their weak interlayer interactions, these tribo-films can transfer 
onto the tribological counter-body during rubbing, forming a 
tribo-layer/tribo-layer interface with enhanced tribological properties.

The potential utility of 2D materials in biomedical applications is 
underscored by their advantageous properties in terms of layered 
structure, closely spaced interlayers, and elevated specific surface areas 
[16,17]. This characteristic can be harnessed for purposes such as 
adsorption, enhancing adhesion, or chemical functionalization. 
Regarding biomedical applications, 2D materials exhibit intrinsic 
biocompatibility with antibacterial and antiviral properties, making 
them suitable for various biomedical applications [18,19].

Consequently, they also have the potential to revolutionize the 
design and performance of load-bearing implants, either as protective 
coatings to suppress substrate wear debris generation without affecting 
bulk properties or as fillers in composites to enhance mechanical prop
erties [18,20]. Regarding metallic implant materials, Kalisz et al. [21] 
successfully deposited graphene on titanium alloys, resulting in 
improved mechanical and corrosion properties. Shadi et al. [22] 
employed plasma spraying to create graphene oxide/fluorapatite/zinc 
oxide nanocomposite coatings on Ti alloys. Additionally, h-BN-rein
forced composite coatings on Ti alloys [23,24] and the use of graphene 
as a reinforcement phase in magnesium alloys [25,26] have been stud
ied. Apart from their usage as protective coatings or fillers in compos
ites, 2D materials can be injected as additives to body fluids [18,27–29]. 
Given good dispersibility and colloidal stability of the resulting aqueous 
solution, this may improve the tribological behavior, especially in 

systems, which highly depend on biofluids with limited renewal ca
pacity (e.g., natural or artificial load-bearing joints). However, to our 
best knowledge, there is no study on the usage of MXenes as additives in 
SFs to enhance the wear resistance of artificial implant materials [18].

While some studies have explored the use of 2D materials, such as 
graphene, in biotribology, a vast realm of 2D materials with promising 
mechanical and tribological properties remains unexplored [30]. 
Among these uncharted materials are MXenes, an emerging and 
continuously growing class of 2D nanomaterials of early transition metal 
carbides, nitrides, and carbonitrides [31]. MXenes exhibit unique 
properties, such as a 2D layered structure, strong in-plane bonding, and 
high surface-to-volume ratios. However, what sets MXenes apart is their 
enhanced interlayer interactions, encompassing not only van der Waals 
forces but also electrostatic and intermolecular interactions due to 
functional surface groups. MXenes offer versatility through the use of 
different early transition metals and carbon-to-nitrogen ratio adjust
ments, providing an inherent compositional diversity. These character
istics make MXenes promising candidates for mechanical and 
tribological applications when applied as coatings [32–35], reinforce
ment phases [36–38], or lubricant additives [39,40]. The latter is also 
extendable towards aqueous solutions due to MXenes’ inherent hydro
philicity [41,42]. Although Ti3C2Tx, the most studied member of the 
MXene family, has received considerable attention [43], other types of 
MXenes and especially double transition metal MXenes, differentiated 
by two different transition metals in their structure (e.g. Mo2TiC2Tx) 
remain unexplored in tribology. Moreover, there is currently no re
ported research on MXenes in the context of biotribology [18]. However, 
Seredych et al. [44] showed that Ti3C2Tx and Mo2TiC2Tx can be 
delaminated directly into stable bovine serum albumin solutions, 
demonstrating that protein solutions can be used as exfoliation agent 
and stabilization media for MXenes, which enables their potential use in 
biomedical applications. Moreover, several in-vitro and in-vivo studies 
have shown that MXenes at low to moderate concentrations exhibit good 
biocompatibility and low cytotoxicity [45,46]. These results have 
created the fundamental base to explore their application in biomedical 
applications such as drug delivery, tissue engineering, and biosensing 
[47–50].

To summarize, there is an urgent need to address the limited wear 
resistance of load-bearing joint implant materials. Traditional metals, 
such as CoCr alloys, and AM components towards tailor-make patient- 
specific joint implants tend to generate wear debris over time that lead 
to adverse reactions in the body. Current research efforts are focused on 
the development of low-friction, minimal-wear materials, including the 
exploration of 2D materials. As pointed out in a recent review [18], 
however, there is a gap in the understanding how these 2D materials can 
be effectively integrated into joint implants, especially within the 
context of SF. Additionally, while 2D materials, such as graphene in 
particular, have been used either as protective coatings or as rein
forcement phase in some biotribological studies, there is a substantial 
unexplored realm of adding 2D nanomaterials to SFs. Namely, some 
other 2D materials, such as MXenes, which offer unique mechanical and 
tribological properties, have not been investigated in the context of joint 
implants and biotribology. Therefore, this contribution seeks to bridge 
these gaps. We hypothesize that adding 2D MXenes to SFs may help to 
reduce wear of additively manufactured metal implant materials 
compared to pure SF lubrication. To this end, we synthesized Ti3C2Tx 
and Mo2TiC2Tx MXenes and studied their dispersibility within a simu
lated body fluid (SBF) at different concentrations as well as their contact 
angle, surface tension, and viscosity of the resulting colloidal solutions. 
Furthermore, using CoCr alloy samples fabricated by laser powder bed 
fusion (LPBF), we studied the interaction of the MXene-SF-solutions 
with the substrate as well as their effect on friction and wear in recip
rocating ball-on-disk experiments.
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2. Materials and methods

2.1. Materials

The synthesis of multi-layer Ti3C2Tx was carried out using selective 
etching of the parental Ti3AlC2 MAX phase similar to previous step-by- 
step reports [51]. In short, the Ti3AlC2 MAX phase was synthesized by 
mixing a molar ratio of 2:2.2:1.25 TiC:Al:Ti powders, dry milling them 
overnight, and firing them in an alumina crucible at 1400 ◦C for 4 h in a 
tube furnace using a ramp rate of 3.5 ◦C/min and de-ramp rate of 5 
◦C/min. After firing, the MAX block was turned into a powder and 
immersed in an aqueous acid solution containing 5 wt% HF (from 48 wt 
% stock) and 7.2 M HCl at 35 ◦C for 24 h for a total etching solution 
volume of 30 mL/g MAX. After etching, the powders were rinsed until a 
pH of 6 was achieved, dried in vacuum overnight, and used as the etched 
multi-layer Ti3C2T powder for tribological testing.

For the synthesis of multi-layer Mo2TiC2Tx MXenes, we first made 
the Mo2TiAlC2 MAX phase similar to the Ti3AlC2 MAX phase by mixing a 
molar ratio of 2:1:1.3:2.7 Mo:Ti:Al:C and firing the powder at 1600 ◦C 
for 4 h. All other MAX synthesis steps were the same as Ti3AlC2. To yield 
the MXenes, the Mo2TiAlC2 MAX powder was added to a solution con
taining 10 mL/g MAX of stock 48 % stock HF and maintained at a 
temperature of 55 ◦C for 96 h. Similarly to Ti3C2Tx, the obtained dis
persions underwent a washing process to neutralize the acid followed by 
overnight vacuum drying [52].

The 2D MXenes were added in different concentrations to a SBF, 
which is commercially available from Bio Chemazone, Canada (BZ183). 
As specified by the supplier, the reagent itself consists of pyrogen-free 
double deionized water, minerals, amino acids, lipids, phospholipid, 
serum proteins, glucose, vitamins, albumin, mucoprotein, sialic acid, 
dipalmitoyl phosphatidylcholine, urea, and hyaluronic acid (HA). The 
SBF is 0.2 μm filtered, sterile, autoclaved, colorless and odorless, with a 
pH of 7.4 ± 0.2. For both MXene types, four different concentrations of 
0.5, 2, 5, and 20 mg/mL, respectively, (analytical balance, AS 60/220. 
R2 PLUS) as well as a reference fluid without additives were prepared in 
their respective Clear Glass Screw Top PerkinElmer vials. Since MXenes 
tend to agglomerate, dispersion experiments were conducted to ensure 
the uniform distribution of Ti3C2Tx and Mo2TiC2Tx within the SBF. To 
this end, the suspensions were sonicated using a sonicator (Qsonica) 
with a small-volume probe for 30 min, with 5-second on/off pulses and 
an amplitude of 40 %. After sonication, the vials were placed in an ul
trasonic bath (Isolab) with water for 1 hour at a temperature of 25–30 
◦C. The bath temperature was maintained constant using ice and by 
regularly replacing the water.

The substrates were fabricated from medical grade cobalt chromium 
tungsten (CoCr) powder (GE Remanium Star CL) with a particle size of 
10–45 μm processed by LBPF using a MLab 200R unit (General Electric) 
with a 200 W fiber laser and a pair of galvo scanning mirrors, and f-theta 
lens, as well as two stepper motor-controlled platform stages. Nine 
plates with dimensions 20×20×5 mm3 were printed in a 3 × 3 
arrangement on a stainless-steel build plate using a layer height of 0.015 
mm, a laser power of 180 W, a speed of 150 cm/s, a hatch spacing of 
0.06 mm, and an interlayer rotation scanning pattern. After wire-cutting 
(Jiangsu Sammlite Machinery), the samples were ground and polished 
in a multi-step process to achieve a mirror-like finish with Sa values 
below 40 nm as ensured by white light interferometry (WLI; RTEC MFT- 
5000).

2.2. Characterization and biotribological testing

To assess the structure of the multi-layer Ti3C2Tx and Mo2TiC2Tx 
MXenes after synthesis, transmission electron microscopy (TEM, Tecnai 
F20, FEI) was utilized employing an acceleration voltage of 200 kV. X- 
Ray Diffraction (XRD, D8 Advance X-Ray diffractometer, Bruker) using 
CuKα (λ = 1.5406 Å) radiation was utilized to study the crystalline 
structure of the as-synthesized Ti3C2Tx and Mo2TiC2Tx nano-sheets. 

Irrespective of the studied MXene, the diffractograms were measured 
within a 2θ range from 5 to 65 ◦ using a step size of 0.02◦ s−1 in a θ−2θ 
Bragg-Brentano geometry. Raman spectroscopy (Alpha 300 RA, Witec) 
was conducted in backscattering geometry using excitation wavelength 
of 532 nm. For data acquisition, a spectral range between 80 and 1000 
cm−1 was considered, while using an acquisition time of 128 s/spectrum 
and a grating of 300 l/mm (spectral resolution of 3 cm-1). Flake size 
characterization was completed by drop casting MXene single-to-few 
layer flakes onto a gold-coated alumina substrate and imaging the 
resultant flakes using a JEOL 7800f field emission scanning electron 
microscope using an acceleration voltage of 15 kV.

Upon obtaining homogeneous solutions, the vials were placed on a 
white canvas, and photographs were taken at time intervals of 0, 15, 30, 
and 60 min as well as after 24, 72, and 168 h using a digital camera 
(Canon Reflex EOS Rebel t7i) to examine potential settling and disper
sion instabilities over time.

Furthermore, contact angle measurements were performed using the 
sessile drop method at room temperature. Thereby, 2 μL drops of the 
respective fluids were generated from a syringe (Norm Ject F Luer Solo), 
carefully dropped on the substrate, illuminated by high power mono
chromatic LED and captured by a high-speed camera (Krüss DSA25). 
Five measurements were conducted for each concentration. The surface 
tension was measured by analyzing the shape of a liquid drop suspended 
from the tip of a needle. In our case, drops from solutions of varying 
concentrations and a needle from an 1 mL syringe were used (Norm Ject 
F Luer Solo; Krüss DSA25). Five repetitions were realized for each 
concentration.

The dynamic viscosity was measured on a stress-controlled rheom
eter with a combined motor transducer system (Anton Paar MCR 302) 
with a Peltier temperature control (C-PTD200) and Peltier-temperature 
controlled hood (H-PTD 220) in plate-on-plate configuration with 
disposable plates (D-PP25/AL/S07) of a 25 mm diameter. Thereby, 1 ml 
of the fluid, which was identified as suitable in preliminary tests, was 
placed onto the bottom plate using a pipette. Subsequently, the mea
surement gap of 1 mm was established, and excessive fluid was carefully 
removed. The shear-rate was varied within a range of 10 1/s to 1000 1/s 
in 11 logarithmic increments, representing the range relevant to human 
knee joints [53–55]. Finally, only the initial 10 steps were included in 
the analysis to avoid any effect of turbulences and measurement de
viations at high shear rates on the results. Lower shear rates necessitate a 
longer time for the rheometer speed control to set and stabilize the 
desired shear rate, along with performing an adequate number of rota
tions for data acquisition. To address these challenges, an inverse log
arithmic distribution of shear rate and measurement point duration was 
chosen (10 1/s was held for 10 s and 1000 1/s for 2 s). Each measure
ment was replicated three times using the same fluid sample with shear 
rates in an ascending, descending, and then ascending manner 
(up-down-up) to identify thixotropy or shear-induced degradation. In 
analogy to [53], temperature encompassed ambient conditions (25 ◦C) 
as well as biologically relevant temperatures, i.e., 34, 37, and 40 ◦C. The 
shear-rate ramps started after reaching the desired temperature within 
±0.1 ◦C for 2 min. Every temperature level was repeated three times 
with a new fluid, resulting in a total of nine measurements for each 
condition.

Friction and wear tests were conducted using a multi-functional 
tribometer (RTEC MFT-5000) with a 5 μL volume of the different solu
tions at a normal load of 0.5 N in linear reciprocating sliding conditions 
for 15 min. Each sliding cycle consisted of 5 mm displacement at a 
frequency of 1 Hz and an acceleration of 0.1 mm/s2, i.e. a maximum 
sliding speed of 5 mm/s. A 4 mm diameter alumina (Al2O3) ball was 
used as the counterbody. All measurements were done in duplicate. The 
coefficients of friction (COF) were studied in real time and the resulting 
wear volumes were measured by the integrated WLI (RTEC MFT-5000). 
After tribo-testing, the samples were completely cleaned in an ultrasonic 
bath using acetone and ethanol to remove any residues of the SBF and 
wear debris. Subsequently, the as-formed wear tracks were studied by 
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optical microscopy (Olympus) and Raman spectroscopy using the 
aforementioned experimental conditions.

3. Results and discussion

3.1. Characterization

As verified by the TEM micrographs in Fig. 1a and b, the used syn
thesis approach resulted in well-defined, regular Ti3C2Tx and Mo2TiC2Tx 
nano-sheets with a multi-layer nature and interlamellar spacings of 
about 0.84 and 1.02 nm, respectively. These measured values align well 
with published literature data in [43,56]. The conducted XRD and 
Raman analysis, as displayed in Fig. 1c and d, verified the typical 
diffraction peaks and Raman bands, which align well with their overall 
stoichiometry as well as the existence of -OH, -O and -F terminations 
[51,57–59].

Photographic images of the SBF with the addition of different 
amounts of Ti3C2Tx and Mo2TiC2Tx at concentrations of 0.5 (magenta), 2 
(green), 5 (blue), and 20 mg/mL (gold) directly after the dispersion 
treatment as well as after 15, 30, and 60 min, respectively, are depicted 
in Fig. 2a and b. Please note that the color coding for the different 
concentrations will be kept throughout the manuscript, whereby 
Ti3C2Tx is represented in darker and Mo2TiC2Tx in more pastel colors.

Based on Fig. 2, it can be observed that the dispersions turn from 
fully transparent, over light grey to a dark grey or black color with 
increasing MXene concentrations. Also. regardless of the type of MXenes 
and concentration, MXene remained suspended in the solution without 
settling, thus exhibiting a good dispersion stability, which can be partly 
attributed to the involved amphiphilic proteins, such as albumin, with 
large molecule dimensions functioning as a surface ligand [44,60,61]. In 
addition, we characterized the flake sizes of the MXenes using scanning 
electron microscopy (SEM) and found that Ti3C2Tx and Mo2TiC2Tx 

MXenes demonstrate an average flake size of 5.11 ± 3.17 μm and 0.99 ±
0.51 μm, respectively (Figure S1). Furthermore, the lack of a notable 
color change over time indicates a slow oxidation rate [62]. This enables 
the reproducibility of results in both characterization assays and bio
tribological testing, which ensures that consistent solutions are utilized 
across various experiments. To assess the dispersion behavior and sta
bility for an extended time, the dispersions for the MXenes with the best 
friction and wear performance were studied and imaged up to one week. 
In this regard, the dispersions showed fair stability without any color 
change, as exemplarily shown in Figure S2.

The mean contact angles and surface tensions for both MXenes 
dependent on the respective concentration on the additively manufac
tured CoCr substrates are summarized in Fig. 3a-c. The reference state 
(the solution without MXenes) exhibited the lowest average contact 
angle of 59.5◦ (Fig. 3a). In contrast, the solution with a concentration of 
20 mg/mL Ti3C2Tx, which reflected the highest concentration, presented 
an averaged contact angle of 76.1◦ The concentrations of 0.5, 2, and 5 
mg/mL demonstrated comparable contact angles with values of 67.5, 
66.0, and 65,4◦, respectively, whereby error bars do partially overlap. 
This suggests that the contact angle just increases for higher Ti3C2Tx 
concentrations. Regarding Mo2TiC2Tx, concentrations of 0.5, 2, and 5 
mg/mL presented similar averaged contact angles of 78.4, 73.4, and 
77.6◦, respectively. With a value of 83.4◦, the concentration of 20 mg/ 
mL of Mo2TiC2Tx exhibited the highest average contact angle of all 
samples tested, also confirming the proportional relationship between 
the contact angle and the MXene concentration. Additionally, it became 
evident that for all concentrations of both MXenes, the average contact 
angles are <90◦ These results indicate that the substrate possesses hy
drophilic properties, allowing the solution to disperse, and distribute 
homogeneously and easily on the solid surface, establishing a strong 
bond at the interface [63]. This is highly relevant as most 2D nano
materials, such as graphene or graphene oxides, exhibit low wetting 

Fig. 1. Transmission electron micrographs of the as-synthesized (a) Ti3C2Tx and (b) Mo2TiC2Tx nano-sheets with the comparative (c) XRD and (d) Raman analysis.
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properties in a given matrix due to their hydrophobic nature. Low 
wetting entails issues such as poor dispersibility, non-uniform distribu
tion, agglomerations, and insufficient bonding at the interface and pores 
[63]. However, even though all solutions are hydrophilic, the addition 
of MXenes has a slightly negative effect on the surface wettability of the 
CoCr substrate. This is evident from the increased contact angle, sug
gesting that as more MXenes are incorporated, the surface becomes less 
prone to wetting by the solutions. Overall, these results reveal that the 
concentration influences the resulting surface wettability of the sub
strate, which highlights the importance of considering how these 
wettability changes may affect the subsequent tribological behavior.

Based on Fig. 3c, the surface tension generally followed the opposite 
trend as the contact angle measurements and the addition of MXenes led 
to a decrease. While the reference experienced a surface tension of 64.3 
mN/m, the lowest values were achieved for 2 and 20 mg/mL Ti3C2Tx 
with values of 50.1 and 50.3 mN/m, respectively. Similarly, the con
centrations of 0.5 mg/mL and 5 mg/mL exhibited a surface tension of 
55.1 and 54.2 mN/m, respectively. In case of Mo2TiC2Tx, the surface 
tensions were 51.9, 56.4, 57.6, and 57.0 mN/m for 0.5, 2, 5, and 20 mg/ 
mL, respectively. Generally, there is a slight tendency for the surface 
tensions to decrease as the additive concentration increases, which 
suggests a change in the interaction between the liquid and the substrate 
surface (please refer to the discussion following the description of vis
cosity results).

Generally, the SBF exhibited a predominantly Newtonian behavior 
regardless of the concentration adjusted, showing no dependence on the 
acting shear rate on the MXene concentration. This somewhat contrasts 
with healthy natural SF or other SBFs based on bovine serum [53,64]. 
However, SF from patients in arthritic or diseased joints, especially after 
revision surgery, tend to become increasingly less non-Newtonian [64]. 
Furthermore, no effects induced by shearing during the conducted shear 
rate ramps in accelerating or decelerating mode, as well as no 
non-reversable effects induced by temperature, were observed. This 
further highlights the stability of the studied SBF colloidal solutions with 
MXenes.

The averaged dynamic viscosity of the SBF without and with the 
addition of Ti3C2Tx and Mo2TiC2Tx at different concentrations and 
temperatures of 25, 34, 37, and 40 ◦C, respectively, are summarized in 
Fig. 4. In general, the viscosity ranged between 8.3 and 16.2 mPa•s and 
decreased with increasing temperature, which is slightly above the 
presented data in [53]. This can be explained by the HA being present in 
the SBF within our study. In this context, HA is known to increase the 
resulting viscosity due to restricting the segmental mobility of the hy
aluronic chain by local hydrogen bonding, thus allowing water mole
cules to be better bound and forming a more viscous network [65,66].

By adding MXenes, the viscosities remained within a comparable 
range, which supports the comparability of the biotribological experi
ments reported in Section 3.2, as viscosity should not exceptionally 
impact the lubricant film formation and thus the friction as well as wear 
behavior. Across different temperatures, the trends for the various 
MXene concentrations were comparable. Accordingly, viscosity 
decreased with increasing MXene content, with 0.5 and 2 mg/mL, both 
for Ti3C2Tx and Mo2TiC2Tx, showing no statistically significant differ
ence compared to the reference.

For both MXenes, 20 mg/mL led to a reduction in viscosity, although 
the lowest values were observed for 5 mg/mL. To a certain extent, this 
contrasts reports of MXenes in aqueous solutions [67] or other layered 
nanomaterials, such as graphene, in SBF [68], for which the viscosity 
tended to rise with increasing concentration. There are several reasons 
why MXenes at higher concentrations can decrease the dynamic vis
cosity of the SBF. Cho et al. [67] showed that the rheological properties 
of colloidal MXene suspensions can be controlled (i.e., intentional vis
cosity decrease) by various water-soluble polymers that can absorb on 
the MXene flakes. Similarly, proteins, such as albumin or HA being 
present in the used SBF can physically adsorb onto the surface of 
nanomaterials [69–72], including MXenes [44]. One key aspect of al
bumin’s structure relates to its numerous, charged amino acid residues, 
particularly acidic and basic residues, which induce an overall negative 
charge on the protein’s surface [73]. This negative charge contributes to 
albumin’s hydrophilic character. HA is a polysaccharide composed of 
repeating disaccharide units of d-glucuronic acid and N-acetyl-d-glu
cosamine. Due to carboxyl groups, d-glucuronic acid is negatively 
charged, which also makes it strongly hydrophilic. Therefore, the pro
tein adsorption onto MXenes flakes is likely to occur through electro
static interactions, hydrogen bonding, hydrophobic interactions, or 
specific chemical sites on the MXene surface [44]. Furthermore, MXenes 
may form complexes with HA or albumin in the fluid environment. By 

Fig. 2. Photographic images of SBF with the addition of (a) Ti3C2Tx and (b) 
Mo2TiC2Tx in concentrations of 0.5, 2, 5, and 20 mg/mL after 0, 15, 30, and 60 
min, respectively.
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Fig. 3. (a) Representative contact angle measurements, (b) averaged contact angles and (c) surface tension of SBF without and with the addition of Ti3C2Tx and 
Mo2TiC2Tx in different concentrations (n = 5). The error bars indicate the calculated standard deviations.

Fig. 4. Averaged dynamic viscosity of SBF without and with the addition of Ti3C2Tx and Mo2TiC2Tx in different concentrations and at different temperatures (n = 9). 
The error bars indicate the calculated standard deviations.
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interacting with protein aggregates or binding to the protein surface, 
MXenes could reduce the strength of intermolecular interactions be
tween the biomolecules (e.g., proteins) thus preventing the formation of 
larger aggregates that contribute to viscosity increase. Finally, MXene 
nanosheets might promote a smoother fluid flow by reducing friction 
between adjacent fluid layers. This effect may result from the 
shear-induced alignment of MXene flakes along the flow direction, 
facilitating the flow of fluid molecules and reducing the resistance to 
flow, thereby lowering the resulting viscosity. With a further increase of 
the MXene concentration to 20 mg/mL, the likelihood of 
particle-particle interactions also increases. These interactions can result 
in the formation of particle clusters or agglomerations, which contribute 
to an increased viscosity by impeding the fluid flow.

3.2. Biotribological behavior

Representative plots of the COF over time as well as the mean COFs 
averaged over the second half of the sliding time (excluding running-in) 
are depicted in Fig. 5a and b, respectively. Initially, the tests started with 
a COF of approximately 0.21. Then, within the first 50 s, the COF of the 
reference reaches an initial peak of around 0.37, followed by a rapid 
decrease in the next 100 s. Subsequently, it stabilizes around an average 
COF of 0.18, while still showing pronounced fluctuations (Fig. 5a). The 
COFs with MXenes, particularly Ti3C2Tx, were somewhat more stable, 
which can also be seen in the reduced standard deviations (Fig. 5b). 
While the addition of Mo2TiC2Tx tended to increase friction compared to 
the reference, Ti3C2Tx at concentrations of 0.5 and 5 mg/mL led to a 
slight reduction in the COF up to 5 and 9 %, respectively.

The averaged wear coefficient for SBF lubrication without and with 
the addition of Ti3C2Tx and Mo2TiC2Tx in different concentrations is 
displayed in Fig. 6. Thereby, wear when using Ti3C2Tx tends to decrease 
with increasing concentration, with the best performance obtained at a 
concentration of 5 mg/mL, which also correlated with the lowest vis
cosity (Fig. 4). Conversely, when using Mo2TiC2Tx, wear increases with 
concentration with the best performance shown for 0.5 mg/mL. As 
previously shown, both types of MXenes resulted in an increase in 
contact angle, indicating a decreased wettability. The can be favorable 
for tribological applications as higher contact angles can help to retain 
the lubricant on the surface, preventing it from spreading too thinly or 
being displaced under load, which can maintain effective lubrication 
and reduce wear. In contrast, it was shown that the addition of MXenes 
slightly decreased the viscosity, which generally is assumed to be not 
favorable for fluid film formation, load-carrying capacity, and wear 
protection. Despite the decrease in wettability and viscosity, Ti3C2Tx 

exhibited wear protection, which implies that other factors, such as the 
formation of a protective tribo-film observed via Raman spectroscopy, 
play a more dominant role in reducing wear. Moreover, Ti3C2Tx 
exhibited substantially lower wear rates compared to Mo2TiC2Tx. In this 
regard, Ti3C2Tx at a concentration of 5 mg/mL showed a wear reduction 
of 77 %, while Mo2TiC2Tx at 0.5 mg/mL merely achieved a wear 
reduction of 25 %. A possible explanation for the better biotribological 
performance of Ti3C2Tx relates to be its laminar structure and ability to 
form a lubricious tribofilms on metallic substrates. These films help to 
reduce the direct contact between rubbing surfaces thus decreasing 
wear. In contrast, Mo2TiC2Tx may have less favorable properties in 
terms of lubricating film formation under lubricated SFB conditions, 
resulting in higher friction and wear compared to Ti3C2Tx.

To shed more light on the involved processes, the formed species in 
the wear tracks were analyzed by optical microscopy and Raman spec
troscopy. For this purpose, the as-tested specimens were fully cleaned in 
an ultrasonic bath to remove all remaining SBF, formed wear debris and 
non-attached MXenes.

Even after throughout cleaning, notable reaction products are visible 
in the wear tracks after tribo-testing as verified in the optical micro
graphs displayed in Fig. 7a and b. In case of the reference scenario, a 
wide wear track characterized by notable abrasive marks was displayed 
in Fig. 7a, alongside Raman signals identifying amorphous carbon 

Fig. 5. (a) Representative COF over time and (b) averaged COF for lubrication by SBF without and with the addition of Ti3C2Tx and Mo2TiC2Tx in different con
centrations (n = 2). The error bars indicate the calculated standard deviations.

Fig. 6. Averaged wear coefficient for lubrication by SBF without and with the 
addition of Ti3C2Tx and Mo2TiC2Tx in different concentrations (n = 2). The 
error bars indicate the standard deviation.
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species along the edges of the wear track (Fig. 7c). This can be attributed 
to abrasive wear processes and frictional heating together with tribo- 
chemical decomposition of organic molecules present in the SBF, such 
as amino acids, lipids, and proteins, resulting in the formation of 
carbonaceous species.

In contrast, a notably different situation emerged for the sample 
lubricated with 5 mg/mL Ti3C2Tx (Fig. 7b). Inside the wear track, a 
patchy structure became evident, without any pronounced sign of 
abrasion, which correlates well with the observed wear reduction. As 
demonstrated in Fig. 7d, the conducted Raman analysis verified again 
the existence of amorphous carbon (zone 2), which are partially inter
mixed with spatially separated MXene-related particles/species (zone 
1). The observation of these Raman bands, which align well with the 
initial Raman signal of Ti3C2Tx, provides clear evidence that MXene 
nanosheets have been strongly attached to the underlying substrate due 
rubbing under the involved thermomechanical impact. These findings 
suggest the development of a wear-protecting tribofilm containing 
amorphous carbon and MXene species. Due to the verification of 
amorphous carbon in the reference case, the wear-reducing effect can be 
clearly assigned to the existence and presence of MXene in the formed 
tribofilm.

In case of the SBF containing Mo2TiC2Tx, optical microscopy 
revealed a different situation irrespective of the tested concentration as 
evidenced in Figure S3. Pronounced abrasive wear marks (Figure S3 b-f) 
are clearly observable in the entire wear track, while material accu
mulations can be found at the reversal points (Figure S3 a, c, d and f). 
The formed patchy-like structures (similar to the SBF only) were again 
traced back to amorphous carbon species (not shown here). This is 
indicative that Mo2TiC2Tx did not remain in the tribological interface 
and got shifted to as well as accumulated at the reversal points. This goes 
hand in hand with the downgraded wear performance since Mo2TiC2Tx 

was not capable to attach to the underlying substrate to form a lubri
cious and wear-resistant tribo-film.

4. Conclusions

In conclusion, our investigation sheds light on the biotribological 
behavior of additively manufactured CoCr substrates when Ti3C2Tx and 
Mo2TiC2Tx MXenes are used as additives in a synovial fluid. The results 
obtained offer significant insights into the potential of MXenes in a 
biotribological context:

• The observed excellent dispersion stability of MXenes in SBF un
derscores their suitability for reproducible characterization assays 
and biotribological testing. This stability is crucial to ensure the 
consistency in potential clinical application.

• The analysis of the static contact angle and surface tension revealed 
alterations in substrate wettability upon MXene addition. While the 
solutions maintained their hydrophilic character, the incorporation 
of MXenes decreased the resulting surface wettability. This finding 
underscores the need to consider MXene-induced changes in surface 
properties when assessing their biotribological performance under 
lubricated conditions.

• The viscosity analysis demonstrated that the MXene addition 
generally resulted in a reduced dynamic viscosity, particularly at 
higher concentrations. This reduction was attributed to the in
teractions between MXene flakes and the involved biomolecules, 
such as albumin or HA, which can disrupt intermolecular in
teractions and promote a smoother fluid flow, ultimately lowering 
viscosity even at elevated MXene concentrations.

• Regarding the biotribological behavior, Ti3C2Tx exhibited more 
stable coefficients of friction compared to Mo2TiC2Tx, with 

Fig. 7. Optical micrographs of the wear tracks on the CoCr samples after tribo-testing and sample cleaning in the (a) reference case and (b) with 5 mg/mL Ti3C2Tx as 
well as (c, d) Raman analyses at different positions inside and outside the wear track, respectively.
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concentrations of and 5 mg/mL showing a slight reduction in fric
tion. Additionally, Ti3C2Tx generally led to lower wear rates 
compared to Mo2TiC2Tx, with the best concentration found at 5 mg/ 
mL for Ti3C2Tx and 0.5 mg/mL for Mo2TiC2Tx.

• Optical microscopy and Raman spectroscopy revealed significant 
differences between the wear tracks of the reference and Ti3C2Tx- 
lubricated specimens. While the reference exhibited abrasive wear 
and the formation of amorphous carbon, the wear track of the 
Ti3C2Tx-lubricated sample demonstrated no abrasion and less wear 
as well as the formation of tribo-film consisting of amorphous carbon 
and MXene-related species, which were firmly attached to the 
substrate.

Overall, our findings suggest that especially Ti3C2Tx hold great 
promise to mitigate friction and wear in biotribological applications due 
to their laminar structure and effective lubricating film formation. These 
findings indicate that the choice of respective MXene type and optimal 
concentration depends on various factors, while detailed analysis is 
necessary to determine the most effective combination to reduce wear in 
specific applications.
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