Materials Today Communications 41 (2024) 110576

materialstoday

Contents lists available at ScienceDirect

COMMUNIC

Materials Today Communications

FI. SEVIER

journal homepage: www.elsevier.com/locate/mtcomm

Check for

Ti3CyTx MXene deposition: A simple surface engineering technique for dual [
enhancement of biological functions for nonbearing applications

a,*

Karolina Schickle ™", Nima Amousa”, Iwona Pudetko , Malgorzata Krok-Borkowicz ©,
Elzbieta Pamuta ©, Adrian Chlanda‘, Agata Romanowska d Alicja Kazek-Kesik et
Kamil Drozdz #, Jesus Gonzalez-Julian "

@ Department of Restorative Dentistry and Endodontology, Justus-Liebig-University Giessen, Schlangenzahl 14, Giefen 35392, Germany

b Department of Ceramics, Institute of Mineral Engineering, RWTH Aachen University, Forckenbeckstrafe 33, Aachen 52074, Germany

¢ Department of Biomaterials and Composites, Faculty of Materials Science and Ceramics, AGH University of Science and Technology, al. Mickiewicza 30, Krakéw 30-
059, Poland

9 Lukasiewicz Research Network - Institute of Microelectronics and Photonics, Flake Graphene Research Group, Aleja Lotnikow 32/46, Warsaw 02-668, Poland

¢ Silesian University of Technology, Faculty of Chemistry, B. Krzywoustego Str. 6, Gliwice 44-100, Poland

f Silesian University of Technology, Biotechnology Centre, Krzywoustego Str. 8, Gliwice 44-100, Poland

8 Department of Molecular Medical Microbiology, Chair of Microbiology, Faculty of Medicine, Jagiellonian University Medical College, Krakow 31-121, Poland

ARTICLE INFO ABSTRACT

Keywords: Implant-associated complications, such as infection and poor osseointegration, present significant challenges in
Biomedical implants the field of biomedical implants. To address these issues, it is crucial to develop implant surfaces that possess
MXene films

both bacteriostatic and osteoconductive properties. In recent years, the field of surface modification for metallic
substrates using two-dimensional materials has emerged as a highly promising strategy to enhance their bio-
logical properties. Among these materials, MXenes stand out as an excellent candidate for surface modifications
due to their unique properties, such as biocompatibility, high specific surface area, and tunable chemical
composition. In the present study, we introduce a simple deposition method of TizC2Tx MXene films on SS316L
substrates to improve surface-cell interactions. The differentiation study demonstrated the alkaline phosphatase
(ALP) enzyme activity on Ti3CyTx-MXene-coated samples without osteogenic medium compared to uncoated
samples in both, basic and osteogenic media. Moreover, the bacteriostatic character of the deposited MXene-
coatings was confirmed against Gram-positive Staphylococcus aureus as well as Gram-negative Escherichia coli
bacteria. The improved stimulation of both cell osteogenic differentiation and distinctive antimicrobial features
triggered by TizCyTx-MXene-coatings emphasizes their great potential as implant surface modifiers to improve
integration and reduce the risk of infection in various biomedical applications.

Surface multifunctionalization
Cell differentiation
Bactericidal properties
Implant surface modification

1. Introduction Although SS316L exhibits better corrosion resistance compared to other

medical stainless steels, which can be attributed to the low carbon

Among the family of medical stainless steels, SS316L is the most
commonly applied material for orthopedic and dental implant devices as
well as surgical and dental instruments [1]. This is due to its biocom-
patibility, low allergic reactions, and non-magnetic properties to avoid
interferences with sensitive devices, in combination to its excellent
formability, weldability, and ductility. This enables the production of
implants with complex geometries. For these reasons, SS316L finds wide
applications in such medical sectors as coronary/cardiovascular stents
[2,3], cranial fixation [4] orthopedic [5,6], and dental implants [7,8].
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content (>0.03 wt%) and high chromium content (<13 wt%), the
literature reports still evident degradation of this material under the
harsh physiological environment, causing the release of the metallic ions
and, in consequence triggering some undesired effects such as toxic re-
actions, thrombus formation, or cell apoptosis [9]. Thus, due to the
corrosion events, the long-term biocompatibility on the interface of
SS316L is strongly affected. To overcome this limitation, various
methods for the deposition of protecting coatings and films on metal
surfaces to improve biocompatible properties have been developed [10,
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11]. Nevertheless, the need for novel, innovative, multifunctional
coating materials that exhibit both, antibacterial and osseointegration
properties has not yet been merged and is the focus of researchers.

In that sense, 2D materials such as graphene and its derivatives
aroused interest in biocoating applications. Graphene derivatives
deposited as nano-coatings on metal substrates significantly improve
interfacial reactions avoiding corrosion events and enhancing interac-
tion with the surrounding tissues [12]. Even though pristine graphene
and its derivatives have become the most researched 2D-material family,
their limited chemical composition and weak van der Waals bonding in
multilayered systems strongly limit its possible applications. Therefore,
developing the new complex 2D-structures containing more than one
element, and thus offering new additional features, which can be
tailored and designed in regard to the medical application field, has
increasingly attracted the attention in the last years.

Among all the 2D materials, MXenes caught considerable attention
due to their unique structure, flexibility in terms of chemical composi-
tion, and superior electrical, optical, magnetic and biological features
[13]. The number of scientific publications in regard to these materials
has been exponentially increasing since their discovering 10 years ago
[14]. MXenes are commonly obtained by selective etching of the MAX
phases as precursors, where “M” corresponds to early transition metals
such as Ti, V or Cr, “A” is an element from the 13th or 14th element
group and “X” represents carbon (C) or/and nitrogen (N) [13]. To obtain
MXenes, the A-element of the MAX phase is selectively removed, thus
the remaining general formula of MXenes is My 1X,Tx, (n=1-4), where
T represents the termination groups which are strongly dependent on
the production process (e.g. -O, —-OH, —-F, —Cl). This kind of selective
A-layer etching is possible owing to the weaker metallic bonds between
M-A atoms, while comparing to covalently bonded M-X atoms (Fig. 1)
[15].

The most common and widely literature-reported route to obtain
MXenes is the chemical etching by aqueous hydrogen fluoride (HF) [16].
However, due to the aggressive character of HF, this process is not only
strongly hazardous but also causes structural defects on obtained
MXenes. As a result alternative mild methods based on in-situ
HF-forming have been developed [17]. The in-situ HF method is one of
the effective approaches to synthesizing MXenes in which the direct
usage of HF can be avoided by a mixture of fluoride salts (e.g. NaF, KF,
LiF) and HCI, creating an in-situ HF etchant. This method can produce
single- or few-layer flakes with higher quality, larger lateral dimensions,
fewer defects, and improved material properties in comparison with the
pure HF etching method [17].
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The most studied MXene, Ti3C2Tx has already been proposed as a
suitable material for tissue engineering applications due to its reactive
surface and ability to further bio-modifications. It was reported, that in
their free form, Ti3CyTx-MXenes are able to enhance biological in-
teractions with human mesenchymal stem cells [18] and human neural
stem cells [19] in a manner of proliferation, differentiation, cell adhe-
sion, and migration. Here, the applied concentration seems to be deci-
sive, as reported by Jang and Lee [18]. Their study evidenced the
cytotoxic response of human mesenchymal stem cells by higher con-
centrations of TizCyTx (> 50 pg/mL), while concentrations up to
20 pg/mL enhanced osteogenic differentiation. Similar
concentration-dependency was observed by TizCpTx in contact with
primary neural stem cells [20]. Concluding, the appropriate concen-
tration of Ti3CyTx-MXenes can promote differentiation processes and
improve biological responses of various cells in vitro.

Moreover, the first evidence of TisCyTx bacteria-killing ability was
reported by Rasool et al. [21]. Since then, extensive research has been
conducted on the potential applications of MXenes as antibacterial
agents in the medical field [22]. It was found that the interaction with
the surrounding bacteria cells depends on the structure, size, shape,
morphology, core M-X atomic constellation, and surface charge of syn-
thesized Ti3CoTx-MXenes. For example, the multilayered accordion-like
TigCaTx structures showed lower antibacterial activity against
Gram-negative Escherichia coli and Gram-positive Bacillus subtilis than
the single Ti3CoTx—nano flakes [22,23]. Shamsabadi et al. confirmed an
antibacterial behavior of colloidal Ti3CyTx nanoflakes and proposed
bacterial membrane damage by contact with the sharp edges of MXenes
as a possible antibacterial mechanism [24]. The second most probable
pathway for bacteria-killing properties is based on the surface charges of
MXenes inducing the generation of the reactive oxygen species such as
037, *OH, and O, affecting oxidative stress reactions and in consequence
bacteria death [25-27].

To date, few studies have investigated how the superior biological
properties of MXenes can be transferred to the surface of bulk implants.
As a deposited coating, TizC2Tx was applied to titanium surfaces by
electrophoretic deposition [27-29]. Here, the antibacterial properties
against Staphylococcus aureus and its methicillin-resistant S. aureus
(MRSA) as well as the osteogenic differentiation ability of
MXene-coatings were demonstrated.

In our study, we propose an efficient and simple method to deposit
TizCoTx MXenes on SS316L surfaces. Merging the excellent biological
properties of MXenes with the surfaces of SS316L could create a novel
concept material system for a wide range of biomedical applications.

Delaminated Ti;C,T, MXenes

Fig. 1. Schematic illustration of MXene’s synthesis from MAX phase precursor by applying selective etching method and subsequent delamination to obtain 2D

nano-sheets.
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Considering the flexibility provided by MXenes-composition and its
tunable properties such as reactive oxygen species, surface area, surface
terminations, bactericity, cytocompatibility, osseointegration, and pro-
tection against corrosion events, the processes at the interfaces of im-
plants can be controlled and modified with respect to application
requirements.

2. Material and methods
2.1. TisCyTy MXene synthesis

Ti3AlCy MAX phase was used as the precursor powder for the syn-
thesis of Ti3CyTyx MXenes. Briefly, Ti3AlCy was synthesized from its
elemental constituents by solid state reaction at high temperature. Ti-
tanium (-325 mesh, 99.5 %), aluminum (-325 mesh, 99.5 %) and
graphite (APS 7-11 pm, 99 %) powders (all from Alfa Aesar, Germany)
were mixed in a 3:1.1:1.9 molar ratio. An extra 10 at% of aluminum was
added to compensate its loss during the synthesis process at high tem-
perature. Afterwards, the powders were heated under argon atmosphere
at 5°C/min up to 1300 °C and isothermal holding time of 3 h. The
synthesized Ti3AlC; pellet was ground and milled in a planetary milling
for one hour in ethanol, obtaining powders with an unimodal particle
size distribution and mean particle size of approx. 9 um.

Ti3CoTx was prepared by selective etching of the TizAIC, phase
following the standard method [17]. The etching solution was prepared
from 0.8 g of LiF (-300 mesh, Sigma Aldrich, Germany) and 10 mL of
9M HCl (Sigma-Aldrich, 37 %). The reaction was carried out for
30 minutes at room temperature and under stirring through the aid of a
magnetic bar with a rotation speed of 500 rpm. Then, 0.5 g of Ti3AlCy
powder was gradually dissolved into the etchant mixture at 35 °C and
stirred for 24 h. Afterward, the etching product was washed several
times with deionized water via centrifugation at 3500 rpm until a
neutral pH was achieved. The exfoliated Ti3CoTx solution was then
sonicated for 1 h in order to improve the delamination of Ti3C,Ty par-
ticles. Subsequently, the solution was centrifuged at 3500 rpm for 1 h,
and the supernatant containing TizCyTx flakes (~ 3 mg/mL) was
collected.

2.2. MXenes immobilization on SS316L surfaces

The SS316L substrates (5 mmx5 mm x 2 mm) were first cleaned in
acetone, ethanol, and double-distilled water (ddH,0) for 15 minutes
each in an ultrasonication bath (Elmasonic S 180 H, Elma, Germany).
The cleaned samples were then modified by immersing them in a solu-
tion containing toluene (max 0.005 % H>0, Merck Millipore, Germany)
and 1.5 wt% 3-amino-propyl-diisopropylethoxy-silane (APDS, Abcr
GmbH, Germany). The silanization process was performed in the reflux
apparatus for two hours at 120 °C which is the boiling temperature of
the APDS-toluene solution. The SS316L samples were then rinsed three
times with toluene and ddH,0 before undergoing a one-hour post-sila-
nization treatment at 100 °C. The MXene film was applied by dip-
coating into the Ti3CoTx MXene solution for 1 min, rinsing with
ddH50, and then drying overnight at 37 °C [30].

2.3. Characterization

The microstructure and elemental composition of TizAlC,; MAX
phase precursor and Ti3CyoTx MXenes were examined by scanning elec-
tron microscope (SEM, GeminiSEM 500, Zeiss, Germany) with energy
dispersive X-ray (EDS) spectroscopy. The structural characteristics of the
Ti3AlCy phase precursor and Ti3CyTx MXenes were analyzed by X-ray
diffraction (XRD) using an X-ray diffractometer (D8 Advance, Bruker,
Germany) with Cu Ka radiation (A = 1.54 }D\). The data were collected in
the 2Theta range of 3-900 with a 0.01° step size and 1 s/step.

Atomic force microscopy (AFM) was implemented to examine the
surface of the samples. The samples were mounted directly on the
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microscope’s working table and tested in ambient condition, in air
(temp. of c.a. 21 °C and air humidity of c.a. 38 %). AFM was equipped
with ACT type scanning probe with a spring constant of 37 N/m and a
tip radius below 10 nm. Prior to the examination, the drive frequency of
the installed scanning probe (c.a. 296 kHz) was estimated via the mi-
croscope’s software. Tapping mode was used to register high-quality
images of tested surfaces: five images of each sample were recorded.
Acquired topographical maps were subsequently used to measure the
average roughness of the surface of each type of sample. In addition, the
thickness of the MXenes layer was measured by scratching the surface of
coated SS316L sample with tweezers and further recording a topo-
graphical map.

Raman spectroscopy technique was used to analyze the structural
properties of SS316L samples in each step during the coating process by
using the Renishaw InVia spectrometer with a 532 nm laser as an
excitation source. The laser power employed in the measurements was
5 %, and the spectra were collected with 5 s exposure time and 8 ac-
cumulations. The spectra for a wavenumber range of 100-800 cm-1
were averaged (5 measured spectra for coated, 5 spectra for silanized-,
and 3 spectra for uncoated, using Origin software). The coated sample
averaged spectrum was further analyzed in order to deconvolute con-
stituent peaks — a sum of 11 Lorentzian peaks was fitted (curve fit
function from scipy.optimize Python package).

2.4. Biological evaluation of the TisC2T, MXene film

Cytocompatibility was tested using cell culture tests with human
mesenchymal stem cells from bone marrow (hMSC PromoCell, Ger-
many). The cells were cultured on uncoated SS316L sample, coated
SS316L sample with TigCyTy, and on tissue culture polystyrene (TCPS) as
a control in dedicated hMSC Growth Medium 2(PromoCell, Germany).
The substrates were sterilized with UV light for 20 minutes and placed in
48-well plates. We seeded 10 000 cells in each well and added adequate
media: basic or differentiating medium. The basic medium was prepared
by mixing stem cells growth medium with the corresponding supple-
ment (medium and supplement from PromoCell, Germany) and antibi-
otics (1 wt%, mixture of penicillin and streptomycin, PAN Biotech,
Germany). By mixing the basic medium with ascorbic acid (1 %),
B-glycerophosphate (1 %), and dexamethasone (0.02 %, all from Sigma
Aldrich, Germany), we obtained differentiating medium. The same
amount of wells were filled with basic and differentiating media to check
the difference and the potential of materials to be used in bone tissue.
Cells were cultured at 37 °C in the atmosphere of 5 % CO5 and evaluated
after 1, 3, and 7 days.

Live/dead staining was carried out to observe the morphology and
viability of cultured cells. Phosphate-buffered saline (PBS) was mixed
with calcein AM (0.1 %) and propidium iodide (0.1 %, all chemicals
from Sigma Aldrich, Germany) and added to the wells. Plates were
incubated for 20 min in darkness and after that time, we observed live
and dead cells with the use of a fluorescence microscope (ZEISS Axiovert
40 CFL) with ZEISS HXP 120 C metal halide illuminator.

The viability of hMSC was checked and quantified using the Ala-
marBlue test. Briefly, resazurin (Sigma Aldrich, Germany) was dissolved
in PBS (0.11 mg/mL) and then the solution was mixed with a medium to
achieve the concentration of 10 %. The prepared solution was added to
the wells and the plates were incubated for 4 h. After that time, 100 pl
from each well was transferred to a black 96-well plate and the fluo-
rescence was measured (Aex=544 nm, Aen =590 nm, FluoStar OMEGA,
BMG LabTech). The reduction of resazurin was calculated as follows:

Sx — Shlank

Y%resazurin reduction = ¢ 100%

Sreduced - Sblarﬂ(
Sx — fluorescence of sample
Shlank — fluorescence of 0 % reduced resazurin (10 % AlamarBlue
reagent in medium)
Sreduced — fluorescence of 100 % reduced resazurin (10 % AlamrBlue



K. Schickle et al.

reagent in medium, autoclaved)

The differentiation was investigated by measuring the quantity of
alkaline phosphatase (ALP). In brief, 400 pL of the 1 % Triton X-100
solution (Sigma Aldrich, Germany) in PBS was applied to well plates and
shaken for 50 minutes. Meanwhile, the working solution (WS) was
prepared by dissolving 1 tablet of p-nitrophenol (Sigma Aldrich, N2765,
Germany) in 20 mL of the ALP buffer. Diethanolamine (0.1 M), triton X-
100 (0.1 %), and magnesium chloride hexahydrate (MgCl, 6 H»0,
1 mM) were mixed in order to obtain ALP buffer. Later on, we trans-
ferred 25 pL of the investigated solution to a 96-well plate, added 125 pL
of the WS, and left the samples to incubate for 30 min at 37C. After
adding 63 pL of 1 M sodium hydroxide (NaOH) to stop the reaction, the
absorbance was measured (A = 405 nm, FluoStar Omega, BMG Labtech,
Germany).

Bacterial tests. Adhesion tests of the reference bacteria S. aureus ATCC
25923 and E. coli ATCC 25922 were conducted on SS316L reference
samples and SS316L coated with Ti3C,Ty films and a control suspension
of bacteria. For the experiment, a liquid medium of standard bacteria
S. aureus ATCC 25923 was prepared at a concentration of ~ 5x 106 CFU/
mL (TSB, Biomaxima, Poland). The uncoated and MXene-coated SS316L
samples were placed in a sterile culture plate and covered with 1 mL of a
suspension of S. aureus ATCC 25923 or E. coli ATCC 25922 bacteria.
Subsequently, the samples were incubated at 37 °C for 4 h and for 24 h
for the evaluation of biofilm formation (POL-EKO, Poland). The bacte-
rial suspension was then gently extracted and washed with sterile
phosphate buffer solution (PBS, VWR, Poland). The samples were
transferred to a new sterile culture plate. The next step of the study
involved staining the bacteria on the samples after 4 h incubation with
an aqueous solution containing SYTO9 dye (BacLight Bacterial Viability,
Thermo Fisher Scientific) and observing the surface of the samples using
an optical fluorescence microscope (PAULA, Leica Microsystems CMS
GmbH). The area occupied by bacteria (%) was assessed using the Image
J 1.54i software. The bacteria after 24 h incubation was washed with
sterile phosphate buffer solution (PBS, VWR, Poland), fixed with 3 %
buffered glutaraldehyde in PBS, and subsequently dehydrated by treat-
ment with graded concentrations of ethanol solution (20, 30, 40, 50, 60,
70, 80, 90, 96, and 100 %) for 10 min each. Such prepared samples were
evaluation by scanning electron microscope (SEM, GeminiSEM 500,
Zeiss, Germany).

Statistical evaluation. Results of cell culture and bacterial occupied
area tests are shown as average + standard deviation (SD). OriginLab
software was used to perform the statistical analysis of the data using the
one-way analysis of variance (one-way ANOVA) followed by the post-
hoc LSD Fisher test. For bacterial evaluation IBM SPSS Statistics 29
was applied. Statistical calculations were carried out by one-way
ANOVA with post-hoc T2 Tamhane. Values of less than 0.05: p*<0.05,
p**<0.01 and p***<0.001 were considered statistically significant.
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3. Results and discussion

In the present study, we introduce a simple and efficient method to
deposit uniformly distributed Ti3CeTx films on metallic substrates.
Before the characterization of the biological response, uniform and
reliable Ti3CyTy coatings should be deposited on the metallic substrates.
In our case, dip coating was selected as the processing method due to its
reliability, simplicity, uniformity, reproducibility and low cost. Due to
the specific biological properties of TizCy Ty, the proposed method allows
several functions, such as cell adhesion and bactericity, that otherwise
contradict each other, to be procured on one surface. First, the evidence
demonstrating pure MXene synthesis without MAX phase residues was
provided. Fig. 2 presents the SEM images recorded after each of the
relevant steps of the synthesis process, including the TizAlCy phase
precursor (Fig. 2A), MAX phase precursor, multi-layered Ti3CoTy, and
Ti3CyTx nano-sheets. After the chemical etching of Al of the MAX phase
precursor (Fig. 2A), a typical cluster of MXenes sheets was obtained
(Fig. 2B). The MXene microstructure obtained in this study differed from
the expanded accordion-like structure that typically forms due to the
exothermic reaction between high concentration HF and Al between Ti-
C bonds. However, the observed microstructure was resembled the
structure of MXenes synthesized using low HF concentrations [17]. The
compact layered structure of TigAlCo MAX precursors was separated in
multi-layered Ti3CyTx due to the etching process that eliminates A-atoms
from the MAX phase. Such prepared multi-layered MXenes were finally
delaminated to single- or few-layer Ti3CyTx flakes by using a simple
sonication process (Fig. 2C). The significant decrease of Al after the
etching process was confirmed by EDX results as the amount of
aluminium in MAX powders reduced from 17.0 at. percent to less than
one atomic percent in multilayered MXene powders (Table 1). As ex-
pected, due to the applied etching LiF/HCl method, F, Cl, and O ele-
ments were detected in the synthesized MXenes. These elements are
typically incorporated as terminations on the nano-flakes surfaces. The
obtained results are aligned with other studies that have reported the
synthesis of TigCaTx MXene via selective etching of Ti3AlC; MAX phase
using LiF/HCl etchant [17,31]. For instance, Alhabeb et al. [17] reported
the successful synthesis of Ti3gCoTx MXene from TizAlCy MAX phase
using a LiF/HCl etchant. The SEM images of the Ti3C,Tx MXene obtained
in their study exhibits the opening of MXene lamellas which is

Table 1
Elemental analysis of Ti3AlCy; MAX precursors and Ti3C,Ty MXene determined
by EDX measurements.

Samples  Atomic %
Ti C Al F Cl (0]
TizAlC, 51.8 + 30.6 + 17.1 £ -
35 2.7 0.2
TizCoTx 48.7 + 20.8 + 0.9 + 12.8 + 1.3+ 15.1 +
2.3 0.8 0.2 0.7 0.2 0.4

Fig. 2. SEM images of: (A) Ti3AlC, MAX phase, (B) multi-layered Ti3C,Tyx MXene, and (C) delaminated Ti3C,Tyx MXene nanosheets.
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comparable to what we observed in our study. Moreover, EDX analysis
in both studies confirms the composition of the synthesized TizCyTx
MXene.

The XRD analysis confirmed the successful synthesis of the 2D
Ti3CyTx-MXene phase after the etching procedure (Fig. 3A). The repre-
sentative diffraction peak (002) of TizCoTx MXene on the XRD-spectra
appears at 20 = 7.3° (shifted from 26 = 9.7° for the precursor MAX
phase — Ti3AlCy) indicating an expansion in the interlayer spacing of
Ti3CoTxy MXene phase due to the presence of intercalant between the
MXene nanosheets and introduction of functional groups [31]. More-
over, the corresponding peak of TizAlC; at 20 = 39° was almost vanished
after the etching process, indicating that the Al atomic layers were
almost completely removed from the Ti3gAlC, MAX precursor.

Fig. 3B displays the Raman spectra of Ti3C2Tx MXene, highlighting
characteristic wave numbers indicative of its vibrational modes and
surface functionalization, as reported in literature. These include in-
plane and out-of-plane peaks originating from titanium and carbon
atoms. The spectrum is categorized into distinct regions: the flake re-
gion, which signifies vibrations involving carbon atoms, titanium layers,
and functional groups; the Ty region, which emphasizes surface func-
tional group vibrations; and the carbon region, detailing vibrations of
carbon atoms in both in-plane and out-of-plane vibrations. Following
the successful synthesis of TizCyTx, it was subsequently collected for
coating onto SS316L after the surface modification step.

Subsequently, the MXene-coatings obtained by dip-coating were
characterized. We expected to obtain homogenously distributed MXene-
nano films due to the SS316L-surface activation by specific selected
APDS silanization. This functionalization process was previously
developed and established for graphene oxide flakes [30]. The immo-
bilization reaction was provided by -NH; termination groups on SS316L
substrates derived from APDS. Briefly, at one end of the molecule, the
silane forms hydroxyl groups by hydrolysis, which enters into a
condensation reaction with the hydroxyl groups of the SS316L substrate.
When immobilized to the surface, the silanol forms a covalently bound,
monomolecular layer. This silane exhibits two isopropyl groups with
strong hydrophobic properties and thus ensures a protective effect for
the -Si-O bonds exhibiting excellent hydrolytic stability. Moreover, these
silanes do not build a network (like most silanes) on the surface but
create a single bonding. The advantage is that the coating remains intact
in case of single bonding failures. After substrate chemical modification
by silanization, covalent immobilization of MXenes nano-flakes was
performed. MXenes were covalently immobilized on the NH,-function-
alized surfaces by their -OH terminations [30].

As the first indication of surface modification, the surface morphol-
ogies of the SS316L samples were investigated by SEM as shown in
Fig. 4. The polished surfaces of SS316L (Fig. 4A) could be intactly
covered by homogeneously arranged MXene-films. On the SEM-image
the MXene-coating, exhibiting typical wrinkle-like morphology can be
observed (Fig. 4C).
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Moreover, for more precise visualization of the complex topo-
graphical features of the obtained surface for biomedical applications
and a better understanding of surface morphology in regard to their
roughness, additionally AFM has been conducted [32,33]. The topo-
graphical images of the three samples (uncoated SS316L, silanized
SS316L and coated SS316L) show subtle nanometric changes in the
morphology and roughness related to subsequent stages of the con-
ducted surface modification (Fig. 5).

Qualitative analysis of the obtained images allowed us to state that
polished SS316L was characterized by a typical topography for the
samples, which underwent comparable preparation protocol. The bright
spots protruding from the steel surface (Fig. 5 A) should be related to
post-preparation with hard particles of the implemented abrasive ma-
terial. As depicted in Fig. 5B, the silanization of the steel surface resulted
in alteration of the morphology of the sample, in which was also
observed in the SEM evaluation (Fig. 4 B). One can notice the abundance
of white particles on the surface of the modified sample. It is worth
underlining that the last of the tested samples, covered with TizCyTx
MXenes showed the presence of manifold flakes on its surface, visible
also in SEM images (Figs. 4 and 5 C).

Taking full advantage of the capabilities offered by AFM working in
tapping mode, additional data channel, the so-called phase-contrast
channel, was analyzed. In general, phase-contrast can be used to
distinguish surfaces differing in chemical composition and mechanical
properties [34,35]. The reference sample was described by rather a
uniform phase, with bright spots (different phases) recorded in the same
place in the case of the topographical image. A similar observation was
made for the APDS-silanized sample - the different (than the substrate)
phase is exclusively related to APDS silane modification. The
MXene-coated sample was characterized by a homogeneous one-phase
structure, with clearly visible edges of the individual flakes immobi-
lized to the APDS-modified stainless steel surface. Hence, it can be stated
that AFM examination revealed a homogeneously distributed, intact
Ti3CyTx MXenes layer generated on the SS316L substrate.

Roughness analysis was performed to complement the AFM mea-
surements. SS316L exhibits the smoothest surface, with a Ra parameter
of 0.69 + 0.09 nm. After the APDS-silanization step, the average
roughness increased to 2.84 + 0.80 nm, and after the last step of the
processing, the MXenes deposition, increased even further to 3.83 +
0.39. At this point, it should be mentioned that the small standard de-
viation of Ra values recorded for MXene-coated suggest that a uniform
and homogeneous layer of MXenes was created. In conclusion, both
qualitative and quantitative analysis of AFM evaluation results clearly
showed that the multi-step modification protocol described in this study
guaranteed an efficient way of steel surface modification.

The last step of the AFM examination was the assessment of the
thickness of the obtained MXenes layer on the scratched coatings. Based
on the recorded images, the thickness of the TizC,Ty flakes-based layer
deposited on SS316L was approx. 450 nm (data not shown).

(4]

Ti,C,T, MXene

Intensity (a.u.)

Ti,AIC, MAX Phase

TizC,T, MXene

Intensity (a.u)

Flake region C region
—_— T, region
T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 200 300 400 500 600 700 800
20 (°) Wavenumber (cm™)

Fig. 3. (A) XRD patterns of the Ti3AlC, MAX precursor and the synthesized Ti3C,Ty MXene, and (B) Raman spectra of Ti3C,Tx MXene.
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Fig. 5. AFM topographical images of the surface: (A) SS316L as a reference sample, (B) silanized SS316L, and (C) MXene-coated SS316L and AFM phase-contrast

images of: (D) SS316L, (E) silanized SS316L, (F) MXene-coated SS316L.

The further evaluation of obtained modified surfaces was carried out
by the Raman spectroscopy method, allows to study surface chemistry,
stacking, and quality of obtained Ti3Cy T, films. In Fig. 6, the respective
Raman spectra of uncoated SS316L, silanized SS316L and MXene-coated
SS316L are compared. No significant bands were observed for both
uncoated SS316L and silanized SS316L samples. On the other hand in
the MXene-coated sample, three main regions can be easily observed,
consistently with the MXene spectrum shown in the Fig. 3B and litera-
ture data reported by A. Sarycheva and Y. Gogotsi [36]. First one, within
ca. 150-250 cm ™! wavenumber range, refers to the flake region [35].
Second ranges between 200 and 500 cm ™! that can be related to the
in-plane vibrations of surface groups, while the third region, between
500 and 730 cm ™! is linked to the carbon atoms vibrations [36]. As
shown in Fig. 6 A as well as summarized in Table 2, fitted peaks were
assigned. Two peaks (centered at 145 and 241 cm™!) may indicate the
presence of TiO,, whereas other refer to Os-, Fo-, (OH)- and O
(OH)-terminated functional groups and corresponding carbon atoms

[36-38]. The results are in accordance with the Raman spectra by
applying 513 nm laser for Ti3CoTx MXene [36].

To verify the successful deposition of TigC2Tx MXene on the 316 L SS
substrates, XRD analysis was also performed on both uncoated and
MXene-coated samples. The XRD patterns of the uncoated SS316L sub-
strate displayed the characteristic peaks corresponding to the standard
phases of stainless steel [39]. However, the XRD patterns of the TizgCoTx
MXene-coated substrate revealed also a prominent characteristic peak of
Ti3CyTx at approximately 20 of 7.6 degrees. This distinct peak shows the
presence of the TigCoTx MXene layer on the surface of the SS316L sub-
strate, which correlates with the AFM and Raman results. The XRD
pattern of the uncoated SS316L and MXene-coated SS316L is shown in
Fig. 6B.

In our study, we intend to merge the excellent multifunctional bio-
properties of MXenes with a simple coating processing and commer-
cially applied implant-materials such as SS316L to improve their
biomedical performance. Thus, after the evaluation of the
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Fig. 6. (A) Raman spectra of uncoated (purple curve), silanized (red curve) and MXene-coated (blue) SS316L samples. Black line represents fitted spectrum for the
coated sample and the constituent peaks are marked with grey lines. Regions consistent with Fig. 2B spectrum and literature reported data [36] can be distinguished —
related to flake region, surface groups and carbon atoms vibrations, and (B) XRD pattern of the uncoated SS316L and MXene-coated SS316L.

Table 2
Peak parameters of the Raman spectra of Ti3C,T, films identified in accordance
with literature data.

1

Peak position [cm™ "] Identification Source
145 TiO4 [37]
196 Ti,CF,, TioC(OH),, [36,38]
241 Ti,CF,, TiO, [36,38]

TizC20(0OH)
282 TioCF,, TizCa(OH)y [36,38]
367 Ti3C20, [36]
399 Ti3C2(OH), [36]
428 TizC,O(OH) [36]
568 Ti3C205 [36]
616 TizC2(OH), [36]
660 TizC,0(OH) [36]
718 Ti3C202 [36]

Basic medium

physicochemical features of the newly developed MXene-coatings on
SS316L, the biological evaluation in regard to biocompatibility, differ-
entiation potential, and further bactericidal functionalities was con-
ducted. The preliminary cytocompatibility tests were performed by
applying standard live/dead-staining according to the ISO-norm
10993-5. Here, human mesenchymal stem cells (hMSCs) viability,
attachment, and growth were evaluated. Fig. 7 summarizes represen-
tative fluorescence images of hMSCs seeded on uncoated SS316L and
MXene-coated SS316L surfaces after one, three, and seven days of in-
cubation in either basic or differentiation media for cell culture. Stained
cells attached to the reference sample exhibited widely spread mor-
phologies, indicating good attachment to the substrate surfaces [40]. No
significant differences were observed in the morphologies of
MXene-coated samples demonstrating overall good viability.

To further quantify the viability and proliferation kinetic, Ala-
marBlue assays have been conducted (Fig. 8). The significantly higher
amount of adhered cells were detected on the MXene-coated surfaces in
both evaluated cell culture media, indicating enhanced cell-recruitment
on the MXene-modified surfaces. In the basic cell culture media (Fig. 8

Differentiating medium

11!1 100pm
111! 100pm

Fig. 7. Live/dead staining of human mesenchymal stem cells to assess the cytotoxicity of the SS316L uncoated samples and MXene-coated samples. Cells were
incubated for 1, 3, and 7 days and then stained with calcein and PI to visualize green fluorescent viable cells and red fluorescent dead cells.
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left) rather low proliferation was detected on the MXene-coated samples
compared to the uncoated SS316L substrates. As expected, due to the
differentiation medium, which supports differentiation but in parallel
inhibits proliferation signals, low proliferation rates were measured on
both, SS316L and MXene-coated substrates in the differentiation me-
dium (Fig. 8 right).

The results of proliferation are in great accordance with the pre-
liminary differentiation evaluation. (Fig. 9). In the basic medium, the
cell mineralization was more pronounced on the MXene-coated sub-
strates in comparison to uncoated SS316L, designating a significantly
higher osteogenic differentiation potential on MXene-films. Also, in the
differentiation medium, the stem cells exhibited improved osteogenic

differentiation, compared to the basic medium. Moreover, here the
significantly higher cell mineralization was detected again on MXene-
coated substrates, showing the clear tendency of osteogenic differenti-
ation potential of newly developed coatings. Remarkably, a significantly
higher ALP signal was measured on MXene films in the basic medium
than on SS316L even in the differentiation medium, demonstrating a
osteogenic differentiation ability and a major influence on the hMSC-
MXene interfacial interactions. The findings point to important char-
acteristics of the MXene coating when it comes into touch with hMSC.
Even though, the ALP evaluation is the first indication of possible
osteogenic differentiation and the further research is required, the out-
comes are highly promising.
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Fig. 9. Cell mineralization determined by ALP assay. Results presented as average =+ standard deviation (n = 3), statistical significance: one-way-ANOVA with Fisher
LSD post hoc test, p**<0.01, p***<0.001 (in order to not clutter the figure, only significance between sample groups with and without coating was provided).
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The cellular responses and interactions with the surfaces are strongly
influenced and controlled by the chemical composition, surface
morphology, surface potential, and hydrophobicity [41]. As can be seen
in Table 1, the TizCyTy flakes contain functional groups like -F, -OH, and
-0, which are highly electronegative. These functional groups on the
MXene-coated substrates can create a negatively charged microenvi-
ronment that can be beneficial in promoting the healing of bone defects
shown in previous studies [42]. Furthermore, the negatively charged
hydroxyl groups on Ti3CyTx may interact with proteins and create
hydrogen bonds, which can further impact cell differentiation [43]. As
explained in the previous parts, the typical wrinkle-like morphology was
seen on the MXene-coated substrates, and the roughness of the coated
samples increased in comparison to the uncoated samples. It was sug-
gested that the wrinkled nanotopography can enhance cell-substrate
interactions by providing additional attachment sites for cellular adhe-
sion [44]. Zhang et al. evaluated the osteogenic activity of TizCyTx
MXene films by culturing the MC3T3E1 cells on both Ti3CyTx MXenes
films and glass as a control [45]. It was shown that the ALP activity of
cells cultured on Ti3CyTy MXene films was considerably higher when
compared to cells grown on glass, regardless of whether they were
cultured in osteogenic medium or basic medium. Also, TizCyTx as
nanoparticles or membranes have been already proposed as suitable
materials for promoting the osteogenic differentiation of hMSC cells
[46]. Jang et al. suggested electrophoretic deposition of Ti3CTx on ti-
tanium surfaces and proved the osteogenic differentiation potential of
the MXene-coatings. The results are in accordance with our findings,
confirming the possible application sector for these materials.

Besides improved interaction with hMSC, an antibacterial behavior
of MXene-coating has been proved. Our results confirmed antibacterial
features of TizCyTx coatings against both Gram-positive S. aureus as well
as Gram-negative E. coli bacteria, as presented in Fig. 10. A significant
lower number of bacteria was adhered on the coated SS316L surface,

A S. aureus ATCC 25923

Control

SS316L

$5316L + Ti,C,T,

E. coli ATCC 25922
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especially in the case of Gram-positive bacteria. After 4 h of sample
incubation with bacteria, only single S. aureus bacteria were adhered.
Similar observation in regard to free MXene flakes was reported else-
where [21]. This characteristic, combined with the MXene coatings’
ability to enhance osteogenic differentiation of hMSCs, may contribute
to reducing the risk of infection and promoting better integration of
implants. The fluorescence images further support the potential of
MXene-coated surfaces to inhibit bacterial growth compared to control
materials—TCPS and SS316L.

A significant lower number of bacteria was adhered on the coated
SS316L surface, especially in the case of Gram-positive bacteria. After
4 h of sample incubation with bacteria, only single S. aureus bacteria
were adhered. Similar observation in regard to free MXene flakes was
reported elsewhere [21]. Clinical studies suggest that S. aureus is the
primary pathogen responsible for initiating peri-implantitis. Moreover,
Li et al. reported results very similar to our findings, indicating that thin
nanofilms generated from nanomaterials such as graphene oxide
modified by lysozymes can provide both superior antibacterial activity
and enhanced osteogenic differentiation [47]. This characteristic,
coupled with its capacity to enhance osteogenic differentiation in
human mesenchymal stem cells (hMSCs), may help inhibit the inflam-
matory response triggered by bacterial biofilms and, simultaneously,
prevent the destruction of bone supporting the implant. The fluores-
cence images prove an inhibiting bacteria growth potential of
MXene-coated surfaces, comparing to the control materials - TCPS and
SS316L. The area occupied by bacteria was calculated based on fluo-
rescence microscopy images (Fig. 9A). In the plots presented in Fig. 9B
and C, the total area occupied by bacteria differs for S. aureus and E. coli.
For the Gram-positive S. aureus, the total area occupied by bacteria after
4 h of incubation is the largest for the control samples (6.99 %) and
comparable to those for bare SS316L and SS316L + Ti3CyTx (0.77 % and
0.37 %, respectively). For E. coli, the number of bacteria at the surface

.
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Fig. 10. (A) Fluorescence microscope images of the tested surfaces in contact with suspension of bacteria S. aureus ATCC 25923 or E. coli ATCC 25922. Scale bar
corresponds to 100 um, (B) and (C) total area occupied by S. aureus and E. coli bacteria strains after 4 h of incubation with the control, SS316L, and SS316L + Ti3CyTy
samples. Statistical significance: one-way-ANOVA with post-hoc T2 Tamhane, p**<0.01, p***<0.001.
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Fig. 11. Scanning electron microscope evaluation of S. aureus (left) and E. coli (right) bacteria species on SS316L and SS316L + Ti3C,Ty samples after 24 h of in-
cubation to evaluate biofilm formation. The morphological changes of bacteria membranes can be observed.

for the control sample (25.21 %), while for bare SS316L and SS316L +
TigCyTx, the total area occupied by bacteria is 9.06 % and 0.96 %,
respectively. In summary, the TisC,Ty MXene coating demonstrates a
statistically significant strong anti-adhesion effect for both bacterial
strains, with a particularly pronounced impact against Gram-negative
bacteria (E. coli). Similar results were obtained by the research group
of Shamsabadi et al., who also observed reduced adhesion of bacteria on
their surfaces [24]. Furthermore, SEM images after a 24-hour exposure
of bacteria to the tested surfaces show alterations in bacterial
morphology, particularly noticeable in Gram-negative bacteria. SEM
images of bacteria post-interaction with these surfaces revealed severe
membrane damage and cytoplasmic leakage, induced by the Ti3CaTx
surfaces, emphasizing the antibacterial mechanism of these materials.
Other studies have corroborated these findings, highlighting compara-
ble changes in bacterial morphology and damage [48].

Several possible mechanisms for antibacterial events of TizCyTx
MXene are proposed [21]. One of them suggests the huge specific sur-
face area of Ti3CoTx with plenty of negatively charged terminations as
the main triggering factor to generate a repulsive force against the
negatively charged bacterial cell membrane, preventing bacteria adhe-
sion [21]. On the other hand, the production of reactive oxygen species
(ROS) by TisCyTx can also contribute to bacterial death by causing
oxidative stress and, in consequence damage to the bacterial membrane
[21]. Jastrzebska et al. indicated that the atomic structure of MXene
plays an important role in determining its antibacterial activity since
TigCyoTx exhibited antibacterial properties in opposite to Ti,C [48].
Nevertheless, according to the reports of antibacterial features of
GO-films on conducting substrates, we suspect that due to the changes in
electrical conductivity of Ti3C,Tyx MXene, the inhibited electrons trans-
fer from bacteria membrane to the material surface is one of the most
probable antibacterial mechanisms for Ti3CyTx-SS316L junctions
[49-51]. The electrical conductivity of such thin nano films is deter-
mined by their terminations and can be significantly changed due to the
aging events. In the presented Raman spectra, Tx could be clearly
assigned as Oz-, (OH)2-, O(OH)-, and Fy- as surface terminations.
Moreover, Ti3CoTx MXenes are susceptible to oxidation and thus, to
generation of anatase TiO nanocrystals integrated in amorphous C
phase, as proven by Raman evaluation [52]. Formation of the new phase
can negatively affect the electrical conductivity of the coating, which
can be reduced from 20,000 S cm toaslowas1Scm?! [53,54]. As a
consequence, the electron transfer from bacteria membranes to the
substrate may be inhibited, determining generation of the reactive

10

oxygen species (ROS) and thus to the bacteria death. This can explain
the phenomenon, that the aged Ti3C2Tx MXenes shows improved anti-
bacterial properties in comparison to the fresh ones [55]. However, this
aspect needs to be further investigated by determining the surface po-
tential values as a function of time/aging/oxidation state of TizCyTy
MXene coatings. Although this study establishes a foundational under-
standing of MXene-coated SS316L surfaces as potentially antibacterial,
comprehensive mechanistic studies and long-term efficacy assessments
are essential for translating these findings into effective clinical
solutions.

In our study, we propose a coating technique by applying MXene-
nano materials. The evident stimulation of cell differentiation trig-
gered by TisCoTx-MXene coatings underlines their great potential as
implant surface tuners to improve osseointegration of medical implants
with reduced risk of infection development due to their unique anti-
microbial properties. However, the antibacterial and osteogenic differ-
entiation potentials at the MXene-modified interface are mutually
dependent, thus a better understanding of both mechanisms, including
comprehensive studies in regard to e.g. electron transfer, is crucial to
fully control the interfacial reactions and thus to be able to translate the
coatings to medical applications.

4. Conclusions

In this work, Ti3CyTx MXene films have been successfully immobi-
lized on SS316L substrates using a unique and simple coating technique.
The results suggest that coating SS316L with Ti3C,Ty MXenes can be an
effective approach to improving the biological properties of the surface.
The samples coated with TizCyTx MXene films have shown osteogenic
differentiation even without a differentiation medium, indicating its
potential for enhancing bone regeneration. Furthermore, the demon-
strated antibacterial activity against both Gram-positive and Gram-
negative bacteria provides an additional benefit in reducing the risk of
infection. Future research should further investigate the mechanisms
behind these multifunctional properties and to optimize the coatings for
clinical implementation.
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