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a b s t r a c t

Two-dimensional transition metal carbides/carbonitrides known as MXenes are rapidly growing as mul-
timodal nanoplatforms in biomedicine. Here, taking SARS-CoV-2 as a model, we explored the antiviral 
properties and immune-profile of a large panel of four highly stable and well-characterized MXenes - 
Ti3C2Tx, Ta4C3Tx, Mo2Ti2C3Tx and Nb4C3Tx. To start with antiviral assessment, we first selected and deeply 
analyzed four different SARS-CoV-2 genotypes, common in most countries and carrying the wild type or 
mutated spike protein. When inhibition of the viral infection was tested in vitro with four viral clades, 
Ti3C2Tx in particular, was able to significantly reduce infection only in SARS-CoV-2/clade GR infected Vero 
E6 cells. This difference in the antiviral activity, among the four viral particles tested, highlights the im-
portance of considering the viral genotypes and mutations while testing antiviral activity of potential drugs 
and nanomaterials. Among the other MXenes tested, Mo2Ti2C3Tx also showed antiviral properties. 
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Viral clades 
Nanomedicine 
Single cell mass cytometry 

Proteomic, functional annotation analysis and comparison to the already published SARS-CoV-2 protein 
interaction map revealed that MXene-treatment exerts specific inhibitory mechanisms. Envisaging future 
antiviral MXene-based drug nano-formulations and considering the central importance of the immune 
response to viral infections, the immune impact of MXenes was evaluated on human primary immune cells 
by flow cytometry and single-cell mass cytometry on 17 distinct immune subpopulations. Moreover, 40 
secreted cytokines were analyzed by Luminex technology. MXene immune profiling revealed i) the ex-
cellent bio and immune compatibility of the material, as well as the ability of MXene ii) to inhibit mono-
cytes and iii) to reduce the release of pro-inflammatory cytokines, suggesting an anti-inflammatory effect 
elicited by MXene. We here report a selection of MXenes and viral SARS-CoV-2 genotypes/mutations, a 
series of the computational, structural and molecular data depicting deeply the SARS-CoV-2 mechanism of 
inhibition, as well as high dimensional single-cell immune-MXene profiling. Taken together, our results 
provide a compendium of knowledge for new developments of MXene-based multi-functioning nanosys-
tems as antivirals and immune-modulators. 

Introduction 

From the very beginning of the coronavirus disease 2019 (COVID- 
19) pandemic, caused by the novel SARS-CoV-2, scientists with di-
verse backgrounds have converged in an effort to deal with this 
emergency [1–3]. In addition to extensive pre-clinical and clinical 
trials carried out for the design of drugs and vaccines, various 
research efforts are being conducted to achieve better viral 
inactivation strategies outside the patients, such as the development 
of self-disinfecting surfaces or personal protective equipment (PPE). 
In this view, we and others have recently highlighted how nano-
technology and 2D nanomaterials can offer new approaches to cope 
with the COVID-19 pandemic and infectious diseases in general, 
including future pandemics [4–17]. The fact that lipid nanoparticle- 
based vaccines have already obtained approval by the US Food and 
Drug Administration and European Medical Agency shows that 
expertise and knowledge developed in the field of nanomedicine has 
enabled nanoparticle-based vaccine trials to take place in the fight 
against COVID-19 [18–21]. Therefore, research to advance our un-
derstanding of nanomaterial behavior in biological systems is crucial 
to tackle any future life-threatening disease. 

The rational design of nanomaterials, characterized by specific 
physicochemical properties, turns them into active platforms en-
dowed with different activities exploitable in biomedicine [4,22–24]. 
In particular, two-dimensional (2D) nanomaterials have been in-
vestigated for a wide range of biomedical applications, including 
cancer theranostics, biosensors and antimicrobial platforms [25–29]. 
In 2011, the novel class of 2D materials was discovered; transition 
metal carbides/nitrides (MXenes) [30,31]. Since then, more than 30 
stoichiometric members of this family have been successfully syn-
thetized, along with tunable solid-solution MXenes, and more than 
100 other forms of MXenes have been predicted in silico [32–34]. 
MXenes have the general formula Mn+1XnTx, where M is an early 
transition metal (Ti, Nb, V, etc.), X is C and/or N, n is 1–4, and Tx 

represents the surface terminations (typically, O, OH, F, and Cl) [33]. 
Due to their wet chemical etching route and surface terminations, 
MXenes are natively hydrophilic and negatively charged [35–37]. In 
particular – and almost unique among other 2D nanomaterials - the 
hydrophilic nature allows to easily integrate MXenes within 
common biomedical platforms without the need of any specific 
functionalization or surfactant. 

It has been reported that 2D materials can show antimicrobial 
activity against bacteria, virus, and fungi [25,38–40]. For instance, 
numerous studies evaluated the antibacterial effectiveness of var-
ious graphene-based materials (GBMs), with different lateral size, 
thickness, functionalization and conjugation to polymers or metal 
nanoparticles [25], delineating the underlying mechanisms behind 
this activity (e.g., oxidative stress, inhibition of electron transports, 
direct contact with bacteria membrane and mechanical damage)  

[41–43]. To date, there have been numerous studies conducted on 
MXenes, showing their potential for a number of biomedical appli-
cations, including antibacterial properties [39,44–53], as we pre-
viously demonstrated for Ti3C2Tx [49–51,54]. In addition to 
antibacterial activity, a few studies have demonstrated the potential 
application of 2D materials as antivirals [52,53,55–57]. However, no 
study so far has explored the antiviral activity of MXenes. Therefore, 
considering the intrinsic properties of MXenes and encouraged by 
our previous finding on their potential applications in the anti-
microbial field, here we explore an in-depth antiviral behavior 
against four different SARS-CoV-2 genotypes on a large panel of 
MXenes in four different forms. 

Moreover, in order to use any 2D material for biomedical 
applications, their biocompatibility and toxicity profile should be 
clearly and thoroughly assessed in order to envisage their potential 
applications [26,27]. Any exposure to these nanomaterials will 
result in immediate recognition by immune cells, the body’s first 
line of defense against exogenous agents [58,59]. In this context, as 
we recently introduced by the nanoimmunity-by-design concept, 
the specific nanomaterial physicochemical properties can dictate 
their reactivity and interactions with immune cells [23]. This 
makes the assessment of the health and safety risks a challenging 
field, hampering their implementation into biomedical applica-
tions [23,60,61]. Moreover, the immune system reaction and 
cytokine storm syndrome are important factors in the progression 
of COVID-19 and as well as in other disease. It is therefore urgent to 
dissect the immune impact of MXene to foster its full potential. 
None of the studies present in literature reports a deep immune 
profile of MXenes at the single-cell level. In this study, simulta-
neously with its antiviral activity, we fully explored the immune 
cell compatibility of MXenes. 

In this study, following material synthesis and characterization, 
we performed detailed antiviral and deep-immune profiling ex-
perimentation (Fig. 1A). We first delineated the antiviral activity 
simultaneously of four different highly stable MXenes: Ti3C2Tx, 
Ta4C3Tx, Mo2Ti2C3Tx and Nb4C3Tx. We selected four viral genotypes 
from the viral repository of the Microbiology References Laboratory 
in Turkey. We then assessed the viral inhibition by quantification of 
viral copy numbers and viability of Vero E6 cells. Based on this, we 
performed in silico molecular docking and proteomic analysis to 
reveal the mechanism of viral inhibition. Finally, because each im-
mune subpopulation can play a different role with possible reactions 
to MXene-based clinical nanomedicine, we performed viability, ac-
tivation assay by flow cytometry and a wide analysis on cytokine, 
chemokines production by Luminex. An in-depth analysis at the 
single-cell level towards 17 primary human immune cell sub-
populations was then performed by single-cell mass cytometry 
looking at the impact on viability and their functionality by cytokine 
production. 
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Fig. 1. Study design and material characterization. A) Overview of the study design. B) Images of aqueous suspensions of MXene C) Crystal structure of the 2D materials. Ti3C2Tx: 
Ti (blue), Tx (O, OH, F) (brown), C (grey); Mo2Ti2C3Tx; Mo (pink), Ti (blue) Tx (brown), C (grey); Nb4C3Tx and Ta4C3Tx: Ti (blue), Tx (brown), C (grey). D) X-ray diffraction (XRD) 
patterns of the MAX phase precursors used for synthesis of the MXenes. E) XRD patterns of vacuum-filtered MXene films after synthesis. Dynamic light scattering (DLS) of F) 
Mo2Ti2C3Tx, G) Nb4C3Tx, H) Ta4C3Tx, and I) Ti3C2Tx showing the flake size distributions of the MXenes used in this study. Scanning electron microscopy (SEM) images of J) 
Mo2Ti2C3Tx, K) Nb4C3Tx, L) Ta4C3Tx, and M) Ti3C2Tx MXenes used in this study. 
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Results 

To start with, MXenes (Fig. 1B, C) were produced by selectively 
etching Al from MAX phases (details in SI). X-ray diffraction (XRD) 
patterns of the precursor MAX powders (Ti3AlC2, Nb4AlC3, 
Mo2Ti2AlC3, and Ta4AlC3) and delaminated MXenes (Ti3C2Tx, 
Nb4C3Tx, Mo2Ti2C3Tx, and Ta4C3Tx) are shown in Fig. 1D, E respec-
tively. The MAX phases have p63/mmc space group, with the (00l) 
and (110) peaks labeled. For Ti3AlC2, the (002) peak is located at 
9.54° (9.26 Å), and after etching and delamination with tetra-
methylammonium hydroxide (TMAOH), the peak shifts to 5.94° 
(14.78 Å) for Ti3C2Tx. Similar trends are observed for the other MAX 
to MXene conversions, indicating successful removal of the Al layers 
for all MXenes studied here. In the MXene XRD patterns, only the 
(00l) peaks remain, indicating successful etching and delamination, 
with no impurities remaining in the MXene colloid [62]. Dynamic 
light scattering (DLS; Fig. 1F-I) was used to characterize the average 
flake size in the MXene colloids, indicating that the Ti3C2Tx flakes 
were on average 280 nm, with flakes up to 1 µm in size; Mo2Ti2C3Tx, 
Nb4C3Tx, and Ta4C3Tx had average flake sizes of 370, 150, and 810 nm, 
respectively. Scanning electron microscopy (SEM; Fig. 1J-M) was 
used to confirm successful delamination of the MXene flakes. From 
the representative image, the flakes used in this study are confirmed 
to be single layers (about 1 nm in thickness), with sizes commen-
surate with DLS. They have O, OH and F on the surface, which affect 
their chemical properties and biological activity [62–64]. 

The Global Initiative on Sharing All Influenza Data (GISAID) 
platform was established in 2008 in order to offer data sharing 
mechanism for influenza researchers, scientists and health officials 
to share all influenza genetic and related data. Following the emer-
gence of SARS-CoV-2 in December 2019, GISAID started to share 
genomes deposited from all around the world (Fig. 2A) which also 
led to the introduction of a nomenclature system for major clades, 
based on marker mutations (https://www.gisaid.org) in reference to 
the complete genome of the first isolate from Wuhan [65]. Currently, 
the platform classifies SARS-CoV-2 genomes into 8 clades and 
among which GR, GH and S clades have been identified in most of 
the countries, whereas the genomes from the clade designated as 
other is more specific to locations (Fig. 2A). The viral particles used 
in this study were obtained from the repository of the Microbiology 
Reference Laboratory in Turkey and all the genomes have been 
previously sequenced and classified by GISAID (Fig. 2B and C). In 
order to cover a wider range of SARS-CoV-2 genotypes present in 
most countries and carrying wild type or mutated viral proteins, we 
have selected 4 clades (GR, GH, S and other) to test in this study. 
Especially the mutations such as D614G on the spike have been re-
ported to be very important in viral infectivity [66–69]. Mutations 
arising in different countries take the attention of all human beings, 
but especially more for scientists working to develop drugs or vac-
cines against SARS-CoV-2. For this reason, to be able to delineate the 
widespread coverage of antiviral activities of MXenes, viral geno-
types carrying the wild type (clade “other”) and mutated spike 
(clades GR, GH and S) have been included in this study. 

For evaluating MXene antiviral activity towards SARS-COV-2, we 
first selected Ti3C2Tx, the most widely used MXene type for biome-
dical applications. In vitro viral infection against SARS-CoV-2 was 
performed in the presence of the material in Vero E6 cells by using 
the four selected different viral clades. Vero E6 cells are widely used 
in viral studies in literature due to their suitability for propagating 
replicative viruses [68,69]. In order to quantify viral copy number, 
culture supernatants after viral infection were analyzed via qRT-PCR. 
As shown in Fig. 3A, when cells were infected with SARS-CoV-2 in 
the presence of Ti3C2Tx, the viral copy number of GR clade was 
significantly reduced at every dilution tested, as compared to the 
cells treated with the virus alone; more than 99% inhibition was 
achieved already at 1:3,125 dilution. On the other hand, for the other 

genotypes, no significant effect was observed (Fig. 3B–D). This 
finding critically suggests the importance of considering the viral 
genotypes and mutations while testing antiviral activity of nano-
materials and any other candidate molecule. Indeed, the presence of 
D614G mutation on spike, which has been found to be in GR and GH 
genotypes in our study (Fig. 2C), has been shown to increase viral 
infection by creating structural changes at the receptor binding do-
mains of viral particles to ACE2 receptors [66–69]. To further cor-
roborate the inhibition phenomenon observed in GR clade, we 
assessed the viability of Vero E6 cells following infection. The via-
bility of Vero E6 cells was significantly improved in the presence of 
the material, as compared to the cells treated with the virus alone 
(Fig. 3E). Also, no toxicity was observed when the cells were treated 
with only the nanomaterial (Fig. 3F); Ti3C2Tx showed antiviral ac-
tivity starting from 1:3,125 dilution. IC50 concentration was equal to 
0.32 μg/mL, which is effective considering the usual doses (below 
100 μg/mL) used in the biomedical field [22,28,29]. Based on these 
findings, we selected viral particles from the clade GR to test other 
MXenes: Ta4C3Tx, Mo2Ti2C3Tx and Nb4C3Tx. As shown in Fig. 2, 
Ta4C3Tx and Nb4C3Tx did not show any significant change in viral 
copy number (Fig. 4A and C) whereas Mo2Ti2C3Tx was able to induce 
more than 95% of viral inhibition at 100 µg/mL (Fig. 4B). Titanium 
oxide (TiO2) nanoparticles were used as a nanoparticle control group 
(Fig. 4D) in order to show that MXene dependent viral inhibition was 
not only due to the presence of titanium in the structure. Finally, in 
order to further examine the effect of non-Ti MXenes on other clades 
of SARS-CoV-2, we have performed the antiviral activity assessment 
of the Ta4C3Tx and Nb4C3Tx on the clades S and “other”. The geno-
types from these two clades have mutations specifically different 
than the D614G one which have been already tested in the clades GR 
and GH. Results showed that similar to the response obtained with 
the clade GR, there is no antiviral activity obtained with these ma-
terials (Fig. 4E and F). 

We then selected Ti3C2Tx, the most potent of the tested materials 
against SARS-CoV-2 particles, as a model to investigate the me-
chanisms underlying its antiviral activity. To this end, we carried out 
in silico molecular docking analysis to study the MXene targeted 
proteins and pathways during viral pathogenesis. The interactions of 
Ti3C2Tx with different SARS-CoV-2 protein domains that have been 
shown to be the most important for SARS-CoV-2 infection were in-
vestigated[70] (Fig. 5A, B). The binding energies involved during 
these interactions were not found to be high or show any viral 
protein domain-dependent variation (Fig. 5A). When the types of 
bondings were analyzed, although various weak interactions have 
been detected including metal, pi-alkyl, alkyl or van der Waals, hy-
drogen bonding was not observed (Fig. 5B and Fig. S1). 

The binding energies of Ti3C2Tx with viral proteins were found to 
be similar to each other, suggesting that there could be other ef-
fective targets or important pathways in the viral infection cycle. 
Therefore, a proteomic analysis was performed to better explain the 
mechanism behind the viral inhibition. We performed LC-MS/MS 
analysis of Vero E6 cells following material exposure. The proteome 
analyses revealed a total of 158 differentially expressed proteins. 
Among them, upon material treatment, 90 proteins were up-regu-
lated and 68 down-regulated (p  <  0.05). The proteins were classified 
by gene ontology (GO) annotation according to molecular function, 
biological process and cellular compartment. The analysis contains 
several cellular compartment (CC) ontology terms and shows a high 
proportion of proteins associated with extracellular exosome which 
is known to be associated with membrane trafficking (Fig. 5C). Many 
proteins were also assigned to GO Biological Process (BP) and Mo-
lecular Function (MF) terms and the results demonstrated a high 
prevalence of proteins with nucleosome assembly and poly(A) RNA 
binding activity, respectively (Figs. S2A and B). The KEGG pathways 
with the most significant change in material treatment are asso-
ciated with metabolic pathways, viral carcinogenesis and RNA 
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Fig. 2. SARS-CoV-2 characterization: geographical distribution, phylogeny, genotypes and mutations identification. A) GISAID clades of SARS-CoV-2 are represented according to 
their geographical distribution and phylogeny. Genomes (3510) sampled by GISAID between Dec 2019 and Dec 2020 are pictured (www.gisaid.org) and selected clades (GR, GH, 
Others and S) within this study are highlighted in black boxes. B) Details of viral genotypes and mutations used in this study. Four different viral clades of SARS-CoV-2 were used, 
mutations and GISAID classification of each genotype are provided. C) The phylogenetic tree of the studied viruses in reference to the Wuhan-Hu-1/2019. 
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Fig. 3. Antiviral activity of Ti3C2Tx on the infection of selected genotypes and mutations of SARS-CoV-2. Vero E6 cells were infected with SARS-CoV-2 in the presence of Ti3C2Tx at 
different dilutions (from a stock concentration of 1.1 mg/mL) and after 48 h, viral copies in cell culture supernatant were analyzed via qRT-PCR. The four different viral genotypes 
selected and characterized: A) GR, B) GH, C) S and D) other. E) Vero E6 cells were infected with SARS-CoV-2 in the presence of Ti3C2Tx at different dilutions (from a stock 
concentration of 1.1 mg/mL) and after 48 h, viability of cells was assessed and percentage of viability was plotted. F) Toxicity of Ti3C2Tx was determined in Vero E6 cells following 
material exposure for 4 h. Percentage of viability was assessed via LDH assay. Statistical differences: *p  <  0.05; ***p  <  0.001 compared to only virus group. Three independent 
samples were analyzed for each sample group. 
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Fig. 4. Antiviral activity of a panel MXenes and TiO2 nanoparticles on SARS-CoV-2 infection. Vero E6 cells were infected with SARS-CoV-2 (clade GR) in the presence of a panel of 
Mxenes A) Ta4C3Tx, B) Mo2Ti2C3Tx and C) Nb4C3Tx at different material concentration. Viral copy numbers in cell culture supernatant were analyzed via qRT-PCR. D) TiO2 

nanoparticles were used as a comparative group. Vero E6 cells were infected with SARS-CoV-2 (clade GR) in the presence of TiO2. Viral copies in cell culture supernatant were 
analyzed via qRT-PCR. In order to evaluate the activity of non-Ti MXenes (Ta4C3Tx and Nb4C3Tx) in detail, Vero E6 cells were infected with SARS-CoV-2 from E) clade S and F) clade 
“other” in the presence of materials at different concentration. Viral copy numbers in cell culture supernatant were analyzed via qRT-PCR. Statistical differences: *p  <  0.05; 
***p  <  0.001 compared to only virus group. Three independent samples were analyzed for each sample group. 
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transport (Fig. 5D). A genome-wide overview of the Reactome 
pathway analysis identified that cell cycle and DNA repair are the 
over-represented pathways within the analyzed proteins (Fig S3). 

Shortly after the start of the pandemic, the SARS-CoV-2 protein 
interaction map was published in Nature by Gordon et al. [71]. In 
this study, 26 of the 29 SARS-CoV-2 proteins were cloned and ex-
pressed in human cells which allowed the identification of the 
human proteins physically associated with each viral protein using 
affinity-purification mass spectrometry. Authors have reported that 
among these protein interactions (in total of 2749) between SARS- 
CoV-2 proteins and human proteins, 332 were high-confidence 
proteins. A comparison analysis between our dataset and the sig-
nificantly interacted proteins from the study by Gordon et al. (332 in 
total) revealed that a total of 59 SARS-CoV-2 interacted proteins are 
also identified in the Ti3C2Tx protein dataset (Table S1). Among them, 
GNG5, GRPEL1 and NUTF2 are significantly interacted proteins when 
compared to Gordon et al. [71] (Fig. 5E). The Reactome pathway 
analysis of these 59 overlapping proteins showed that cell cycle and 
metabolism of RNA are the most represented pathways for those 
overlapped proteins (Fig. 5F). The network analysis for the 332 sig-
nificantly interacted SARS-CoV-2 proteins and 59 overlapped dif-
ferentially expressed proteins of material response shows numerous 
connections between the proteins (Fig. S4). The significantly inter-
acted proteins, GNG5, GRPEL1 and NUTF2, were all upregulated 
compared to the untreated control, based on our proteomic analysis 
(2.8-, 3- and 2-fold increase, respectively). According to Gordon 
et al., GNG5, GRPEL1 and NUTF2, interact with viral NSP7, NSP10 and 
NSP15, respectively. NSP7 have been reported to be important in 
membrane trafficking and G-protein coupled receptor (GPCR) sig-
naling in SARS-CoV-2 infection. Similarly, NSP15 is involved in ve-
sicle trafficking as well as nuclear transport machinery. Furthermore, 
NSP7 and NSP10 are among several proteins which can modify en-
domembrane compartments to favor Coronavirus entry and re-
plication [71]. In addition to this protein interaction map by Gordon 
et al., other studies have also identified these pathways to be de-
terminant in inhibiting viral infection [72–78]. Taken together, 
docking analysis, proteomics data, comparison with SARS-CoV-2 
protein interaction map provided us the data to depict the me-
chanism of MXene-dependent antiviral activity (Fig. 6). As described 
above, Ti3C2Tx treatment results in interference with viral life cycle 
through the interaction with certain SARS-CoV proteins such as 
NSP7, NSP10 and NSP15. These viral proteins are involved at different 
pathways and biological processes including membrane trafficking, 
GPCR signaling, mitochondrial function, metabolic pathways and 
viral replication. Therefore, MXene has the ability to exert antiviral 
activity through modulating these viral proteins and pathways im-
portant for viral propagation (Fig. 6). 

Considering that vaccines now in use for SARS-CoV-2 are based 
on nanoparticle based drug delivery systems [14–17], and all the 
multiple potentialities of MXene in nanomdicine, together with the 
fact that the immune cells functionality play a critical role in every 
disease including COVID-19, we next evaluated the biocompatibility 
of Ti3C2Tx MXene towards human immune cells. Immortalized 
human T lymphocytes (Jurkat cells) and human peripheral blood 
mononuclear cells (PBMCs), purified from healthy donors, were 
treated with Ti3C2Tx for 24 h. After treatment, PBMCs were stained 
with Fixable Viability Stain 780 to detect necrotic cells, and EtOH 
70% was used as positive control. MXene did not induce any 

significant loss of Jurkat cell (Fig. S5) or PBMC viability as compared 
to the control (Fig. 7A, Figs. S5D-E and S6A). In addition, Ti3C2Tx did 
not induce any cytotoxic effect also considering CD4 + T cells (Fig. 7B,  
Fig. S6D) and CD8 + T cells (Fig. 7B, Fig. S6E). The same results were 
obtained when the cytotoxicity was evaluated in the total number of 
monocytes (Fig. 7C, Fig. S6F), as well as in classical monocytes 
(C. monocytes) (CD14high CD16-, Fig. 4D, Fig. S6G), intermediate 
monocytes (Int. monocytes) (CD14high CD16+, Fig. 4D, Fig. S6H), and 
in non-classical monocytes (N.C. monocytes) (CD14low CD16 +,  
Fig. 7D, Fig. S6I). The anti-inflammatory effects of Ti3C2Tx were va-
lidated also on stimulated PBMCs population. The level of CD25 
activation marker significantly decreased for the PBMCs samples 
treated with Ti3C2Tx + LPS when compared to the negative control 
and positive control LPS (Fig. S7H and I), confirming a potential anti- 
inflammatory effect of the nanomaterial. Similarly, the TNFα levels, 
measured in the supernatants of treated PBMCs, significantly de-
creased also in correspondence with the treatment with Ti3C2Tx 

+ LPS with respect to the positive control LPS. 
To gain a comprehensive view of Ti3C2Tx impact on 17 different 

immune cell subpopulations, we took advantage of single-cell mass 
cytometry (CyTOF) technology. CyTOF became a well-established 
platform for the most powerful high-dimensional single-cell ana-
lysis approaches enabling to discern multiple cellular populations 
while simultaneously revealing many factors of cellular behavior in a 
single cell manner [79]. PBMCs were treated with Ti3C2Tx (50 μg/mL) 
for 24 h or left untreated, and EtOH 70% was used as positive control. 
Following a similar strategy previously reported by us [79], PBMCs 
were initially gated to discriminate 9 immune cell types according to 
the expression profile of ten clusters of differentiation (CD) markers 
present on their cell surface; then we further studied the expression 
of seven more CD markers to dissect all T cells and B cells sub-
populations to a total of 17 cell subpopulations finally identified. The 
single-cell resolution plot was constructed by applying the viSNE 
computational approach [80], and nine significant CD 45 + immune 
cell populations were identified. In detail: T helper cells (Th. cells), 
cytotoxic T cells (Ct. T cells), C. monocytes, Int. monocytes, N.C. 
monocytes, natural killer cells (NKs), B cells, myeloid and plasma-
cytoid dendritic cells (mDCs and pDCs, respectively) (Fig. 7E). 

Cisplatin (Cis) staining, that takes advantage of the ability of 
cisplatin to enter into both late apoptotic and necrotic cells [81], was 
performed to assess cell viability of PBMC populations at the single- 
cell level (Fig. 7F) and represented as heat map (Fig. 7G). Notably, the 
detailed analyses allowed by CyTOF confirmed the total absence of 
cytotoxicity induced by Ti3C2Tx (Fig. S6B and C). Taken together, 
these findings demonstrate the total absence of Ti3C2Tx cytotoxicity 
for a broad range of distinct immune cell subpopulations. 

We next investigated the impact of Ti3C2Tx on PBMC functionality 
by monitoring different activation parameters. Ti3C2Tx did not in-
duce any significant change in either CD25 or CD69 expression in 
total PBMCs (Fig. 8A, B and S7A). Thus, we investigated more in- 
depth the effect of Ti3C2Tx on immune cells by gating T cell sub-
populations using CD3, CD4 and CD8 as markers. In line with the 
results obtained in total PBMCs, no significant change in the ex-
pression of CD25 and CD69 was observed in CD4 T cells (Fig. 8C, S7B) 
and CD8 T cells (Fig. 8D, S7C). Interestingly, Ti3C2Tx induced a sig-
nificant decrease of CD69 expression in total monocytes tracked 
down specifically to Intermediate Monocytes, leaving CD25 expres-
sion unchanged (Fig. 8E-H, S7D-G). These data suggest that MXenes 

Fig. 5. Molecular docking, proteomic analysis and comparison to the SARS-CoV-2 protein interaction map to delineate the antiviral mechanism of MXene. A) In silico molecular 
docking analysis of Ti3C2 against different viral protein domains (6VWW, 6LU7, 6M0J, 6M03, 6VXX and 6VYB) was performed and binding energies were identified. B) Interaction 
types and numbers of these interactions were identified following molecular docking analysis. Vero E6 cells were treated with Ti3C2Tx and cellular total proteins were isolated for 
LC-MS/MS analysis. GO annotation was performed for C) cellular compartment and D) KEGG pathways. E) The SARS-CoV-2 protein interaction map has been published [64], 
reporting protein interactions between SARS-CoV-2 proteins and human proteins. A Venn diagram was constructed in order to compare Ti3C2Tx treated cellular proteome with the 
SARS-CoV-2 protein interaction map [64]. A total of 59 proteins were overlapping between the two datasets. The significantly interacted proteins were found to be GNG5, GRPEL1 
and NUTF2 (3 proteins at the intersection of the Venn diagram). F) Reactome pathway analysis of these 59 overlapping proteins with the SARS-CoV-2 protein interaction map [64] 
was performed and the whole reactome image is represented. Scale bar represents p value from 0 to 0.05. Three independent samples were analyzed for each sample group. 
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may reduce Intermediate Monocytes pro-inflammatory activity. We 
might speculate that MXenes can affect the TLRs stimulation 
pathway in intermediate monocytes dampening their activation 
processes. To deepen into the effect elicited by Ti3C2Tx on the im-
mune subpopulations, we measured the expression of the activation 
marker HLA-DR. Interestingly, PBMCs displayed a slight but sig-
nificant downregulation of HLA-DR that was traced to a reduction 
observed only in CD4 T cells (Fig. S8). Classical monocytes show a 
slight increase in HLA-DR expression (Fig. S8). HLA-DR is an MHC 
class II cell surface molecule that is constitutively expressed, among 
others, by monocytes to present antigens to T cells. Our data might 
suggest increased activity in the APC function of monocytes that 
however, does not elicit a further proinflammatory T cell response 
but rather regulatory. 

One of the main features of COVID-19, especially in the severe 
form of the disease, is the triggering of a cytokine storm in the body  

[4,82], resulting in increased circulating levels of IL-6 and TNF-α [83]. 
Of note, few nanomaterials have been applied to modulate the im-
mune response [84], and carbon-based materials have been shown 
to be effective in reducing many cytokines in blood, including IL-6 
and TNF-α [85]. Thus, to further investigate the functional impact of 
Ti3C2Tx on the immune cell subpopulations, we applied CyTOF to 
monitor the production of five different cytokines (i.e., IL-6, TNF-α, 
IL-17a, IL-17f, IFN-γ) at the single-cell level. In addition, two different 
proteins that mark the activation status of immune cells, i.e., Per-
forin and Granzyme B (GrB), were evaluated. The heat map displayed 
the median expression values of all the cytokines in respect to each 
immune subpopulation (Fig. 9A and Fig. S9). Ti3C2Tx did not induce 
any change in IL-6 production (Fig. S9A) due to its early release. 
Instead, TNF-α levels were significantly decreased in all the immune 
subpopulations, with the only exception of activated CT cells, pDCs, 
and B cell subsets (Fig. S9B). These results, together with the neutral 

Fig. 6. The mechanism of MXene-dependent viral inhibition. Ti3C2Tx exerts its viral inhibition activity not only at the cell surface but also through different signaling mechanisms 
including membrane trafficking, GPCR signaling, mitochondrial function, metabolic pathways and viral replication. Our results suggest that host proteins such as GNG5, GRPEL1 
and NUTF2 have been shown to be important regulators in Ti3C2Tx dependent antiviral activity. These host proteins interact with viral NSP7, NSP10 and NSP15 proteins (colored in 
red), respectively. NSP7 have been reported to be important in membrane trafficking and G-protein coupled receptor (GPCR) signaling in SARS-CoV-2 infection. NSP15 is involved 
in vesicle trafficking as well as nuclear transport machinery. NSP7 and NSP10 are among several proteins which can modify endomembrane compartments to favor viral entry and 
replication. Overall, treatment with Ti3C2Tx acts on all these pathways in Vero E6 cells leading to the inhibition of SARS-CoV-2 infection. 
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effect of Ti3C2Tx on CD25 and CD69 expression in CD4 T cells 
(Fig. S7B), and the concomitant decrease of HLA-DR expression 
(Fig. S8A), recognized as a marker of inflammation of T cells [86], 
suggest that Ti3C2Tx skewed T cells toward an anti-inflammatory 
phenotype. The reduction of TNF-α levels in all monocyte sub-
populations (Fig. S9B) and the reduction of IFN-γ levels in C. 
monocytes further support the anti-inflammatory effect of Ti3C2Tx 

(Fig. S9C). Moreover, Ti3C2Tx induced the downregulation of Perforin 
(Fig. S9D) and GrB (Fig. S9E), proteins that synergize to mediate 
apoptosis of target cells upon pro-inflammatory stimuli [87,88], in a 
large number of cell subsets, while no changes were observed in 
IL17-a and IL17-f levels (Fig. S9F-G). 

To further investigate the impact of MXene on immune cells, a 
comprehensive panel of 40 cytokines and chemokines was examined 
by Luminex technology using the BioRad Bio-Plex Pro human 

Chemokine panel 40 plex (cat#171AK99MR2). PBMCs supernatants 
were collected after treatment with Ti3C2Tx (24 h). The panel in-
cludes the key mediators involved in the pathophysiology of COVID- 
19 cytokine storm: TNF-α, IL-1β, IL-2, GM-CSF, CCL2, IFN-γ, and IL-6  
[89,90]. It also includes other cytokines often dysregulated in many 
immunologic disorders and infectious diseases, including SARS-CoV- 
2 infection (Fig. 9B). The fold regulation values for 24 h treatment are 
displayed as heat map (Fig. 9B). The data for each cytokine and 
summary statistics are reported in Table S2. As compared to the 
untreated control, Ti3C2Tx caused a downregulation of the produc-
tion of central inflammation-related mediators, overall inducing an 
inhibitory effect. In particular, Ti3C2Tx significantly inhibited the 
production of the chemokine CCL24, an eosinophil chemotactic 
protein. A similar, strong, downregulation was exerted on the pro-
duction of other mediators consistent with an inhibition of the 

Fig. 7. Viability on peripheral blood mononuclear cell pool and on the distinct immune cell subpopulations at the single-cell level. Cell viability staining analysis by flow 
cytometry CyTOF. PBMCs were treated with Ti3C2Tx (50 µg/mL) for 24 h or left untreated (Unt). EtOH 70% was used as a positive control to induce cell death. A) PBMCs were stained 
with Fixable Viability Staining 780. Necrotic cells were evaluated and expressed as percentage of total cell number. Data are presented as bar graph (left panel) and histogram plot 
(right panel). B) Cell death in CD4 T cells (left panel) and in CD8 T cells (right panel) expressed as percentage of total cell number. C) Monocytes were stained with Fixable Viability 
Staining 780. Necrotic cells were evaluated and expressed as percentage of total cell number. Data are presented as bar graph (left panel) and histogram plot (right panel). D) Cell 
death in C. monocytes (left panel), Int. monocytes (mid panel), and N.C. monocytes (right panel) expressed as percentage of total cell number. E) The viSNE analysis clusterization 
report the single-cell subpopulation identified out of PBMCs. Uncalled cells are not showed. Immune cells cluster morphology after treatment with Ti3C2Tx are reported. F) viSNE 
single cell analyst showing the LD mean marker expression ratio for untreated and Ti3C2Tx -treated immune cells. G) Heat map of LD mean marker expression ratio for all gated 
immune subpopulations. Three independent samples were analyzed for each sample group. 
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innate-adaptive immune response crosstalk, such as CXCL9, CXCL10 
and CXCL11, which are classic IFN-γ, stimulated chemokines, and of 
IFN-γ itself [91,92]. CXCL9–11 are critical for the recruitment of 
monocytes and activated T and NK cells in the lung through CXCR3 
binding [93,94]. Specifically, CXCL10 is a key mediator of SARS-CoV-2 

acute respiratory distress syndrome (ARDS) [93–97] and has been 
identified as a strong biomarker COVID-19 disease severity and as an 
independent predictor of disease progression [93,97]. Targeting 
CXCL10-CXCR3 pathway have been hypothesized in this setting [93] 
and anti-IFN-γ monoclonal antibodies and JAK1/2 inhibitors, which 

Fig. 8. Analysis of activation on peripheral blood mononuclear cells and monocytes. Cell activation staining analysis by flow cytometry. Cells were treated with 50 µg/mL Ti3C2Tx 

for 24 h or left untreated (Unt). LPS (2 μg/mL) was used as a positive control for PBMCs while ConA (10 μg/mL) was used as positive control for T cells. A) PBMCs were stained with 
CD25-PE. Cell activation was evaluated and expressed as percentage of total cell number. Data are presented as bar graph (left panel) and histogram plot (right panel). B) PBMCs 
were stained with CD69-PE-Cy7. Cell activation was evaluated and expressed as percentage of total cell number. Data are presented as bar graph (left panel) and histogram plot 
(right panel). C) CD4 T cells were stained with CD25-PE (left panel) and CD69-PE-Cy7 (right panel), and cell activation was evaluated and expressed as percentage of total cell 
number. D) CD8 T cells were stained with CD25-PE (left panel) and CD69-PE-Cy7 (right panel), and cell activation was evaluated and expressed as percentage of total cell number. 
E) Monocytes were stained with CD25-PE (left panel) and CD69-PE-Cy7 (right panel). Cell activation was evaluated and expressed as percentage of total cell number. F) C. 
monocytes were stained with CD25-PE (left panel) and CD69-PE-Cy7 (right panel), and cell activation was evaluated and expressed as percentage of total cell number. G) Int. 
monocytes were stained with CD25-PE (left panel) and CD69-PE-Cy7 (right panel), and cell activation was evaluated and expressed as percentage of total cell number. H) N.C. 
monocytes were stained with CD25-PE (left panel) and CD69-PE-Cy7 (right panel), and cell activation was evaluated and expressed as percentage of total cell number. Data are 
presented as mean  ±  ST.D. of three independent samples. *P  <  0.05 by one-way ANOVA Tukey’s multiple comparison test. 
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blocks IFN-γ signaling, are currently in phase 3 clinical trial testing 
for the treatment of SARS-CoV ARDS [89] (NCT0432402, AND 
NCT04358614 respectively). In addition, Ti3C2Tx significantly in-
hibited the production of IL-2 and IL-4, which have been also in-
volved in COVID-19 disease severity [98], and their inhibition 
through JAK1/JAK3 blockade is currently being tested in phase 2 
clinical trials (NCT04332042). Moreover, the immune inhibitory ef-
fect induced by Ti3C2Tx was accompanied by a neutral effect on other 
cytokine-storm key mediators (IL-6, TNF-α, IL-1β, and CCL2), and by 
a significant suppression of other inflammatory chemokines such as 
CXCL2, CXCL12, CXCL13, CXCL16, CX3CL1, CCL1, CCL11, CCL17, CCL20, 
CCL20, CCL26–27, and CCL22. The only two proteins significantly 
upregulated by Ti3C2Tx were the chemokines CCL7 and CXCL8, which 
have not been reported as main mediators of the cytokine-release 
syndrome [89,90]. Although elevated levels of CCL7 have been re-
cently observed in one COVID-19 study [97], this was observed in 
concert with the release of other cytokines and it was probably re-
lated to a downstream activation following hyperinflammation. As 
such, it is unlikely to represent, in isolation, a causal agent of COVID- 
19 severity. 

Discussion 

2D materials have been suggested to be novel effective bacter-
icidal agents due to their physicochemical properties. These materials 
have been shown to interact with microorganisms both physically and 
chemically. Furthermore, due to their outstanding photothermal and 
photocatalytic properties, 2D materials can effectively help to eradi-
cate even typically drug-resistant microorganisms [25,99]. Anti-
microbial resistance (AMR) has been referred to be the most 
significant threat to the global health and economy in recent years, 
and now the scene is taken over by COVID-19 [1]. Therefore, it is of 
great importance to understand and evaluate how 2D materials can 
help our fight against viral threats. Nanomaterials have been used in 
different ways against viral infections. First, due to their antimicrobial 
properties, nanomaterials can provide alternative methods to classical 
disinfection protocols used in healthcare settings [5]. By leveraging 
their affinity towards viral particles, nanomaterials can be used to 
entrap viral particles and improve infiltration rates on face masks  
[4,6,7]. As a recent example, De Maio et al. reported that graphene 
nanoplatelets- and GO-based integration into face masks and other 
PPE enhances their protection efficacy significantly increasing their 
protection against the SARS-CoV-2 virus [8]. Finally, these materials 
have been shown to be effective antiviral drug delivery systems for 
various viral-based pathologies [100,101]. 

MXenes are a fast-growing family of 2D materials with diverse 
chemistries and structures. The use of MXenes in biomedical fields is 
recently emerging with pioneering examples in the photothermal 
therapy of cancer, theranostics, biosensors, dialysis, and neural 
electrodes [31,39,44–47,102–104]. Ti3C2Tx, in particular, a member of 
this family, has shown promising antibacterial activities in various 
studies, as previously demonstrated [48,49,54,105]. Therefore, we 
hypothesized that Ti3C2Tx can show antiviral activity. To test this 
hypothesis, in this study, we first performed viral infection in vitro 
with SARS-CoV-2 of different viral clades as classified by GISAID, in 
the presence of different types of MXenes. Our results suggested that 
Ti3C2Tx and Mo2Ti2C3Tx demonstrate antiviral activity even at low 
concentrations. The fact that TiO2 nanoparticles did not inhibit viral 

infection in our study further supports that it is not the presence of 
titanium that gives MXenes an antiviral property. Polar, negatively 
charged, and redox active surfaces of MXenes can strongly interact 
with viral proteins leading to viral inhibition. The fact that two 
MXenes with the same structure but different layers of surface 
atoms show antiviral activity suggests that the surface chemistry is 
the key parameter. This allows us to search for other antiviral 
MXenes among Ti- and Mo-based compositions, such as Ti2CTx, 
Mo2CTx, Mo4/3CTx Mo2Ti2C2Tx, and their solid solutions. In addition 
to material characteristics, our results showed that the genotypes 
and mutations are important determinant of antiviral activity. Both 
the GR and GH clades have a mutation at the spike, which is the 
D614G mutation. The GR clade showed more sensitivity against the 
MXenes compared to the GH clade, pointing out the importance of 
mutations also in other viral proteins including non-structural 
genes. For example, the GH clade has mutations on the non-struc-
tural genes which have not been studied enough in the current lit-
erature in terms of their effect on viral infectivity. On the other hand, 
the S clade has a different spike mutation known as G1251V, which 
is not within the receptor binding domain of the viral spike, and 
therefore it is not expected to play an important role in spike- 
receptor binding and complex formation. The clade represented as 
“other” didn’t show any mutation on the viral spike, representing a 
native form of the spike protein. In summary, our data suggested 
that the viral genotypes and mutations that will be emerging in the 
near future should be considered carefully in future studies. 

Until now, various nanoparticles have been shown to inhibit 
SARS-CoV-2 infection in vitro [106–109]. However, there is limited 
or no data available for their mechanism of action on the viral par-
ticles. Understanding the mechanism of inhibition is an important 
step in the development nanomaterials to be used against COVID-19. 
For this reason, we performed detailed in silico and proteomic ana-
lyses to better understand how these materials interact with viral 
proteins and whether they can interfere with viral infection cycle. 
The binding energies of Ti3C2Tx with viral proteins was found to be 
quite similar to each other suggesting that additional in-depth mo-
lecular analysis is needed to better understand the mechanism be-
hind. Considering that in silico analyses were performed with viral 
protein domains which have been shown to be important for viral 
infection in literature [70], our findings suggest that there could be 
other effective targets or important pathways in the viral infection 
cycle. Therefore, a proteomic analysis was performed to further in-
vestigate the fundamental mechanism behind viral inhibition from 
Ti3C2Tx. Via functional annotation studies based on proteomic data, 
we demonstrated that Ti3C2Tx can interfere with viral life cycle via 
different mechanisms including membrane trafficking, GPCR sig-
naling and mitochondrial function. This result suggests that Ti3C2Tx 

exerts its viral inhibition activity not only at the cell surface but also 
through different signaling mechanisms important in viral life cycle. 
These results also contribute towards our understanding of mole-
cular mechanisms involved in COVID-19 and provide insights on 
some of the relevant pathways and proteins that should be targeted 
when developing antiviral drug or nanomaterial. 

The concept of nanoimmunity-by-design [23] can help scientists to 
design 2D materials for immune modulation, either by stimulating or 
suppressing the immune reaction and it would find specific applications 
in the context of vaccine development for SARS-CoV-2 or to counteract 
the cytokine storm induced by COVID-19, respectively [4]. For example, 

Fig. 9. Functionality of peripheral blood mononuclear cell pool and on the distinct immune cell subpopulations at the single-cell level. Cell functionality analysis by CyTOF and 
Luminex technology. PBMCs were treated with Ti3C2Tx (50 µg/mL) for 24 h or left untreated (Unt). EtOH 70% was used as a positive control to induce cell death. A) Bar graph of 
cisplatin (LD) mean marker expression ratio for all T cell, monocyte, DC, NK, and B cell subpopulations. Heatmaps were generated on the concatenated files. Data are presented as 
mean ±  ST.D. of three independent samples. B) Hierarchical clustering of inflammatory mediators released by PBMCs treated with 50 μg/mL of Ti3C2Tx for 24 h. As positive control, 
cells were exposed to ConA (10 μg/mL) and LPS (2 μg/mL). Heatmaps (left panel) represents the z-score of the Log2 concentration for each cytokine. The right panels display the 
Log2 Fold Change of each experimental conditions as compared to negative controls (Unt) and the corresponding negative Log10 p values corrected for multiple tests (Benjamini 
and Hochberg false discovery rate, FDR), computed using ANOVA contrasts. The red bar represents the p value cut-off (FDR  <  0.05); z-score range for color coding was set between 
+ 2 and − 2 (blue = down-regulated cytokines, negative z-score; red = up-regulated cytokines, positive z-score). Three independent samples were analyzed for each sample group. 
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with the help of long-studied lipid based nanosystems, mRNA-based 
vaccines are expected to save millions of lives. The efficacy and safety of 
these nano delivery platforms have been reported extensively in lit-
erature [110–113] and is of a paramount importance when evaluating 
candidate nanomaterials for antiviral applications. Therefore, in order to 
better show the applicability and suitability of MXenes in antiviral 
research, we conducted a thorough analysis of the immunomodulation 
activity of Ti3C2Tx. Our results show that Ti3C2Tx is not cytotoxic in any 
PBMC population, which supports the high biocompatibility of this 
material. Following this characterization, we further evaluated the im-
mune profile of Ti3C2Tx. According to our data, this material does not 
activate PBMCs and reduce pro-inflammatory cytokines. These results 
suggest an anti-inflammatory effect elicited by Ti3C2Tx. Nevertheless, 
further studies are necessary to elucidate whether the reduced level of 
different cytokines observed in Th cells and monocytes (e.g., TNF-α) 
could be due to a direct effect of Ti3C2Tx on cells or to a removal of 
inflammatory cytokines as shown using other carbon-based nanoma-
terials [85,114]. 

Conclusion 

In conclusion, our study demonstrates the antiviral activity of 
MXenes against SARS-CoV-2. In addition, we established the high bio 
and immune compatibility of MXenes as well as their anti-in-
flammatory effects on human immune cells. Our results serve as a 
guide to direct future studies to implement MXenes and other 2D 
nanomaterials in different biomedical technologies and nanomedi-
cine tools, particularly against viral diseases, as well as any immune- 
system related syndromes. 
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