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S1. Materials and methods 

S1.1. Materials and reagents 

MoS2 and WS2 powder were acquired from Sigma-Aldrich, whereas MoTe2 and NbSe2, 

also in powder form, were purchased from American Elements. The DNA nucleotides 

deoxyadenosine monophosphate (dAMP), deoxyguanosine monophosphate (dGMP), 

deoxythymidine monophosphate (dTMP) and deoxycytidine monophosphate (dCMP), 

the RNA nucleotides adenosine monophosphate (AMP) and guanosine monophosphate 

(GMP), as well as flavin mononucleotide (FMN), the nitroarenes 4-nitrophenol (4-NP) 

and 4-nitroaniline (4-NA) and the reducing agent sodium borohydride (NaBH4) were 

obtained from Sigma-Aldrich and used as received. Milli-Q water (resistivity 18.2 M 

cm) was employed throughout the studies. 

 

S1.2. Exfoliation and dispersion of TMDs in water assisted by nucleotides 

In a typical preparation procedure of aqueous dispersions of 2D TMD flakes, a given 

TMD in powder form was added at a concentration of 30 mg mL
-1

 to an aqueous 

solution of a given nucleotide, and then the mixture was sonicated in an ultrasound bath 

cleaner for 5 h (J.P. Selecta Ultrasons system; frequency: 40 kHz; power: 20 W L
-1

). 

Different concentrations of the nucleotides in the range between 0.5 and 10 mg mL
-1

 

were tested. The resulting sonicated suspension was centrifuged at 200–300 g for 20 

min (Eppendorf 5424 microcentrifuge) to sediment poorly exfoliated or non-exfoliated 

particles and the top ~75% of the supernatant volume was collected. This supernatant 

contained exfoliated flakes of the TMD colloidally stabilized by adsorbed nucleotide 

molecules, as well as free, non-adsorbed nucleotide molecules. To remove the latter, the 

dispersion was subjected to iterative cycles of sedimentation via centrifugation (20000 
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g, 2 h), replacement of two thirds of the resulting supernatant solution by milli-Q water 

and re-dispersion of the sedimented flakes by a brief (2 min) sonication step. 

 

S1.3. Catalytic activity of nucleotide-stabilized MoS2 flakes in the reduction of 

nitroarenes 

To evaluate the catalytic activity of the nucleotide-stabilized MoS2 flakes, two model 

reactions involving nitroarenes were investigated, namely, the reduction of 4-

nitrophenol (4-NP) to 4-aminophenol (4-AP) and the reduction of 4-nitroaniline (4-NA) 

to p-phenylenediamine (p-PDA). Both reactions were carried out in aqueous medium at 

room temperature and using NaBH4 as a reducing agent. Following a procedure similar 

to that reported previously in the literature,19
 an aqueous solution (2.5 mL) containing a 

certain amount of dGMP-stabilized MoS2 flakes (typically ~5-10 g mL
-1

), either 4-NP 

(0.12 mM) or 4-NA (0.11 mM), and NaBH4 (72 mM in the case of 4-NP or 110 mM 

with 4-NA) was prepared. Immediately afterwards, the solution was transferred to an 

UV-vis absorption spectrophotometer and the reaction progress was monitored by 

measuring the intensity of an absorption peak characteristic of the substrate (namely, the 

peak at ~400 nm for 4-NP and ~382 nm for 4-NA) over a certain period of time. 

 

S1.4. Electrocatalytic activity of nucleotide-stabilized MoS2 flakes towards the HER 

The electrochemical HER studies were carried out using an Autolab PGSTAT 12 

(EcoChemie) potentiostat/galvanostat controlled by NOVA software (version 2.0). All 

the measurements were performed using a three-electrode cell configuration with a 

MoS2-modified glassy carbon electrode (GCE; surface diameter of 3 mm) as a working 

electrode, Ag/AgCl as a reference electrode and Pt wire as a counter electrode, all of 

them obtained from Metrohm. All the potentials applied in this study were calibrated to 
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a reversible hydrogen electrode (RHE). The GCEs were modified by drop-casting 2.5 

L of a given nucleotide-stabilized aqueous MoS2 dispersion prepared at a flake 

concentration of ~1 mg mL
-1

 and at two different nucleotide concentrations, namely, 1 

and 10 mg mL
-1

. Prior to the drop-casting step, the GCE surface was conditioned by 

polishing with 1.0 and 0.3 m -Al2O3 powders on a microcloth polishing pad 

(Buehler), followed rinsing with water under ultrasonic agitation for 2 min. The 

electrocatalytic activity of the MoS2-modified GCEs towards HER was studied by linear 

sweep voltammetry (LSV) in deareated 0.5 M H2SO4 at 5 mV s
-1

. 

 

S1.5. Proliferation and viability of murine pre-osteoblasts and human sarcoma 

osteoblasts in the presence of nucleotide-stabilized MoS2 flakes 

The biocompatibility of nucleotide-stabilized MoS2 flakes was investigated on the basis 

of proliferation and viability assays carried out with murine pre-osteoblasts and human 

sarcoma osteoblasts. To this end, murine MC3T3-E1 pre-osteoblasts (mouse C57BL/6 

calvaria), as undifferentiated osteoblast-like cells, and human Saos-2 osteoblasts, as an 

osteosarcoma cell line, were similarly seeded onto 24-well plates at a density of 10
5
 

cells mL
-1

 in Minimum Essential Medium (MEM) Alpha modifications and Dulbecco's 

Modified Eagle Medium (DMEM), respectively, supplemented with 10% fetal bovine 

serum (FBS; Gibco BRL), 1 mM L-glutamine (BioWhittaker Europe), penicillin (800 

μg mL
-1

; BioWhittaker Europe) and streptomycin (800 μg mL
-1

; BioWhittaker Europe) 

under CO2 (5%) in humidified atmosphere at 37 ºC for 24 h. We note that these cell 

lines are in vitro reference lines commonly used in biocompatibility assays aimed at 

studying the cellular response of biomaterials.
44,45

 Subsequently, the culture medium 

was replaced by a fresh one to which an aqueous dispersion of MoS2 flakes prepared 

with 1 mg mL
-1

 of a given nucleotide (either FMN or the RNA nucleotides AMP or 
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GMP) was added to reach a final MoS2 concentration in the medium of 30 g mL
-1

 

(with 2–3 min of bath sonication to homogenize the mixture). The MoS2 dose was 

chosen as a relevant one according to previous studies for this type of materials.
42

 Then, 

each cell population with the MoS2-containing culture medium was kept under a CO2 

(5%) in humidified atmosphere at 37 ºC for 24 h before carrying out the cell assays. 

Control samples corresponding to cells cultured in the absence of MoS2 were always 

included in the assays. The dye exclusion test (trypan blue) was used to estimate the cell 

viability, proliferation and size. Trypan blue is a vital stain that is not absorbed by 

healthy viable cells. When cells are damaged or dead, trypan blue can enter the cell, 

allowing dead cells to be counted. After 24 h of culture in the presence of the MoS2 

flakes, the cells were washed repeatedly with phosphate-buffered saline (PBS) and 

incubated with 0.25% trypsin-EDTA for 10 min in 5% CO2 atmosphere at 37 ºC to 

detach them. Then, the cells were re-suspended in fresh culture medium and analyzed 

with the viability analyzer (Vi-CELL
TM

RX, Beckman Coulter). The cell assay data were 

expressed as a mean plus standard deviation of experiments carried out in triplicate. 

Statistical analysis was performed using the Statistical Package for the Social Sciences 

(SPSS) software (version 19). Statistical comparisons were made by analysis of 

variance (ANOVA). The Scheffé test was used for post hoc evaluations of differences 

among groups. In the statistical evaluations, p < 0.05 was considered as statistically 

significant. 

 

S1.6. Characterization techniques 

The exfoliated 2D TMD materials were characterized by UV-vis absorption (extinction) 

spectroscopy, X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, scanning 

transmission electron microscopy (STEM) and atomic force microscopy (AFM). UV-
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vis absorption and extinction spectra were recorded on a double-beam Heios  

spectrophotometer (Thermo Spectronic) with 1 cm optical path length and, typically, 

with 1:40 dilution of the original dispersions. XPS was carried out on a SPECS 

apparatus working at a pressure of 10
-7

 Pa with a non-monochromatic Mg K X-ray 

source (1253.6 eV) operated at 11.81 kV and 100 W. Raman spectra were obtained with 

a Horiba Jobin-Yvon LabRam instrument at a laser excitation wavelength of 532 nm 

and an incident laser power of 0.5 mW. Samples for XPS and Raman spectroscopy were 

prepared by drop-casting aqueous dispersions of the 2D flakes onto a metallic sample 

holder and allowing them to dry under ambient conditions. STEM imaging was 

performed on a Quanta FEG 650 system (FEI Company) operated at 30 kV. Specimens 

for this technique were prepared by mixing equal volumes of ethanol and an aqueous 

dispersion of 2D flakes. Subsequently, ~40 L of the mixed suspension were drop-cast 

onto a copper grid (200 mesh) covered with a continuous carbon film (Electron 

Microscopy Sciences). AFM imaging was accomplished with a Nanoscope IIIa 

Multimode apparatus (Veeco Instruments) using the tapping mode of operation. To this 

end, rectangular silicon cantilevers with nominal spring constant and resonance 

frequency of ~40 N m
-1

 and 250-300 kHz, respectively, were employed. Samples for 

AFM imaging were prepared by drop-casting a small volume (typically 50 L) of 

aqueous TMD dispersion at a low concentration (~0.01–0.03 mg mL
-1

) onto freshly 

cleaved SiO2 (300 nm thick)/Si substrates, which was then allowed to dry under 

ambient conditions. As expected for samples coming from dispersant-stabilized 

colloidal dispersion, some residual dispersant was left on the surface of the flakes. The 

apparent thickness of the MoS2 flakes was determined from height profiles taking care 

to avoid the locations were residual dispersant molecules were present, which is the 

common practice in this situation. 
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S2. Spectroscopic characterization of the exfoliated flakes 

High resolution core level Mo 3d and S 2p XPS spectra of the exfoliated MoS2 flakes 

dispersed in 1 mg mL
-1

 dAMP solutions are given as red traces in Fig. S1a and b, 

respectively. For comparison purposes, the corresponding spectra for the starting, bulk 

MoS2 powder are also shown (black traces). The spectra for both samples were 

essentially identical, as well as those of flakes from dispersions prepared with 10 mg 

mL
-1

 of dAMP (not shown). Specifically, the Mo 3d spectra were made up of a doublet 

band with components located at ~229.3 and 232.5 eV, which could be ascribed to the 

Mo
4+

 3d5/2 and 3d3/2 levels of MoS2 in the thermodynamically stable 2H phase.
1
 The S 

2p spectra also contained a doublet band, with components at about 162.1 (S 2p1/2) and 

163.3 (S 2p3/2) eV that were also consistent with 2H MoS2.
1
 Fig. S1c shows Raman 

spectra of the exfoliated flakes from dispersions prepared with 1 (red trace) and 10 (blue 

trace) mg mL
-1

 of dAMP. The spectra only exhibited the two well-known E2g (~382 cm
-

1
) and A1g (~407 cm

-1
) bands characteristic of 2H MoS2.

2
 In particular, no additional 

bands in the 250–350 cm
-1

 wavenumber range that could be associated to the presence 

of the 1T phase were observed,
1
 but that region appeared flat and featureless instead.  

 

 

Figure S1. High resolution core level (a) Mo 3d and (b) S 2p XPS spectra of exfoliated 

MoS2 dispersed in 1 mg mL
-1

 dAMP solutions (red traces) and of the starting, bulk 
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MoS2 powder (black traces). (c) Raman spectra of exfoliated MoS2 from dispersions 

prepared with 1 (red trace) and 10 (blue trace) mg mL
-1

 of dAMP. 

 

 

S3. Effect of nucleotide concentration on the characteristics of the exfoliated MoS2 

flakes 

 A number of experimental parameters are known to strongly influence the 

characteristics of 2D materials produced by direct liquid-phase exfoliation of the 

corresponding layered materials via sonication.
3
 These parameters include the starting 

concentration of layered material and dispersing agent in the solvent, the sonication 

time applied to induce exfoliation and the centrifugal force used to sediment non-

exfoliated or poorly exfoliated material. For different layered materials, including 

MoS2, prior work has determined 30 mg mL
-1

 to be a reasonable starting concentration 

in terms of the amount of material that can be successfully exfoliated and dispersed.
3 

Indeed, lower concentrations of starting layered material generally afforded equally 

lower final concentrations of exfoliated flakes, whereas using significantly higher initial 

concentrations did not generally result in correspondingly larger amounts of suspended 

material in the final dispersion. Likewise, the final dispersed concentration tended to 

increase monotonously with sonication time, at least in a time frame of many hours. 

However, in the present case significant concentrations were already attained after 

sonication for a few hours, and for this reason we set such a time to 5 h. Concerning the 

centrifugal force, we determined that a value of 200 g (for a centrifugation time of 20 

min) sufficed to sediment the non-exfoliated and poorly exfoliated particles from the 

sonicated dispersions, leaving supernatants comprised of flakes with average thickness 

not larger than ~10 monolayers (see below). Thus, typical centrifugal forces of 200–300 
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g were used throughout the present study. The effect of dispersant concentration was the 

subject of particular attention, because it has been previously demonstrated for a wide 

range of surfactants and different 2D materials (mainly graphene) that such a parameter 

has a critical influence on the final amount of dispersed material,
3–9

 and at least for the 

case of the sodium cholate-MoS2 system that the lateral size and thickness of the 

dispersed flakes are also significantly modulated by the surfactant concentration.
4 
 

 Fig. S2a shows UV-vis extinction spectra for as-prepared, non-purified MoS2 

dispersions obtained at different concentrations of the dAMP nucleotide: 1 (red plot), 3 

(blue) and 5 (green) mg mL
-1

. Because the nucleotide exhibited negligible absorbance in 

the whole wavelength range above 300 nm (see Fig. 2a in the main text), the features 

observed in such a range could be exclusively attributed to extinction from the 

exfoliated MoS2 material. Although the A–D excitonic bands characteristic of MoS2 

were apparent in all cases, the actual shape of the spectra was seen to be highly 

dependent on the particular nucleotide concentration used to prepare the suspensions 

(the extinction spectra of Fig. S2a have been normalized to the local minimum at ~345 

nm to better highlight their differences). Recent studies have demonstrated that the 

shape of the extinction spectrum of MoS2 flakes in colloidal suspension contains 

information about the mean lateral size and thickness of the flakes, and also about the 

suspension concentration.
10

  More specifically, the concentration can be estimated from 

the extinction value at the local minimum of ~345 nm using a calculated extinction 

coefficient of  ≈ 6900 L g
-1

 m
-1

, whereas empirical formulae relating the position of the 

A exciton peak (A) to the average flake thickness, as well as the ratio of extinction 

values measured at the B exciton peak and the local minimum at 345 nm (ExtB/Ext345) 

to the average flake lateral size, have been also made available for MoS2. Using such 

formulae, we determined the concentration, the mean flake lateral size and the mean 
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flake thickness for MoS2 dispersions prepared at different concentrations of both dAMP 

and dGMP in the range between 0.5 and 10 mg mL
-1

. 

 

 

Figure S2. (a) UV-vis extinction spectra for as-prepared, non-purified MoS2 dispersions 

obtained at different concentrations of the dAMP nucleotide: 1 (red plot), 3 (blue) and 5 

(green) mg mL
-1

. (b) Dispersed MoS2 concentration versus nucleotide concentration: 

dAMP (red squares) and GMP (green squares). (c) Mean lateral size and (d) average 

thickness of the exfoliated MoS2 flakes versus nucleotide concentration as derived from 

the extinction spectra. 

 

 Similar to what has been previously observed with different surfactant-MoS2 

systems,
5,11
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increasing nucleotide concentration (up to 1–2 mg mL
-1

 of nucleotide), and then 

decreased at higher nucleotide concentrations. In particular, the dispersed amount at a 

nucleotide concentration of 10 mg mL
-1

 was a factor ~5–6 smaller than that attained at 

the 1–2 mg mL
-1

 maximum. For the latter case, MoS2 concentrations of ~0.20–0.25 mg 

mL
-1

 were typically attained, which amounted to exfoliation yields approaching 1 wt%. 

Such yields were comparable to (or even higher than) those generally reported for 

ultrasound- or shear-induced aqueous exfoliation of MoS2 using different dispersants.
4, 

12–15
 However, we also note that much higher MoS2 concentrations could be achieved 

starting from the as-prepared suspensions either by partly evaporating their water 

content in a rotary evaporator or by first sedimenting them via high-speed centrifugation 

and then re-dispersing the sedimented material in a smaller aqueous volume with the 

help of a brief sonication step. For instance, iterative repetition of the latter protocol 

(sedimentation at 20000 g and re-suspension in 1 mg mL
-1

 nucleotide solution half the 

previous volume with 3 min sonication) allowed increasing the MoS2 concentration 

from the initial values of ~0.20–0.25 mg mL
-1

 to 5–10 mg mL
-1

 without sign of serious 

aggregation taking place. Such high concentrations could be of practical utility, e.g., 

towards facilitating the development of MoS2-based inks for use in electronic or sensing 

applications. The mean lateral size of the exfoliated MoS2 flakes (Fig. S2c) was largest 

(~260–280 nm) at low nucleotide concentrations and became increasingly smaller 

(down to ~130–150 nm) at higher concentrations. The same trend was noticed for the 

average flake thickness (Fig. S2d), which was largest (~10–11 monolayers) at the 

lowest nucleotide concentrations and then steadily decreased at higher concentrations 

(down to ~2 monolayers at 10 mg mL
-1

 of both dAMP and dGMP). 

 Although the observation that the dispersed concentration goes through a maximum 

value with increasing dispersant concentration has been previously documented for a 
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number of stabilizing agents and 2D materials, the origin of such behavior has remained 

poorly understood.
3–5,7–9

 Also, a decrease in the mean lateral size and thickness of the 

dispersed MoS2 flakes with increasing stabilizer concentration has been recently 

reported by Varrla et al using sodium cholate.
4
 It appears quite likely that all these 

effects will be critically determined by the specific characteristics of the dispersant used 

(its ionic or non-ionic nature, the fact that it can self-assemble into micelles or not, etc), 

so that arriving at an understanding of their origin will probably require individual 

consideration of each stabilizer type in question. Concerning the present nucleotides, we 

have suggested above that they could assist the exfoliation of MoS2 particles acting as a 

molecular wedge. In such a case, as the nucleotide concentration is increased we would 

expect the dispersed material to be comprised of increasingly thinner flakes, as it was 

actually observed (Fig. S2d), because there are larger numbers of nucleotide molecules 

available to induce cleavage of thick MoS2 flakes into thinner ones. However, under 

these circumstances the concentration of dispersed MoS2 would also be expected to 

increase, or at least to remain constant, with increasing nucleotide concentration, which 

was not the case (Fig. S2b). We believe that the effect of nucleotide concentration on 

the characteristics of the dispersed material has mainly to do with the colloidal stability 

of the exfoliated flakes rather than with the efficiency of the exfoliation process itself. 

Indeed, the fact that the dispersed MoS2 concentration, the mean flake lateral size and 

the mean flake thickness tended to decrease concurrently at high nucleotide 

concentrations was strongly suggestive of decreased colloidal stability (larger and 

thicker flakes are generally less stable than smaller and thinner ones).  

 In a control experiment, an aqueous MoS2 dispersion in 1 mg mL
-1

 of either dAMP 

or dGMP was prepared as described above using a centrifugal force of 200 g to 

sediment the non-exfoliated material. Subsequently, the dispersion was divided into two 
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equal portions and the appropriate mass of the same nucleotide was added to one 

portion, so that the final nucleotide concentration was ~10 mg mL
-1

 while that of the 

other portion was kept unchanged (1 mg mL
-1

). Then, both aliquots were centrifuged 

again at 200 g. Whereas the 1 mg mL
-1

 suspension did not experience any visible 

change following this second centrifugation, a large amount of material was seen to 

sediment in the case of its 10 mg mL
-1

 counterpart. As a matter of fact, UV-vis 

extinction spectroscopy revealed that the concentration of the latter suspension was 

reduced by a factor of about 5 (see inset to Fig. S3a for the case of dGMP; a similar 

result was attained with dAMP). Furthermore, significant differences in spectral shape 

between the two portions were observed (see Fig. S3a for the spectra with dGMP 

normalized to the 345 nm minimum), in such a way that the average lateral size (~140 

nm) and thickness (~3.3 monolayers) of the flakes from the 10 mg mL
-1

 aliquot became 

very similar to those of as-prepared MoS2 dispersions using an initial nucleotide 

concentration of 10 mg mL
-1

 (Fig. S2c and d). A second control experiment started by 

sonicating MoS2 powder in 10 mg mL
-1

 of either dAMP or dGMP. After sonication, and 

before any centrifugation step, the dispersion was separated into two equal portions. 

One portion was centrifuged at 200 g and the resulting supernatant kept for further 

analysis. The other portion was centrifuged at 20000 g (2 h) to sediment all the MoS2 

material, and then the supernatant volume was completely replaced by a 1 mg mL
-1

 

aqueous solution of the same nucleotide, where the sedimented material was re-

dispersed by a brief (2 min) sonication step. The recorded extinction spectra (Fig. S3b) 

revealed a much larger amount of dispersed material after the 200 g centrifugation step 

for the 1 mg mL
-1

 aliquot, the flakes of which were similar in average lateral size (~290 

nm) and thickness (~11 monolayers) to those of MoS2 dispersions prepared at an initial 

nucleotide concentration of 1 mg mL
-1

. 
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Figure S3. (a) UV-vis extinction spectra normalized to the 345 nm minimum of an 

aqueous MoS2 dispersion stabilized by dGMP at a concentration of 1 mg mL
-1

 (red 

trace) and 10 mg mL
-1

 (green trace). The latter was obtained from the former after 

adding 9 mg of dGMP and centrifuging the resulting mixture at 200g for 20 min. (b) 

UV-vis extinction spectra normalized to the 345 nm minimum of an aqueous MoS2 

dispersion stabilized by dGMP at a concentration of 10 mg mL
-1

 (black trace) and 1 mg 

mL
-1

 (blue trace). The latter was obtained by sedimenting the former (20000g, 2h), 

replacing the resulting supernatant by 1 mg mL
-1

 solution of dGMP nucleotide solution, 

re-dispersing the sediment in this solution and finally centrifuging the dispersion at 

200g for 20 min. the as-recorded, non-normalized spectra are shown in the insets. 

 

The control experiments described in the preceding paragraph provide strong support to 

the hypothesis that the nucleotide concentration, at least in the range considered here, 

does not have a very significant impact on the exfoliation process proper. Rather, the 

results suggest that similar populations of exfoliated flakes (in terms of lateral size and 

thickness distributions) are generated at the different nucleotide concentrations, but their 

colloidal stability and hence the characteristics of the populations finally retained in the 

supernatants are indeed substantially affected by such a parameter. For the case of 
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sodium cholate reported recently, the maximum dispersed concentration of MoS2 was 

attained at a surfactant concentration close to its critical micelle concentration (cmc) 

value, so that the following scenario was proposed:
4
 at increasing sodium cholate 

concentrations below its cmc value, the concentration of individual surfactant molecules 

(monomers) in the aqueous solution increases steadily, thus providing enhanced 

stability to exfoliated flakes through increased adsorption on their surface. As a result, 

the dispersed MoS2 concentration will increase within this surfactant concentration 

range. However, at surfactant concentrations higher than the cmc value the monomer 

concentration no longer increases, but the increasing presence of micelles will induce 

destabilization of the MoS2 flakes by depletion interactions. Consequently, the 

dispersed concentration will tend to decrease within this surfactant concentration range. 

 The previous interpretation, however, cannot be directly extrapolated to the present 

nucleotides. First, DNA/RNA nucleotides are not conventional surfactants in that they 

do not self-assemble into micellar structures above a critical concentration.
16

 Second, 

even though the nucleotides do exhibit a propensity to self-associate into dimers and 

some higher-order structures through vertical stacking interactions in aqueous medium, 

in the range of low nucleotide concentrations considered here (up to ~0.03 M) the 

fraction of molecules participating in dimers and higher-order structures remains very 

low (a few percent), so that the monomer concentration never stops increasing with 

increasing nucleotide concentration.
16,17

 Hence, while some contribution of the 

depletion force from dimers and other structures to the colloidal destabilization of the 

exfoliated MoS2 flakes cannot be ruled out, it seems unlikely that such an interaction 

alone is sufficient to induce the strong observed effect. Instead, we hypothesize that 

changes in the dissociation degree of the phosphate group with increasing nucleotide 

concentration can play a significant role. Indeed, it has been demonstrated that the 
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dissociation degree of amphiphilic stabilizers comprised of a planar, aromatic moiety 

and an ionizable group tends to decrease as the concentration of the amphiphile in water 

is increased, and such a trend was seen to be associated to a concomitant decrease in the 

concentration of exfoliated graphene flakes that the stabilizer can sustain
8,9

 In the case 

of MoS2 and the nucleotides investigated here, a similar mechanism could well be in 

place, but an investigation on this point is beyond the scope of the present work and will 

be addressed in the future. 

 

4. Comparison of the catalytic activity of the nucleotide-stabilized MoS2 flakes for both 

4-NP and 4-NA reduction to that of other catalysts 

First, we note that the catalytic activity of flakes prepared with 10 mg mL
-1

 of dGMP 

(average size ~130 nm) was higher than that of their 1 mg mL
-1

 dGMP counterparts 

(average size ~265 nm). Such a result is reasonable if we consider that the catalytically 

active sites in pristine MoS2 flakes are mainly located along their edges (their basal 

surface is largely inert with the possible exception of the sulfur vacancies),
18

 implying 

that smaller MoS2 flakes should possess more active sites per mole of material. This is 

different to the case of lithium-exfoliated MoS2 nanosheets, whose basal planes were 

previously concluded to be catalytically active as a result of their conversion to the 

metallic 1T phase.
19

 Despite such a disadvantage, the catalytic activity of the present 

nucleotide-stabilized flakes was still significant compared to that of the lithium-

exfoliated nanosheets. Second, the MoS2 flakes tended to be less active towards 4-NP 

reduction than they were towards 4-NA reduction. Such a behavior can at least in part 

be attributed to electrostatic repulsion effects between the deprotonated, negatively 

charged 4-nitrophenolate anions and the phosphate groups from the nucleotide 

molecules adsorbed on the MoS2 flakes, which hinder access of the former to the 
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catalytically active sites.
6
 Unlike the case of 4-NP, 4-NA remains electrically neutral in 

the reaction medium, so its access to the MoS2 flakes is not electrostatically impeded. 

Finally, relative to other heterogeneous catalysts, we note that the activity of the present 

MoS2 flakes towards 4-NP reduction lies in the lower range of values measured for 

noble metal-based catalysts (e.g., Pt or Pd nanoparticles),
20–26

 it is similar to that of non-

noble metal (Cu, Ni)-based systems,
27–30

 while it is much larger than that of metal-free 

catalysts, such as nitrogen-doped porous carbons or reduced graphene oxide.
19,31,32

 

Regarding 4-NA reduction, the catalytic activity of the MoS2 flakes was seen to be 

generally comparable to that of noble metal-based systems
33–38

 and much larger than 

that of nitrogen-doped reduced graphene oxide.
19

 No data with non-noble metal 

catalysts are currently available for this reaction. Overall, we conclude that nucleotide-

stabilized MoS2 flakes can be competitive catalysts for the reduction of nitroarenes, as 

they strike a good balance between catalytic activity, simplicity and environmental 

friendliness of their preparation (compared to, e.g., reduced graphene oxide or lithium-

exfoliated MoS2) and cost-effectiveness (compared to noble metal-based catalysts). 

 

Table S1. Catalytic activity (defined as number of moles of substrate converted per 

hour per mole of catalyst used) of dGMP-stabilized MoS2 flakes towards the reduction 

of 4-NP and 4-NA compared with that of other heterogeneous catalysts reported in the 

literature. 

Catalytic system Catalytic activity  

(h
-1

) 

Ref. 

Reduction of 4-NP   

dGMP (1 mg mL
-1

)-stabilized MoS2 flakes  

dGMP (10 mg mL
-1

)-stabilized MoS2 flakes 

2.6 

7.8 

Present work 

Present work 
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Lithium-exfoliated MoS2 nanosheets 

Hydrothermally synthesized Fe3O4@MoS2 hybrids 

Porous Pd nanoclusters 

Au NPs supported on poly(-caprolactone) nanofibers 

PtPd3 bimetallic nanoparticles 

Dendritic Pd nanoparticles 

Pd nanoparticles on carbon nanotube-graphene hydrogel 

Ag nanoparticles on alginate microspheres 

Surfactant-capped Pt nanocubes 

Cu nanoparticles onto carbon microspheres 

Ni nanoparticles on MOF-derived mesoporous carbon 

Cu2O octahedrons supported on BN nanosheets 

Cu and Sn sponges/dendrites 

Hydrothermally reduced graphene oxide 

N-doped reduced graphene oxide 

N-doped porous carbons derived from different MOFs 

44.4 

2.4 

0.3 

0.6 

1.8 

6 

25.8 

114 

150 

0.2 

0.25 

0.7 

1.2–1.8 

0.05 

0.04–0.06 

0.05–0.25 

19 

39 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

19 

32 

Reduction of 4-NA   

dGMP (1 mg mL
-1

)-stabilized MoS2 flakes  

dGMP (10 mg mL
-1

)-stabilized MoS2 flakes 

Lithium-exfoliated MoS2 nanosheets 

N-doped reduced graphene oxide 

Polyhedral Au nanoparticles 

Hollow Ag nanospheres 

Polyaniline/Fe3O4/Pd nanoparticle hybrid 

Pd nanoparticles on reduced graphene oxide 

3.2 

14.4 

83.4 

0.08 

1–6 

6 

15 

25 

Present work 

Present work 

19 

19 

33 

34 

35 

36 

Pt nanoparticles on graphene aerogel 

NiFe2O4-Pd nanoparticle hybrid 

48 

180 

37 

38 
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S5. Biocompatibility of nucleotide-stabilized MoS2 flakes 

Part of the current interest in 2D materials, including TMDs, is related to their potential 

use in biomedicine (e.g., as drug delivery and bioimaging agents, 

photothermal/photodynamic therapy systems against cancer and components of 

biosensors.
40,41

 A high biocompatibility and non-cytotoxicity are obvious pre-requisites 

for such applications. However, 2D TMDs are not intrinsically biocompatible and 

normally require functionalization if they are to be incorporated into biological 

systems.
42

 The 2D TMD flakes prepared in aqueous dispersion in the present work are 

indeed non-covalently functionalized by DNA, RNA and other nucleotides, and thus are 

a priori very attractive systems for prospective biomedical uses. We note that many of 

the tested nucleotides are also important metabolites or co-factors in metabolic 

interconversions of energy processes in live cells.
43

 As a first step towards determining 

the suitability of nucleotide-stabilized MoS2 flakes in bio-related applications, we 

carried out a preliminary survey into their biocompatibility. Specifically, we addressed 

the cell response (cell proliferation, viability and size) of MC3T3-E1 murine pre-

osteoblasts
44

 and Saos-2 human sarcoma osteoblasts
45

 to the presence of a certain dose 

(30 g mL
-1

) of MoS2 flakes for 24 h in the culture medium. 

 Fig. S4a shows the cell proliferation (viable cell number per cm
2
) of MC3T3-E1 

pre-osteoblasts cultured with 30 μg mL
-1

 of either AMP-, GMP- or FMN-stabilized 

MoS2 flakes. The results revealed a statistically significant increase in proliferation in 

the presence of both AMP- and GMP-derived materials (38 and 23%, respectively) 

compared to their corresponding controls (p<0.05). By contrast, there were no 

significant differences when FMN was used as a dispersant. Results for the Saos-2 cell 

line are given in Fig. S4b. In this case, the proliferation in the presence of AMP- and 
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GMP-stabilized flakes was statistically indistinguishable from that of their control, 

whereas a 17% increase was measured for FMN-based flakes (p0.05). Although the 

exact origin of the different cellular response of the MC3T3-E1 and Saos-2 lines is 

currently unknown, we believe it to be connected to the very different metabolic 

behavior and requirements of these two cell types. Thus, while the former are 

undifferentiated osteoprogenitor cells that have yet to pass through several 

differentiation stages to become mature osteoblasts,
44,46

 the Saos-2 line is made up of 

rapidly growing tumoral cells with their osteoblastic properties already established.
45,47

 

To evaluate the possible cytotoxic effect of the nucleotide-stabilized MoS2 flakes, we 

also measured the cell viability of the MC3T3-E1 and Saos-2 lines (Fig. S4c and d, 

respectively), which can be taken as a direct biomarker of the cellular plasma membrane 

integrity. The results generally indicated very high viability percentages for both cell 

types (>93%). In fact, although a slight decrease of the MC3T3-E1 viability was 

observed, the values obtained were ~93, 96 and 95% for AMP-, GMP- and FMN-

stabilized flakes, respectively, when compared to their controls (~99%) (Fig. S4c), 

being such values optimal percentages for any healthy cell culture. Relatively to Saos-2 

cells, the viability percentages were ~97, 98 and 98% for AMP-, GMP- and FMN-, 

respectively, when compared to their controls (~99%) (Fig. S4d). Therefore, all these 

results are indicative of wholesome cell cultures (the plasma membrane integrity is 

preserved after 24 h of exposure), so we can conclude that the tested materials lack 

significant toxicity towards both MC3T3-E1 pre-osteoblasts and Saos-2 sarcoma 

osteoblasts. As a further check of biocompatibility, the cell diameters were measured 

following exposure to the MoS2 flakes (Fig. S4e and f for MC3T3-E1 and Saos-2 lines, 

respectively), without significant differences being detected when compared to control 

samples (cells cultured in the absence of MoS2). 
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Figure S4. Cell proliferation for (a) MC3T3-E1 pre-osteoblasts and (b) Saos-2 human 

sarcoma osteoblasts cultured with 30 μg mL
-1

 of either AMP-, GMP- or FMN-stabilized 

MoS2 flakes. Cell viability of the (c) MC3T3-E1 and (d) Saos-2 lines. Cell size of the 

(e) MC3T3-E1 and (f) Saos-2 lines. The results are presents in red bars, whereas those 

of their corresponding control sample (i.e., results obtained in the absence of MoS2 in 

the culture medium) are given in grey bars. Statistical differences are indicated by the 

use of the different symbols: * stands for p<0.05 and ** for p<0.01.  
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