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Abstract 

Graphene nanoribbons (GNRs) are emerging graphene materials showing clear promising 

applications in the biomedical field. The evaluation of GNR biocompatibility at the immune 

level is a critical aspect of their clinical translation. Here, we report the ex vivo immune profiling 

and tracking of GNRs at the single-cell level on eight human blood immune cell subpopulations. 

We selected ultra-small (GNRs-I-US) and small GNRs (GNRs-I-S), with an average length of 

7.5 and 60 nm, respectively. GNRs were functionalized with 115In to trace their cell interactions 

by single-cell mass cytometry. Both materials are highly biocompatible and internalized by 

immune cells without inducing significant functional changes. GNRs-I-US interacted to a 

greater extent with myeloid dendritic cells (mDCs) and classical monocytes, while GNRs-I-S 

mainly interacted with mDCs. These results demonstrate that structurally precise GNRs are 

efficiently internalized by immune cells. In addition, our chemical and methodological single-

cell approach can be applied to other cell types using various carbon-based nanomaterials, 

bringing new insights into their safety and future biomedical applications. 
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GNRs are finite-sized graphene materials with narrow widths showing a lot of promise in the 

biomedical field.[1-5] In particular, the possibility of chemical functionalization with drugs and 

imaging agents extends the use of GNRs to new therapeutic and diagnostic strategies, including 

targeted chemotherapy and cell imaging. [6-9] We recently proved that GNRs can be efficiently 

degraded under oxidative conditions, providing even more biomedical opportunities. [10] In this 

context, assessing the immune compatibility of nanomaterials and their cellular tracking is 

critical for any clinical translation. [11,12] The possible systemic administration of GNRs as future 

nanomedicines will result in their interaction with the immune cells present in the bloodstream. 

Therefore, revealing the impact of GNRs and their interactions with the complexity of immune 

cell responses is a key aspect of translational biomedicine. 

Effective research on safety should provide new insights into a comprehensive picture of 

nanomaterial biological interactions at the single-cell level. Single-cell mass cytometry 

(CyTOF) has shown an unprecedented ability to phenotypically and functionally profile 

complex cellular systems, particularly those related to the immune system. [13-15] CyTOF 

strategy is based on elemental mass spectrometry to detect metal element-tagged probes (e.g., 

labeled antibodies), allowing parameter discrimination based on their mass/charge ratio, with 

no overlap or undesired signal background. [16] However, carbon-based materials cannot be 

directly detected by mass cytometry. To overcome this drawback, we recently reported the 

conjugation of graphene oxide with AgInS2 nanocrystals enabling its detection by CyTOF. [17] 

Going far beyond state of the art, we developed in this work a new straightforward method of 

functionalization enabling the cellular tracking of GNRs by the high dimensional approach of 

single-cell mass cytometry. The combination of GNRs with indium was specifically chosen to 

make GNRs visible by CyTOF through the detection in the indium channel (115In) of the mass 

spectrometer, while guaranteeing the inertness of indium on cell viability and functionality. In 

addition, indium was selected because of its compatibility with the major commercial metal-

tagged antibodies, without overlapping with the currently available CyTOF panels, which 

include more than 30 metal-tagged antibodies used for the immune-phenotyping and the 

analysis of the immune cell functionality. 

 

2. Results and discussion 

2.1 Material characterization and study design 

In contrast to other carbon nanomaterials, such as graphene or graphene oxide, GNRs, obtained 

by bottom-up organic synthesis, are endowed with a controlled structure at the atomic level, 

ensuring higher reproducibility of the synthesis. This characteristic makes them of great interest 
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in nanomedicine, where reproducibility is among the keys to sustainable use. For this study, we 

selected two types of GNRs defined as ultra-small (GNRs-I-US) and small GNRs (GNRs-I-S). 

The starting GNR-COOH were characterized by an average length of 7.5 and 60 nm, 

respectively, and a width of 1.7 nm.[18] 

Using the complex pool of human peripheral blood mononuclear cells (PBMCs) as an ex vivo 

model, our functional-tracking approach permitted us to reveal the diversity of the interactions 

and the immune impact of GNRs-I-US and GNRs-I-S at the single-cell level across eight 

different immune cell types (Figure 1). 

 

Figure 1. Schematic representation of the study workflow.  PBMCs were isolated from blood 

samples and treated with GNRs-I-US or GNRs-I-S. Cell viability was evaluated by flow 

cytometry and single-cell mass cytometry. Single-cell analysis of cytokine production was 

performed. Brefeldin A was added the last 6 hours to prevent secretion of cytokines. Samples 

were stained with a panel of antibodies and analyzed by single-cell mass cytometry in a single-

run experiment. The multidimensional dataset was analyzed by the FlowSOM and t-SNE 

algorithms. 

To improve the biocompatibility of the material, long polyethylene glycol (PEG) chains with 

terminal amino and azide groups were covalently linked to the edges of GNR-COOH (Figure 

2). The grafting of PEG greatly reduced the π-π stacking of GNRs and imparted good 

dispersibility in the aqueous phase. Following a copper-catalyzed click reaction, the azide 

groups were further functionalized by an alkyne-modified 10-[2-oxo-2-(2-propyn-1-

ylamino)ethyl]-1,4,7-tris(1,1-dimethylethyl) ester (DOTA-OtBu). The final removal of the tert-

butyl protecting groups afforded GNR-PEG-DOTA-COOH decorated with a chelating moiety 

able to complex different types of metal for tracking purposes. After adding indium chloride in 

ammonium acetate buffer (pH 5.5), we obtained the two In-labelled GNRs-I-US and GNRs-I-

S.  
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Figure 2. Synthetic route to prepare GNRs-I-US and GNRs-I-S. (i) 

NH2(CH2CH2O)35CH2CH2N3, HOBt, EDCHCl in THF/DMF; (ii) DOTA-OtBu, sodium 

ascorbate, CuSO45H2O in DMF/THF/H2O; (iii) TFA in DCM; (iv) InCl3, ammonium acetate 

buffer at pH 5.5. The reaction has been shown in one functional group only for clarity. 

 

The physicochemical characterization of the precursor and final GNRs was performed using 

Fourier-transform infrared (FT-IR) spectroscopy, thermogravimetric analysis (TGA) and X-ray 

photoelectron spectroscopy (XPS). From the FT-IR spectra (Figure S1), we can observe that 

the C=O peak of GNR-COOH at 1702 cm-1 shifted after the modification by PEG chains. Two 

new peaks appeared in the spectra of GNR-PEG-N3. One peak attributed to the amide carbonyl 

stretching (corresponding to amide I vibration) is visible at about 1650 cm-1, while the other 

related to the CN stretching and CHN deformation (corresponding to amide II vibration) is 

located at 1540 cm-1. This result indicates that PEG has been successfully covalently grafted 

onto GNR-COOH. [19] Upon the click reaction between GNR-PEG-N3 and DOTA-OtBu, the 

azide group stretching at 2100 cm-1 on GNR-PEG-N3 disappeared, [20] while C=O stretching 

vibration at 1733 cm-1 indicates the presence of the tert-butyl ester groups. After the hydrolysis 

of the tert-butyl ester groups, C=O stretching of the esters significantly weakened, and C=O 

stretching of the carboxylic groups appeared at 1685 cm-1. In the case of the final products 

GNRs-I-US and GNRs-I-S, the vibrational frequency of the carboxylic acids of DOTA 

underwent a significant red shift due to the coordination with In3+ ions, resulting in a wide band 

located at around 1630 cm-1.[21] 

GNR-PEG-DOTA-COOH

GNR-COOH GNR-PEG-N3 GNR-PEG-DOTA-OtBu

GNRs-I-US / GNRs-I-S

i ii

iii iv
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To further confirm the covalent functionalization of GNR-COOH, we analyzed the different 

GNR-COOH derivatives by TGA (Figure S2) under nitrogen atmosphere. Compared to the 

GNR-COOH profile, the weight percentage loss of the remaining GNR backbone was higher 

for GNR-PEG-N3 due to the grafting of a flexible polyoxyethylene chains. As calculated 

according to the equation reported in the Supporting Information, the percentages of the grafted 

molecules on 7.5 and 60 nm GNR-PEG-N3 are 19% and 8%, respectively. In the temperature 

range below 350 °C, the TGA curves of GNR-PEG-DOTA-OtBu were similar to that of pure 

DOTA-OtBu, especially between ~220 °C and ~290 °C, where the slope of the loss arises from 

the attached DOTA moiety. 

Then, we analyzed GNRs-I-US and GNRs-I-S by XPS. The high-resolution spectra show a 

clear signal of In 3d5/2 and 3d3/2 peaks at 444.5 and 452.1 eV, respectively (Figure S3). The 

survey spectra allowed to calculate a content of indium of 0.28 at% and 0.13 at% for GNRs-I-

US and GNRs-I-S, respectively, confirming the incorporation of In3+ into the final products.  

Finally, to assess the aggregation state of the two GNRs in water, we used dynamic light 

scattering (DLS). GNRs-I-US and GNRs-I-S displayed a hydrodynamic diameter of 303 and 

505 nm, respectively, closed to values previously reported.[18]  

 

2.2 Biocompatibility on human peripheral blood mononuclear cells 

With the two labelled GNRs in hand, we started to assess their concentration-dependent effects 

on cell viability by flow cytometry analysis. PBMCs were treated with different concentrations 

(25, 50, and 100 μg/mL) of GNRs-I-US or GNRs-I-S for 24 h, or left untreated. The selection 

of the concentrations was based on previous studies reported on other 2D materials with similar 

cell models.[22] For this experiment, we decided to use calcein staining, a cell-permeant esterase 

substrate that serves as a viability probe measuring both intracellular enzymatic activity and 

cell membrane integrity. As shown in Figure S4A-C, GNRs-I-US was highly biocompatible at 

each concentration tested, while GNRs-I-S induced a reduction of cell viability only at the 

highest concentration (100 μg/mL), suggesting superior immune compatibility conferred by the 

material with the smaller length.  

Based on these results, we selected the intermediate concentration of 50 μg/mL to perform a 

simultaneous fluorescence staining of viable and dead cells by calcein and propidium iodide 

(PI) solutions, respectively. No significant reduction of cell viability was observed, confirming 

the high biocompatibility of the materials on PBMCs (Figure S4D). Our results are in line with 

previous studies demonstrating that similar concentrations of GNRs displayed no toxicity in 

other cell lines, such as osteoblasts[23] and human epithelium cells.[24]  
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2.3 Tracking and analysis of GNRs-I-US and GNRs-I-S at CyTOF 

Subsequently, to evaluate the specific impact of the different length GNRs on cell viability and 

interactions with the distinct immune cell subpopulations, PBMCs were treated with 50 μg/mL 

of GNRs-I-US or GNRs-I-S for 24 h or left untreated and analyzed by CyTOF.  

The viSNE computational approach was applied to obtain a single-cell resolution plot with eight 

types of CD45+ immune cell populations (Figure 3A). In detail, we identified lymphocytes (T 

CD8, T CD4, and B), natural killer (NK) cells, myeloid dendritic cells (mDCs), classical 

monocytes, nonclassical monocytes, and plasmacytoid dendritic cells (pDCs). As shown in 

Figure S5, analyses were performed measuring the expression of 11 cell surface activation 

markers (e.g., CD38, CD27, HLA-DR, CD123, CD45RA, CD16, CD3, CD8, CD19, CD14, and 

CD11c).  

GNRs-I-US and GNRs-I-S cell interactions evaluated by indium mean intensity in PBMC 

populations at the single-cell level are reported as heat maps and histograms (Figure 3B-C). 

GNRs-I-US interacted to a greater extent with the different immune cell types analyzed, and in 

particular with mDCs and classical monocytes, while GNRs-I-S mainly interacted with mDCs. 

Rhodium, a live-cell membrane-impermeable atom, was then used to discriminate dead cells 

from live cells. Interestingly, the different material interactions among and within the treated 

cell subpopulations did not trigger a loss of cell viability. Indeed, in Figure 3D, displaying 

histograms related to Rh mean intensity in PBMC subpopulations, no significant effects 

induced by the materials on immune cell viability were observed.  
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Figure 3. Tracking and analysis of GNRs-I-US and GNRs-I-S on human PBMCs. PBMCs were 

treated GNRs-I-US or GNRs-I-S (50 µg/mL) for 24 h and analysed by mass cytometry. A) 

Blood cell populations were identified using the FlowSOM clustering algorithm and mapped 

onto viSNE maps to facilitate result interpretation (NK cells = natural killer cells, mDCs = 

myeloid dendritic cells, pDCs = plasmacytoid dendritic cells). B) Heatmap showing the 

expression profile of the identified cell populations. C) Bar plot showing the indium mean 

intensity in cell populations for each condition reported as arbitrary units (a. u.). D) Bar plot 

illustrating rhodium mean intensity in cell populations for each condition reported as arbitrary 

units (a. u.). Data are reported as mean ± S.E.M., Control n = 2, GNRs-I-US n = 3, GNRs-I-S 

n = 3, Ethanol n = 3. Statistical significance was evaluated by a One-way ANOVA for each cell 

population. * p < 0.05, *** p < 0.001, **** p < 0.0001. 
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Moreover, we proved the high biocompatibility of the materials on all immune cell 

subpopulations studied, regardless of the interaction level (Figure 4 and Figure S6A). Indeed, 

for GNR-I-US the presence of the materials on mDCs was not related to a decrease in viability. 

The biocompatibility of the materials was corroborated by an additional viability assay, as 

reported in the bar plot showing platinum mean expression in blood cell populations (Figure 

S5E).  

 

 

Figure 4. Biocompatibility analysis of GNRs-I-US and GNRs-I-S on human PBMCs. Radar 

plots representing the impact on viability (orange) vs the material tracking (blue), expressed as 

rhodium and indium median intensity, respectively, in all immune cell types. Data are reported 

as mean ± S.E.M., Control n = 2, GNRs-I-US n = 3, GNRs-I-S n = 3, Ethanol n = 3. Statistical 

significance was evaluated by a One-way ANOVA for each cell population. * p < 0.05, *** p 

< 0.001, **** p < 0.0001. 
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2.4 Immune cell functionality at CyTOF 

Based on our experience with the pandemic, we have learned that functional perturbations of 

immune cells are involved in several aspects of human health. [25] Therefore, after exposure of 

PBMCs to 50 µg/mL of GNRs-I-US or GNRs-I-S for 24 h, we assessed the immune cell 

functionality through the measurement of several intracellular cytokines, including interleukin 

(IL)-5, IL-4, monocyte chemoattractant protein-1 (MP1)-b, tumor necrosis factor (TNF)-, IL-

6, IL-2, IL-17A, IL17F, interferon (IFN)-g, granzyme B and perforin, by CyTOF (Figure 5). 

Before the last 6 h of the test, brefeldin A was added to the medium to block cytokine secretion. 

Heat maps represent the median expression values of the cytokines analyzed in all immune cell 

subpopulations identified after treatment with of GNRs-I-US or GNRs-I-S (Figure 5A).  

Considering that classical monocytes and mDCs were the main subpopulations able to interact 

with the materials, as revealed by the indium detection, data are also shown as histograms for 

these subsets (Figure 5B-C). Overall, GNRs-I-US caused a slight but non-significant increase 

of all cytokines in classical monocytes, while only IL-6 augmented in mDCs. On the other hand, 

GNRs-I-S elicited a slight but non-significant increase of IL-5 and IL-4 in mDCs. Furthermore, 

the materials were able to induce a general downregulation of perforin and granzyme B in 

mDCs, proteins that together mediate the apoptosis of target cells after exposure to pro-

inflammatory stimuli in many cell subsets. [26,27]  
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Figure 5. Production of cytokines in PBMCs. A) Heat maps showing the production of 

cytokines after exposure of PBMCs to GNRs-I-US or GNRs-I-S (50 µg/mL) for 24 h and 

corresponding histograms showing the mean intensity for each cytokine focusing on B) 

classical monocytes and C) mDCs, the main immune subpopulations interacting with the 

materials. Data are reported as mean ± S.E.M. in the barplots, Control n = 2, GNRs-I-US n = 3, 

GNRs-I-S n = 3. Statistical significance was evaluated by a One-way ANOVA for each 

cytokine. 
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The effects of the GNR materials on cytokine production, although non-significant, were 

consistent with their interactions with these subpopulations. However, the absence of 

significant changes in cytokine levels, confirms their high immune compatibility, regardless of 

the interaction extent, as shown for TNF, a cytokine representative of innate immunity (Figure 

6 and Figure S6B). Even considering all the other cytokines, no significant correlations between 

cytokine production and the cell interaction extent were observed for GNRs-I-US (Figure S7) 

and GNRs-I-S (Figure S8).  

 

 

Figure 6. Production of TNF in PBMCs. Radar plots represent the impact on production (light 

and dark pink for GNRs-I-US and GNRs-I-S, respectively), expressed as TNF mean intensity, 

vs the material tracking (blue), expressed as indium mean intensity, for all immune cell types 

after exposure of PBMCs to GNRs-I-US or GNRs-I-S (50 µg/mL) for 24 h. Control n = 2, 

GNRs-I-US n = 3, GNRs-I-S n = 3. Statistical significance was evaluated by a One-way 

ANOVA for each cytokine. 

 

The effects of the materials on the secretion of IL-6 and TNF in PBMC supernatants were 

also evaluated by ELISA analysis (Figure S9), indeed their secretion occurred in the first hours 

of incubation time. Therefore, after exposure of PBMCs to GNRs-I-US or GNRs-I-S for 24 h, 

both materials elicited the production of IL-6, while only GNRs-I-S was able to induce a higher 

release of TNF. The difference in IL-6 and TNF levels observed by ELISA compared to 

CyTOF analysis is due to the different methodology of the two techniques, suggesting an early 

secretion of these cytokines induced by GNRs. Finally, we have studied the uptake of both 

GNRs into PBMCs using transmission electron microscopy (TEM) imaging. PBMCs were 

incubated with GNRs-I-US or GNRs-I-S at 50 µg/mL for 24 h. Monocytes and lymphocytes 
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are the main cell types that are found in PBMCs. We observed that the material was only inside 

monocytes (see representative images in Figure S10), in good correlation with the data obtained 

by CyTOF. 

 

3. Conclusions 

The results obtained in this study in terms of viability and functionality are of great interest, 

particularly in view of extensive literature by us and others showed for several types of carbon-

based materials, in particular graphene, where the overall safety and possible inflammatory 

action are still under debate. [28-33] 

In summary, studying nanomaterials and their interactions with the immune system is a 

prerequisite for understanding their safety profile. A system-wide strategy was translated here 

to graphene nanoribbons to cover the knowledge gap on their interaction with immune 

cells.[34,35] GNRs with two specific, well-defined structures were functionalized with indium for 

a thorough understanding of their immunocompatibility and their specific single-cell detection 

by CyTOF. We demonstrated that, independently of their size, GNRs are highly immune 

compatible with eight different primary human immune cell types. Our approach offers new 

chemical strategies of detection for future studies of GNRs in the context of biomedicine and 

drug delivery. In addition, we provide a reliable process for tracking GNRs that can be 

translated to other carbon and 2D nanomaterials to shed light on understanding their 

toxicological impact. 

 

4. Material and methods 

4.1 Preparation of GNR-PEG-N3 

GNR-COOH with a length of 7.5 or 60 nm (12 mg) were dispersed in tetrahydrofuran (THF) 

(20 mL), and the mixture was sonicated for 2 h. A N, N-Dimethylformamide (DMF 7 ml) 

solution containing 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

(EDC×HCl) (7 mg) and 1-hydroxybenzotriazole (HOBt) (4.9 mg) were added to GNR-COOH 

and the reaction mixture was stirred for 30 min at 0°C. After adding 

NH2(CH2CH2O)35CH2CH2N3 (47 mg), the dispersion was stirred at room temperature for 24 h 

and then filtered. During this period, every six hours, the flask was ultrasonicated for 1 h. The 

filtrate was washed with THF (50 mL), DMF (50 mL), methanol (100 mL), and H2O (100 mL), 

and recovered as a black powder. 
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4.2 Preparation of GNR-PEG-DOTA-OtBu 

GNR-PEG-N3 with a length of 7.5 or 60 nm (10 mg) and 10-[2-oxo-2-(2-propyn-1-ylamino) 

ethyl]-1,4,7-tris(1,1-dimethylethyl) ester (DOTA-OtBu, 20mg) were dispersed in THF (30 mL) 

and sonicated for 2 h. To this reaction mixture, sodium ascorbate (6.5 mg), 1 ml of aqueous 

CuSO45H2O (4 mg) and 15 ml of DMF were then added and stirred at 60 °C for 48 h and 

filtered. During this period, every eight hours, the reaction mixture was ultrasonicated for 1 h. 

The filtrate was washed twice with THF (50 mL), DMF (50 mL), and H2O (100 mL), and 

recovered as a black powder. 

 

4.3 Preparation of GNR-PEG-DOTA-COOH 

GNR-PEG-DOTA-OtBu with a length of 7.5 or 60 nm (5 mg) were dispersed in 12 mL of 1:1 

dichloromethane/trifluoroacetic acid (DCM/TFA) and sonicated for 2 h. The reaction mixture 

was stirred at room temperature for 12 h and filtered. During this period, every four hours the 

flask was ultrasonicated for 1 h. The precipitate corresponding to 7.5 or 60 nm GNR-PEG-

DOTA-COOH (4.5 mg of 7.5 nm and 4.8 mg of 60 nm) was washed with DCM (50 mL) and 

H2O (100 mL), and recovered as a black powder. 

 

4.4 Preparation of GNRs-I-US and GNRs-I-S 

GNR-PEG-DOTA-COOH with a length of 7.5 or 60 nm (3.7 mg) were dispersed in 0.4 M 

ammonium acetate buffer (5 ml) at pH 5.5, to which InCl3 (1.9 mg) was added. The reaction 

mixture was sonicated for 2 h and stirred at 70 °C for 1 h. The precipitate to GNRs-I-US (3.9 

mg of 7.5 nm) and GNRs-I-S and (3.8 mg of 60 nm) were washed with H2O (100 mL), and 

recovered as black powder. 

 

4.5 Dynamic light scattering 

DLS values were measured using a Malvern Panalytical Zetasizer Advance Series Lab 

(Malvern Instruments) at 25°C. The two materials were dispersed by tip sonication for 5 min 

with an amplitude of 33%, pulse ON 15s/ pulse OFF 3s in MilliQ® water (pH 7) at 0.1 mg/mL. 

All the tests were performed three times at 25 °C applying 120 s equilibration time.  

 

4.6 PBMC culture and treatment 

Buffy coats from informed, healthy donors were obtained from the University Hospital Tor 

Vergata in Rome. Informed signed consent was received from all the donors. Human peripheral 

blood mononuclear cells (PBMCs) were isolated from buffy coat by Ficoll-Paque PLUS (GE 
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Healthcare) density gradient centrifugation. PBMCs were cultured in RPMI-1640 medium 

added with FBS 10% and 1% of penicillin/streptomycin solution. GNRs were used in sterile 

conditions as previously reported.[36] 

 

4.7 Flow cytometry cell viability analyses 

The concentration-dependent effects of GNRs on cell viability were assessed by flow cytometry 

analysis. PBMCs (2.5×105 cells/well) from three independent human samples were seeded in 

48-wells plates and treated with different concentrations (25, 50, and 100 μg/mL) of GNRs-I-

US or GNRs-I-S for 24 h or left untreated. Cells were washed with 2% FBS in PBS (FACS 

Buffer), then stained with 50 μM of calcein-AM (Thermo-Fisher Scientific, C1430) at 4 °C for 

10 min. Calcein is a cell-permeant esterase substrate that serves as a viability probe to measure 

enzymatic activity and cell membrane integrity. After staining, cells were washed twice with 

FACS buffer, resuspended in FACS buffer, and analyzed by a flow cytometer (Beckman 

Coulter CytoFEX) using blue (488 nm) excitation and fluorescence emission (517 nm). 

 

4.8 Live/Dead cell staining 

PBMCs (2.5×105 cells/well) from three independent human samples were seeded in 48-wells 

plates and treated with 50 μg/mL of GNRs-I-US or GNRs-I-S for 24 h, or left untreated. Double 

Staining Kit (Sigma-Aldrich, 04511) was used for simultaneous fluorescence staining of viable 

and dead cells. This kit contains calcein-AM and propidium iodide (PI) solutions, which stain 

viable and dead cells, respectively. The staining was performed according to the manufacturer’s 

instructions. Fluorescence images were captured with a Nikon TE 2000 camera equipped with 

a CCD camera CoolSnap Myo controlled by Metamorph acquisition software. 

 

4.9 Staining protocol for mass cytometry 

PBMCs (2×106/well) from three independent human samples were seeded in a 24 multi-well 

plates and treated with 50 μg/mL of GNRs-I-US, GNRs-I-S for 24 h, 70% ethanol for 5 min as 

positive control or left untreated. In particular, for this cohort of samples (controls untreated) 

n=2 replicates have been analyzed due to barcoding number restriction kit protocols. For the 

detection of cytokines, Brefeldin A was added 5 h before the incubation ends. PBMCs were 

centrifuged at 900g for 10 min and incubated at 37°C for 15 min in growth media with Cell-ID 

Intercalator 103Rh at final concentration of 1 μM in order to discriminate dead cells from live 

cells. 103Rh is a live-cell membrane-impermeable dye. PBMCs were centrifuged at 900g for 10 

min and washed in PBS without calcium and magnesium. Cells were fixed with 1 mL of Fix I 
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buffer for 10 min at room temperature (RT). The fixation reaction was quenched with Barcode 

Perm Buffer. Samples from different condition and replicates were barcoded by individually 

incubating them with a combination of palladium isotopes from the Cell-IDTM 20-Plex Pd 

Barcoding Kit in Barcode Perm Buffer for 30 min at RT. Palladium staining was quenched 

using MaxPar Cell Staining Buffer and next samples were pooled into a single tube. This 

procedure allows to minimize the inter-sample staining variation. Cells were then stained using 

Maxpar Human Peripheral Blood Phenotyping and Human Intracellular Cytokine I Panel Kits 

following the manufacturer staining protocol for cell surface and cytoplasmic/secreted markers. 

After two washings in MaxPar Cell Staining Buffer, PBMCs were stained with 125 nM of Cell-

ID Intercalator-Ir (191Ir and 193Ir) in MaxPar Fix and Perm Buffer. Next, cells were washed 

twice in MaxPar Cell Staining Buffer, MaxPar Water and resuspended at the concentration of 

3x105cells/mL in distilled water supplemented with 10% of EQTM Four Element Calibration 

Beads. Samples were filtered through a 30 μm filter and run into CyTOF2 platform. All reagents 

and antibodies were purchased from Fluidigm Corporation (Fluidigm, CA, USA). 

 

4.10 Mass cytometry data analysis 

Data were collected as fcs files. Channel intensity was normalized using calibration beads,[37] 

and files were debarcoded using the Debarcoder software (Fluidigm). Fcs files were uploaded 

on Cytobank for the downstream analysis (Beckman Coulter).[38] Cells were identified by the 

proportional incorporation of 191Ir (DNA1) and 193Ir (DNA2) and singlets were discriminated 

from doublets using the event length parameter. Next, CD61- CD66- cells (see gating strategy 

in Supporting Figure S5) were used for the downstream analysis. ViSNE maps in Figure 3A 

and Supporting Figure S5 were produced by the t-SNE algorithm using the following 

parameters on total events: 2000 iterations, perplexity 80, theta 0.5, seed 313704649. [39,40] The 

clustering channel were: CD11c, CD123, CD14, CD19, CD3, CD8, HLA-DR. The FlowSOM 

algorithm was applied to identify 20 metaclusters using the following sampling total events: 

225 clusters, 10 iterations, seed 1324977929, hierarchical consensus clustering to determine 

metaclusters, no scale normalization.[41] tSNE1 and tSNE2 were used as clustering channels. 

To facilitate result interpretation, these metaclusters were mapped onto viSNE maps (see 

Supporting Figure 5D). Consulting viSNE maps in Supporting FigureS5B, we merged 

metaclusters showing similar expression profiles in order to obtain 9 final metaclusters (Figure 

3A) corresponding to the PBMC main populations. The expression profile of such populations 

is shown in Figure S5B. Heatmaps were produced by exporting the intensity values from 

Cytobank to Excel and normalizing the expression of each protein between 0 and 1.  
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4.11 ELISA 

Secretion of the cytokines IL-6 (BD Opt-EIA #555220) and TNF (BD Opt-EIA #555212) from 

PBMCs treated with 50 µg/mL of GNRs-I-US or GNRs-I-S for 24 h was assayed with ELISA 

kits according to the manufacturer’s instructions. PHA (4 µg/mL) was added as a positive 

control. In short, polyvinyl microtiter 96-well plates (Falcon) were coated overnight at 4 °C 

with 50 µL/well of purified capture antibodies diluted in coating buffer (carbonate/bicarbonate 

buffer 0.05 M, pH 9.6). After washing with PBS containing 0.05% Tween (PBS-T), a blocking 

step was performed by adding 5% FBS in PBS (100 µL/well) for 1 h at room temperature. After 

washing thrice with PBS-T, 35 µL of culture supernatants from the treated cells were added in 

triplicate in the respective wells for 2 h at room temperature, along with a respective series of 

standards as provided in the kits. The plates were then washed five times with PBS-T. 

Secondary antibodies, as provided in the kit, were then added with HRP reagent and incubated 

for 1 h at room temperature. Then, the plates were washed five times with PBS-T, and the 

presence of cytokines in the tested supernatants was visualized by adding tetramethylbenzidine 

(TMB) in the presence of H2O2. The resulting absorbance was measured at 450 nm after 

stopping the reaction with 2 N H2SO4, after 15 min.  

 

4.12 Transmission electron microscopy on cells 

PBMCs were cultured in 6-well plates at a density of 2×106 cells per well and allowed to adhere 

before exposure to 50 μg/mL GNRs-I-US or GNRs-I-S for 24 h along with control untreated 

cells. After incubation, the cells were washed with cacodylate buffer twice and then fixed in 

2.5% glutaraldehyde in cacodylate buffer at 4 °C overnight. Following overnight fixation, the 

cells were rinsed thrice with cacodylate buffer alone. Later, the cells were post-fixed with 0.5% 

osmium tetroxide for 1 h at room temperature and were washed thrice with Milli-Q® water. 

Cells were then dehydrated through a series of ethanol baths: 1× 25% ethanol for 10 min, 1× 

50% ethanol for 15 min, 1× 70% ethanol for 15 min, 1× 95% ethanol for 15 min and 3× 100% 

ethanol for 15 min. Following dehydration, the cells were soaked in 1:1 ratio of 100% ethanol 

and Epon™ overnight at 4 °C. The next day, the cells were rinsed (1× 4 h) with Epon™. After 

soaking, the final inclusion of Epon™ into the cells was done by polymerizing Epon™ at 60 °C 

for 48 h. Afterwards, the polymerized blocks were removed and sliced into ultrathin sections 

using a diamond knife attached to a ultramicrotome cutter (Leica). The ultrathin sections were 

then collected on copper grids and stained with 1% uranyl acetate for 5 min followed with lead 

citrate staining for 2 min. Grids were then examined by TEM (Hitachi 7500). 
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4.13 Statistical analysis  

Experiments were performed with primary cells (PBMCs) isolated from at least three different 

healthy donors (here defined human samples). Number of human samples were specified in the 

figure legends. Statistical analysis was performed by one-way ANOVA for comparison among 

more than three groups. Results were presented as mean ± standard error of the mean (SEM). 

Differences were considered significant when p-value is less than 0.05 (* p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001, **** p ≤ 0.0001). Plots and statistical analysis were produced using GraphPad 

Prism 7 software. 

 

Data Availability Statement  

The data that support the findings of this study are available from the authors upon request. 
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