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A B S T R A C T

Carbon nanomaterials (CNMs) are a heterogeneous class of advanced materials. Their widespread
use is associated with human safety concerns, which can be addressed by safe-by design strate-
gies. This implies a deep knowledge of how physico-chemical properties drive biological effects.
The ability of CNMs to interact with cytochrome c (cyt c), a heme-protein playing a key role in the
respiratory chain, in apoptosis and in cellular redox homeostasis, has been reported in some
studies. However, the consequences of this interaction on the cyt c functions are controversial.
Here the mechanism of interaction of carbon nanoparticles (CNPs), chosen as model of redox-
active CNMs, with cyt c has been studied with the aim to shed light into these discrepancies.
The effect of CNPs on the redox state of cyt c was monitored by UV–vis spectroscopy and 1D 1H
NMR, while the effect on the primary, secondary, and tertiary cyt c structure was investigated by
FIA/LC-MS and Circular Dichroism (CD). Finally, the peroxidase activity of cyt c and the
involvement of superoxide radicals was evaluated by EPR spectroscopy. We demonstrate the
existence of two mechanisms, one leading to the suppression of the cyt c peroxidase activity
following the NADH-independent reduction of the heme-iron, and the other resulting in the
irreversible protein unfolding. Overall, the results suggest that these two processes might be
independently modulated by redox and surface properties respectively.

1. Introduction

Carbon nanomaterials (CNMs) are a wide family of advanced materials that find application in several industrial fields. Graphene,
graphene oxide (GO), single walled-carbon nanotubes (SWCNT) are the most studied, but other emerging materials like carbon dots
[1] and hydrothermal carbon (HTC) nanoparticles attract increasing interest in different fields [2]. As consequence, accidental
exposure to CNM is likely, either in the environment or in occupational settings [3].

CNMs are also extensively studied in medicine not only as versatile carriers of drugs but also as antimicrobial or antioxidant agents,
and in photodynamic therapy [4]. Nevertheless, few CNMs have reached the clinical trials, and none is currently in the market [5]. Like
for other nanomaterials (NMs), significant challenges in terms of biocompatibility, stability and toxicity hamper the translation to
clinics. Moreover, due to the poor understanding of the interaction of NMs with living systems at a molecular level, Safe by Design
(SbD) approaches cannot be applied, and therefore expensive and time-consuming case-by-case approaches are necessary [6]. This is

* Corresponding author. Via P Giuria 7, Torino 10125, Italy.
E-mail address: ivana.fenoglio@unito.it (I. Fenoglio).

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2024.e40587
Received 23 June 2024; Received in revised form 13 November 2024; Accepted 19 November 2024

Heliyon 10 (2024) e40587 

Available online 20 November 2024 
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:ivana.fenoglio@unito.it
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e40587
https://doi.org/10.1016/j.heliyon.2024.e40587
https://doi.org/10.1016/j.heliyon.2024.e40587
http://creativecommons.org/licenses/by-nc-nd/4.0/


particularly relevant for CNMs, for which several different adverse pathways have been described [7].
Properties like shape, size, presence of impurities, structural defects, surface modifications and surface reactivity are known to

affect the biological activity of CNMs [7]. Among them, redox activity is particularly relevant under a toxicological and medical point
of view [8].

CNMs have been shown to be able to interact with the cellular redox system in different ways [8]. For example, fullerenes, carbon
dots, graphene carbon dots are able to release Reactive Oxygen Species (ROS) when activated by light [9]. For this reason, they have
been proposed as active agents in photodynamic therapy of cancer and infectious diseases. In other cases, oxidant activity is observed
without light activation. For example, the ability of GO to release ROS or to reduce the antioxidant defences by oxidizing glutathione
has been reported [8]. The latter reaction has been demonstrated also for carbon black, multiwalled carbon nanotubes (MWCNT) [10]
and carbon nanoparticles. On the other hand, fullerenes and other CNMs act as antioxidant agents due to their ability to scavenge ROS
[11,12]. Furthermore, some CNM have been reported to be antioxidant agents through a peroxidase-like activity [8].

An alternative pathway with potential to induce adverse effects to cells is the interaction of NMs with redox active enzymes
involved in the maintenance of the cellular redox equilibrium like cytochrome c (cyt c) [13]. Cyt c is a small structural flexible globular
protein composed by a single polypeptide chain of about 100 amino acid residues and heme-iron (III) as prosthetic group. It is a
multifunctional protein involved in cellular redox homeostasis maintenance, in the respiratory chain, and in the intrinsic apoptotic
pathway [14].

There is evidence that some CNMs can interact with cyt c altering its biological functions. An early study byMa and co-workers [15]
reported SWCNT to be able to induce an increase of cyt c redox potential thus facilitating the reduction to Fe(II) cyt c. This interaction
was claimed to induce mitochondrial dysfunction that turned in metabolic hypoxia and cell death [15]. Other studies reported the
ability of CNMs to increase the peroxidase activity of cyt c [16,17]. In other cases, CNMs were shown to interact with this enzyme
without any alteration of its activity [16,17]. These contrasting data suggest that the interaction might be modulated by the
physico-chemical properties of CNMs. Unfortunately, the poor knowledge on the mechanism of interaction prevents the definition of
clear correlations between each property and the effect.

With the aim to contribute to fill this gap, hydrothermal carbon nanoparticles (CNPs) chosen as model of redox-active CNMs were
synthetized and tested for their ability to interact with cyt c. The mechanism of the interaction was studied by UV–vis spectropho-
tometry, Circular Dichroism (CD), 1D 1H NMR and Electron Paramagnetic Resonance (EPR) spectroscopy and Mass Spectrometry
(MS).

2. Materials and methods

2.1. Materials and reagents

Carbon black (CB1) was obtained by oxidation with H2SO4/H2O2 of activated charcoal (Sigma-Aldrich, Germany). Carbon black
(CB2) was a kind gift of Dr. Michela Alfé (Istituto di Ricerche sulla Combustione – CNR, Naples, Italy). D-(+)-glucose, Phosphate Buffer
Saline (PBS), bovine cytochrome c Fe(III) from bovine heart, sodium polyacrylate, xanthine and xanthine oxidase were purchased from
Merck (Darmstadt, Germany). DEPMPO were purchased by ENZO Lifesciences (20016 Pero (MI) Italy). In all experiments, fresh ul-
trapure water was used (Milli Q Plus system -Millipore, Bedford, MA, USA).

2.2. Synthesis of carbon nanoparticles

Synthesis of carbon nanoparticles was achieved by using hydrothermal carbonization method previously described [18]. Briefly, 5
g of glucose were dissolved in 50 mL of Milli-Q water and solubilized using a magnetic stirrer, sodium polyacrylate (15 mg) was then
added in order to prevent the typical cross-linking of the nanoparticles during the synthesis. The solution was transferred in a
Teflon-lined stainless-steel autoclave (100 ml, Büchi AG), and placed in a preheated oven at 190 ◦C for 8 h. After the synthesis, the
nanoparticles suspension was concentrated, purified with Milli-Q water by ultrafiltration using Hydrosart® Vivaflow 50R cassettes
(Sartorius, 30 kDa cut-off). The concentration of carbon nanoparticles (34.8 mg/mL) was determined gravimetrically. The stock
suspension was centrifuged at 10000g for 15 min, the solvent removed and replaced with 0.01 M PBS, the procedure was repeated
three times. A final CNP working suspension at 10 mg/mL was prepared in PBS.

2.3. Characterization of carbon nanoparticles

The mean hydrodynamic diameter and size distribution analysis were performed by the ZetaView® PMX-120 (Particle Metrix
GmbH, Germany) nanoparticle tracking analyser (NTA), equipped with a light source set to a wavelength of 488 nm. After the
instrumental parameters optimization, the sensitivity, the shutter, and the frame rate were set at 70, 100 and 30, respectively; 3 × 33
videos of 1 s for each sample were recorded. The dilution of the CNP suspension in double-filtered Milli-Q water was set at 1:40000.
The results were reported as mean size± standard deviation of three measurements and as standard deviation of the population (SDP),
an indicator of the size polydispersity.

Electron microscopy measurements were performed using a Field Emission Scanning Electron Microscopy (FESEM) TESCAN
S9000G equipped with a Schotty-type field emission gun (FED) operating at 15 keV. Size distribution analysis was performed using
ImageJ software. The number of measured particles in the images were 310.

ζ-potential of CNP suspensions was measured using the electrophoretic light scattering (ELS) instrument Zetasizer (Nano ZS

I. Fenoglio et al. Heliyon 10 (2024) e40587 

2 



Malvern Instruments, Worcestershire, UK) diluting the sample 1:200 in Milli-Q water (pH 5.05, conductivity 0.08 mS/cm) or PBS (pH
7.4, conductivity 17.00 mS/cm). The results were expressed as mean values of three independent measurements± standard deviation.
The parameters used for the carbon materials were as follows: refractive index = 2.417; and absorption = 1.00.

2.4. Preparation of Fe(II) cyt c

Fe(II) cyt c was prepared by incubating for 30 min Fe(III) cyt c with ascorbic acid in a ratio 1:10 (0.120 mM and 1.2 mM,
respectively in PBS 10 mM). For CD experiments, the reduction was performed with a solution of reduced glutathione (0.6 mM) in
water to avoid interference.

2.5. Spectroscopic evaluation of the cyt c reduction by the interaction with CNPs

2mL of the 10 mg/mL CNP suspension was then transferred into a glass vial sealed with a rubber stopper. An appropriate amount of
Fe(III) cyt c was weighed in a glass vial and then subsequently solubilized in 2 ml of 0.1 M PBS to obtain a concentration of 24 or 240
μM solution. The solution was then mixed with the cyt c solution (final concentrations: Fe(III) cyt c 12 or 120 μM; CNPs 0.5 mg/mL or 5
mg/mL) and then magnetically stirred for 10 min. The suspensions were then filtered through a cellulose acetate filter (0.45 μm,
Millipore, Bedford, MA, USA) and the filtrate was analysed by UV–vis spectroscopy (Uvikon, Kontron Instruments, Inc., Everett, MA).
Solutions of Fe(III) cyt c and Fe(II) cyt c magnetically stirred at room temperature for 10 min were used as controls. To monitor the
effect of oxygen the reaction was also conducted by incubating the suspension for 3 h in open air, or by fluxing oxygen or nitrogen.

The reaction was also performed on the solution obtained by filtrating the CNP suspension (prior the incubation with the Fe(III) cyt
c) through a cellulose acetate filter (0.45 μm, Millipore, Bedford, MA, USA) and then filtrate again with 3 kDa (Amicon® Ultra-4 -
Merck). In this case, the UV–vis spectra were recorded at different time points. Results were validated by almost three independent
experiments.

2.6. Persistence of the reductive activity

2 mL of the 10 mg/mL CNPs suspension was then transferred into a glass vial sealed with a rubber stopper. An appropriate amount
of Fe(III) cyt cwas weighed in a glass vial and then subsequently solubilized in 2 mL of 0.01 M PBS to obtain a concentration of 240 μM
solution. The solution was then mixed with the cyt c solution (final concentrations: Fe(III) cyt c 120 μM; CNPs 5 mg/mL) sample was
magnetically stirred for 10 min and then centrifuged at 1000 g for 40 min, the supernatant removed, and pallet re-suspended in 0.01 M
PBS. In order to remove all cyt c, the procedure was repeated 3 times. An aliquot of 1 mLwas taken from the batch andmixed with 1mL
of fresh Fe(III) cyt c (240 μM) and incubated for 10 min. The same procedure was applied for four times. 990 μL of the last solution was
then added to 10 μL of a (120 mM) solution of L-ascorbic acid and the UV–vis spectra recorded. All measurements has been repeated
almost three times.

2.7. 1D 1H NMR analysis

All NMR experiments were conducted at 298 K on a JEOL JNM-ECZR NMR spectrometer equipped with a ROYAL probe. 1D 1H
spectra were acquired with acquisition time of 30 ms, spectral width of 180 ppm using 4096 complex points. The number of scans was
4096 with a recycle delay of 2 s. All NMR experimental data were processed with JEOL Delta software 6.1.0. Samples were prepared in
phosphate buffer 10 mM, 137 mM NaCl, 10 % D2O at pH 7.4. The samples analysed are cyt c oxidized and reduced (by ascorbic acid),
and CNP nanoparticles at 0.12 mM concentration. A mixture of cyt c and CNP nanoparticles in 5 mg/mL:120 μM ratio was also
analysed by NMR spectroscopy.

2.8. LC-MS analysis

cyt c samples were analysed by flow injection analysis or LC-MS after protein digestion with trypsin in a weighted (w/w) ratio of 1/
20 at 37 ◦C for 20 h in 50 mM ammonium bicarbonate solution (pH 8). Digestion was stopped with 1 % aqueous formic acid and an
aliquot was transferred in a plastic vial for LC-MS. The analysis was achieved using a nanoHPLC-HRMS instrument. FIA was performed
using a syringe pump (5 μl/min flow). The nanoHPLC system used was a Thermo Dionex Ultimate 3000 chromatograph coupled with
an Orbitrap Fusion MS analyzer (Thermo Scientific, Milan, Italy). The chromatographic separation was achieved with a PepMap™
RSLC C18 column (2 μm, 100 Å, 75 μm × 50 cm; Thermo Scientific, Milan, Italy) headed by a pre-concentration column (C18 PepMap
trap cartridge 100 Å, 5 μm, 0.3 mm × 5 mm; Thermo Scientific, Milan, Italy). Eluents were 0.1 % formic acid in water (A) and 0.1 %
formic acid in acetonitrile/water 8/2 (B) for the separation column, and 0.05% trifluoracetic acid (TFA) in water/acetonitrile 98/2 (C)
for the pre-concentration one. Gradient run (0.3 μL/min) started with 5 % of B for 3 min up to 50 % in 30 min raising 90 % in 1 min and
held for 5 min. Column equilibration time at 5 % B was 21 min. C eluent flow was set at 5 μL/min.

A nanoESI ion source was used with the following parameters: spray positive voltage 2000 V and ion transfer tube temperature
275 ◦C. A full scan experiment was performed in a mass range of m/z 200–2000 with a resolution of 120k in the positive ion mode. A
subsequent (each 3 s) higher-energy collisional dissociation (HCD) MS2 experiment was executed with an AGC target threshold of 40k.
A quadrupole was used as an ion filter with an isolation window of m/z 1.6 and a HCD activation mode at 30 % collision energy was
used with an OT resolution of 50k. Mass accuracy of recorded ions (vs. calculated) was ±2 milli mass units.
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Obtained spectra were analysed with Protein Prospector 6.5.0 software (https://prospector.ucsf.edu/prospector/mshome.htm
UCSF, San Francisco, CA, USA) in order to identify cyt cmethionine-containing peptides (M80IFAGIK and GITWGEETLM65EYLENPK).
SwissProt 2021.06.18 database, Bos Taurus taxonomy and ESI-EThcD-high-res instrument parameters were used with Met-loss
(protein N-term M) and oxidation (M) as variable modification.

2.9. Determination of the amount of cyt c adsorbed to CNPs

1 mL of a 0.5 mg/mL CNPs suspension was mixed with 1 mL of cyt c solution 12 μM in 0.01 M PBS. The mixture was then incubated
for 10 min and centrifuged at 15000g for 20 min. The supernatant was filtered using a cellulose acetate filter (0.45 μm, Millipore,
Bedford, MA, USA). Subsequently, a 500 μL aliquot of filtered solution was mixed with 500 μL of Coomassie Brilliant Blue G-250. The
mixture was incubated for 5 min at room temperature. The concentration of cyt c was evaluated by measuring the absorbance at 595
nm using a calibration curve. The amount of cyt c adsorbed was calculated as a difference from the starting concentration. All
measurements were validated by almost three independent experiments.

2.10. Detection of superoxide radicals

47 μL of a suspension of CNPs (0.5 mg/ml) in PBS 10 mM was added to 23 μL of a 1 mM solution of 5-(diethoxyphosphoryl)-5-
methyl-1-pyrroline-N-oxide (DEPMPO) and the suspension magnetically stirred at RT for 10 min. The EPR spectra was recorded on the
suspension (Miniscope MS100, Magnettech, Berlin, Germany). As positive control, superoxide radicals were generated in a solution
containing xanthine 2.2 mM, xanthine oxidase 0.02 U/ml, NaOH 2.2 mM and DEPMPO 50 mM.

2.11. Circular dichroism

30 μL of Fe(III) cyt c 0.6 mM were added in an Eppendorf to 1.470 mL of a suspension of CNPs (0,5 mg/ml) in MilliQ H2O. The
suspension was magnetically stirred at room temperature for 10 min, filtered (cellulose acetate, pores size 0.2 μm) and the filtrate
transferred in SUPRASIL quartz cell with a pathlength of 1 mm. 0.012 mM solutions of Fe(III) cyt c and Fe(II) cyt cmagnetically stirred
at room temperature for 10 min were used as controls. The spectra were recorded on a Jasco J-815 Spectrometer in the range from 190
to 460 nm with a scanning speed of 100 nm/min, a data pitch of 0.1 nm, a bandwidth of 1.0 nm. 20 spectra were accumulated per
sample at 20 ◦C.

Deconvolution of the spectra has been performed by using by Dichroweb online analysis software. The algorithm used was CDSS3R,
reference set 4, and the calculated wavelength range was 190–240 nm. All measurements were validated by almost three independent
experiments.

2.12. Crystal structure of cyt c

The crystal structure of cytochrome c from bovine heart (PDB ID: 2B4Z) was achieved from the RCSB protein database (Mirkin
2015, 2008) and the image generated using Chimera X software.

2.13. Peroxidase activity

250 μL of 0,4 mM Fe (III) cyt c in water, 250 μL H2O2 4 mM in water, 250 μL DMPO 0,176 M in water, 250 μL of solution 0,5 - 0,025
mg/ml CNPs in 10 mM PBS. The EPR spectra was recorded on the suspension (Miniscope MS100, Magnettech, Berlin, Germany) after
10 min of incubation. As positive control, PBS was used instead of CNPs.

2.14. Simulation of the EPR spectra

The simulation of the EPR experimental signals were performed by using the software Winsim 2002. The hyperfine splitting
constants obtained by optimization of the simulation have been compared with those reported in the US National Institute of Envi-
ronmental Health Sciences (NIESH) database.

2.15. Formation of the biomolecular corona

1.5 mL of CNPs (0.5 mg/mL) in water was centrifuged (11000g) and the supernatant removed. The pellet was suspended in 5 mg/
mL bovine serum albumin or foetal bovine serum (10 % or 80%), and incubated for 1 h at 37 ◦C. The suspensions were centrifuged and
suspended in 10 mM PBS for three times to remove the weakly bound proteins.

3. Results and discussion

3.1. Synthesis and characterization of carbon nanoparticles

Carbon nanoparticles (CNPs) have been synthetized by following a protocol previously reported [18] by hydrothermal
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decomposition of glucose. This synthesis leads to particles composed by elemental carbon, mainly amorphous with some crystalline
domains [18]. The particles size has been evaluated by NTA and FESEM (Fig. 1).

NTA revealed the presence of a population of particles having a mean size around 240 nm, with a moderate degree of poly-
dispersity, as inferred by the low value of SDP (Table 1). The size distribution evaluated by FESEM was close to that obtained by NTA,
suggesting that the particles do not agglomerate forming a stable colloidal suspension in water. This is due to the highly negative
ζ-potential in water (Table 1), a consequence of the presence of dissociated acidic functional groups at the surface as previously re-
ported [19]. The acidic character of CNPs was further confirmed by the pH of the suspension (Table 1). CNPs exhibited a negative
ζ-potential also when suspended in PBS at pH7.4 (Table 1).

3.2. NADH-independent cyt c reductase activity of carbon nanoparticles

The nanoparticles were incubated with a buffered suspension of Fe(III) cyt c for 10 min, removed by filtration and the supernatant
analysed by UV–vis spectrophotometry. In Fig. 2A the UV/vis spectra obtained is compared with that of the Fe(II) cyt c and Fe(III) cyt c.
The appearance of the Q band at 550 nm reveals the ability of the particles to reduce the heme iron in cyt c. The reduction is confirmed
by the red-shift of the Soret band from 409 to 415 nm [20]. Note that cyt c was not completely reduced. This was confirmed also for
time of incubation up to 22 h and for higher concentration of CNPs. (data not reported). To investigate if the reaction was due to the
particles or to molecular contaminants, the reaction was repeated on the filtrate obtained by removing CNPs with a 3 kDa filter
(Fig. 2B). In this case no reduction was observed. Two samples of carbon black having crystallinity higher than CNPs [18] were also
tested for their reducing activity (SI, Fig. S1). These materials were found to be inert.

The ability of CNPs to reduce cyt c was further confirmed by NMR (Fig. 2C). The NMR proton spectrum of Fe(III) cyt c (brown
spectrum) shows several resonances, among them the most shifted are 8- and 3-methyl heme signals at 33 and 35 ppm and protons of
the heme-iron bound Met-80 around − 24 and − 29 ppm [21,22]. Two broad signals at − 18.6 and − 16.4 ppm are also visible. This
unknown signal is certainly due to protons of the heme ring or residues in proximity of the iron, as their chemical shifts is modulated by
the paramagnetic centre. In Fe(II) cyt c (violet spectrum) the shifted peaks disappeared since cyt c is in the low-spin form [23]. In the
presence of CNPs (green spectrum) the intensity of the heme signals were reduced but not disappeared, confirming a not complete
reduction. The amount of cyt c reduced in presence of CNP was estimated above 90 %, in agreement with the UV–Vis data. Note that
shift of the two unknown broad signals at − 18.6 and − 16.4 ppm was observed in both Fe(II) cyt c and CNP-treated cyt c.

To get insights into the mechanism of reduction, the reaction was performed in air, or by fluxing nitrogen or oxygen (Fig. 2D). In
anaerobic condition, no reduction was observed, suggesting a role of oxygen in the reaction. This also suggest a mechanism of
reduction different from that of ascorbic acid, since oxygen had no effect in this case. Unexpectedly, when oxygen was fluxed, the
amount of cyt c reduced was also lower than in air. This in consistent with a double effect of oxygen, which on one hand participates to
the CNP-induced reduction cyt c, on the other oxidize it back to Fe(III) cyt c. This also explain why cyt c is not completely reduced by
CNPs in air. To confirm this further, the UV–vis spectra was recorded on cyt c after removal of CNPs (SI, Fig. S2). A slow re-oxidation
was observed.

The need of oxygen for the reaction suggests the possible involvement of superoxide radicals. These radicals are in fact known to be
able to reduce cyt c [24]. Moreover, they should have a facilitated access to the small heme pocket (Fig. 2E). To explore this hypothesis,
the possible generation of superoxide radicals by CNPs was evaluated by EPR spectroscopy (Fig. 2F) by using the spin trap DEPMPO.
This spin trap generates with the conjugated acid of superoxide (the hydroperoxyl radical) the specie DEPMPO/OOH. This specie can

Fig. 1. Size of CNPs. A) Representative FESEM image; B) FESEM (red) and NTA (black) size distribution. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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be detected as eight-peaks EPR signal, as shown in the positive control (Fig. 2F, spectra b, hyperfine splitting constants in Tables S1 and
SI) obtained by generating superoxide by the xanthine/xanthine oxidase system. An additional low intense signal correspondent to the
specie DEPMPO/OH, due to a partial decomposition of the DEPMPO/OOH is also observed. In the presence of CNPs, the signal was not
observed (spectra a), suggesting that no free superoxide radicals were involved in the reaction.

3.3. Conformational changes of cyt c

The occurrence of conformational changes induced by CNPs was evaluated by circular dichroism (CD). The CD spectra recorded in
the far-UV region (190–260 nm, Fig. 3A) gives information of the secondary structure of proteins. The spectra of Fe(III) cyt c shows two
negative peaks at 208 and 222 nm and a positive one at 190 nm. These features arise from the electronic transitions of the peptide bond
in the α-helix secondary structures. In the spectra of Fe(II) cyt c a decrease of the positive peak and an increase of the intensity of the
component at 208 nm was observed, suggesting that the reduction of the heme-iron induces small modifications of the secondary
structure, confirming what previously reported [25]. Following incubation with CNPs, a clear decrease in negative molar ellipticity
was observed in the CD spectra recorded on the supernatant. The deconvolution of the CD spectra (SI, Fig. S3) confirmed a significant
loss of helical content. These modifications appeared irreversible since the protein did not return to the native conformation with time
(Fig. S4). Note that the CD spectra were recorded on the free protein, not bound to CNPs. On the other hand, only a minor fraction (5%)
of the total cyt c was found associated to CNPs (SI, Fig. S5).

The CD spectra of the visible region, correspondent to the Soret band at 360–460 nm (Fig. 3B) gives information on the structure of
the heme group. In fact, it arises from interactions of the heme electronic transitions with those of nearby aromatic amino acid residues
[26]. The spectra of Fe(III) cyt c is characterized by a positive peak at 405 nm and a negative peak at 418 nm due to Cotton effect [26].
In the spectra of Fe(II) cyt c a predominant positive peak around 427 nm is present, in agreement with previous studies [27,28]. The
spectra of cyt c after contact with CNPs appeared different from that of Fe(II) cyt c: in this case a dramatic decrease of the intensity of
the peaks was detected, suggesting an alteration of the protein close to the heme group. In particular, the decrease of the intensity of
the negative band at 418 nm suggests a variation on the distance or orientation of the Phe82 residue positioned on theMet80 side of the
heme [29] (Fig. 3D).

The CD spectra of the near-UV region (240–320 nm, Fig. 3C) gives information on the tertiary structure close to aromatic amino
acids. Bovine cyt c has, like the human one, four Phe, four Tyr, and one Trp [30]. Tyr-67, Trp-59 and Phe-82 are among the conserved
residues since they support essential structural and functional roles [31]. In particular, Tyr-67 is known to tune the electron transfer by
stabilizing the Met80-iron bond through hydrogen bonding [32] (Fig. 3D). The spectra of Fe(III) cyt c exhibits two minima at 285 and
291 nm that can be assigned to the tertiary structure close to Trp-59 [32], while the large positive component centred at 263 nm can be
attributed to the porphyrin and Phe. The band centred at 251 nm reflects a contribution from Tyr side chains [20]. The Fe (II) cyt c
spectrum is different at the lower wavelength by that of Fe (III) cyt c, with a positive component at 258 nm and a negative one at 284
nm. The spectrum recorded following incubation of Fe (III) cyt c with CNPs appeared also in this case different from both Fe (III) cyt c
and Fe (II) cyt c spectra. In fact, the band at 251 nm largely decreased, suggesting modifications close to the Tyr residues. Moreover,
two new negative bands at 289 and 300 nm suggested the presence of modifications of the conformation close to Trp59 [20].

Conformational changes close to the heme pocket are known to induce the weakening of the Met80-iron bond. However, this is not
the case here, as inferred by the appearance in the electronic absorption spectrum of the cyt c incubated with CNPs and re-oxidized (SI,
Fig. S6) of the band at 695 nm due to charge-transfer characteristic of Met80-iron bond in native Fe(III) cyt c [33].

Conformational changes might occur following adsorption of proteins onto material surfaces, but also following modifications of
the amino acid residues involved in structural stabilization. To explore the latter hypothesis, FIA-MS and LC-MS analyses were per-
formed on the cyt c treated with CNP in comparison with the pristine one. The deconvolution of MS spectrum of cyt c (base peak
765.3998 m/z, z = 16) revealed the presence of a major peak corresponding to a mass of 12230 in both pristine and CNP treated cyt c
(SI Figure S7). Minor peaks were found corresponding to mass 12327, likely due to the phosphorylation of a Tyr residue, a common
post-translational modification in cyt c [31], and 12246, likely due to small amount of Met oxidation. No significant modification of the
spectrum was observed after treatment with CNPs.

Since CNP was reported to be able to oxidize glutathione and to release singlet oxygen [18], the analysis deepened the possible
oxidation of the sulphur containing amino acids, and in particular on the methionine residues. The protein was digested with trypsin,
and two peptides (MIFAGIK and GITWGEETLMEYLENPKK) containing respectively the two methionine residues Met 80 and Met 65
were analysed. No significant oxidation of both Met 80 and Met 65 occurring after incubation with CNPs was detected. In fact, un-
changed MIFAGIK only was detected both in pristine and in treated cyt c (SI Figure S8). As regards GITWGEETLMEYLENPKK, both the
unmodified (SI Figure S9) and the oxidized-Met 65 (SI Figure S10) peptides were detected in the two cytochrome-digested samples. No
significant quantitative increase of GITWGEETLM(Ox)EYLENPKK was observed.

Table 1
Size distribution of CNPs.

Mean size (nm) NTA* SDP (nm) NTA* Mean size (nm), FESEM SDP (nm) FESEM ζ potential (mV) ELS*

243.5 ± 4.2 114.1 ± 4.5 241.8 86.1 − 52.2 ± 0.6 (H2O, pH 5)
− 28.1 ± 1.9 (PBS, pH 7.4)

SDP: standard deviation of the population; *data are reported as mean of three measurements ± standard deviation.
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3.4. Peroxidase activity

The occurrence of conformational changes might implicate the possible modification of the cyt c enzymatic activity [33,34]. We
therefore investigate the possible variation of the peroxidase activity of cyt c by EPR spectroscopy in the presence of hydrogen peroxide
by using DMPO as substrate. In fact, DMPO was reported to be oxidized by cyt c in the presence of H2O2 to give as final product the
specie 5,5-dimethyl-1-pyrrolidone- 2-oxyl (DMPOX) as described in the scheme in Fig. 4A [35].

(caption on next page)
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When cyt c was incubated with H2O2 and DMPO, an intense signal was observed (Fig. 4B, spectrum a). The simulation (Fig. 4B,
spectrum h, Tables S1 and SI) allowed to assign this signal to that of DMPOX. After incubation with increasing concentration of CNPs a
decrease of the signal was observed indicating a suppression of the peroxidase activity (Fig. 4B, spectra b-g).

3.5. Persistence of the reductive activity

To monitor if the reductive activity was persistent, Fe(III) cyt c was incubated with CNPs, removed, and the CNPs put in contact
again with fresh Fe(III) cyt c. The UV–vis spectra were recorded on the supernatant after each cycle. The results are reported in Fig. 4C.
CNPs remained active in the reaction following four incubations with Fe(III) cyt c suggesting a catalytic activity. When ascorbic acid
was added in the last supernatant, the intensity of the peak at 550 nm increased, indicating that CNPs was not able to reduce all Fe(III)
cyt c.

3.6. Effect of the biomolecular corona

To investigate if the CNPs were still active in the presence of a biomolecular corona, CNPs were pre-treated with bovine serum
albumin or foetal bovine serum at two different concentrations (10 and 80 %) and incubated with Fe(III) cyt c (Fig. 4D). The pre-
treatment with proteins only slightly decreases the ability of CNPs to reduce Fe(III) cyt c, as inferred by the presence of the band at
550 nm.

4. Discussion

Nanomaterials (NMs) are known to interact with biological systems in many ways. Among them, the alteration of the endogenous
systems regulating the intracellular redox equilibrium is considered one of the processes with the highest potential to induce adverse
outcomes [36,37]. One of the possible pathways is the perturbation of enzymes involved in redox homeostasis like cyt c. The alteration
of this multifunctional protein is of high toxicological relevance since it could have multiple consequences like mitochondrial damage,
and modification of the intrinsic apoptosis pathway [33]. The ability of carbon nanomaterials (CNMs) to interfere with the cyt c
functions has been reported in some studies [15–17]. However, the mechanistic understanding of the process, and of the related
physico-chemical determinants, are limited, preventing the control of derived adverse effects by safe-by design approaches [38]. Here
we report that CNMs can affect the cyt c functions by direct, NADH-independent reduction of heme-iron, inhibition of the peroxidase
activity and unfolding, and demonstrate that these processes occur through independent mechanisms.

As model CNM, carbon nanoparticles (CNPs) synthesized by hydrothermal carbonization of glucose have been selected. This
synthetic method allows to produce spherical monodisperse particles made of elemental carbon, having a prevalent disordered
structure with some graphitic domains [18]. These particles are particularly interesting since exhibit multiple redox properties that can
be found individually in other kinds of CNMs. CNPs are in fact able to scavenge free radicals, oxidize thiols [18], and reduce iron and
copper ions [39]. Moreover, when activated with NIR light, CNPs act as photosensitizers generating singlet oxygen. [18], a property
that makes them interesting for medical applications.

4.1. CNPs exhibit a NADH-independent cyt c reductase activity

UV–vis spectroscopy and NMR data showed that CNPs are able to reduce cyt c. Reduction of cyt c was previously observed with
carboxylated SWCNT [15] and carbon nanoparticles produced by electrochemistry [40]. However, while in the first case an increase of
cyt c redox potential was observed, a slight decrease was observed in the latter case [15,40]. Oppositely, no reduction was found with
surface modified MWCNT and GO [16] or with SWCNT [17]. In two studies, CNMs were reported to be able to reduce cyt c only in the
presence of NADH or other endogenous reducing agents [41,42] thus acting as electron transfer agents. In the present case, no reducing
agent was necessary for the reaction demonstrating that CNMs can reduce cyt c in cells also through an alternative mechanism in which
they act themselves as reductants.

Albeit oxygen was found to be necessary for the reaction, EPR spectroscopy data demonstrate here that free superoxide radicals,
which are known to reduce cyt c by reacting with the heme moiety [24], are not involved. Studies reporting the generation of

Fig. 2. A) UV–Vis spectra obtained following incubation of Fe(III) cyt c (12 μM) and CNPs (0.5 mg/mL) in PBS (10 mM, pH 7.4) for 10 min
compared with the spectra recorded on 12 μM Fe(III) cyt c, 12 μM Fe(II) cyt c and 0.5 mg/mL CNPs; All solutions were stirred for 10 min in air; B)
UV–Vis spectra at different time points obtained following incubation of Fe(III) cyt c (120 μM) with the solution obtained by filtrating the suspension
of CNPs (5 mg/mL) through a 3 kDa dialysis membrane; C) Overlap of the 1D 1H NMR spectra of the paramagnetic species of cyt c: green spectrum
corresponds to cyt c (120 μM) in presence of CNPs (5 mg/mL), violet spectrum corresponds to Fe(II) cyt c and brown spectrum corresponds to
oxidized Fe(III) cyt c. D) Amount of Fe(II) cyt c formed expressed as absorbance ratio (550 nm/540 nm) following incubation of Fe(III) cyt c (12 μM)
with CNPs (0.5 mg/mL) in PBS (10 mM, pH 7.4) in air, under nitrogen atmosphere and by fluxing oxygen; The amount of Fe(II) cyt c formed with
ascorbic acid in air and under oxygen flux are reported for comparison (A.A.: ascorbic acid); bars represent the mean value ± standard deviation. E)
Crystal structure of cyt c. Colour indicate the coulombic electrostatic potential, red negative, white to blue positive; F) EPR spectra recorded on a) a
suspension of CNPs (0.34 mg/mL) and DEPMPO (1 mM) in PBS 10 mM, pH 7.4 after 10 min of incubation; b) a solution containing xanthine 2.2 mM,
xanthine oxidase 0.02 U/mL, NaOH 2.2 mM and DEPMPO 50 mM c) Simulation of the EPR spectra in b). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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superoxide free radicals by CNMs not activated by light are conflicting [8], and the generation was clearly demonstrated only in the
presence of NADH or other reducing agents [41,42]. Alternatively, superoxide radicals bound to the NPs surface might be involved,
albeit, to the best of our knowledge, such species have been reported to exist only at graphene edges at very low temperature [43].

CNPs have a highly disordered structure. Therefore, the identification of the nature of the reactive moieties able to react with
oxygen to generate superoxide is not straightforward. One possible kind of reactive sites are unpaired electrons. They have been
reported to be redox active, e.g. by inducing oxidative damage to lipids or by reducing iron ions through a direct electron transfer

Fig. 3. Effect of CNPs on the conformation of cyt c. A) CD spectrum in the far-UV region; B) CD spectrum in the visible region; the electronic spectra
is reported in B′ for comparison; C) CD spectrum in the near-UV region; D) Crystal structure of cyt c, relevant amino acid residues are labelled.
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mechanism [44]. The observed inertness of the carbon black samples, which are expected to have a lower abundance of unpaired
electrons having a more ordered structure, is consistent with a role of these reactive species. Crystallinity modulates not only the
abundance, but also the properties of these species: less ordered structure exhibit mainly isolated paramagnetic species, while
increasing the graphitic structure radicals stabilized by conjugation with π bonds become more abundant [45]. Differences in type and
density of carbon centred radical species might account for the discrepancies found for other CNMs, like SWCNTs [15–17]. Note that
the modulation of the CNMs reactivity by structural defects is in line with what found by Bengalli et al. which observed a higher ability
of defective CNMs to reduce cyt c [42].

Albeit we were unable to identify the surface reactive species, overall, the cyt c reduction appears to occur by the electron transfer
directly from the surface to the heme iron. This limits the reaction to CNMs able to approach the cyt c close to the heme. In the present
case, the negative surface of CNPs should facilitate the orientation of the more positive side of cyt c (Fig. 2D) positioned close to the
heme pocket toward the surface.

4.2. CNPs induces cyt c unfolding

Unfolding is a common process occurring in proteins interacting with materials and generally follows strong adsorption of the
molecule at the surface [37]. Unfolding has been reported for cyt c following incubation with surface modifiedMWCNT and GO [16] or
carbon dots [45], while no alteration was reported for cyt c electrostatically conjugated to SWCNT [17] and for a type of hydrophilic
carbon nanoparticles [46]. Properties like surface curvature, and roughness or hydrophobicity might, in principle, justify the differ-
ences encountered in the different studies. For example, in the study by Shang and co-workers, conformational changes were reported
only with 35 nm amorphous silica nanoparticles, while no effect was observed on 15 nm silica nanoparticles having a higher surface
curvature [26]. In the present case, the low surface curvature of the CNPs surface makes cyt c unfolding likely. Moreover, since cyt c
exhibits a net positive charge at neutral pH (pI 10.2–10.5) [30], the adsorption following electrostatic interaction with the negative
CNP surface is highly favoured. However, cyt c-nanoparticles association appeared to be unexpectedly reversible, since alteration of

Fig. 4. A) Scheme of the generation of DMPOX catalysed by cyt c; B) EPR spectra recorded on a) a solution of Fe(III) cyt c (50 μM) in the presence of
0.5 mM H2O2 and 22 mM DMPO; b–g: EPR spectra recorded on a solution of Fe(III) cyt c (50 μM) H2O2 (0.5 mM) and DMPO (22 mM) and increasing
concentration of CNPs (3.1–62 μg/mL). h) Simulation of the EPR spectra in a). C) Amount of Fe(II) cyt c formed expressed as absorbance ratio (550
nm/540vnm) following 4 cycles of incubation of Fe(III) cyt c (120 μM) and CNPs (5 mg/mL). D) UV–Vis spectra obtained following incubation of Fe
(III) cyt c (120 μM) and CNPs (5 mg/mL) pre-treated with serum albumin or foetal bovine serum at two different concentrations (10 and 80 %) in
PBS (10 mM, pH 7.4) for 10 min.
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both secondary and tertiary cyt c structure was observed on the free protein. We can exclude that the observed structural modifications
arise from cyt c reduction. In fact, the CD spectrum observed for CNPs-reduced cyt c is different by that of Fe(II) cyt c. Moreover, while
cyt c reduced by CNPs return to the oxidized form with time, the conformational modification appeared irreversible.

Oxidation of the sulphur containing amino acids, which can result in conformational modifications, was not detected. Despite a
possible modification on amino acid residues other than Met cannot rule out, our experimental evidences suggest a process following
reversible physisorption. Unfolding is generally believed to occur following strong adsorption of the proteins at the surface [47], while
desorbed proteins commonly return to the native conformation. However, some examples of conformational memory of desorbed
proteins has been reported. For example, Sanchez-Guzman and co-workers [48][50] demonstrated partial unfolding on oxyhemo-
globin interacting with silica nanoparticles, while Sabatino and co-workers reported irreversible conformational modifications of
albumin desorbed by Chrysotile asbestos [49].

4.3. CNPs induces suppression of cyt c peroxidase activity

The enzymatic activity of cyt c is modulated by conformational changes. A key step in the intrinsic apoptotic pathway is the as-
sociation of cyt c to the membrane component cardiolipin (CL), which induces a transition to an alternative conformation and a
decrease of the redox potential due to the Fe(III)-Met80 axial bond weakening [50], and an increase of the peroxidase activity [33].
Alkaline pH [33] or negatively charged nanoparticles like liposomes [51] induces a similar effect. Amorphous silica nanoparticles [26]
and carbon dots [45] were also reported to induce conformational changes resulting in an increase of peroxidase activity.

In the present case, CD spectroscopy supports the occurrence of α-helix loss and modifications close to aromatic amino acids of the
cyt c. Nevertheless, CNPs unexpectedly induced a suppression of the peroxidase activity. This data might be consistent with a
conformation alternative to that observed with other NMs, or more likely with the reduction of the heme, and it is partially in
agreement with what reported by Ma and co-workers for SWCNT [15].

4.4. Biological relevance of CNMs-mediated reduction of cyt c

The capability of CNMs to interfere with the cyt c functions might have different biological significance: the alteration of mito-
chondrial cyt c could lead to mitochondrial respiratory chain disruption, while the interaction with cyt c released in cytoplasm in
activated cells might affect the apoptosis. In fact, cyt c is capable of mediating apoptosis in the oxidized form only [52–54].
Furthermore, the interaction with both mitochondrial and cytosolic cyt cmight affect the redox homeostasis in cells [33]. However, to
be relevant, the reaction must occur in the presence of biomolecular coronas and the effect must be persistent. Here we demonstrated
that the incubation with serum proteins to generate a hard protein corona [55] did not reduce the surface reactivity of CNPs, probably
because part of the surface of the particles was still exposed to the solvent. This agrees with a previous study, in which CNPs were
reported to be still redox active in the presence of a foetal bovine serum-derived biomolecular corona [56]. The reactivity was also
found to be persistent, suggesting a potential of CNPs to induce cyt c alteration in cells. However, this is not the case: in fact, CNPs do
not interfere with the redox homeostasis of cells [15] likely because they do not came in contact with mitochondrial or cytosolic cyt c;
in fact, they were reported to accumulate in endo/phagosomes in RAW264.7 macrophages and human A549 lung adenocarcinoma cell
[18,19]. In fact, CNPs do not induce oxidative stress or cell death in macrophages. On the other hand, the interaction with cyt c may
occur with other CNMs like fibre-shaped SWCNTs, which are released into cytosol and penetrate into mitochondria [15].

5. Conclusion

The data reported in the present study demonstrate the potential of CNMs to affect the cyt c functions by direct, NADH-independent
reduction of heme-iron, inhibition of the peroxidase activity and unfolding. These effects do not imply the presence of cyt c in the hard
corona, since they were detected on the free protein. Finally, we demonstrate that these processes occur through distinct mechanisms,
which might be independently modulated by tuning the electronic or the surface properties of the particles.
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