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d Centre of Excellence for Integrated Approaches in Chemistry and Biology of Proteins, 

Jamova 39, SI-1000 Ljubljana, Slovenia 
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Abstract 

Nanomaterials (NM) that enter a biological environment are immediately covered by a layer 

of proteins, which form a protein corona that governs further interactions of NM within the 

organism. In this study, we investigated the bovine serum albumin corona and the human 

serum protein corona, formed on three different carbon-based NM: carbon black, multi-walled 

carbon nanotubes, and graphene oxide. The serum protein corona of all three studied NM was 

found to be enriched with complement factors and apolipoproteins. In addition, by measuring 

the enzymatic activity of the serum butyrylcholinesterase, we have shown that also less 

abundant proteins could be included in and affected by the corona formation. The studied NM 

show NM-specific affinities towards albumin binding, both in the pure bovine serum albumin 

solution or in the human serum. Interestingly, graphene oxide has the lowest affinity towards 

albumin, but it shows the highest sorptive capacity for other serum proteins, including those 

present in small amounts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

1. Introduction 

In recent years, nanomaterials (NM) have been developed as useful tools for application in 

medicine and biology [1–4]. Upon contact with the biological environment, different NM are 

immediately coated by a layer of proteins that form the so-called protein corona [5]. This 

protein layer is consequently responsible for interactions inside the organism, such as 

biodistribution, biocompatibility, and the destiny of the NM [6]. The protein corona is a 

dynamic formation. As the NM passes from one biological fluid to another, some proteins 

may detach from the NM and new proteins get adsorbed [7]. It is well known from the 

literature that unspecific and random binding of blood proteins to NM determines their 

interactions with cells [8–11]. Therefore the structure of the protein corona is of vital 

importance in understanding the interaction of NM with biological systems [2,12] and it also 

plays a key role in targeted drug delivery. 

Different NM were shown to bind different proteins, and the intensity of this binding depends 

both on the properties of the NM and the proteins [13–18]. Regarding the NM surface charge, 

adsorption potential, particle size and shape are among the main properties that can influence 

a specific binding of proteins [5, 13, 15, 19–25]. Regarding proteins their attachment to NM 

surface depends on protein shape [14], size [26–28], charge [15,20], and also on protein 

concentration [21,29,30]. In order for NM to be used as drug carriers, opsonisation, e.g. the 

process of removal of NM from the systemic circulation, and their phagocytosis by hepatic 

Kupffer cells should be minimized, otherwise the drug-loaded NM will be cleared by the 

organism and will not release the drug at the desired site [26,31,32]. Proteins acting as 

opsonins are preferentially complement factors, immunoglobulins and fibronectin. In 

addition, the attachment of apolipoproteins that facilitate the translocation of NM through the 

blood brain barrier, should be considered when using NM in medical applications [33,34]. 

Carbon-based NM are considered to be among the most sorptive of the manufactured NM, 

and have been known to adsorb both small molecules [35] and larger proteins [23,36]. For 

example, the binding of proteins to carbon nanotubes (CNT), namely single walled CNT 

(SWCNT), occurs via hydrophobic amino acid residues, and the intensity of this binding 

correlates with the number of the contact amino acid residues, the number of all hydrophobic 

residues, the contact area and the size of the protein [37]. It has been shown that CNT adsorb 

serum albumin, apolipoproteins, fibrinogen, and complement component C1q, which activates 



 

the human complement via a classical pathway [38]. SWCNT coated with bovine serum 

albumin (BSA) can also activate the complement system via C1q recognition, while the 

PEGylated SWCNT activate the complement via a lecithin pathway [39]. In addition, the 

biodistribution of PEGylated CNT in mice was found to be influenced mostly by the presence 

or absence of apolipoprotein H in the protein corona [17], while the pre-coating of SWCNT 

with BSA can facilitate the uptake of SWCNT into cells [40]. It has been also shown that the 

mechanism of the cell uptake of the BSA-coated graphene oxide (GO) sheets was dependent 

on the flake size [41]. 

The proteins adsorbed on the NM surface can lose their native conformation [42]. The degree 

of alterations in the protein secondary and tertiary structure depends both on the protein 

structure [43–46], as well as on the properties of the NM, such as particle size, surface 

curvature and surface charge [13,47–51]. Consequently, alterations in the protein secondary 

and tertiary structures can result in loss of protein function [44,47,49,52,53]. In line with this, 

previous in vitro studies have shown that physiologically important enzymes 

acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) readily adsorb to a carbon-

based NM surface, and that this adsorption is correlated to the loss of enzyme activity [54–

56]. The possibility to measure activity of AChE and BChE after exposure to NM makes 

these two enzymes perfect candidates for model biosensor systems in studying the biological 

reactivity of NM. AChE is a key enzyme in the nervous system, which enables the 

transmission of the signals in cholinergic synapses through a degradation of the 

neurotransmitter acetylcholine [57]. In addition, AChE has recently been identified also in a 

number of non-neuronal tissues from mammalian species, acting as a local cellular signalling 

molecule [58]. BChE is found in the blood plasma of vertebrates [59], it is less specific for 

different substrates than AChE, and can degrade different exogenous toxic compounds [57]. It 

is assumed that BChE can serve as a backup to AChE, especially when the AChE activity is 

compromised or absent in supporting and regulating the cholinergic transmission [60]. 

The aim of our work was to test the affinity of three carbon-based NM for the most abundant 

serum protein, albumin, and their affinity towards a mixture of serum proteins. It is expected 

that the most abundant proteins will be also most strongly represented in the protein corona, 

but in this regard there are differences among NM documented in the literature [19–21,23,38]. 

We hypothesized that if a NM strongly binds the serum albumin, the other serum proteins will 

be excluded from the corona formation, or will be present in much lesser amounts. To prove 

this hypothesis, we first incubated carbon black (CB), multi-walled CNT (MWCNT) or GO in 



 

a suspension of bovine serum albumin (BSA) and tested the intensity of BSA binding to these 

three different NM. In the second part of the study, we incubated these three NM in the 

human serum. We assumed that NM which are more prone to bind albumin in a pure 

suspension will retain this high affinity towards albumin also in a complex mixture when 

compared with other tested NM. In addition, we have tested also the involvement of a low-

abundant serum protein in the corona formation by measuring the activity of the intrinsic 

serum BChE. It was expected that, if BChE is involved in the protein corona formation, its 

activity will be inhibited due to the conformational changes after adsorption. We discuss the 

importance of knowing the composition of the NM protein corona with special emphasis on 

those types of proteins which are responsible for blood circulation time or blood brain barrier 

translocation, as well as the potential of NM to adsorb less abundant but physiologically also 

very relevant serum proteins. 

 

2. Experimental 

2.1. Materials 

Carbon black nanopowder PL-CB13 with > 99% purity was obtained from PlasmaChem 

GmbH (Berlin, Germany). According to the supplier, the average primary particle size was 13 

nm, and the specific surface area was 570 ± 20 m2/g. Data on our own characterisation are 

provided in the Section 3.1. Graphene oxide was purchased from Graphene Supermarket 

(USA) as dry platelets composed of 79 % carbon and 21 % oxygen. According to the 

producer, the flake size was 0.5-5.0 µm with GO layers of 1.1 ± 0.2 nm thickness, while at 

least 80 % of GO was single-layered. Multi-walled carbon nanotubes were obtained from 

Nanocyl (Belgium) within the EU FP7 large-scale integrating project NanoValid. According 

to the manufacturer, MWCNT were 35-50 nm wide. AChE from the electric eel 

(Electrophorus electricus) type VI-S, BChE from equine serum and albumin from bovine 

serum, fraction V, ≥ 96 % (GE) were purchased from Sigma-Aldrich Co. (USA). AB-human 

serum from Invitrogen™ was purchased from Life Technologies (Thermo Fisher Scientific 

Inc., USA). Acetonitrile (Fisher Scientific Ltd., Loughborough, UK) and formic acid (Acros 

Organics, Geel, Belgium) were of HPLC gradient grade or higher. Deionized water was 

purified using a Milli-Q system (Millipore Corp., Billerica, MA, USA). All other reagents 

used for the enzyme assays were obtained from Sigma-Aldrich Co. and were of the highest 

purification grade available. 

 



 

 

 

2.2. Methods 

2.2.1. Preparation of pristine and BSA-coated NM suspensions 

The stock suspensions of pristine NM were prepared in MilliQ water at concentrations of 1 

and 2 mg/mL for the assay of isolated AChE and BChE activity, and at concentrations of 2 

and 10 mg/mL for the assay of intrinsic human serum BChE activity. These suspensions were 

sonicated (Sonics Vibra Cell, Newtown, USA) for 1 hour at 39 % amplitude and for 15 

seconds on / 15 seconds off cycle, by cooling the suspensions in an ice bath. For experiments 

with the BSA-coated NM, 1 mg/mL stock suspensions of CB or MWCNT, or 2 mg/mL stock 

suspension of GO were mixed with equal volume (750 µL) of different concentrations of BSA 

in MilliQ water, and incubated for 1 hour at 37 °C with constant shaking at 180 rpm. 

Following incubation, the mixtures were immediately centrifuged at 15,000 g for 10 minutes, 

and the supernatant was discarded. The sediment was resuspended in 1500 µL MilliQ water 

and used for the AChE or BChE activity assay. For gel electrophoresis, the stock suspensions 

of pristine NM (2 mg/mL) were prepared in an erythrocyte buffer (140 mM NaCl, 20 mM 

TRIS, pH 7.4) as described above. 

 

2.2.2. Characterization of NM 

The pristine NM suspensions were observed by transmission electron microscopy (TEM). 

Materials were deposited on a perforated, transparent carbon foil supported by copper grid by 

drying their water suspensions. The TEM analyses were performed with a field-emission 

electron-source JEOL 2010F microscope operated at 200 kV. The microscope is equipped 

with energy-dispersive X-ray (EDX) spectrometer Oxford Instruments EDXS-ISIS300. 

Morphological features of GO were additionally analysed by atomic force microscopy (AFM, 

Solver PRO, NT-MDT, Russia) in tapping mode in air. One µl of GO suspension in MilliQ 

water (50 µg/mL) was dropped on the perfectly flat silica wafer and the samples were left to 

dry in air. Samples were scanned with the standard Si cantilever with a force constant of 22 

N/m and at a resonance frequency of 325 kHz (tip radius was 10 nm and the tip length was 95 

µm) and with the scan rate set at 1.3 Hz.   

The size distribution of CB (47.6 or 4.76 µg/mL) suspension in MilliQ water or CB (4.76 

µg/mL) suspended in the mixture of Ellman’s reagent and 100 mM phosphate buffer, pH 8.0, 

was analyzed by dynamic light scattering (DLS). For the DLS analysis, Fritsch Analisette 12 



 

DynaSizer was used. The ζ-potential of the NM suspensions was measured using a 

Brookhaven Instruments Corp., ZetaPALS. 

 

2.2.3. Cholinesterase activity assay 

The adsorption of AChE and BChE on different NM and the inhibition of these enzymes by 

NM were assayed by Ellman’s method adapted for microtiter plates as described in Mesarič et 

al. [56]. Briefly, for inhibition measurements, 10 µL of NM suspensions (0.01-2 mg/mL) were 

combined with 50 µL of AChE or BChE solution (0.06 and 0.01 U/mL, respectively) in 100 

mM phosphate buffer pH 8.0. After a 10-minute incubation, 100 µL of Ellman’s reagent and 

50 µL of the substrate acetylthiocholine chloride (2 mM) were added and the enzyme reaction 

was allowed to proceed for 5 minutes, after which the tubes were centrifuged for 5 minutes at 

14,500 g. From each tube, 210 µL of the supernatant was pipetted onto a microtiter plate, and 

the absorbance of the supernatant at 405 nm was measured 20 minutes after the addition of 

the substrate to the reaction mixture, using the microplate multimode detector Anthos Zenyth 

3100 (Anthos Labtec Instruments GmbH, Austria). To determine the adsorption rate of the 

enzymes onto the NM, the procedure was modified so that during the 10-minute NM-enzyme 

incubation all mixtures were centrifuged for 5 minutes at 14,500 g in order to remove the 

NM-adsorbed enzyme, and the supernatants (60 µL) containing the non-adsorbed enzyme 

were pipetted onto the microtiter plate. Immediately, 100 µL of Ellman’s reagent and 50 µL 

of 2 mM substrate were added to each well. The absorbance was read at 405 nm exactly 20 

minutes after the addition of the substrate to the reaction mixture. 

 

2.2.4. Circular dichroism-spectroscopic studies of acetylcholinesterase-NM interactions 

The circular dichroism (CD) spectra of electric eel AChE (0.5 mg/mL) in 100 mM phosphate 

buffer, pH 8.0 at 25 °C were obtained using an AVIV 62DS spectrophotometer (Lakewood, 

NJ, USA). Spectra were recorded in a 1 mm path length quartz cell for the far UV (198-250 

nm) (Starna, Atascadero, CA, USA). CD measurements were performed with a step size of 

1.0 nm, a spot width of 1.5 nm, and an average time of 2 seconds. The CD spectra of 

appropriate NM in 100 mM phosphate buffer pH 8.0 were recorded and subtracted from the 

protein spectra. The enzyme was titrated with NM (0-286 µg/mL) directly in the cuvette, 

therefore the spectra were multiplied by a dilution factor. For all spectra, an average of 3 

experimental repeats was calculated. The mean residue ellipticity, [Θ]λ, was calculated by 

using the relation  



 

  [61] 

in which Mo is the mean residue molar mass (129.9 g⋅mol-1 for electric eel AChE), Θλ is the 

measured ellipticity in degrees, c is the concentration in g/ml, and l is the path length in 

decimeters. [Θ]λ was expressed in deg cm2 dmol-1. The secondary structure content was 

calculated from the far-UV CD spectra using the CONTIN software package [61]. 

 

2.2.5. Investigation of the interaction of serum proteins and NM 

2.2.5.1. Human serum butyrylcholinesterase activity assay 

The human serum BChE activity assay was performed as described in 2.2.3., with 50 µL of 

0.4 % (v/v) human serum in 100 mM phosphate buffer pH 8.0 used as a source of enzyme 

(total protein concentration of 0.392 mg/mL). The final concentration of serum proteins in the 

reaction mixture was 0.093 mg/mL. Stock suspensions (2 or 10 mg/mL) of NM were used and 

diluted as described in 2.2.3. 

 

2.2.5.2. Gel electrophoresis 

In order to investigate the adsorption of serum proteins to NM, 25 µL of NM stock 

suspensions (2 mg/mL) were combined with 75 µL of human serum (100, 50, 20, 10, or 2 % 

v/v in erythrocyte buffer). Mixtures were vortexed and incubated for 1 hour at 37 °C and by 

constant shaking (550 rpm). Immediately, after a 15-minute centrifugation at 20,238 g, the 

supernatants were pipetted into fresh Eppendorf tubes. The supernatants of 100 %, 50 %, 20 

% and 10 % NM-serum mixtures were diluted 50-, 20-, 10- and 5-folds, respectively, with 

erythrocyte buffer. The protein concentration in the diluted supernatants was measured using 

the BCA Protein Assay Kit (Thermo Fisher Scientific Inc., USA). The absorbance of the 

particle-free and serum-free control was subtracted from the samples and total protein 

concentration was calculated relative to the BSA standard. Sediments were washed 3 times by 

adding 100 µL MilliQ water, transferred into new Eppendorf tubes, and centrifuged for 15 

minutes at 20,238 g, after that the supernatants were discarded. Finally, the sediments were 

re-suspended in 20 µL erythrocyte buffer and combined with 5 µL of 5x SDS buffer (10 % 

SDS, 25 % glycerol, 0.5 % Coomassie Brilliant Blue (m/V), 300 Mm TRIS-HCl, 0.05 M 

DTT, pH 8.8), sonicated for 5 minutes in an ultrasonic bath (400 W, 30 kHz; Sonis 4GT, Iskra 

Pio d.o.o., Slovenia), heated at 95 °C for 5 minutes and centrifuged for 5 minutes at 20.238 g 



 

in order to separate the proteins from the NM. Aliquots of 14 µL were loaded on 10 % sodium 

dodecyl sulphate (SDS)-polyacrylamide gel in SDS running buffer (10 g SDS, 30.3 g TRIS, 

144 g glycine, 10 L dH2O) and resolved at 195 V. After electrophoresis, the gels were stained 

overnight at room temperature using the Coomassie staining solution (2,5 g Coomassie 

Brilliant Blue, 500 mL dH2O, 400 mL MeOH, 100 mL acetic acid), and de-stained in 

methanol:acetic acid:water at 3:2:15 (v:v:v). 



 

1 http://sbs.umkc.edu/documents/MASCOTprobabilitiesNEW.pdf 

For the mass spectrometry (MS) analysis of the NM protein corona, 10 µL of GO, and 25 µL 

of MWCNT or CB were mixed with respectively 90 or 75 µL of human serum (50 %, 20 % 

and 10 % v/v in erythrocyte buffer and further prepared as described above. Aliquots of 20 µL 

were loaded on 10 % NuPAGE Bis-Tris Gel (Life Technologies, Thermo Fisher Scientific 

Inc., USA) in MOPS-SDS running buffer (50 mM MOPS, 50 mM TRIS, 0.1% SDS, 1 mM 

EDTA, pH 7.7) and resolved at 195 V. After the electrophoresis the gels were stained with 

PageBlue Protein Staining Solution (Thermo Fisher Scientific Inc., USA) for 1 hour and de-

stained overnight in MilliQ water. 

 

2.2.5.3. Mass spectrometry 

In order to analyze the protein composition of the carbon-based NM corona, selected protein 

spots, namely the ones that were more pronounced at low serum concentrations and thus 

representing the proteins with the highest affinity towards the NM, but also the more 

prominent protein spots representing the most abundant proteins, were manually excised from 

the SDS-PAGE gel for the MS analysis. Each protein spot was cut into small pieces and de-

stained with 25 mM NH4HCO3/50 % acetonitrile (ACN), then dehydrated in 100 % ACN, and 

vacuum-dried. Cysteins were reduced and alkylated using 10 mM DTT and 55 mM 

iodoacetamide, then the gels were washed with 25 mM NH4HCO3 and 100 % ACN, and 

vacuum-dried. The proteins were digested in gel using a MS grade modified trypsin 

(Promega) in 25 mM NH4HCO3 at 37 °C overnight. The resulting peptides were extracted 

with 50 % (v/v) ACN/5 % (v/v) formic acid, concentrated in vacuum to 15 μL, and stored at 

−20 °C. Extracts were purified on StageTips C18 (Thermo Fisher Scientific Inc., USA) 

according to the manufacturer’s instructions and analyzed using an electrospray ionization 

(ESI) ion trap-MS (MSD Trap XCT Plus, Agilent, USA) as described in Leonardi et al. [62] 

Liquid chromatography-ESI-MS spectral data, obtained as Mascot generic files (mgf), were 

searched in the protein databases (SwissProt for proteins with constant domains and NCBInr 

for antibodies) using the Mascot search engine. The identified protein database entries are 

presented in descending order in the search results, based on their scores. A protein that 

receives more matching MS/MS scans in the search receives a higher overall score and is 

ranked higher in the search results. The top listed match is often the most abundant protein in 

the sample.1 

 

 



 

 

3. Results 

3.1. Characteristics of nanomaterials 

The tested NM differ both structurally and chemically. CB and MWCNT are hydrophobic, 

pure carbon-based NM that exist respectively in the form of amorphous carbon or rolled-up 

graphene sheets. On the other hand, GO is a single planar layer of carbon atoms that is 

arranged into a honeycomb-like lattice, and has a hydrophilic character due to its oxygen-

containing (e.g., epoxy, carboxyl, hydroxyl) functional groups. 

The TEM analysis of CB revealed aggregates of amorphous, globular NM with a primary size 

of approximately 20 nm (Fig. 1A), while the MWCNT analysis showed bundles of multi-

walled CNT with internal diameter of 1.8-10 nm and external diameter of 5.7-15 nm, with 

some graphite impurities (Fig. 1B). The energy-dispersive X-ray spectroscopy (EDXS) 

analysis of MWCNT showed the mean peak of carbon, together with a substantial peak of 

oxygen and smaller peaks of Al, Si and Fe (data not shown). After the drying of the GO 

suspension on the TEM specimen support, the material was deposited in a form of platelet 

particles, which represent compact, layered aggregates of graphene oxide molecules. At the 

thin parts of the GO aggregates the layers are frequently wrinkled, giving an uneven contrast 

of the TEM image (Fig. 1C). The EDXS analysis of GO showed that besides carbon and 

oxygen, small amounts of K and S are present as the impurities (data not shown). 

Additionally, height and 3D images of the GO surface obtained by AFM (Supporting Fig. 1) 

clearly show the presence and the distribution of GO on the perfectly flat surface of silica 

wafer. The height of GO evaluated from AFM analysis is about 70 to 120 nm and the length is 

about 15 to 30 nm. From phase image we can obtain information about viscoelastic properties 

of the surface and GO can be clearly observed as the darker parts correspond to GO particles 

on the surface.  

 



 

 

 
Fig. 1. Transmission electron microscopy images of dried aqueous suspensions of carbon 

black (A), multi-walled carbon nanotubes (B) and graphene oxide (C). Bars: CB, MWCNT: 

20 nm, GO: 500 nm. 

 

The hydrodynamic diameter of CB (47.6 µg/mL) suspended in MilliQ ranged between 50 nm 

and 190 nm, most of the particles having a hydrodynamic diameter between 50 nm and 65 nm 

(Fig. 2A). Similar results were obtained with a more diluted suspension (4.76 µg/mL), with 

some aggregates reaching up to 500 nm (Fig. 2B). However, in the mixture of Ellman’s 



 

 

reagent and 100 mM phosphate buffer, the agglomeration of NM occurred, and the 

hydrodynamic diameter of CB agglomerates ranged between 800 nm and 9400 nm, most of 

them having a hydrodynamic diameter of 800 nm (Fig. 2C). The DLS analysis of the GO and 

MWCNT suspensions was not possible due to their anisotropic shape. The hydrodynamic 

diameters of the BSA-coated NM could not be measured because of the agglomeration and 

sedimentation of the BSA-NM complexes. Similarly, the hydrodynamic diameters of the NM 

in serum could not be measured due to agglomeration as well. 

Fig. 2. Number-weighted distributions of hydrodynamic particle size in the suspension 

containing 47.6 (A) or 4.76 µg/mL (B, C) of the CB suspended in MilliQ (A, B), or in the 

mixture of Ellman’s reagent and 100 mM phosphate buffer (C), measured using DLS. 

 

The zeta potential of CB, MWCNT and GO suspensions in MilliQ was -32 mV, - 21 mV and 

-35 mV, respectively. The zeta potential of CB, MWCNT and GO suspensions in the mixture 

of Ellman’s reagent and 100 mM phosphate buffer was -34 mV, -39 mV and -32 mV, 

respectively, while the zeta potential of CB, MWCNT and GO in erythrocyte buffer was -12 

mV, -10 mV and -21 mV, respectively. 



 

 

 

3.2. Effect of BSA-coating of nanomaterials on their ability to adsorb and inhibit 

cholinesterases 

3.2.1. The interaction of uncoated nanomaterials with cholinesterases 

The uncoated CB was found to be highly sorptive for both AChE from Electrophorus 

electricus, and BChE from equine serum, causing a 20 % adsorption (EC20) at the respective 

concentrations of 0.1 and 0.18 µg/mL (Fig. 3). The sorptive ability of the uncoated GO for 

AChE was slightly lower (EC20 at 0.3 µg/mL), but on the other hand very prominent for 

BChE (EC20 < 0.048 µg/mL) (Fig. 4). The adsorption rate of AChE and BChE to the uncoated 

CNT was comparable (EC20 around 2 µg/mL, Fig. 5), however considerably lower when 

compared to the adsorption to CB and GO. The rate of adsorption of both enzymes to the 

uncoated CB or MWCNT was close to the rate of the enzyme inhibition by these NM (Figs. 3 

and 5), suggesting that this inhibition is predominantly caused by adsorption. On the contrary, 

the adsorption rates to the uncoated GO were higher than the inhibition rates (Fig. 4). For 

example, 5 and 12-folds more of GO was necessary to obtain the 20 % inhibition of AChE 

and BChE, compared to the amount necessary for the 20 % adsorption. These observations 

show that a fraction of the GO-adsorbed AChE or BChE still retains its enzymatic activity. 

 

3.2.2. The impact of BSA-corona on the interaction of nanomaterials with cholinesterases 

After coating the NM with BSA, the adsorption of both AChE and BChE on all three NM 

decreased, consequently reducing the inhibition (Figs. 3-5). Different amounts of BSA were 

needed to reduce the interaction of cholinesterases with different NM. In the case of CB, the 

adsorption to and the inhibition of both enzymes was nearly abolished when the NM was 

coated with 0.125 mg/mL BSA. In other words, approximately 500-fold more BSA-coated 

CB was needed to induce the same degree of adsorption and inhibition of cholinesterases in 

comparison to the uncoated CB. A similar effect was observed with MWCNT coated with 

0.15 mg/mL BSA. The protective effect of BSA was considerably less pronounced with GO, 

where comparable decreases in the rate of adsorption/inhibition appeared only at very high 

BSA concentrations (4 mg/mL). 



 

 

Fig. 3. Adsorption and inhibition rates of Electrophorus electricus AChE (A) or equine serum 

BChE (B) by different concentrations of uncoated and BSA-coated CB (0.048 - 47.6 µg/mL). 

Each point represents mean ± SE of three independent experiments. Numbers on graphs 

represent the concentration of BSA (in mg/mL) used for coating the nanomaterials. For 

incubation with BSA, 1 mg/mL stock suspension of CB was used. 

Fig. 4. Adsorption and inhibition rates of Electrophorus electricus AChE (A) or equine serum 

BChE (B) by different concentrations of uncoated and BSA-coated GO (0.048 – 95.2 µg/mL). 

Each point represents mean ± SE of three independent experiments. Numbers on graphs 

represent the concentration of BSA (in mg/mL) used for coating the nanomaterials. For 

incubation with BSA, 2 mg/mL stock suspension of GO was used. 



 

 

Fig. 5. Adsorption and inhibition rates of Electrophorus electricus AChE (A) or equine serum 

BChE (B) by different concentrations of uncoated and BSA-coated MWCNT (0.095 - 47.6 

µg/mL). Each point represents mean ± SE of three independent experiments. Numbers on 

graphs represent the concentration of BSA (in mg/mL) used for coating the nanomaterials. 

For incubation with BSA, 1 mg/mL stock suspension of MWCNT was used. 

 

3.3. Effect of nanomaterials on the secondary structure of acetylcholinesterase 

Circular dichroism measurements were used to determine the impact of NM on the secondary 

structure of AChE. A detailed inspection the far-UV CD spectra of AChE (Fig. 6) showed 

that the secondary structure of AChE was influenced by CB and GO, while MWCNT did not 

have any impact at the tested concentrations (Fig. 6, Fig. 7). This is consistent with the results 

from the enzymatic activity measurements where uncoated MWCNT also had the least effect 

on cholinesterases in comparison with uncoated CB or GO in a similar concentration range 

(Fig. 5). The solution of AChE was saturated with NM already at 74 µg/mL and a further 

addition of NM did not have any impact on AChE secondary structure (Fig. 7). The CB and 

GO NM caused the decrease in the alpha helix content of AChE, while MWCNT did not have 

any effect on secondary structure elements as estimated by applying Contin deconvolution 

software [61] at the saturation concentration of NM (Table 1). It should be however noted 

that due to the nature of CD measurements, these tests were performed at approximatively 

1000 folds higher AChE:NM ratios than in the kinetic experiments, so the direct comparison 

of AChE:NM interactions measured by these two experimental approaches cannot be made. 

From our results, it can only be deduced that GO and CB induce measurable changes in the 



 

 

AChE secondary structure even with enzyme: NM ratios that are considerably higher than 

those used in the kinetic studies. It is not excluded that MWCNT also induces secondary 

structure alterations of AChE, however according to the kinetic tests it is plausible that they 

would appear only at considerably higher MWCNT concentrations, at which recordings of 

CD spectra would not be possible. 

 

Table 1. Effect of carbon-based NM (GO, CB and MWCNT; all 74 µg/mL) on the change of 

the secondary structure elements of Electrophorus electricus AChE. 

  CB GO MWCNT 

NM concentration (µg/mL) 0 74 74 74 

Alpha helix (%) 9.3±1.0 7.3±1.2 6.0±1.0 8.3±0.3 

Beta sheet (%) 38.3±1.0 38.3±1.2 33.7±1.3 38.7±0.9 

Beta turn (%) 18.2±0.7 17.3±0.7 17.0±0.6 18.3±0.3 

Remainder (%) 34.0±0.5 37.0±1.7 44.0±0.6 34.7±1.3 



 

 

 
Fig. 6. Mean residue ellipticity, [Θ]205 nm of Electrophorus electricus AChE (0.5 mg/mL) 

titrated with increasing concentrations (0-285.7 µg/mL) of CB (A), GO (B) or MWCNT (C) 

at 25 °C and pH 8.0. 

 



 

 

 
Fig. 7. Mean residue ellipticity at 205 nm, [Θ]205nm, of Electrophorus electricus AChE (0.5 

mg/mL), titrated with increasing concentrations of NM (0-285.7 µg/mL) at 25 °C and pH 8.0. 

 

3.4. Nanomaterial interaction with serum proteins 

3.4.1. Impact of nanomaterials on the activity of intrinsic butyrylcholinesterase in human 

serum 

Since in our previous experiments BSA was shown to protect the carbon-based NM from their 

interaction with cholinesterases, we wanted to assess whether similar effects will occur upon 

the addition of these NM directly to the serum which already contains soluble BChE [63]. 

Indeed, the titration of 0.4 % human serum with an increasing concentration of NM, and a 

consequent interaction of these NM with serum proteins, resulted in a large reduction of NM 

adsorption on BChE, and a reduced inhibition of its activity by the carbon-based NM (Fig. 8). 

The adsorption and inhibition of BChE by CB or MWCNT was almost totally abolished by 

the adsorption of serum proteins within the entire concentration range of the tested NM (4.8 – 

476 µg/mL mg/mL). On the contrary, and in line with the results obtained with enzyme 

experiments in which pure BSA was used for pre-coating (Fig 3-5), GO was found to be less 

affected by serum proteins, and had still retained its sorptive and inhibitory potential for 

BChE. 



 

 

 
Fig. 8. – Adsorption (A) and inhibition (B) rates of BChE in 0.4 % human serum by different 

concentrations of NM (9.6-476 µg/mL). Each point represents mean ± SE of three 

independent experiments. The final concentration of serum proteins in the reaction mixture 

was 0.093 mg/mL. 

 

3.4.2. Interactions of carbon-based nanomaterials with human serum proteins 

In order to establish the composition of the protein corona of the carbon-based NM, which is a 

consequence of NM incubation in the human serum, the NM-bound proteins were separated 

by 1D SDS-PAGE gel electrophoresis. Afterwards, the protein spots that appeared the most 

pronounced on the SDS-PAGE gel after NM incubation in the highly diluted serum (10 % and 

20 %), thus representing the proteins with the highest avidity towards the NM, were analyzed 

by LC-ESI-MS, together with the more prominent protein spots on the SDS-PAGE gel after 

NM incubation in the less diluted serum (50 %), representing the most abundant serum 

proteins. A list of the most abundant corona serum proteins from excised protein spots is 

presented in Table 2, and the whole array of the analyzed corona proteins is presented in the 

supporting information (Supporting file 1). The SDS-PAGE separation shows that GO bound 

most of the proteins and that it is also the least selective (Fig. 9). The remarkable exception, 

as compared to CB and SWCNT, was the binding of serum albumin, the most abundant serum 

protein [64], which is visible at 55-60 kDa on the SDS-PAGE gel, and that bound to GO in 



 

 

considerably lower amounts than to CB or MWCNT (Fig. 9). Another abundant serum 

protein, IgG (visible at ~250 kDa on the SDS-PAGE gel), bound to all three investigated NM 

(Fig. 9, Table 2). Several protein bands that were hardly visible after the separation of a 2 % 

human serum with the SDS-PAGE were enriched in the protein corona, especially 

complement factors and apolipoproteins (Table 2, Fig. 9). CB and MWCNT showed a similar 

binding pattern, CB being visually more sorptive (Fig. 9). In comparison to CB or MWCNT, 

more complement components and blood coagulation proteins were identified in the GO 

corona (Table 2, Fig. 9). 

 

 
Fig. 9. SDS-PAGE analysis of human serum proteins adsorbed to carbon-based NM upon a 

60-minute incubation. The human serum (50 %, 20 % and 10 % v/v in erythrocyte buffer) was 

incubated with 0.2 mg/mL GO or 0.5 mg/mL MWCNT or CB for 1 hour at 37 oC. The 

samples were then centrifuged, the supernatants removed and the pellets washed three times. 

Bound proteins were analyzed with the SDS-PAGE electrophoresis. Lanes: GO: 50 % (10 µL 

GO and 90 µL 50 % serum), 20 % (10 µL GO and 90 µL 20 % serum), 10 % (10 µL GO and 

90 µL 10 % serum); MWCNT: 50 % (25 µL MWCNT and 75 µL 50 % serum), 20 % (25 µL 

MWCNT and 75 µL 20 % serum), 10 % (25 µL MWCNT and 75 µL 10 % serum); CB: 50 % 

(25 µL CB and 75 µL 50 % serum), 20 % (25 µL CB and 75 µL 20 % serum), 10 % (25 µL 

CB and 75 µL 10 % serum); 2 % human serum – 2 % serum without NM; M – molecular 

weight markers (kDa). Asterisks mark the analyzed protein spots. 



 

 

Table 2. List of most abundant serum proteins found in the corona of carbon-based nanomaterials from the 22 excised protein spots analyzed by 

mass spectrometry. +++ - very abundant; ++ - abundant; + - present (according to Mascot protein score: +++ > 150 > ++ > 100 > +). 

Protein name 
MW 

(Da) 
Ip CB CNT GO Functional group Function 

Serum albumin 66437 4.7 +++ +++ ++ Transport Transport protein, osmotic pressure 

Serotransferrin 77064 6.81 +++ +++ +++ Transport Transport of iron 

Apolipoprotein A-I 30778 5.56 ++ +++ ++ Transport Transport of cholesterol 

Apolipoprotein E 36154 5.65 + + +++ Transport Transport of lipoproteins 

Hemopexin 51676 6.55   ++ Transport Transport of heme 

Inter-alpha-trypsin inhibitor heavy 

chain H2 
106463 5.75 

 
++ + Transport Transport of hyaluronan 

Inter-alpha-trypsin inhibitor heavy 

chain H1 
101389 6.31 

  
+ Transport Transport of hyaluronan 

Apolipoprotein A-IV 45399 5.28   + Transport Transport of cholesterol, antioxidant  

Complement C3   184342 5.7 +++  +++ Immune system Complement activation 

Complement C4-A 192789 6.66 +++ + ++ Immune system Complement activation 

Complement component C9 63173 5.43 
  

+++ Immune system 
Complement activation, pore-forming subunit of 

the MAC 

Inter-alpha-trypsin inhibitor heavy 

chain H4 
103357 6.51 + + +++ Immune system Acute-phase response 

Complement component C8 alpha 

chain 
65163 6.07 

  
+++ Immune system Complement activation, constituent of the MAC 

Complement component C8 beta 

chain 
67047 8.5 

  
+++ Immune system Complement activation, constituent of the MAC 

Complement C1s subcomponent 76684 4.86 + + +++ Immune system Complement activation 



 

 

Complement component C7 93518 6.09   +++ Immune system Complement activation, constituent of the MAC 

IgG1 146000 8.6 ++ +++ ++ Immune system Complement activation, antigen binding 

Complement C1q subcomponent 

subunit B 
26722 8.83 ++ 

 
++ Immune system Complement activation 

Complement factor I 65750 7.72   ++ Immune system Complement activation 

Complement factor B 85533 6.67   ++ Immune system Complement activation 

Ig kappa 11609 5.58 ++ + + Immune system Complement activation, antigen binding 

Complement C1r subcomponent 80119 5.89   ++ Immune system Complement activation 

C1-inhibitor 55154 6.09  ++ + Immune system Complement regulation, fibrinolysis regulation 

Ig alpha 37655 6.08 ++ + + Immune system Antigen binding 

Complement component C6 104786 6.39   + Immune system Complement activation, constituent of MAC 

Alpha-1-antichymotrypsin 47651 5.33   + Immune system Acute-phase response 

Ig gamma-2 chain C region 35901 7.66 +   Immune system Complement activation, antigen binding 

Lipopolysaccharide-binding protein 53384 6.4   + Immune system Acute-phase response 

Complement component C8 gamma 

chain 
22277 8.49 

  
+ Immune system Complement activation, constituent of MAC 

Alpha-1-antitrypsin 46737 5.37   + Immune system Acute-phase response, blood coagulation 

Ig gamma-3 chain C region 41287 8.23  +  Immune system Complement activation, antigen binding 

Complement factor H-related protein 

1 
37650 7.39 + 

 
+ Immune system Complement activation 

Ig lambda-1 chain C regions 11384 7.89 + + + Immune system Complement activation, antigen binding 

Complement factor H 139096 6.21   + Immune system Complement regulation 

Complement C1q subcomponent 

subunit C 
25774 8.61 

  
+ Immune system Complement activation 

Vitamin K-dependent protein S 75123 5.0-5.5  +++ + Haemostasis Anticoagulant 



 

 

Coagulation factor IX 51778 4.2-4.5   ++ Haemostasis Blood coagulation 

Carboxypeptidase B2 48424 7.61   ++ Haemostasis Blood coagulation 

Tetranectin 22537 5.52   ++ Haemostasis Fibrinolysis 

Prothrombin 70037 5.64   ++ Haemostasis Blood coagulation 

Antithrombin-III 52602 4.9-5.3 +  ++ Haemostasis Blood coagulation inhibition 

Kininogen-1 71957 6.34 +  + Haemostasis Blood coagulation inhibition 

Kallistatin 48542 5   + Haemostasis Blood pressure regulation, vascular remodelling 

Plasminogen 90569 7.04   + Haemostasis Fibrinolysis 

Coagulation factor XII 67792 8.04   + Haemostasis Blood coagulation 

Vitronectin 54306 5.55 +  ++ Tissue structuring Extracellular matrix binding 

Fibulin-1 77214 5.11   ++ Tissue structuring Extracellular matrix organization 

Gelsolin 85698 5.83   ++ Tissue structuring Fibronectin binding 

Hyaluronan-binding protein 2 62672 6.09   + Tissue structuring Cell adhesion, hyaluronan binding 

Clusterin 52495 5.89 ++ ++ + Cell death Chaperone, prevents protein aggregation 

Glutathione peroxidase 3 25552 8.26   + Oxidative stress Oxidative stress 

 



 

 

4. Discussion 

The carbon-based NM are among the most sorptive NM [23,35,36] and have the capability to 

bind many different proteins to their surface [17,18,46,65,66]. This fact is beneficial when 

NM are used as scaffolds, but can also be disadvantageous when NM are introduced into the 

body and come in contact with different biological media. Here, most sorptive NM may 

adsorb and affect more proteins.  

 

4.1. Interaction of NM with BSA and cholinesterases 

The study presented here shows that, when GO, CB or MWCNT in their pristine (uncoated) 

forms were incubated with cholinesterases, the adsorption and the inhibition of the enzyme 

was the lowest with MWCNT. We explain this as a result of a higher surface curvature of 

MWCNT as compared to GO and CB. Mesarič et al. [56] observed a similar trend with 

fullerenes C60, which have an even higher surface curvature, and which formed a considerably 

lower number of atomic contacts with insect AChE in comparison to CB or GO. Enhanced 

protein adsorption capacity on flatter surfaces, and consequent structural changes of the 

adsorbed proteins, was also reported also by other authors. For example, computer simulation 

studies of Balamurugan et al. [50] revealed that a lower surface curvature of carbon-based 

NM increases the protein α-helical breaking tendency. Similarly, Mu et al. [13] showed 

experimentally that lowering the surface curvature of MWCNTs can induce larger protein 

conformational changes. Increased protein adsorption capacity on carbon-based NM with 

flatter surfaces was confirmed also by Zuo et al. [16] and Gu et al. [67]. All these studies on 

carbon-based NM are consistent also with previous findings on spherical silica NM [47,48] as 

well as with our CD-spectroscopy results, which showed that CB and GO with a lower 

surface curvature decreased the α-helical content (and in the case of GO also decreased the 

content of β-sheets), while MWCNT with a higher surface curvature did not induce this or 

any other changes in the secondary structure of electric eel AChE.  

The pre-coating of NM in protein solutions may substantially modify the NM interactions 

with biological molecules. In the study by Mesarič et al. [56], as well as in our experiments 

with uncoated NM, GO showed a high sorptive potential for cholinesterases, but a low 

inhibitory potential. However, when carbon-based NM were pre-coated with BSA, 

significantly higher (13- to 16-fold) concentrations of BSA were needed for GO in 

comparison with MWCNT or CB, respectively, to diminish the impact of the NM on the 

inhibition of AChE and BChE. This indicates that the binding affinity of BSA towards GO is 



 

 

much lower than towards CB or MWCNT, allowing cholinesterases to adsorb to GO. To what 

extent the pre-incubation of specific proteins may modify the fate of NM in the body remains 

a matter of further research. 

 

4.2. Protein corona of carbon-based NM after incubation with human serum proteins 

The composition of the NM protein corona modulates the NM biocompatibility and 

distribution within the body. Complement factors, immunoglobulins and fibronectin are 

involved in the NM opsonisation and their translocation to liver and spleen [31,68], while the 

binding of serum albumin prolongs the NM circulation time in blood [69,70], and the 

attachment of apolipoproteins facilitates the translocation of NM through the blood brain 

barrier [29, 30]. In addition, proteins involved in hyaluronan binding promote the NM-cell 

association [71]. 

In our study, GO was found to bind considerably higher amounts of serum proteins in 

comparison with CB or MWCNT, as shown by the stronger intensity of protein bands at 

lower GO concentrations (Fig. 9). This could be a consequence of the low surface curvature 

of GO, combined with the presence of its negatively charged functional groups, resulting in 

both hydrogen binding and electrostatic interactions [56], in addition to hydrophobic and van 

der Waals interactions, which govern the adsorption of serum proteins on CB [56] and CNT 

[16,50]. In line with these findings, the NM with the highest surface curvature, MWCNT, was 

found to bind the least amount of proteins. 

We suggest that these observed differences in the corona composition are not only due to 

different aggregation status of tested the NM. Namely, the adsorption of proteins onto carbon-

based NM is dictated by hydrophobic and π -π interactions between aliphatic and aromatic 

residues and the conjugated NM surface. Accordingly, protein adsorption is highly sensitive 

to topological constraints imposed by carbon-based NM surface structure; in particular, 

adsorption capacity is thought to increase as the incident surface curvature decreases [56][67]. 

Further, if we hypothesize that the differences in the adsorption and inhibition of 

cholinesterases to the tested NM are solely due to the differences in surface area available, 

one would expect that the ratio between the inhibition and adsorption potential would be 

similar in all the tested NM. Also, the shape of the adsorption/inhibition curves would be the 

same in all the cases. In our study, this is not the case. Enzymes adsorbed to GO are still 

active, while this is not the case when they are adsorbed to CB and MWCNT. However, in 

cases of the BSA pre-treatment, the surface of NM is covered by BSA, resulting in fewer 



 

 

surfaces available for enzyme adsorption in the same type of NM. Here the different amount 

of adsorbed surfaces indeed resulted in same shape of curves (Figs. 3-5). These combined 

results indicate that the interactions of cholinesterases, as well as of the serum proteins with 

different NM are not solely the result of differences in NM aggregation, but are also due to 

different affinities of the three NM towards these proteins. Finally, serum proteins exhibited 

different binding patterns to three investigated NM (Fig. 9), thus we take this as an indication 

of different affinities of investigated NM for the serum proteins, and not only as the 

consequence of different amounts of binding surfaces. There are even some proteins (see for 

example the ~50 kDa protein band on Fig. 9) which are bound only to one type of NM, but 

not to the other two.  

 The competition of proteins for the adsorption on the surface of NM, which is affected by 

incubation time, protein concentration, and adsorption affinity between a protein and the NM 

surface, is called the “Vroman effect” [72]. More abundant proteins, such as serum albumin, 

may dominate on the NM surface after short incubation periods, but will subsequently be 

replaced by lower abundance proteins with a higher affinity and a slower binding kinetics [5]. 

The amount of proteins in the protein corona of carbon-based NM becomes stable after only 5 

minutes of incubation for MWCNT and CB [8], and after 30 minutes of incubation for GO 

[9]. When SWCNT were incubated with a mixture of BSA and bovine fibrinogen, no notable 

change in the adsorption ratio of the two proteins was visible after a 60 minute incubation, 

compared to longer incubation periods [37]. Similarly, when CB was incubated with a 

mixture of BSA, bovine fibrinogen and bovine IgG, the ratio between the three adsorbed 

proteins was stable after 15 minutes and up to 24 hours [23]. Therefore, we assume that the 60 

minute incubation time of NM with the human serum in our study was long enough for the 

formation of a stable protein corona. 

The most abundant serum protein, serum albumin [64], was bound to all three investigated 

NM, but to GO in lesser amounts as shown by the SDS-PAGE (Fig. 9) and mass spectrometry 

analyses (Table 2). Because of its oxygen-containing functional groups, GO is less 

hydrophobic than CB or MWCNT, and hydrophobic NM were shown to adsorb more albumin 

molecules than hydrophilic ones [73]. This specific, significantly weaker affinity of BSA 

towards GO compared to CB or MWCNT was further confirmed by the experiment in which 

we took advantage of the intrinsic serum BChE, which will compete with serum albumin and 

other less abundant serum proteins for binding on the NM surface. We measured the 

inhibition of BChE activity as an indicator of BChE interaction with the NM. The adsorption 



 

 

of serum proteins on CB or MWCNT resulted in a complete retention of BChE activity, 

indicating that other serum proteins, but not BChE, had a high affinity towards CB and 

MWCNT. On the other hand, GO inhibited the activity of the intrinsic serum BChE, 

confirming BChE adsorption. We explain this with different preferential binding of serum 

albumin to CB, MWCNT and GO. Serum albumin, being the most abundant serum protein 

[64], is most probably responsible for the formation of the corona which prevents BChE 

adsorption on CB and MWCNT. However, the weaker affinity of albumin towards GO seems 

to be responsible for the adsorption of the less abundant serum proteins on the GO surface 

(Fig. 9). Among them is also BChE, as shown by the inhibition of its enzymatic activity in the 

serum (Fig. 8). Our results indicate that some NM, when coated with a protein corona, can 

affect both the structure and function of the less abundant but physiologically important 

adsorbed serum proteins. Whether BChE binds directly to the NM surface or forms a 

secondary corona on the primary one, remains unresolved. 

The proteins identified in the excised SDS-PAGE gel spots are mainly involved in transport 

and immune response (Table 2). The abundant serum proteins exhibiting these functions, for 

example immunoglobulin IgG1 and serotransferrin (the precursor of transferrin), were found 

bound to all investigated NM. The proteins that were enriched in the protein corona of all 

investigated NM as compared to their amounts in the serum, were mainly complement factors 

and apolipoproteins. A particularly high number of many different complement factors was 

identified in the excised gel spots of the GO corona, together with proteins involved in 

haemostasis and tissue structuring. The role of the more prominent protein groups and the 

possible consequences arising from their interaction with NM are discussed in detail below. 

More complement components were identified in the corona of GO than of CB or MWCNT, 

though some complement components (for example complement C4-A) were identified on all 

of the three investigated NM. Both GO and CB bound the complement C3 precursor and 

complement C1q precursor. The complement system plays a central role in the modulation of 

immune and inflammatory responses towards intruders and may be the key contributing factor 

in eliciting acute allergic responses to NM and nanomedicines. It can be activated by three 

different pathways that converge at the cleavage of the central complement protein C3 [74]. 

The classical pathway of the complement is initiated by the binding of the C1q recognition 

molecule to the surface of NM [39], while direct interaction with C3 and C4 molecules could 

cause a conformational change of these proteins, leading to the products resembling activated 

C3 and C4 [74]. Hydroxyl groups, such as those on the surface of GO, are capable of a 



 

 

nucleophilic attack on the internal thioester bond in the α-chain of nascent C3b, thereby 

accelerating a complement alternative pathway turnover [74]. Feng et al. [46] discovered that 

the concentration of complement protein fragments C3a and C5a was increased in human 

plasma in the presence of GO compared to the control (phosphate saline buffer), further 

proving the ability of GO to activate the complement system. CNT were reported to activate 

the complement system via the classical pathway, or via the lecithin activation pathway [39]. 

SWCNT and double-walled CNT activate the complement system via a classical pathway, 

and double-walled CNT trigger the alternative activation pathway as well [38]. 

Apolipoproteins, such as apolipoprotein E, apolipoprotein A-I and apolipoprotein B-100, can 

facilitate the translocation of different NM through the blood brain barrier [33,34]. The 

attachment of apolipoproteins can also be used for targeting cells with lipoprotein receptors 

[28]. Apolipoproteins A-I tends to bind to more hydrophobic NM [5]. The binding of 

apolipoprotein A to the carbon-based NM, namely SWCNT, double-walled CNT, MWCNT 

and CB has been reported previously [18,23,38,65]. In our study, all the investigated carbon-

based NM adsorbed apolipoprotein A-I and apolipoprotein E to their surface, indicating these 

NM as suitable candidates for drug transport through the blood brain barrier, or on the other 

hand presenting a serious threat of uncontrolled penetration of these NM into the brain. 

Immunoglobulins are globular glycoprotein molecules that play an essential role in the 

immune system. They are divided into classes that have different concentrations in serum 

(IgG > IgA > IgM > IgD > IgE) [17]. IgG has the role in antigen binding and complement 

activation, where it activates the classical pathway [74], and acts as an opsonin, promoting the 

removal of NM from the systemic circulation and their phagocytosis. It preferentially binds 

on negatively charged NM bearing strong basic or weak acid groups on their surface [75]. In 

our study, IgG1 bound to all three investigated NM. Other studies also confirm the presence 

of IgG in the carbon-based NM corona, namely CB and PEG-SWCNT [17, 23]. 

We have also found that serotransferrin, the transferrin precursor, binds to all three 

investigated NM in relatively high amounts (Table 2). Transferrin is a non-heme iron-binding 

glycoprotein. The transferrin receptor-mediated endocytosis is a major route of cellular iron 

uptake and this has been exploited for the site-specific drug and gene delivery [76], so the 

carbon-based NM could be considered as potential candidates for the transferrin receptor-

mediated endocytosis. 

Hyaluronan-binding proteins, namely inter-alpha-trypsin inhibitor heavy chain H1, H2 and 

hyaluronan-binding protein 2, were identified in the corona of GO and MWCNT. These 



 

 

proteins promote NM cell association – adhesion to the cell membrane and the internalization 

of the NM [71]. 

In order to test the suitability of different NM as drug carriers, the characterisation of the 

dispersions of these NM is of high importance. At present, there is however no consensus on 

the methods used for characterisation of nanoparticles in biological suspensions (NanoValid; 

http://www.nanovalid.eu/) for the purposes of bio-nano studies. The choice of methods for 

NM characterisation is limited to scanning electron microscopy, transmission electron 

microscopy, energy-dispersive X-ray spectroscopy, DLS and zeta potential measurements. 

Among them, only DLS measures the state of dispersion; but even this measurement has 

limitations since it is designed for stable suspensions. In addition, the agglomeration of NM is 

a time-dependent “on-off” dynamic process, while DLS measurement describes the situation 

only in a certain time point. Due to these facts, quite some authors have presented indirect 

approaches for description of characteristics of NM in a suspension. Xia et al [35] have 

elaborated the biological surface adsorption indices and nanodescriptors for characterization 

of NM in biological systems, while Meng and Ugaz [77] have suggested a physico-chemical 

analyses of suspensions of NM based on the fluorescence signature of NM that is independent 

of their agglomeration state. We suggest that adsorption/inhibition of proteins on the surface 

of NN may also provide data on adsorption potential of the NM suspension in time.  

In the view of possible use of the carbon-based NM as drug delivery systems, our results 

indicate that GO would be a less suitable candidate in comparison with the other two 

hydrophobic NM in terms of the circulation time in blood. Its considerably lower interaction 

with serum albumin, which is known to prolong the NM circulation time in blood, as well as 

its strong interaction with molecules involved in the protein clearance (especially complement 

factors), make GO potentially more prone to opsonisation and clearance from the blood 

circulation than CB or MWCNT. In addition, GO binds a broader spectrum of serum proteins 

which could increase the side effects of this NM by altering the physiological function of 

these proteins. At present, these are however only hypotheses deduced form our results that 

have to be further confirmed in vivo. 

 

Conclusions 

The results of this study show that the binding affinity of three tested carbon-based NM 

towards serum albumin in a pure albumin solution is preserved in the mixture of serum 

proteins. CB and MWCNT have comparable affinities towards serum albumin, which are 



 

 

considerably higher than the affinity of GO. Next, GO shows a much higher sorptive capacity 

and a lower binding specificity for other serum proteins, and consequently binds a broader 

spectrum of serum proteins. The protein corona of the investigated carbon-based NM after the 

incubation in the human serum is enriched with complement factors and apolipoproteins. GO 

corona also contains less abundant serum proteins, including intrinsic serum BChE whose 

activity is altered due to the adsorption. These results indicate that NM with a high sorptive 

capacity and a low affinity towards serum albumin could affect the function of less abundant 

serum proteins.  
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