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The concept of surface oxidation or noncovalent coating of carbon nanotubes for successful application in 
aqueous fluids has a cost in terms of pollution, fate, and toxicity. Co-existing components in vitro or in vivo can 
influence the nanotube colloidal behavior and affect their transport. In this work, the interaction of oxidized 
single-walled carbon nanotubes with CsI and Sr(NO3)2 and the effect of lysozyme on the colloidal behavior of 
these nanotubes in aqueous systems are examined using dynamic and electrophoretic light scattering.

The concentration regimes of CsI and Sr(NO3)2 that determine the colloidal stability and instability of oxidized 
single-walled carbon nanotubes were identified. Oxidizing of the nanotube surface enhances colloidal stability 
to CsI and adsorption of Sr2+ cations by decorating the surface with COOH groups. Selective binding of metal 
cations and large specific surface area favor the removal of heavy and radioactive metals in cationic form from 
the bulk phase.

Biological  and  medical  applications  contribute  to  the  fact  that  the  interactions  of  carbon nanotubes  with 
lysozyme are the object of several works. Covalent and noncovalent decoration by the enzyme creates a com-
bination of electrical, mechanical, thermal, and optical properties of carbon nanotubes with inherent antibacte-
rial activity of lysozyme. For example, Horn et al. reported antimicrobial fibers with four times the toughness of  
spider silk. However, to the best of our knowledge, little is known about colloidal stability and interaction with 
ions of protein-coated carbon nanotubes.

Keywords: nanotube, lysozyme, coagulation, water pollution, hydrodynamic size, zeta potential, dynamic light 
scattering

Introduction

The  annual  global  production  of  carbon  nanotubes  for  the  scientific  and  industrial  industry  is 
estimated to be several thousand tons. The production of carbon nanotubes inevitably leads to their 
release  into  predominantly  aquatic  systems.  The  toxicity  of  nanotubes  has  been  discussed  in 
Refs.  .  Environmental  processes  can  alter  the  nanotube  state,  affecting  their  transport,  fate,  and 
toxicity. In Ref.   a  hypothetical  loading of nanotubes into environment systems was simulated to 
demonstrate the differences between exposure concentrations during the loading and recovery period.

Carbon nanotubes are characterized by a large specific surface area of 100–400 m2/g. Nanocarbons 
in aqueous systems are hydrophobic colloidal dispersions. The creation of a stable colloidal system 
facilitates their high adsorption surface area. Fundamental concepts related to colloidal stability are 
modification by oxidation and surfactants-coating. Carbon nanotubes biography and degree of their 
surface oxidation compared in Ref.  provides a rationale for controlling colloidal stability in water and 
consequently the environmental fate and nanotube toxicity problems. The presence of charged surface 
provides the basis for efficient ion exchange. Carbon nanotubes decorated with COOH groups exhibit  
higher adsorption efficiency for Cd2+, Cu2+, Pb2+, and Hg2+ than bare ones. Selective binding of heavy 
metal ions, drugs, dyes, etc. leads to adsorption and hence their removal from the bulk phase. While  
strong binding of the pollutants is vital, an efficient nanotube coagulation methodology should also be 
included in the concept, otherwise, the nanoparticles remain in the water as nanovechicles. Finding an 
efficient protocol for sorbent separation after treatment is as important as the actual sorption process. 
Coagulation  has  the  potential  to  remove  nanocarbon  derivatives  with  a  captured  species.  The 
coagulation of carbon nanotubes by organic and inorganic electrolytes in water has been reported in  
Refs. . 

Oxidation of carbon nanotube leads to the formation of negative surface charge in aqueous systems, 
which limits the sorption efficiency of anionic pollutants. In this work, the cationic enzyme lysozyme, 
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LSZ, was involved in surface modification. LSZ is present in all organs that are exposed to air, thus  
the question arises about the fate of the nanotube interface in vivo.

Noncovalent interactions between LSZ and carbon nanotubes do not disrupt the intrinsic structure of  
sp2-bond and allow the production of state-of-the-art materials that combine the antibacterial propriety 
with mechanical, electrical, or optical properties of nanotubes. Therefore, these interactions have been 
the  object  of  several  works.  They were  investigated  using  scanning  electron  microscopy,  Raman 
spectroscopy, circular dichroism, and fluorescence anisotropy. The tryptophan residue of lysozyme 
interacts favorably with sp2-hybridized carbon nanomaterials. The surface carboxyl groups of oxidized 
nanotubes and amine groups of amino acid residues can form an amide bond. Adsorption of lysozyme 
on carboxylated, hydroxylated, and graphitized carbon nanotubes were compared in Ref. , adsorption 
capacity was estimated as 81800−90700 mg/g and multilayer adsorption was discussed. Antimicrobial  
activity of LSZ adsorbed noncovalently and attached covalently to single-walled carbon nanotubes 
was studied in Refs. .

The interaction of  bulk ions with enzyme-coated carbon nanotubes is  poorly represented in  the 
literature. L-cysteine-coating resulted in the 89% adsorption efficiency for Cd2+ ions. Recently, the 
interactions  of  heavy  metal  salts,  single-walled  carbon  nanotubes,  and  β-lactoglobulin  were 
investigated by docking technique. 

This work begins by looking at the interaction of nanotubes with Cs+ and Sr2+ cations, followed by 
coating with lysozyme. The colloidal stability and coagulation of single-walled nanotubes coated with 
noncovalently bound lysozyme is studied. The sample of oxidized single-walled carbon nanotubes 
(D15L1–5–COOH, NanoLab, Inc., USA) with a length of 1–5 mm, a diameter of 1.5 nm, content of  
COOH groups of 2–7 wt.%, and a specific surface area of 220 m2/g was used in the experiment. 

Experimental

Materials
Sodium chloride, cesium iodide, strontium nitrate, sodium sulfate, calcium chloride, lysozyme from 

chicken egg (70000 units/mg solid,  Sigma-Aldrich),  and oxidized single-walled carbon nanotubes 
(D15L1–5–COOH,  NanoLab,  Inc.,  USA)  were  used  as  received.  Energy  dispersive  X-ray 
spectroscopy,  X-ray  photoelectron  spectroscopy,  and  thermogravimetric  analysis  were  applied  to 
characterize this sample of single-walled oxidized carbon nanotubes in Ref. . 

To create the nanotube suspensions, 5 mg sample was suspended in 10 mL of distilled water with 
fourfold treating ultrasound for 8 min (an Ultrasonic Cleaner CD – 4800; frequency of 50/60 Hz, 
power of 70 W). Then the suspension was filtered through a paper filter (medium filtration rate, grade 
ST60, France). 

The working nanotube concentration (~1 mg/L) was found spectrophotometrically (a Hitachi U–
2000 spectrophotometer) according to the Bouguer–Lambert–Beer law and the extinction coefficients 
of 30.3 mL×mg–1×cm–1 and 32.3 mL×mg–1×cm–1 at 1033 nm and 688 nm, respectively. According to 
that initial dispersion contains ⁓160 mg/L nanotubes.

The  particle  hydrodynamic  size,  zeta-potential,  and  critical  coagulation  concentration 
determination procedure

The average hydrodynamic size, Zaver, and polydispersity index, PdI, were generated by cumulants 
analysis of dynamic light scattering data obtained on a Zetasizer Nano ZS Malvern Instrument. The 
electrophoretic  mobility  was  estimated  by  electrophoretic  light  scattering.  Considering  that 
electrophoretic  mobility  is  a  reflection  of  the  effects  of  particle  charge  and  diffuse  double  layer 
thickness; the electrokinetic potential in salt systems was calculated using the Henry equation (1) and  
the Ohshima approximation (2). 
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where  ue is the electrophoretic mobility;  η is the viscosity;  ɛo = 8.854×10–12 F×m–1;  ɛr is the relative 
permittivity of the solvent; κ is the reciprocal Debye length; r is the radius of the colloidal particle; F 
is the Faraday constant; I is the ionic strength; R is the gas constant; T = 298.15 K. 

To determine the critical coagulation concentration, CCC, the Fuchs function (4) was used. 
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where kr and ksl are the rate constants for rapid and slow coagulation, respectively.
The coagulation rate was determined as the slope of the time dependence of Zaver for colloidal 

dispersions with different contents of electrolyte.

Results and discussion

The sample of oxidized single-walled carbon nanotubes (D15L1–5–COOH, NanoLab, Inc., USA) 
can be attributed to being the most carbonized among those studied in the literature. The ζ-potential of 
the colloidal particles with a diameter of an equivalent sphere of about 190 nm is –48 mV at aqueous 
bulk pH of 5.7. [9] According to previous study, this sample is characterized by high CCC(NaCl) 
value and high CCC(Na1+)/CCC(Ca2+) ratio. Complex of Ca2+ with surface carboxyl commonly put 
forward as the reason for the excessive coagulating power.

The results obtained here for Cs+ and Sr2+ extend the empirical set to highlight higher colloidal 
stability of oxidized nanotubes than bare ones and the enhanced coagulation power of the two charged  
cations. On the practical side, the results facilitate the search for effective scavengers for 137Cs and 90Sr 
as representatives of hazardous radionuclides. 

It  should be mentioned that  the excess  energy at  the nanotubes surface compared to  the bulk 
controls coagulation and adsorption. The carboxyl groups of oxidized nanotubes contribute to the 
formation of an electric double layer, EDL, which partially compensates for this excess energy. The 
high content of surface carboxyl groups also leads to surface hydration, which affects the colloidal  
behavior within the framework of the structural component in terms of Churaev and Derjaguin.

In  terms  of  DLVO theory,  the  electric  potential  and  EDL thickness  as  well  as  the  Hamaker 
constants of nanotube–nanotube (4–60×10−20 J ) and water–water (3.7–5.5×10–20 J ) interactions mainly 
determine the height of the energy barrier, at the maximum of which repulsion exceeds attraction. At 
40 mmol/L CsI and 1 mmol/L Sr(NO3)2, the zeta potential of nanospecies changes to –24 mV and –19 
mV, respectively. In line with Powis, these EDL changes are followed by salt systems with colloidal 
instability regime i.e.  the aggregation rate of  colloidal  particles is  not  negligible (Fig.  1).  Eq.  (4) 
implies that at indicated salt systems the double layer is thicker (by a factor of 3.7) and the ionic  
atmosphere is more diffuse in the case of Sr(NO3)2, thus the particle zeta potential changes further by 
adsorption  before  coagulation  occurs.  The  electrostatic  energy  can  then  no  longer  stabilize  the 
nanotube dispersion.

The concentration of CsI and Sr(NO3)2, which correspond to the beginning of the rapid coagulation 
regime, are given in Table 1. At these concentrations, the ζ values become –(12–10) mV (Fig. 1). The 
influence of the electrolyte is mainly due to the compression of EDL thickness, which makes possible  
the contact of particles at a distance at which the attraction forces prevail. As empirical data show, 
EDL compression by NaCl  in  Ref.  and CsI  occurs  mainly  due to  a  decrease  in  the  diffusion of 
counterions into the bulk phase caused by an increase in the ionic strength of the system. It has been 
demonstrated in paper  that the acid dissociation constant of surface carboxyl groups is affected by the 
ionic strength. Nevertheless, CCC(NaCl) > CCC(CsI), the stronger coagulation power of Cs+ is in line 
with  their  ionic  radius  and hydration radius.  Sr2+ and Ca2+  have similar  ionic  radii.  However  the 
properties of ions in the aqueous system affect characteristics such as surface tension, their adsorption, 
the ionization degree of acid and salt, and their interaction with carboxylic group, thus the CCCs for  
CaCl2 and Sr(NO3)2  are different. The dications also affect both the thickness of the diffuse double 
layer and the surface electric potential. Here, the surface electric charge is subject to change by the 
adsorption of ions. For example, in the context of tools serving as complexing agents for radioactive 
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strontium, a montmorillonite modified by oxalate has increased (about 136% over pristine clay at pH 
slightly above 8) selectivity for Sr2+. 

Table  1. Critical  rapid  coagulation  concentrations  for  1  mg/L  oxidized  single-walled  carbon  nanotubes, 
SWCNT, aqueous suspension, 25 oC, pH = 5.7

Electrolyte
CCC, mmol/L

Initial SWCNT system SWCNT system with LSZ
NaCl 150 85 ± 5
CsI 120 ± 10 –

CaCl2 1.8 45 ± 5
Sr(NO3)2 5.5 ± 0.5 –
Na2SO4 – 0.70 ± 0.09

Fig. 1. Dependences of the zeta potential (a) and the rates of size increasing (b) vs concentrations of CsI (square) 
and Sr(NO3)2 (triangle) in aqueous dispersion of SWCNT. 

Co-existing components in vitro or in vivo can modify the nanotube surface state, affecting their  
transport, fate, and toxicity. In this paper, the colloidal behavior of the  nanotubes in lysozyme, LSZ, 
system is examined.

Lysozyme (isoelectric point of ⁓11 ) in distilled water with pH of 5.7 carries a formal positive 
charge (Table A1). At 2–5 mg/mL LSZ, the hydrodynamic size of nanospecies (Fig. A1) determined 
by dynamic light scattering, DLS, is smaller than that reported in Ref.  according to both DLS and 
small angle X-ray scattering (radius of gyration of 1.49 nm). Based on Ref. , LSZ at <0.3 M NaCl is  
almost the same as the initial state, but at >0.3 M NaCl colloidal instability was observed and at 0.5 M 
NaCl aggregate size reaches about 0.7 μm. Starting with 2 ml initial suspension, 50 mg LSZ was 
added and the system was treated with ultrasound at a frequency of 50/60 Hz for 8 min. The created 
system was kept at 4  oC. For measurements, a 160-fold dilution was. The diffusion coefficient of 
nanoparticles increases slightly (Fig. 2), corresponding to Zaver of 225 ± 15 nm (PdI = 0.29 ± 0.01). 
Electrophoretic  light  scattering  (Fig.  3)  indicated  a  change  in  direction  of  species  migration  in 
electrophoresis,  corresponding to  ζ  of  +27±3 mV (+ is  inserted for  distinction).  This  indicates  an 
effective modification of the nanotubes by coating the surface with the enzyme. The electrophoretic 
mobility is higher than reported in Ref.  and in line with data from Refs. . The modified colloid was  
stable  during  several  weeks  of  observation.  The  electrolyte  effects  on  colloidal  behavior  was 
investigated.

The CCC(NaCl)/CCC(CaCl2) ratio is ⁓2 and ⁓83 for the system with and without LSZ (Table 1).  
The result corresponds to overcharging of the nanotube surface through enzyme coating and Cl– ions 
cause  coagulation  of  modified  positive  species.  Examination  of  the  dianion  influence  led  to  the 
CCC(NaCl)/CCC(Na2SO4) value of ⁓120, which exceeds the predicted effect of coagulant charge by 
the classical DLVO theory.

The CCC(NaCl) value for the colloid with lysozyme compared to the original system indicates a 
decrease in  colloidal  stability.  According to  the general  idea,  protein coating of  the nanomaterial 
suggests steric hindrance. This concept prevents contact between nanoparticle surfaces at a distance at 
which the attraction forces prevail. However, the initial nanotube surface is oxidized, for this state, the 
CCC(NaCl)  value  is  regarded  as  high.  Considering  the  structure  of  LSZ  with  129  residues  the 
conclusion was that in the native state, 83% of the surface is hydrophobic.  The carboxyl groups of 
nanotubes can interact with the functional group of LSZ, thus exposing the hydrophobic part to the 
interface. This can reduce the colloidal stability of oxidized nanotubes and the CCC(NaCl) value. This 
also clarifies the reduced ability to suspend nanotubes in aqueous LSZ.
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The negative electrophoretic mobility for the nanotube dispersion with LSZ after 0.4 mol/L NaCl 
corresponds to the salt concentration at which the aforementioned enzyme aggregation was observed 
in the native LSZ system.
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Fig. 2. Size distribution by intensity (1), volume (2), and particle number (3) of aqueous dispersions of SWCNT 
without (a) and with (b) lysozyme.

Fig. 3. Dependences of the zeta potential (a) and the rates of size increasing (b)  vs concentrations of NaCl 
(square), CaCl2 (triangle), and Na2SO4 (circle) in aqueous dispersion of SWCNT with lysozyme. 

Conclusions

Hydrophobic  carbon  nanotubes  are  purposely  oxidized  for  successful  application  in  aqueous 
systems.  In the colloidal  state,  they are subjected to further modifications by interacting with the 
system components. In vivo, nanotubes are exposed to a range of proteins, and it is the nanotubes 
complexes with polypeptide, rather than the bare nanotubes, that determine the behavior of the colloid.  
Various surface modifications find their application in one way or another, for example, covalent and 
non-covalent  modification with lysozyme leads to unique structures with antimicrobial  properties; 
compression of  EDL thickness by inorganic electrolytes that  reduce colloidal  stability is  used for 
sedimentation of heavy and radioactive metal ions; etc. The rational application of modified nanotubes 
in aqueous systems requires accounting for and controlling the morphology of the interface and the 
effects they generate. This work deals with the colloidal behavior of COOH-decorated nanotubes in 
the systems of Cs+, Sr2+, and lysozyme. Oxidized single-walled carbon nanotubes with COOH groups 
of content 2–7 wt.% and specific surface area of 220 m2/g according to the information from the 
vendor were used. 

Oxidation of the nanotube surface implies the emergence of stabilizing factors. The short-range 
attraction carbon nanotubes with Hamaker constant of 4–60×10−20 J (published literature values) is 
balanced by long-range electrostatic repulsion (weakly screened COO– groups) in distilled water. The 
colloidal stability regime was observed up to 40 mmol/L CsI and 1 mmol/L Sr(NO3)2 at which the 
nanospecies zeta potential becomes –24 and –19 mV, respectively, i.e. the electrostatic energy can no 
longer stabilize the nanotube dispersion. The rapid coagulation regime starts at 120 mmol/L CsI and 
5.5 mmol/L Sr(NO3)2 and the ζ values of –(12–10) mV.  The results obtained here for Cs+ and Sr2+ 

extend the recent empirical set for Na+, Ca2+, and Ba2+ to highlight higher colloidal stability of oxidized 
nanotubes than bare ones. Along with the compression of the thickness of the diffuse double layer, the 
addition of  the electrolytes affects  the electric  charge.  Alteration in the magnitude of  the electric  
charge by Sr(NO3)2 is controlled by cation adsorption. As a result, the CCC(Cs+)/CCC(Sr2+) ratio is 
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high. Overcharging of the nanotubes by the dications does not lead to stabilization of the colloid. From 
a practical point of view, these results should be taken into account in the strategy of water purification 
from both toxic cations and nanotubes.

Lysozyme  is  also  noncovalently  adsorbed  on  the  nanotube  surface  in  vitro.  The  surface 
modification was empirically observed by overcharging the surface of the dispersion particles, which 
was  colloidally  stable  during  several  weeks  of  observation.  As  such,  changing  the  direction  of 
nanotube migration in a system with lysozyme, for example, is critical in electrophoresis applications; 
the positive formal charge of the modified surface (ζ of +27±3 mV) is useful for loading anionic forms 
of transition metals, drugs, etc. Steric hindrance of the coated surface generally suggests protection 
against  short-range  attraction  carbon  nanospecies.  However,  the  CCCs  were  lower  than  in  the 
lysozyme-free system. This result is expected if accepting the fact that 83% of native lysozyme is 
hydrophobic and interaction with carboxyl groups of nanotubes directs the hydrophobic part to the 
interface.
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Appendix. Dynamic and electrophoretic light scattering data for lysozyme aqueous 
solutions

Table A1. Diameter and electrophoretic mobility of species and polydispersity index of the solution at different  
lysozyme concentration 

c, mg/
mL

Mean diameter, nm
PdI

ue,

μm×cm×V–1×s–1by Intensity by Volume
by Number

I II III I II
0.0005 – – – – – – 1 –
0.005 390±50 – – 390±50 – 380±40 1 0.3±0.1
0.05 50±30 – – 50±30 – 50±30 1 0.4±0.1

2 65±10 1.3±0.2 – 1.3±0.2 – 1.2±0.2 0.9±0.1 1.3±0.1

5
189±90 35±20 1.1±0.1 1.1±0.1 – 1.0±0.1 0.58±0.0

1
1.4±0.1
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Fig. A1. Size distribution by intensity (1), volume (2), and species number (3) in 2 mg/mL (a) and 5 mg/mL 
(b) lysozyme aqueous solutions.
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А. Лагута. Колоїдна поведінка окислених і покритих лізоцимом одностінних вуглецевих нанотрубок. Аналіз 
за допомогою динамічного та електрофоретичного розсіювання світла
Харківський національний університет імені В.Н.Каразіна, хімічний факультет, майдан Свободи, 4, Харків, 
61002, Україна. 

Концепція поверхневого окислення або нековалентного покриття вуглецевих нанотрубок для успішного 
застосування у водних рідинах має свою ціну з точки зору забруднення, долі  і  токсичності. Співіснуючі 
компоненти in vitro або in vivo можуть впливати на колоїдну поведінку нанотрубок і на їхню міграцію. У цій 
роботі  за  допомогою  методу  динамічного  та  електрофоретичного  розсіювання  світла  досліджено 
взаємодію окислених одностінних вуглецевих нанотрубок із CsI та Sr(NO3)2 і вплив лізоциму на колоїдну по-
ведінку цих нанотрубок у водних системах.

Визначено концентраційні режими CsI та Sr(NO3)2, які визначають колоїдну стабільність і нестабільність 
окиснених одностінних вуглецевих нанотрубок. Окиснення поверхні нанотрубок підвищує колоїдну стійкість 
до CsI та адсорбцію Sr2+ за рахунок декорування поверхні COOH-групами. Селективне зв’язування катіонів 
металів і велика питома поверхня сприяють видаленню важких і радіоактивних металів у катіонній формі з  
об’ємної фази.

Біологічні та медичні застосування сприяють тому, що взаємодії вуглецевих нанотрубок із лізоцимом є 
об’єктом низки робіт. Ковалентне  і нековалентне декорування ферментом створює комбінацію електрич-
них, механічних, теплових та оптичних властивостей вуглецевих нанотрубок із притаманною лізоциму ан-
тибактеріальною активністю. Наприклад, Хорн та ін. повідомили про антимікробні волокна, що в чотири ра-
зи перевищують міцність павутинного шовку.  Однак,  наскільки нам відомо,  про колоїдну стабільність і  
взаємодію з іонами вуглецевих нанотрубок, покритих білком, відомо небагато.

Ключові слова: нанотрубка, лізоцим, коагуляція, забруднення води, гідродинамічний розмір,  
дзета-потенціал, динамічне розсіювання світла.
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