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ABSTRACT

Hypothesis: Nanodiamonds, one of the most promising nanomaterials for the use in biomedicine, placed
in the organisms are bound to interact with various amphiphilic lipids and their micelles. However, while
the influence of surfactants, the close relative of lipids, on the properties of colloidal nanodiamonds is
well studied, the influence of nanodiamonds on the properties of surfactants, lipids, and, therefore, on
the structure of surrounding tissues, is poorly understood.
Experiment: In this work, the influence of interactions of hydrophobic and hydrophilic nanodiamonds
with ionic surfactant sodium octanoate in water on hydrogen bonds, the properties of the surfactant
and micelle formation were studied using Raman spectroscopy and dynamic light scattering technique.
Findings: Nanodiamonds are found to actively influence the bulk properties only of the premicellar sur-
factant solutions: the strength of hydrogen bonds, ordering and conformation of hydrocarbon tails, the
critical micelle concentration. This influence is deduced to be dependent on two mechanisms not unique
to nanodiamonds: (1) the induction of micro-flows around nanoparticles undergoing Brownian motions,
and (2) the creation of the chaotic state in the surfactant solutions if two or more incompatible types of
interactions between nanoparticles’ surfaces and surfactants are similarly favorable, e.g. hydrophobic
interaction and Coulomb attraction.

© 2019 Elsevier Inc. All rights reserved.

Abbreviations: ND, nanodiamond; NaC8, sodium octanoate; CMC, critical micelle concentration; DLS, dynamic light scattering.

* Corresponding author.

E-mail address: alexey.vervald@physics.msu.ru (A.M. Vervald).

https://doi.org/10.1016/j.jcis.2019.03.102
0021-9797/© 2019 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2019.03.102&domain=pdf
https://doi.org/10.1016/j.jcis.2019.03.102
mailto:alexey.vervald@physics.msu.ru
https://doi.org/10.1016/j.jcis.2019.03.102
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

AM. Vervald et al./Journal of Colloid and Interface Science 547 (2019) 206-216 207

1. Introduction

At present, the use of nanomaterials in biology and medicine is
actively developing. Carbon nanoparticles, semiconductor quan-
tum dots, complexes with rare earth elements and other nanopar-
ticles are used as luminescent imaging probes, for targeted drug
delivery, in regenerative medicine, and as nanosensors of intracel-
lular processes. Nanodiamonds (NDs) occupy a special place
among these nanoparticles due to their unique combination of
properties — low cost, stable luminescence, chemically active sur-
face, and biocompatibility [1,2].

One of the most important properties of nanodiamonds is their
diverse chemically active surface, which provides a wide range of
possibilities for their use as drug carriers [3-5], adsorbents [6,7],
and bases for the creation of various bioconjugates [8-10]. Through
this surface, NDs used in biomedicine as medical agents will inevi-
tably interact with amphiphilic compounds whose micelles are the
main structural elements of biological tissues: cell membranes are
composed of lipid bilayers, bile acid micelles perform various vital
functions, phospholipid renewal is associated with processes of
structural micelle membrane recovery, etc. [11]. The biological
micelles, however, have the sizes of hundreds of nanometers
against the single-digit nanometer nanoparticles. At these ratios
and sizes, no microscope or other techniques can provide viable
information on the nanoscale influence of nanoparticles on the
properties of micelles.

The insight in the nanoscale features of interactions between
nanoparticles and biological micelles can be obtained by studying
the interactions of nanoparticles with close relatives of amphiphi-
lic lipids - surfactants, which at certain concentrations form
micelles [12-14]. Unfortunately, large number of the studies on
the systems of nanoparticles with surfactants concerns the proper-
ties of nanoparticles, the efficiency of the usage of surfactants, or in
several occasions the influence of nanoparticles on the critical
micelle concentration of surfactants [15] and the effect of nanopar-
ticles on the changes of surface tension induced by surfactants
[16]. Like that, the nanoparticles charged similarly to the head
group of surfactants are determined to repulse surfactant from
the bulk of the suspensions to the water/air interface [16], but in
literature there is no information on the influence of nanoparticles
on the nanoscale structure of the surfactant themselves.

The majority of publications devoted to the study of the interac-
tion of nanodiamonds and surfactants in suspensions concerns the
effect of surfactant on the dispersibility of the NDs [17-21]. Surfac-
tants are actively adsorbed on the surface of NDs, changing their
zeta potential and aggregation properties [22-25]. Two mecha-
nisms of surfactant adsorption on NDs, according to which the
same surfactant can interact in different ways with different parts
of the ND surface, were proposed [17,18]. The first mechanism is
the hydrophobic interaction between hydrophobic surfactant tails
and hydrophobic regions of the ND surface, leading to partial
hydrophilization of the surface. The second is Coulomb attraction
in the case of an ionic surfactant and an oppositely charged surface
of NDs, which leads to partial hydrophobization of the surface. It
was noted that other molecules of the surfactant can interact with
such a hydrophobic surface, forming an analog of a double layer
around NDs [18]. In any event, the addition of surfactants provides
an improvement in the dispersibility of NDs not only in aqueous
solutions but also in cells, which expands the prospects of their
biological application [18,23].

According to the results of many authors [26-33], nanodia-
monds significantly change the structure of the surrounding sol-
vent. As was established by X-ray pair distribution function
analysis, colloidal nanoparticles induce restructuring and (dis)
ordering of the molecules of the polar and non-polar solvents

surrounding them at a distance of up to 2 nm [26]. More specific
for NDs, in 2007, by the differential scanning calorimetry of melt-
ing the aqueous gel of nanodiamonds, the special nanosized phase
of water around nanodiamonds was found [27]. Batsanov et al.
confirmed the existence of that stable water shell, showed that
its thickness is about 0.5 nm around nanodiamonds in water and
that the shell properties differ significantly from the properties of
bulk water so that even “traces of ND drastically affect the physical
properties of water” [28,29]. It was concluded that NDs cause a
structural rearrangement of water molecules at large distances,
not only in nearest shells, most likely through an orientation polar-
ization mechanism. The effect of dispersed nanodiamonds on the
properties of a bulk solvent has been shown: dispersed nanodia-
monds weaken hydrogen bonds in bulk water, and the change in
energy of the hydrogen bonds depends on the type of diamond sur-
face groups [30-32]. In contrast to suspensions of hydrophilic car-
boxylated NDs, in suspensions of hydrophobic hydrogenated
nanodiamonds a long-range disruption of the water hydrogen
bonds is observed, even when such NDs do not form hydrogen
bonds directly with surrounding solvent molecules. However, in
our previous study [34]| we have demonstrated that surfactants
can “shield” the hydrogen bonds in the suspension from the weak-
ening influence of NDs.

Despite the fact that the surfactants have been used to increase
the dispersibility of nanodiamonds for a long time the interactions
of nanoparticles with surfactant molecules and the influence of
these interactions on the properties of NDs, surfactant, and their
environment is far from full understanding. Meanwhile, an under-
standing of the processes that occur when the NDs are dispersed in
water in the presence of surfactants and when such nanoparticles
are internalized into the biological material is extremely important
for the creation of safe medical agents based on nanoparticles.

The most suitable technique for the elucidating the nanoscale
changes in the surrounding of NDs is the vibrational spectroscopy
due to the fact that Raman spectra of the molecules are dependent
on the characteristics of the electronic configuration in the sample
which, in turn, is influenced by the molecular conformation and
environment. However, Raman spectroscopy is very demanding
to the concentration of the oscillating groups. Therefore, in our
experiments, the anionic surfactant sodium octanoate was used
due to its record-high critical micelle concentration. The choice
of this surfactant allowed us to study in detail the influence of nan-
odiamonds on both premicellar and micellar suspensions of surfac-
tant. Summarizing, in this paper, the interactions of detonation
nanodiamonds with an ionic surfactant sodium octanoate in water
and the effect of these interactions on the properties of the surfac-
tant and solvent, as well as on the process of micelle formation of
surfactants in water were investigated. To study the different types
of interactions, NDs with surface hydrophilic (-COOH) and
hydrophobic (-H) groups were used. The studies were carried
out using dynamic light scattering (DLS) and Raman spectroscopy
methods.

2. Materials and methods
2.1. Materials

The initial nanodiamond samples purified from the synthesis
soot were obtained from the Addmas Nanotechnologies (USA),
the used procedures are described in [35]. Functionalization with
carboxyl groups and preparation of the initial aqueous suspension
of detonation nanodiamonds with a concentration of ND-COOH of
28 g/L were performed in the International Technology Center
(USA) by the methods described in [35,36]. Hydrogenation of
NDs and the preparation of the initial aqueous suspension of ND-
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H with a concentration of 5.3 g/L were carried out in CEA, LIST, Dia-
mond Sensors Laboratory (France) [32].

Sodium octanoate (C;H;5COO~ Na*, NaC8) of a ph. Eur pure
class was purchased from AppliChem GmbH (Germany).

2.2. Sample preparation

Bidistilled deionized water with an electrical conductivity of 0.5
uSm/cm (Milli-Q) was used for the preparation of suspensions.
Aqueous suspensions of NDs were prepared with concentrations
of 0.5 g/L for ND-COOH and 0.25 g/L for ND-H by diluting the initial
NDs suspensions with deionized water. The suspensions were trea-
ted in an ultrasound bath (Bandelin Sonorex rk 31) for 30 min. Dur-
ing the experiment, sodium octanoate was gradually added to
water and to prepared suspensions of ND-COOH and ND-H so that
the concentration of NaC8 (Cnacg) in three samples changes in the
range from O up to 1700 mM with the steps of 20-100 mM.

2.3. Experimental procedures

To verify ND functional coverage, IR absorption spectra of the
samples were obtained using IR spectrometer Varian 640-IR FT-
IR with ATR module with diamond crystal. The spectral resolution
was 4 cm™~'. The IR absorption spectra of ND-H and ND-COOH are
presented in Supplementary Materials (Fig. S1).

The sizes of NDs and sodium octanoate (NaC8) micelles in aque-
ous suspensions were measured by the method of dynamic light
scattering (DLS) using device ALV-CGS 5000/6010 (Germany).

Zeta potential of ND suspensions in the presence of surfactant
was measured using Malvern ZetaSizer NanoZS (Malvern, Worces-
tershire, UK).

Raman spectra of the investigated suspensions were obtained
by excitation of a sample with an argon laser with a wavelength
of 488 nm (400 mW power) in a 90-degree geometry. The system
for recording the Raman spectra consisted of a monochromator
(Acton 2500i, focal length 500 mM, grating 900 g/mm) and a
CCD-camera (Horiba Jobin Yvon, Syncerity-1024x256-0OE). The
width of the entrance slit was 25 pm, which provided a practical
resolution of 1.5 cm™'. To suppress the scattering at an unshifted
frequency, an interference filter Semrock was used, which made
it possible to approach the excitation line at 488 nm by
100 cm~!. Raman spectra were recorded in the range 400-
4500 cm™ . The spectra were normalized to the power of laser radi-
ation, the spectrum accumulation time, detector sensitivity, and to
the integral intensity of the OH stretching band.

All experiments were conducted at a temperature of 25 °C, in
three repeats. The obtained results are presented with the errors,
which represent the instrumental errors or the standard deviation
between experiment repeats, whichever is greater.

3. Results and discussion

The interactions of detonation nanodiamonds ND-COOH and
ND-H with an ionic surfactant sodium octanoate (NaC8) was stud-
ied in water. The changes of Zeta potential of nanodiamonds with
the gradual addition of NaC8 and subsequent disaggregation of
NDs was studied with the use of ZetaSizer and DLS technique.
The influence of NDs and NaC8 on the hydrogen bonds in water
as well as the influence of their interactions on the surfactant
molecules were investigated using Raman spectroscopy. All studies
were carried out at a temperature of 25 °C.

At a specific concentration known as the critical micelle concen-
tration (CMC,) situated in the range of 300-360 mM [37], the
sodium octanoate molecules in water form spherical micelles. In
the concentration range of 200-300 mM, preceding CMCy, a part

of monomolecules of NaC8 in aqueous solutions is observed to
form the dimers with surfactant heads looking in opposite direc-
tions. When the CMC; is reached, more than a half of the sodium
octanoate molecules in solution form spherical micelles. With a
further increase in the concentration of NaC8, the number of mole-
cules in the micelles increases. When NaC8 concentration has
reached the region of 1.1-1.2 M (known as the second critical
micelle concentration (CMC,)), hydration of hydrocarbon tails
inside micelles decreases: the micelles remain spherical, but their
packing became denser [37,38]. The depicted ranges of the CMCs
on all Figures of this manuscript represent the CMCs ranges
according to the literature data for the aqueous solutions of
NaC8, without dispersed NDs.

3.1. Disaggregation of NDs in aqueous suspensions in the presence of
NaC8

The hydrodynamic radii of the ND-COOH and ND-H aggregates
in water and in aqueous solutions of NaC8 with concentrations of
CNacg = 200 mM (CNaCS < CMCl) and Cnacg = 500 mM (cNacs > CMC1)
were measured using DLS. The size of ND-COOH in water was
found to be 12 £+ 1 nm and did not change in the presence of a sur-
factant with a concentration of 200 mM. The hydrodynamic radius
of ND-H in water was found to be 180 + 20 nm. In the presence of
200 mM sodium octanoate, large aggregates of hydrophobic nan-
odiamonds brake down into small particles with an average size
of 24 + 2 nm. It should be mentioned that at the premicellar con-
centrations single molecules of NaC8 does not contribute to the
scattering and thus are not present in the DLS’s size distribution.

When the concentration of NaC8 was increased to Cyacg =500 -
mM (Cnacg > CMC,y), only the signal due to the scattering of simple
spherical micelles with a size of 1.0 + 0.2 nm was observed in DLS.
At such a surfactant concentration, most of NaC8 molecules either
enter the micelles or “surround” the ND particles. The absence of a
DLS signal from larger particles can be explained by the fact that
the amount of nanodiamonds is extremely small compared to the
amount of NaC8 molecules - 10® times less. As a result, the signal
from nanometer-sized micelles is intense and obscures weak sig-
nals from a small number of larger particles.

Measurement of zeta potentials of the studied aqueous suspen-
sions of NDs showed that the presence of surfactants in the sus-
pension of nanoparticles significantly changes their zeta potential
(Fig. 1). When NaC8 is added to the suspension, the zeta potential
changes from —42.0 mV for ND-COOH and from +29.2 mV for ND-
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Fig. 1. Dependence of the zeta potentials of ND-H and ND-COOH in aqueous
suspensions from the NaC8 concentration combined with the results of DLS
measurements. Error bars represent the standard deviation between three repeats
of the experiments and in some points are overcast by plotted dots.
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H in suspensions without NaC8 to the values similar to NaC8
micelles of —20.3 mV in suspensions with 100-mM NaC8 for both
types of nanoparticles. It means that by the interactions with
NaC8, nanodiamonds obtain Zeta potential of NaC8 micelles well
before the formation of the micelles in the suspensions. According
to our spectroscopic results presented below, this effect cannot be
attributed to the shift in CMC value of NaC8 (the shift occurs, but
not to a such degrees), and instead it indicates the “adsorption”
of NaC8 on NDs or, in more accurate terms, the formation of ND-
NaC8 systems, the properties of which, instead of the pure NDs,
were actually measured. With the addition of NaC8, the dis-
persibility of ND-H nanoparticles in suspensions increases: their
aggregates decompose.

3.2. Raman spectroscopy of aqueous suspensions of NDs and
surfactants

Raman spectroscopy is a powerful technique that makes it pos-
sible to obtain information about the processes of micelle forma-
tion and the structure of supramolecular assemblies in surfactant
solutions. As it was established in many works, stretching vibration
bands of CH groups are sensitive to the local environment of
hydrocarbon tails [39,40]. The relative intensity of bands of sym-
metric CH vibrations in CH,- and CHs- groups make it possible to
judge the ordering of hydrocarbon tails, and the intensity of asym-
metric oscillations of CH in CHs- groups can be used to estimate
the degree of polarity of the environment of surfactant molecules
[39,41]. The spectral range of the C—C bond vibrations makes it
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possible to obtain information on the isomerism of hydrocarbon
tails [40,42], and the range of stretching vibrations of OH- groups
- on the strength and dynamics of hydrogen bonds of a solvent sig-
nificantly altered by surfactants [14,43].

The molecular interactions of NDs with surfactants in water
was studied by Raman spectroscopy. Raman spectra of NaC8 at dif-
ferent concentrations were measured in water, in aqueous suspen-
sion of hydrophilic nanodiamonds ND-COOH with a concentration
of 0.5¢g/L, and in aqueous suspension of hydrophobic nanodia-
monds ND-H with a concentration of 0.25 g/L. The concentration
of NaC8 varied in the range from O to 1700 mM in steps of 20-
100 mM.

Fig. 2a shows some of the spectra obtained. The most intense
band voy, with a maximum at around 3400 cm™', is the stretching
band of water Raman scattering (OH-group vibrations). The bands
Venyx in the region of 2800-3100 cm ™! correspond to the stretching
vibrations of CH of methyl group CH; and six methylene groups of
CH, of sodium octanoate. Then there are bands §cyx and 8oy of
deformation vibrations of CH- and OH-groups in the region of
1400-1700 cm ™. The lines vcc related to the C—C bond vibrations
of hydrocarbon tails in the “gauche-" and “trans-" conformations
are observed in the region of 1000-1150 cm™'. The lines and bands
of Raman scattering are superimposed on a wide band of NDs flu-
orescence. It should be mentioned that while Raman spectra con-
tain the fluorescence band of NDs, due to the low concentration
of nanoparticles the Raman signal from their surface groups does
not contribute to the overall spectra (see the “0O mM” line on the
Fig. 2a). In all, three spectral ranges of Raman scattering are of
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Fig. 2. Raman scattering spectra of water and aqueous suspensions of ND-COOH with a concentration of 0.5 g/L at different concentrations of NaC8 (a). Illustration of x;
parameter calculations (b). An example of the decomposition of bands of stretching vibrations of CH,-groups into 5 components of a Gaussian shape (c). The Raman spectrum
region of stretching vibrations of C—C groups measured at concentrations from 100 to 1500 mM of NaC8 in aqueous suspensions of ND-H. Arrows denote the increase of NaC8

concentration (d).
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interest in the analysis of molecular interactions in aqueous sus-
pensions: the region of stretching vibrations of water molecules
(Fig. 2b), the stretching vibrations region of CH-groups (Fig. 2c)
and the region of “skeletal” vibrations of the C—C bond of the
hydrocarbon tail (Fig. 2d).

3.3. The parameters used to characterize the spectral bands

To quantify the changes in the Raman spectra and related
changes of properties of studied suspensions, four parameters —
X21, N]E VU, & — were used.

The parameter ;- As follows from the obtained data, the
water stretching band vy (Fig. 2a) undergoes significant changes
with increasing surfactant concentration: the intensity of the
high-frequency region of the stretching band increases, whereas
the intensity of the low-frequency region decreases, and the band
itself shifts toward higher frequencies. Majority of authors [44-48]|
assign the low-frequency region of the stretching band to OH
vibrations with strong hydrogen bonds and the high-frequency
region to OH vibrations with weak hydrogen bonds. Therefore,
the redistribution of intensity between the high-frequency and
low-frequency regions of the band is caused by the strengthening
or weakening of hydrogen bonds in a solution [44-48]. To quantify
the change in the strength of the hydrogen bonds, the parameter

X21, Which is equal to the ratio of the intensities of
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high-frequency (I,) and low-frequency (I;) regions of the stretching
band of OH groups (Fig. 2b) was introduced [46,47]. To distinguish
the stretching band of OH groups from NDs fluorescence, the last
was approximated by a second-degree polynomial and subtracted
from the spectrum (Fig. 2a). Frequencies 1 and 2 were determined
from the singular points of the stretching band derivative (Fig. 2b).
The obtained dependences »1(Cnacs) are presented in Fig. 3a. As it
follows from the definition of the parameter, an increase in the
parameter ,; means a weakening of hydrogen bond strength in
aqueous media.

Decomposition of the band of CH stretching vibrations. As
indicated above, the stretching vibration bands vcyx of CH-groups
in the 2800-3100 cm™! region are sensitive to structural changes
of NaC8 molecules and their local environment [39-41]. There
are bands of symmetric (2865cm~!) and antisymmetric
(2915 cm™!) vibrations of CH bonds in CH,-groups, and also sym-
metric (2885 cm™!) and antisymmetric (2945 cm™!) vibrations of
CH bonds in CHs-groups (Fig. 2a, b) [49]. With the increase of the
NaC8 concentration in suspensions, the position of individual
vibrations shifts to the lower frequencies without changes in the
overall shape of the spectrum. To prevent confusion, from here
onwards we will call the CH bands not by their position but by
their assignations, with the full band named as CHs.

To extract these vibration bands, the regions of 2800-
3000 cm™~! of Raman spectra of all samples were decomposed into
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Fig. 3. Dependencies of the parameters ; corresponding to the strength of hydrogen bonds (a) [34] ©Nanosystems: Physics, Chemistry, Mathematics, St. Petersburg
National Research University of Information Technologies, Mechanics and Optics, #/¢ corresponding to the ordering of hydrocarbon tails of NaC8 (b), \s corresponding to the
polarity of the environment of NaC8 tails (c), and 8 corresponding to the ratio of C—C bonds with “gauche” and “trans” isomerism in suspensions (d) on the concentration of
sodium octanoate in water and aqueous suspensions of ND-COOH and ND-H. The depicted ranges of the CMCs represent the CMCs range according to the literature data for
the aqueous solutions of NaC8, without dispersed NDs. Error bars denote the experimental errors that were substantially higher than the difference between the values of
studied parameters in three repeats of the experiment. Experimental errors in b and c are 0.01 arb.un. and 0.002 arb.un., respectively, and are overcast by plotted dots.
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five Gaussian contours using the Levenberg-Marquardt algorithm
by Origin. The results of the decomposition of one of the obtained
spectra are shown in Fig. 2c. The first and the third components
correspond to symmetric and antisymmetric vibrations of CH
groups in CH,, the second and the fourth - to symmetric and
antisymmetric vibrations of CH groups in CHs, respectively. The
fifth component (a shoulder in the region of 2975 cm™!) is possibly
due to the Fermi resonance between the stretching vibrations and
overtones of deformation vibrations of CH-groups [50].

The parameter 5/ To analyze the ordering of hydrocarbon tails
of surfactants in samples, the ratio of the integral intensity n of the
band of symmetric stretching vibrations of CH, (CH3¥™) to the inte-
gral intensity & of the band of symmetric stretching vibration of
CH; (CH3™), the parameter n/Z&, was used [39,41]. The integral
intensity of the bands of symmetric vibrations of CH in CH, groups
was calculated as the ratio of the area of the Gaussian contour cor-
responding to these oscillations to the sum of the areas of the con-
tours corresponding to symmetric and antisymmetric CH
oscillations in CH, groups: 1 =S¢ /(¢ + Sci, ). Similarly for
the CH band in CHs-groups: & = S /(S&: + Seir')- The normaliza-
tion to the sum of the areas of the contours was carried out to
exclude the influence of instrumentation factors (changes in scat-
tering due to inhomogeneity of media). The obtained dependences
1/& (Cnacs) are presented in Fig. 3b. A decrease in the parameter /¢
means an increase in the ordering of hydrocarbon tails of NaC8 in
the suspension.

The parameter . According to Larsson and Rand [39], the
intensity of the band of asymmetric stretching vibration of CHs
(CH$™™) is correlated with the polarity of the environment or, in
this case, to the number of water molecules around the hydrocar-
bon tails. Therefore, to characterize the changes in the polarity of
the environment of NaC8 hydrocarbon tails in studied samples,
the relative integral intensity of asymmetric oscillations of CH in
CHs groups, the parameter y = S¢i" /Scu,, was used. The obtained
dependences \(Cnacs) are presented in Fig. 3c. A decrease in the
parameter \y means a decrease of the polarity of the environment
of NaC8 tail and thus a decrease of a number of water molecules in
its immediate vicinity.

The parameter 6. In the region of 1000-1150cm™! of the
Raman spectrum of surfactant solutions, there are bands vcc of
C—C stretching vibrations of hydrocarbon tails (Fig. 2d). The band
with a maximum at 1078 cm™! corresponds to C—C vibrations with
“gauche” isomerism, when bands with maxima at 1066 cm~! and
1125 cm™! - to C—C vibrations with “trans” isomerism [40,42].
Thus, the parameter 6 = I197s/I1125 (where [ is a peak intensity)
reflects the ratio of C—C bonds with “gauche” and “trans” iso-
merism. The obtained dependences J(Cnacs) are presented in
Fig. 3d. A decrease in the parameter § means a transformation of
gauche-isomers of segments of hydrocarbon tails to trans-isomers.

The values of four parameters - 21, #/&, ¥,  — were calculated
for the Raman spectra of water and aqueous suspensions of
hydrophobic and hydrophilic nanodiamonds at increasing NaC8
concentrations and plotted in Fig. 3. These four parameters corre-
spond to the strength of hydrogen bonds, to the ordering of hydro-
carbon tails of NaC8, to the polarity of the environment of NaC8
tails, and to the ratio of C—C bonds with “gauche” and “trans” iso-
merism in suspensions, accordingly. The part of our results (con-
sidering the >; parameter and elucidated shielding of hydrogen
bonds from the weakening influence of NDs by the NaC8, about
which will be discussed further) was already presented in our pre-
vious short manuscript [34]. Due to the great importance for the
formation and understanding of the model of studied processes,
we repeated experiments from [34] achieving greater accuracy
and presented them here.

Before analyzing the results, we note that in water the sodium
octanoate dissociates onto the Na* ion and the octanoate anion
often called simply octanoate, a carboxylate ion with a hydrocar-
bon tail. Both ions interact with water molecules surrounding
them and are always present in the solution. Hydrated ions change
the structure of water, which is manifested in a change of the char-
acteristics of the water stretching band [47,48]. However, the influ-
ence of Na* cations on the water’s structure is rather small [47,48],
therefore the Raman spectra are weakly changed. Thus, we assume
that changes in the water stretching band are caused primarily by
interactions of the nanodiamonds and octanoate anions with water
molecules, and the influence of Na* ion can be neglected.

3.4. Influence of NDs and surfactant interactions on water properties
and micelle formation

From the obtained data (Fig. 3), it can be seen that all four
parameters - characteristics of the strength of the hydrogen bonds
(%21), the ordering of hydrocarbon tails of NaC8 (#/&), the polarity
of the environment of NaC8 tails (), and the ratio of C—C bonds
with “gauche” and “trans” isomerism (8) - change with NaC8 con-
centration in all suspensions. It should be noted that the notable
alterations of the obtained dependences of all four parameters on
Cnacs occur mainly in the region around CMC;. Additionally, for dif-
ferent samples these changes occur mainly in a similar way, but in
different intensities and positions. The dependences of %21, 1/¢,
and y parameters on the concentration of NaC8 are generally the
same for water and aqueous suspension of hydrophilic ND-COOH
but differ for aqueous suspension of hydrophobic ND-H. In case
of the parameter 6, its dependence on Cyacg for the water differs
from those for the suspensions of both hydrophilic and hydropho-
bic nanodiamonds.

The behavior of the y»1, /&, ¥, 6 parameters and, consequently,
the changes in the suspensions they represent, can be divided into
three different regions of NaC8 concentration: low concentrations
before CMC;, micelle formation region, and high concentrations
of NaC8. The discussion below is mainly structured correspond-
ingly, using the schematic representations of ND - NaC8 interac-
tions from Fig. 4, and starting with the suspension without NaC8.

3.4.1. In the absence of sodium octanoate

In the absence of sodium octanoate (Cyacg = 0 mM) the values of
parameter % for both ND suspensions are much higher than that
for water, and, subsequently, the hydrogen bonds are much weaker
in both ND suspensions than in water. Moreover, hydrogen bonds
are weaker in suspensions of hydrophobic nanodiamonds than in
suspensions of hydrophilic NDs (Fig. 3a), even taking into account
that the concentration of ND-H in the suspension is half of ND-
COOH.

We believe that the weakening of hydrogen bonds in the first
place is caused by micro-flows of the fluid induced by Brownian
motions of the nanoparticles. Such micro-flows are hard to be
detected, but it was theorized that they, among other possible
manifestations, are responsible for the enhancement of thermal
conductivity [51] and of mass transport [52] in nanofluids.

Then, ND-H nanoparticles in water loosen the network of
hydrogen bonds more strongly in comparison to ND-COOH
because of its hydrophobicity (including zeta potential positivity,
Fig. 1), i.e. due to the repulsion of water molecules from the ND-
H surface (Fig. 4d-f) [32].

3.4.2. At low concentrations of sodium octanoate (Cngcg < CMC;)
When adding a surfactant in the suspension, another factor
besides NDs begins to affect the hydrogen bonds. Propagating
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Fig. 4. Schematic representations of interactions in aqueous suspensions of hydrophobic and hydrophilic nanodiamonds and sodium octanoate.

throughout the entire volume (the number of NaC8 molecules at
100 mM concentration is already hundreds of thousands of times
larger than the number of ND particles in the suspensions), NaC8
molecules are embedded between water molecules and nanodia-
monds, creating a certain structure and changing the distribution
of hydrogen bond forces. In water without NDs, a gradual weaken-
ing of hydrogen bonds is observed due to the hydrophobic hydra-
tion of NaC8 molecules (Fig. 3a).

The state of the NaC8 molecules in water can be analyzed using
the parameters #/¢&, , and 6. At the first points of their depen-
dences on NaC8 concentration (Fig. 3b-d), NaC8 molecules are rep-
resented only by monomers surrounded solely by water molecules
and occasional NDs. In this state, the disorder of NaC8 hydrocarbon
tails (n7/¢) and the number of water molecules in their vicinity (y)
are the highest (Fig. 3b, c). With the increasing concentration of
NaCs, its molecules begin to form dimers. This process results in
the ordering of hydrocarbon tails (decrease of /¢ value) and in
the decrease of the number of water molecules in their vicinity
(decrease of y value) (Fig. 3b,c). However, such interactions do
not influence the relative number of gauche- and trans-isomers
in suspensions — the value of the parameter § at premicellar con-
centrations in water stays relatively the same.

In the suspensions of NDs, the state of NaC8 molecules under-
goes changes. At the same concentrations of NaC8 below CM(;,
the disorder of tails (#/¢) and the polarity of their environment
(¥) are substantially higher in the presence of hydrophobic NDs
than that in pure water (Fig. 3b,c). The presence of hydrophilic
NDs does not influence the order of NaC8 tails but slightly reduces
the polarity of NaC8 environment (Fig. 3b,c). Specific behavior of
NaC8 in the presence of ND-H is explained by the duality of inter-
actions of NaC8 molecules and hydrophobic surface of these NDs:
(1) the surface of ND-H is positively charged, which ensures the
attraction of a negatively charged surfactant head (Fig. 4e), (2) at
the same time the nearby placement of hydrophobic parts — ND-
H surfaces and hydrocarbon octanoate tail (Fig. 4e) - is also ener-
getically favorable [49]. This “dual” interaction and dense arrange-
ment of NaC8 molecules near the ND-H surface provide the
disorder of surfactant tails (the higher values of the parameter 7/
£&) which in turn increases the number of water molecules in their
vicinity (the higher values of the parameter ) (Fig. 3b, c).

It should be noted that the difference in interactions between
surfactants and hydrophobic/hydrophilic nanodiamonds does not
influence the isomerism of NaC8 tails: at Cnacg < CMC; the depen-
dences 6(Cnacg) are similar for both suspensions of NDs and differ
from that for water (Fig. 3d). The values of the parameter 6 for sus-
pensions of both NDs are higher than that for water, what means
that in the suspensions of NDs the tails of NaC8 are more “twisted”
- the relative number of their gauche-isomers is greater — com-
pared to the tails of NaC8 in water. The similarity in the depen-
dences &(Cnacg) for different NDs indicates that the NaC8
isomerism is mostly independent on the hydrophilicity of NDs sur-
face, although the presence of nanoparticles significantly affects it.
We attribute this influence (that is slightly stronger for the suspen-
sions of ND-COOH) to the aforementioned induction of micro-
flows in the suspensions by the Brownian motions of diffused
NDs, which is more intensive for the ND-COOH due to their higher
concentrations and smaller sizes (0.5 g/L of 12 nm ND-COOH
against 0.25 g/L of 24 nm ND-H). However, with the increase of
NaC8 concentration, the molecules of NaC8 stabilize the suspen-
sions and shield the bulk of molecules from the influence of NDs
- the parameter § decreases.

The shielding of the suspensions by NaC8 molecules from the
influence of NDs is also observed through the changes of the
parameter ¥»; (Fig. 3a). For the suspension of hydrophilic NDs
the strength of hydrogen bonds abruptly increases (the parameter
21 abruptly decreases) to the level of those in water at NaC8 con-
centrations about 100 mM - significantly below CMC;. In a suspen-
sion of hydrophobic nanodiamonds, in contrast to water and
suspension of hydrophilic nanodiamonds, the parameter x; grad-
ually decreases with increase in the concentration of NaC8 mole-
cules up to Cnacg=330mM, ie. hydrogen bonds gradually
become stronger. At the same time, at NaC8 concentration up to
500-600 mM, the hydrogen bonds are weaker in this suspension
than in the other two samples (Fig. 3a). Both effects of strengthen-
ing of hydrogen bonds in NDs suspensions with the addition of
NaC8 can be explained by the surfactant screening the influence
of NDs on water molecules. However, the “dual” interaction of
ND-H with positively charged hydrophobic surface and NaC8 with
negatively charged head and hydrophobic tail ensures gradual
screening without a formation of uniform and effective “shield”
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of NaC8 molecules up to Cnacg =330 mM. For ND-COOH, direct
interaction of their surface groups with the octanoate is impossi-
ble, octanoate ions interact with them only through the shell of
the water molecule (Fig. 4h). However, this double shell of water
molecules and anions of NaC8 effectively screen the effect of ND-
COOH on hydrogen bonds of water molecules starting from a low
concentration of surfactants (Fig. 3a). Part of the shielding effect
can be attributed to the increase of the viscosity in the NaC8 sus-
pensions and consequent decrease in the intensity of NDs’ Brown-
ian motions. However, the quantification of viscosity’s exact
contribution is a separate complex task.

3.4.3. Micelle formation region

In the NaC8 concentration region immediately before, during
(Cnacs = CMC4) and after micelle formation, qualitative changes
are observed in the dependences of all studied parameters: ¥21-
(Cnacs), 1/&M(Cacs), ¥(Cnacs), 9(Cnacs) (Fig. 3). In the dependencies
of n/& &(Cnacs) and y(Cnacs) characterizing the order of surfactant
tails and the number of water molecules in their vicinity, there
are sharp peaks. The dependence of the parameter J(Cyacs), charac-
terizing the ratio of gauche- to trans-isomers in NaC8 tail, in water
turns from the constant to the decreasing. In the dependencies of
the parameter »1(Cnacs), characterizing the strength of hydrogen
bonds in suspensions, for water and hydrophilic ND-COOH the “si-
nusoid” trend is observed, while the dependence of parameter -
(Cnacg) for hydrophobic ND-H turns from decreasing to increasing.

All observed changes and, in particular, the peaks in the depen-
dences of the parameters #/¢ &Cnacs) and y(Cnacs) are explained
by the restructuring of the NaC8 tails through dimers decomposi-
tion and by the following structuring through micelle formation.
Dimer decomposition leads to the sharp increase of a number of
water molecules in the close vicinity of hydrocarbon tails and dis-
order of the surfactants, while the following micelle formation
reverses the process: order of NaC8 tails increases (decrease of
the parameter #/£) and number of water molecules around NaC8
tail decreases (decrease of the parameter /). The position of the
peaks in the dependences of parameters #/& &(Cnacs) and ¥(Cnacs)
can be interpreted as the NaC8 concentration at which the micelles
begin to form - as the critical micelle concentration (CMCy).
According to our results, this concentration for the aqueous solu-
tion of NaC8 lies at 310 mM within the range of 300-360 mM
determined using different experimental methods [37]. Using the
measured positions of peaks in the dependencies of the parameters
n/& &Cnacs) and ¥(Cnacs) for NDs suspensions, it was determined
that the presence of hydrophobic ND-H with the concentration
0.25 g/L shifts the value of CMC; on 90-150 mM to lower concen-
trations and the presence of hydrophilic ND-COOH with the con-
centration 0.5 g/L shifts the value of CMC; on 40-50 mM to
higher concentrations in comparison to the value of CMC; in water
without NDs.

The earlier micelle formation in the presence of ND-H results
from the chaotic state of NaC8 in this suspension caused by the
“dual” interactions of NaC8 with the ND-H. In this chaotic state
octanoate tails are highly disordered (high values of the parameter
n/&¢, Fig. 3b), they are mainly surrounded by water (high values of
the parameter y, Fig. 3c), while they can move more freely due to
the lower strength of hydrogen bonds (high values of the parame-
ter 21, Fig. 3a). In result of this disorder of NaC8 molecules (small
number of dimers) and more freedom of movements, the NaC8
molecules begin to form micelles at NaC8 concentration lower than
CMC; in water without hydrophobic NDs.

While in general hydrophilic ND-COOH do not create a ‘chaos’
in the suspensions of NaC8, they nonetheless induce the micro-
flows in the suspensions due to their Brownian motions (which
results in the increase of a number of NaC8 tails in gauche-
isomers, the higher values of the parameter §, Fig. 3d). Apparently,

such micro-flows inhibit the formation of stable conglomerates of
NaC8 - micelles, which leads to the increase of CMC; on 40-
50 mM. Undoubtedly, the induction of micro-flows plays role in
the suspensions of ND-H too, however, the described chaotic state
of these suspensions nevertheless ensures the formation of
micelles at lower NaC8 concentrations.

The dimer decomposition and the following micelle formation
influence the strengths of hydrogen bonds in suspensions: the
dependencies of 21(Cnacg) deviate from monotonic growth in
the sinusoid form for water and ND-COOH suspension, while rela-
tively at the same NaC8 concentration the shoulder in the depen-
dence of %»1(Cnacs) for ND-H occurs (Fig. 3a). In the range of
Cnacs = 240-300 mM dimers became to decompose in the mono-
mers what leads to the overall decrease of strength of hydrogen
bonds in suspensions characterized by an increase in the x>, value.
Following micelle formation ensures that a large part of the NaC8
tails interact in general with other NaC8 tails and not with the
water environment - the parameter 7, decreases. The subsequent
increase of a number of NaC8 molecules increases the number of
micelles as well as occasional monomers and dimers, what results
in the gradual decrease of hydrogen bonds strength. The Raman
scattering technique makes it possible to “feel” the transition to
micelle formation: the 75,; values became sinusoidal [43]
(Fig. 3a). In the presence of hydrophilic nanodiamonds, the ampli-
tude of this sinusoid is smaller, it is observed at larger Cy,cg and
the sinusoid period is shorter compared with this of y21(Cnacs) in
water. This means that the formation of micelles in the ND-
COOH suspension is more difficult compared with micelle forma-
tion in water, although the hydrogen bonds in these two samples
in the region of the CMC, are almost the same (Fig. 3a). The micelle
formation of surfactant in ND-COOH suspensions is hampered by
Brownian motion and diffusion of nanodiamonds. For hydrophobic
NDs a shoulder is observed in the dependence of y1(Cnacg) at a
lower concentration, than a “sinusoid” in water and in the ND-
COOH suspension. At that moment, the duality of interactions
between ND-H and surfactant disappears and the hydrophobic
interaction becomes dominant (Fig. 4f). As it was mentioned, the
significant weakening of hydrogen bonds in aqueous suspensions
of ND-H facilitate the faster and easier formation of micelles in this
sample as compared to the other two samples, even taking into
account the Brownian motion and diffusion of nanodiamonds in
both suspensions.

3.4.4. At high concentrations of sodium octanoate (Cyacs > CMC;)

At the points of NaC8 concentrations higher CMC;, four studied
parameters resume to change in the same way as at the points
prior to CMC;. These changes correspond to the structuring of
the surfactants, now into micelles. The difference in the tendencies
of the dependences between the regions prior and after the CMC;
occur in the dependence 6(Cnacg) for NaC8 aqueous solution. As fol-
lows from Fig. 3d, the relative number of molecules with “gauche”
isomerism for this solution is practically constant at Cyacg < CCMy,
then decreases with increasing surfactant concentration. The loca-
tion of the NaC8 molecules in the micelles “straightens” them,
making it unfavorable for the tail to remain in the “gauche” confor-
mation. These results are in full agreement with the previous stud-
ies [53-55].

With increasing of the concentration of NaC8 from CMC; and
above, the differences between all studied suspensions in the
dependencies of all four parameters 7%21(Cnacs), #/¢ &E(Cnacs)s
W(Cnacs), 0(Cnacg) decreases and after some point practically nulli-
fies (Fig. 3), i.e. the hydrogen bonds, the order of NaC8 tails, the
polarity of their environment and their isomerism change mono-
tonically in the same way for all studied samples. At first, it occurs
due to the screening of the influences of both types of NDs by sur-
factant and formation of micelles on which NDs can’t exert the
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great influence (Fig. 4f,i). With the further increase of the concen-
trations of NaC8, the overall impact of NDs on the environment
decreases compared to the structure defined by surfactants. At
NaC8 concentrations higher CMC, the hydrogen bonds continue
to weaken, while the changes in the studied properties of octano-
ate ions, according to the dependencies #7/¢ &(Cnacs), ¥(Cnacs)s
J(Cnacs), practically disappear.

The described changes in the suspensions of nanodiamonds are
illustrated in Fig. 4.

Thus, at low concentrations of NaC8 the network of hydrogen
bonds and the course of micelle formation in suspensions change
significantly. These changes depend on the type of functional sur-
face groups of nanoparticles. The more NDs weaken the hydrogen
bonds in aqueous surfactant solutions, the faster and easier the
micelle formation takes place in the medium. In the presence of
NDs with hydrophobic surface groups in aqueous solutions of sur-
factants, hydrogen bonds are significantly weakened compared to
those in the suspensions of NDs with hydrophilic groups and in
water, which facilitates the faster formation of micelles. On the
other hand, Brownian motion and diffusion of nanodiamonds
slightly inhibit micelle formation. Thus, the corresponding func-
tionalization of the ND surface can be used to control the course
of micelle formation in media.

It should be noted that, in contrast to the behavior of the
functions #/¢ &(Cnacs) and Y(Cnacs) for the bands of vibrations
of CH groups, the dependences of the fraction of hydrocarbon
tails with “gauche” conformation on the surfactant concentration
3(Cnacg) are similar for the suspensions of both nanodiamonds
and differ from 8(Cnacg) for aqueous solutions of NaC8. This indi-
cates that although hydrophilic nanodiamonds do not interact
directly with hydrocarbon tails, their influence on the surround-
ing molecules extends far enough, which agrees with the litera-
ture data [28,29].

Therefore, by the means of the Raman spectroscopy and
dynamic light scattering technique the nano-scale effects of nan-
odiamonds on the surfactants - the close relative of amphiphilic
lipids, and their micelles, were studied. The results of this research
allowed us to distinguish two different mechanisms by which NDs
change the structure of the suspensions of surfactants, as well as
their effects. Our findings can bring light to the nano-effects of
nanoparticles on biological tissues, while simultaneously from
the new side affirm the biocompatibility and safety of nanodia-
monds for the solutions of structured supramolecules.

4. Conclusions

In this work, the interactions of hydrophobic (ND-H) and hydro-
philic (ND-COOH) nanodiamonds with the molecules of water sus-
pensions of surfactant (sodium octanoate, NaC8) - the simplest
model of biological tissues - were studied. The emphasis of the
previous studies of interactions of NDs and surfactants was on
the improvement of colloidal properties of nanoparticles under
the influence of surfactants [22-25]. This paper is the first to
explore the other side of these interactions - the influence of
NDs on the nanoscale properties of surfactant solutions - the sub-
ject of the extreme importance for ensuring the safety and biocom-
patibility of nanoparticles used as photoluminescent markers and
drug carriers. Employed methods of Raman spectroscopy and
dynamic light scattering allowed to reveal the significant changes
in surfactant properties caused by the interactions of the NDs, sur-
factant molecules, and water in suspensions, tracked through the
large range of NaC8 concentrations from 0 to 1700 mM, corre-
sponding to the premicellar state, the micelle formation zone
(CMC zone around 330 mM) and the surfactant solution with the
formed micelles.

It was found that only in the premicellar region NDs exhibit a
significant influence on the bulk properties of surfactant solutions.
It is shown that NDs of both types, hydrophobic and hydrophilic,
weaken the strength of hydrogen bonds in water, what corre-
sponds with our previous findings [30-32]. However, the surfac-
tant was found to screen such an effect of NDs: effectively for
ND-COOH and only gradually reducing their weakening influence
up to the CMC region for ND-H. At the same time, negatively
charged ND-COOH are found to have almost no effect on the ionic
surfactant, while positively charged ND-H are found to signifi-
cantly change surfactant properties in the premicellar region. It is
concluded that ND-H generates a “chaotic” state of the NaC8 solu-
tion around them: they actively weaken the hydrogen bonds of
their environment and disorder the hydrocarbon tails of surfac-
tants, which leads to the effective destruction of the premicellar
structures. This effect is explained by the “dual” interaction of
hydrophobic NDs and ionic surfactant: a combination of hydropho-
bic interaction of the NDs’ surface and the surfactant tails, and the
Coulomb attraction of the surfactant head to the positively charged
NDs’ surface. Easy to imagine, the existence of such an interaction
is experimentally proved for the first time in this paper, while its
effect on the bulk properties of the molecules surrounding NDs
was investigated.

Moreover, both types of NDs are found to equally “bend” the
surfactant tails: the ratio of the number of surfactant tails in the
gauche conformation to the number of tails in the trans conforma-
tion in the presence of NDs significantly increases. These changes
in the conformation of surfactant tails are caused by the induction
of the micro-flows in the vicinity of NDs, that originates from the
Brownian motions of NDs while almost independent on the surface
type of NDs. Before, the effect of such micro-flows was shown only
for the enhancement of thermal conductivity [51] and of mass
transport [52] in nanofluids.

Two discovered mechanisms of the NDs’ influence - the induc-
tion of micro-flows in the fluid independent on the particular sur-
face of NDs and the creation of “chaotic” state of the surfactant
solutions around the ND-H caused by their “dual” interactions with
the ionic surfactant - explain the established changes of CMCy
value of NaC8 in the presence of NDs. The ND-induced micro-
flows in the suspensions inhibit the formation of lasting structures
and shift the value of CMC; to the bigger concentrations, while the
chaotic state of the suspensions characteristic to the ND-H ensures
the freer movements of surfactants responsible for a creation of the
micelles at the concentrations lower than CMC; in water without
hydrophobic NDs. Like that, in the presence of 0.25g/L of
hydrophobic ND-H (0.5 g/L of hydrophilic ND-COOH), the micelle
formation occurs at surfactant concentrations of 90-150 mM less
(40-50 mM more) than CMC; in water without NDs. Due to the
assumption of even distribution of NDs and the prevailing number
of NaC8 molecules it is expected that the shifts of CMC; will be
enhanced up to some limits with the increase of the concentration
of NDs in the suspensions and diminished with the decrease of NDs
number. Thus, the possibility of controlling the micelle formation
by means of ND functionalization was demonstrated.

At the presence of NaC8 at concentrations higher CMCy, the
structure of the surfactant-NDs suspensions is found to be defined
solely by the growing micelles while all influence of NDs disap-
peared. These results allow us to conclude that in the biological
environment with formed micelles NDs of both types do not
destroy the surrounding micellar structures.

The found mechanisms of NDs' influence on the surfactant
molecules are believed to diminish when the NDs’ concentration
decreases, and not fundamentally change when surfactants are
exchanged by ones with longer hydrocarbon tails or with a differ-
ent hydrophilic-lipophilic balance (HLB). For these surfactants, NDs
are believed to nonetheless exert significant effect only on the non-
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micellized surfactant solutions: to induce the micro-flows in the
suspensions and, as a result, to bend the surfactants tails, and to
destabilize the surfactant solutions if the two incompatible vari-
ants of the interactions between ND’s surfaces and surfactants
are similarly favorable. Moreover, the proposed mechanisms of
NDs’ influence occur to be non-specific for NDs or even carbon
nanoparticles. We expect the occurrence of the effects, similar to
observed for NDs, for all nanoparticles with defined surface
charges and hydrophobicity. However, the verification of this
hypothesis we leave to the future studies.

Thus, the present study sheds light on the features and mecha-
nisms of the interaction of nanodiamonds and surfactants in aque-
ous suspensions and can be a starting point in studies of their
interactions in complex biological environments.
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