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Laser-optical investigation of the effect of diamond nanoparticles
on the structure and functional properties of proteins
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A.E. Lugovtsov

Abstract. Adsorption of such blood plasma proteins as albumin
and y-globulin on diamond nanoparticles of size around 5 nm and
around 100 nm is observed and studied using laser-optical methods.
The adsorption of blood plasma proteins at physiological pH 7.4 is
found weaker than that of enzyme protein lysozyme. The observed
variations in the Fourier Transform Infrared (FTIR) spectra of
proteins may be due to structural transformations of the adsorbed
protein. Using the lysozyme as a test protein we show that the protein
adsorption leading to observable changes in the FTIR spectrum (the
band of Amide I) also induces a significant decrease in the protein
functional activity. It is also found that the influence of ~5-nm dia-
mond nanoparticles on the protein structure and functions is more
significant than that of ~100-nm nanodiamonds.

Keywords: laser-optical methods, FTIR spectroscopy, nanodiamond,
blood plasma proteins, adsorption.

1. Introduction

The role of laser-optical methods in investigations of bio-
logical objects at various levels of organisation is constantly
increasing [1,2]. With the rapid development of nanotech-
nologies, these methods are widely used for solving the
problems of nanobiophotonics, particularly, for studying
the interaction of biologically important molecules with vari-
ous nanoparticles, which can get into living (human) organ-
ism accidentally or intentionally. The sizes of nanoparticles
are comparable with the characteristic sizes of biomolecules
and/or cellular organelles; thus, the physical and chemical
properties of such nanoparticles allow developing new meth-
ods and devices for applications in biological and medical
investigations aiming, in particular, at the medical diagnostics
and in future — at therapeutic treatment, as well as in biotech-
nologies.
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Recently, nanodiamonds have started to attract the re-
searchers’ attention as nanoparticles promising for biomedi-
cal applications due to their optical, spectroscopic, electro-
chemical properties, structure and surface characteristics, size
variability in a wide range, as well as due to low toxicity
in comparison with other nanoparticles [3,4]. First of all, a
number of methods are being elaborated of a nanodiamond —
biomolecules conjugation for obtaining new optical nano-
probes and nanosensors [3]. The nanodiamond has also a
potential to be used for drug delivery [5, 6] and for such medical
treatments [7] as hyperthermia or nanosurgery. On the other
hand, in terms of rapid development of nanosciences and
nanotechnologies, the problem of nanosafety becomes more
and more important. Implementation of novel opportunities
needs, at the same time, an extensive study of the impact of
nanoparticles on the biological systems, when they directly or
indirectly interact with each other. For example, studying the
effect of nanoparticles on both the whole organism and indi-
vidual organs and tissues needs the understanding of mecha-
nisms of interaction of nanoparticles with blood, and hence
with different blood components. However, the number of
papers concerning the interaction of nanodiamond with bio-
logical objects at the tissue—organ—living organism level is
still extremely low (see, e.g., [8,9]).

This work aims at in vitro investigation of interaction of
nanodiamonds measuring 5—10 nm and 100-130 nm with main
blood plasma proteins: albumin (which is about 60% of all
plasma proteins) and y-globulin (immunoglobulin). The proteins
adsorption on nanodiamonds and related structural transfor-
mations and changes in their functional state were analysed.
The changes in the protein functionality, in the present case —
enzymatic activity, were observed using antibacterial protein
lysozyme. This protein is contained in biological fluids, well-
studied, and widely used in investigations as a test protein [10].

The interaction of blood with ultrafine detonation nano-
diamonds (including 5—10-nm nanodiamonds used in this
work) was previously studied in [11, 12]. Insignificant harmful
effects on white blood cells and on some biochemical charac-
teristics of blood were observed [11], as well as some haemoly-
sis of RBC, supposedly connected with adsorption of plasma
macromolecules on the nanoparticles which changes the blood
osmotic characteristics. However, Puzyr et al. [12] point out
that the observed effects are not significant. Wasdo et al. [13]
studied the interactions of some blood plasma proteins includ-
ing albumin and y-globulin with nanoparticles including nano-
diamonds with the average size of 75 nm. Under the in vitro
conditions, the affinity of both albumin and 7y-globulin to
nanoparticles was found low. However, due to a high content
of albumin in the blood plasma, it can be adsorbed by
nanoparticles in significant quantities.
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The variations in the structure of proteins during their
adsorption on different solid surfaces, including nanodiamonds,
were repeatedly studied by various laser-optical methods.
Structural transformations of the proteins are closely con-
nected with changes in their functional state [14—16], which is
observed in various processes, including adsorption and inter-
action with adsorbent, and when the proteins function nor-
mally [17]. The structural changes during adsorption are deter-
mined by the protein properties (structure, charge, etc.), as
well as by properties and structure of the adsorbent surface [18]
(e.g. hydrophobicity or hydrophilicity, electric charge, etc.,
including the curvature for nanostructured surfaces). Parti-
cularly, the effect of the adsorbent surface on the properties
of adsorbed albumin was observed and studied previously by
the methods of circular dichroism measurements [19], fluore-
scence and Fourier Transform Infrared spectroscopy [19,20],
etc. [21-25].

In our work, the adsorption of blood plasma proteins on
nanodiamonds was analysed using UV -visible absorption
measurements, and structural changes in the adsorbed pro-
teins were analysed using the FTIR spectroscopy, basing on
the sensitivity of the Amide I, IT FTIR peaks to the changes
in the protein secondary structure [17,26].

2. Materials and methods

We used synthetic diamond powders with an average parti-
cle size of 5-10 nm (Microdiamant AG, Switzerland) and
100-130 nm (Kay Diamond, US). The particles were cleaned
from surface nondiamond fractions, admixtures, and impurities
using the standard method of treatment with strong acids
(H,SO4:HNOj; = 1:3). This procedure also created carboxyl
COOH-groups on the nanodiamond surface. Previously, it was
shown that carboxylated nanodiamond has better biocompat-
ibility [27], because surface molecular and ionic groups facili-
tate interaction of nanodiamond with biomolecules [28].

The proteins — human serum albumin, y-globulin (both
from Sigma, US), and lysozyme (Amresco, US) with the con-
centration of 40 mg mL~! — were dissolved in bi-distilled water
and mixed with water suspensions of nanodiamonds with the
concentration of 4 mg mL! in the ratio 1:1. After 2 hours of
thorough agitation, the mixture was centrifuged to separate
the nanodiamonds with the adsorbed protein and residual
protein solution. The sediment was washed with bi-distilled
water to remove the nonadsorbed proteins.

The following laser-optical methods were used to investi-
gate the prepared nanodiamond —protein complexes: the cor-
respondence of the particle sizes to certificates was confirmed
by measurements performed by the dynamic light scattering
method using the DLS BI-200SM spectrometer (Brookhaven,
US), equipped with a 523-nm diode-pumped solid-state laser.
The C-potential of the particles was measured using the
Zetasizer Nano ZS (Malvern Instruments, GB) with a 633-nm,
4-mW He—Ne laser.

The absorption spectra were measured with a dual-beam
UV -visible JASCO V550 spectrophotometer (Japan). The
absorption spectra of albumin solutions before and after adsorp-
tion on nanodiamonds are shown in Fig. 1. The absorption
spectra of most proteins are characterised by the presence of
the absorption band with a maximum near 280 nm. According
to the Buger—Lambert—Beer law, the band intensity is pro-
portional to the protein concentration in the solution. This
allowed us to estimate the quantity of the protein adsorbed
on the nanodiamond using the spectra of the initial protein

---- protein solution
supernatant after interaction
with 100-nm (— ) and
5-nm (-----) nanodiamonds

0
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0
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Figure 1. Absorption spectra of the albumin solution before the inter-
action with nanodiamond and after the adsorption on 100- and 5-nm
nanodiamonds at pH around 5 (a) and 7.4 (b); D is the optical density.

solution and the supernatant — residual protein solution after
adsorption.

We measured the FTIR spectra using the FTLA 2000
spectrometer (Bomem, Canada) equipped with a DTGS
(Deuterated Triglycine Sulfate) detector. The samples were
dropped on a Si substrate and dried in air; the measurements
were also performed in air environment. Thus, we can assume
that the protein state in the samples is analogous to that in the
water solution or in prepared water suspensions, due to residual
water, remaining bound with protein molecules. Note that the
bound water is not observed in the measured FTIR spectra,
probably, because there is only a limited amount of water in
the samples. Moreover, the water absorption peaks are over-
lapped by Amide I and Amide II peaks (1655 and 1540 cm™')
in the range of the bending mode of the water molecule vibra-
tion (1600—1630 cm™!) and by Amides A, B bands (3100 and
3500 cm™!) in the range of symmetric and asymmetric stretch-
ing modes (3200—3500 cm™).

The functional state of the protein adsorbed on nanodia-
mond was estimated for protein-enzyme lysozyme and was
compared with the lysozyme activity in the water solution.
The lysozyme concentrations in the control solutions were
0.03-0.12 mM and corresponded to lysozyme average con-
centrations in the suspensions of nanodiamonds with adsorbed
lysozyme. To estimate the lysozyme enzymatic activity, we
used the standard activity fluorescence test on the basis of the
EnzChek Lysozyme E-22013 assay kit (Molecular Probes Inc.,
US). In this test, the effect of lysozyme on the cell wall of bacteria
Micrococcus lysodeikticus is measured. The cell wall is labelled
with fluorescein with the concentration at which the fluorescence
in the intact cell wall is quenched. When lysozyme destroys
the cell wall, the fluorescein fluorescence intensity increases and
is proportional to the lysozyme concentration in the solution
and its activity. Fluorescence was measured with the excitation
wavelength of 485 nm and emission at 530 nm using a fluore-
scence microplate FluoroskanAscent reader (THERMO, US).

The pH of the suspensions and solutions, significantly
determining the interaction between the investigated com-
ponents, were controlled and measured with a SENTRON
pH-meter (Titan, Taiwan).
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3. Results and Discussion

Figure 1 shows the absorption spectra of albumin solutions
before and after albumin adsorption on nanodiamonds of
size 5 and 100 nm at pH in the range from 5 to 7.4. The differ-
ence in the intensities of the absorption bands before and after
interaction of the protein with a nanodiamond suspension
characterises the quantity of the albumin adsorbed on the dia-
mond nanoparticles. One can see that the 5-nm nanodiamond
adsorbs more protein than the 100-nm nanodiamond, because
the total surface area of 5-nm nanodiamond particles is signifi-
cantly larger than that for 100-nm particles in the suspension
with the same weight concentration. Additionally, we should
note that the structures of the used nanodiamonds (first of all,
the structure of their surface) differ. The high content of dia-
mond hybridization is characteristic of 100-nm nanodiamonds.
Moreover, these nanoparticles are well enough dispersed in
the suspension. On the surface of 5-nm nanodiamonds, carbon
with a graphite structure or disordered carbon is predominant.
In the suspension, aggregates and agglomerates of the nano-
particles are usually observed with a significantly irregular
surface and inhomogeneous size [29]. Furthermore, nanodia-
monds of size 5 and 100 nm differ in the {-potential which
significantly determines the protein adsorption on nano-
diamond.

The isoelectric point of albumin corresponds to pH 4.4—4.8
[30]. Thus, at pH close to the isoelectric point, when the albu-
min {-potential is close to neutral, a significant adsorption is
observed. It can also be seen from the FTIR spectra (Fig. 2).
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Figure 2. FTIR spectra of albumin ( /), 100-nm (2) and 5-nm (3) nano-
diamonds, and 100-nm (4) and 5-nm (5) nanodiamonds with adsorbed
albumin; pH 5.

Figure 2 shows the spectra of 100- and 5-nm nanodia-
monds, the albumin spectrum, and the spectra of the same
nanodiamonds with adsorbed albumin. Note once more that
the spectra of nanodiamonds with adsorbed albumin were
measured after triple washing out of residual albumin in the
solution. One can see that for the latter samples the protein
spectrum significantly predominates over the nanodiamond
spectrum. At pH 7.4 the protein signal is observed for the
sample of 5-nm nanodiamond with adsorbed albumin [Fig. 3a,
spectrum (4)] and is not observed for 100-nm nanodiamond
after the protein adsorption (not shown). Adsorption of albu-
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Figure 3. FTIR spectra of albumin (a) and y-globulin (b) in the range
of Amide I and II peaks: (/) protein; (2) protein adsorbed on 100-nm
nanodiamond; (3,4) protein with 5-nm nanodiamond; pH 5.5 (/-3)
and 7.4 (4).

min on 5-nm nanodiamond occurs both at pH around 5 and
7.4. Note that in the pH range between 2 and 7.8, the values
of the {-potential of 5-nm nanodiamond vary from +26 to
+32 mV. The {-potential abruptly changes to a negative value
at pH 8-9 and achieves —40 mV at pH 12.

We can assume that the major mechanism responsible
for the albumin adsorption on nanodiamond is electrostatic
attraction. This assumption is confirmed by the fact that the
adsorption on 100-nm nanodiamond is negligible at physio-
logic pH (near 7.4), the particle’s {-potential being negative
(—40 to —50 mV) in a wide range of pH values.

Adsorption of y-globulin on nanodiamonds was observed
also at pH near 5-5.5 (Fig. 3b). Note that the isoelectric point
of immunoglobulins takes the values in a wide pH range
(6.7-9) [31]; thus, at physiologic pH values the immunoglob-
ulins may be adsorbed on the nanodiamonds of size both
5 and 100 nm. The absorption spectra of the supernatant were
analysed after centrifugation of the nanodiamond samples
with protein adsorbed on the surface. The spectra after first as
well as second and third washings of the samples from the
nonadsorbed protein also confirm that the adsorption on
5-nm nanodiamond is more stable than on 100-nm nanodia-
mond — the adsorbed protein is not washed away.

Figure 2 presents the FTIR spectrum of albumin with
absorption bands of Amide I (centred near 1655 cm™!, arising
mainly from stretching vibrations of C=0 groups of the poly-
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peptide chain), Amide II (centred near 1540 cm!, originating
mainly from deformation bending NH groups of polypeptide
backbone and side-chain vibrations), Amide IIT (a wide band
in the range from 1200 to 1310 cm™!, the vibrations of CN and
NH groups), and the band near 1400 cm™! originating from
the symmetric vibration of the COO group, as well as the
absorption bands of Amide A, B (3000—-3300 cm™!), which
are characteristic of all proteins [17,26,32]. The variations in
the peak intensity ratios and those in their components reveal
the transformation of the protein secondary structure as a
result of changes in relative contributions of such structural
elements as o-helix, B-sheet, and the disordered fraction. The
most intense component of the Amide I in the protein native
state arises from stretching vibrations of C=0-groups com-
prised in the a-helix and the disordered part. The observed
shift of the peak maximum reveals a relative increase in the
contribution of C=0 stretching of the B-sheet [26].

Figure 2 shows the FTIR spectra of nanodiamonds of size
100 nm (2) and 5 nm (3). The most characteristic and observ-
able absorption bands in the FTIR spectrum of the carboxylated
nanodiamond are related to C=O stretching (1700—1820 cm ™!
depending on specific carbonyl-containing compound and its
environment), hydroxyl-containing groups (~1640, 3400 cm ™),
asymmetric (2923 cm™!) and symmetric (2855 cm™!) vibrations
of the C-H group, C—-O-C and C-OH bonds (1100—1140 and
1360—1420 cm ™) [29,33]. Comparing spectra (2) and (3) with
spectra (4) and (5) one can see that in the spectra of nanodia-
monds with adsorbed albumin, the peaks corresponding to
proteins, particularly, Amide I and Amide II significantly
predominate over the OH and C=0 peaks belonging to nano-
diamond.

Figure 3 compares the FTIR spectra of dissolved albumin
and y-globulin in the Amide I, II range with the spectra of
these proteins adsorbed on 100- and 5-nm nanodiamonds.
One can see that changes in the Amide I shape and in the
intensities ratio for Amide I, II, and III are observed for the
nanodiamonds of both sizes at the albumin adsorption on
them both at pH 5.5 [spectra (2,3)] and pH 7.4 [spectrum (4)].
For y-globulin this effect was found less pronounced. The
observed transformations of the spectra reveal a structural
transformation of the protein molecules, but it is difficult to
describe the changes in more detail.

The functional state of the proteins is determined to a sig-
nificant degree by their structural state. Particularly, the struc-
tural transformation of albumin was observed at the perfor-
mance of its transport function [34]. As for immunoglobulins,
their structural—functional relations are extremely compli-
cated. Even minor changes in the quaternary structure of the
protein molecules can alter their function [35]. Thus, herein
we want only to mention the importance of this investigation
to estimate the possibility of the application of nanodiamonds
in vivo.

To demonstrate the relation between the protein function
and structural transformations caused by protein interaction
with the nanodiamond surface during adsorption, we have
used the enzyme lysozyme. Figure 4a shows the FTIR spectra
in the Amide I, II range for lysozyme and lysozyme adsorbed
on nanodiamond at pH around 6. Note that the isoelectric
point of lysozyme corresponds to pH 11, stable and strong
adsorption being observed in a wide range of pH (2—10) both
on 100-nm nanodiamond (in this case the adsorption is deter-
mined by the electrostatic attraction between positive molecular
groups in lysozyme and the negatively charged nanodiamond
surface) and 5-nm nanodiamond, that has a positive
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Figure 4. (a) FTIR spectra in the Amide I, II range [(/) lysozyme,
(2) lysozyme adsorbed on 100-nm nanodiamond; (3) lysozyme adsorbed
on 5-nm nanodiamond; pH 6]; (b) functional activity (proportional to
the fluorescence intensity) of lysozyme in the water solution (sample I),
lysozyme adsorbed on 100-nm nanodiamond (sample II), and lysozyme
adsorbed on 5-nm nanodiamond (sample III); the lysozyme concentra-
tions in the samples are as follows: (/) near 0.125 mM, (2) 0.03 mM,
(3)0.06 mM.

C-potential in the pH range from 2 to 8. The shift of the Amide
I occurs from 1658 cm™! for lysozyme to 1664 cm™! for lysozyme
adsorbed on 100-nm nanodiamond and to 1670 cm™! for lyso-
zyme adsorbed on 5-nm nanodiamond. In the latter case, the
Amide I band also has an additional shoulder near 1720 cm™!,
which corresponds to the C=0 stretching band of the nano-
diamond carboxyl group. One can assume that the presence
of this band reveals low ordering and inhomogeneity of the
lysozyme layer on 5-nm nanodiamond. This is most likely due
to such characteristic properties of 5-nm nanodiamond as the
surface structure (e.g., the high content of the nondiamond
fraction, many structural defects, positive {-potential), aggre-
gation, significant surface curvature.

Figure 4b presents the results of investigation of the lysozyme
functional state; the fluorescence intensities are compared for
the samples, representing the lysozyme in the water solution
and the lysozyme adsorbed on nanodiamonds. When using
the EnzChek Lysozyme assay kit, the fluoresceine fluores-
cence intensity is proportional to the concentration of active
lysozyme in the sample. The fluorescence intensities of the
samples containing dissolved lysozyme and adsorbed lysozyme
are practically similar and decrease proportionally to the
decreasing concentration of lysozyme in the studied sample.
The fluorescence intensity of the samples of the lysozyme
adsorbed on 5-nm nanodiamonds is noticeably lower than
fluorescence intensity of the control sample. It means that its
functional antibacterial activity decreases sharply. Note that
it is in agreement with previous investigations of cellular tox-
icity of nanodiamonds. It was shown that high concentrations
of nanodiamonds of size 100 nm and above are not cytotoxic,
while 5-nm nanodiamonds reveal some toxicity for the lung
carcinoma A549 cells and for lung fibroblasts HFL1 [4,27].
The difference in the impact of 100- and 5-nm nanodiamonds
on the proteins are determined probably by a significant dif-
ference in the size, as well as by different structural and sur-
face properties.

Since albumin is the main blood plasma protein, even the
adsorption of its small part can affect the state of the blood
plasma and, consequently, the state of blood in whole, par-
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ticularly, the blood rheology. For y-globulin, the importance
of the present research is due to the fact that even minor trans-
formations of the quaternary structure of the protein can
impair its function and thereby the function of the organism
immune system. Thus both nanodiamond and any other
nanoparticles can be applied in vivo only after a thorough
study of their interaction with all organism systems, including
the blood plasma proteins.

4. Conclusions

Modern laser-optical methods allow observing the adsorp-
tion of such blood plasma proteins as albumin and y-globulin
on nanodiamonds of size 5 and 100 nm. It is shown that their
adsorption is weaker than that of some other proteins (e.g.,
lysozyme), especially at the physiological pH value. However,
the changes in FTIR spectra are observed, supposingly deter-
mined by structural transformations of the adsorbed protein.
Using the lysozyme as a test protein, we have shown that the
protein adsorption causing observable changes in the Amide
I band of the FTIR spectrum also results in a significant
decrease in the protein functional activity. It is revealed that
100-nm nanodiamond causes fewer variations in the protein
structure and functional state in comparison with 5-nm nano-
diamond.

According to the obtained results, we can conclude that
safe applications of diamond nanoparticles in vivo as well as
their wide use in blood investigations in vitro require meeting
some special conditions. Thus, there arises a need in develop-
ing the methods for providing the necessary conditions, par-
ticularly, the ways to avoid spontaneous adsorption, and in
the methods of the nanodiamond surface functionalisation.
However, this requires further investigations.
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