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Abstract: This research is focused on the adsorption modification of detonation nanodiamond
surfaces with antibiotics for their further use as smart materials for cardiovascular surgery purposes,
namely as bioprostheses modifiers. Tritium-labeled amikacin and levofloxacin were used as tracers
for the adsorption process control. We found that nanodiamonds form adsorption complexes with
levofloxacin via physical adsorption, while in the case of amikacin, electrostatic attraction contributes
to the formation of more stable complexes, even in the presence of electrolytes and desorbing agents
(models of biological fluids). Antimicrobial characterization of nanodiamond–levofloxacin and
nanodiamond–amikacin complexes indicates a reduction in the dose of antibiotics that is used as an
antimicrobial agent. Therefore, the use of biomaterial based on DND complexes with antibiotics as the
basis of bioprostheses will allow one either to avoid or significantly reduce the duration and intensity
of antibiotics use in the postoperative period, which is critically important from the viewpoint of the
development of antibiotic resistance in pathogens.

Keywords: adsorption; tritium-labeled compounds; nanodiamonds; drug carrier

1. Introduction

The production of nanodiamonds and especially their application, in recent years,
has been a hot topic in various countries. Nanodiamonds have been studied for more
than 30 years [1], but their application was limited to the field of polycrystalline materials,
polishing agents and other abrasives [2]. Detonation nanodiamonds (DND) provide unique
mechanical, photoelectric, thermal and magnetic properties and they are widely used in
mechanical engineering, electronics, chemical engineering and, potentially, can also be
applied in nanomedicine and delivery systems [3,4].

DND are small in size, have a stable core and are rich in functional groups on the
surface. DND can also bind various molecules, such as protein antibodies, therapeutic
agents, and nucleic acids. Biocompatibility and low cytotoxicity, dispersibility and scalabil-
ity in aqueous solution, as well as all the characteristics required for a potential antibiotic
delivery platform allow one to consider the possibility of applying DND in targeted therapy.
Moreover, both positively and negatively charged functional groups can be simultaneously
located on the surface, which allows them to adsorb substances of various natures, includ-
ing antibiotics [5]. With the help of these properties, various substances can be grafted to the
surface of a nanodiamond, including doxorubicin [6–9] and epirubicin [10], biological en-
zymes [11], insulin [12], cytochromes [13], growth hormones [14] and viral antigens [15,16]
as well. In this case, the linking method can include the formation of covalent bonds, as
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well as physical adsorption. Drug binding with nanodiamonds results in decreasing the
concentration of the antibiotic with preservation of the desired effect [6–9,17].

The other possible application of nanodiamonds coated with a drug layer is in strength-
ening biomaterials for bioprostheses production [18]. Being a wonderful sorbent, nanodia-
monds can retain and, if necessary, release an antibacterial agent in a dosed form, preventing
the development of diseases caused by microorganisms.

Tritium-labeled compounds are the prospective tool for studying the modification
of nanodiamonds [19,20]. Tritium-labeled compounds were used to study the adsorption
of antibiotics (amikacin and miramistin) on the surface of nanodiamonds [19]. The oxi-
dized surface of nanodiamonds show higher adsorption efficiency in the relationship to
both drugs. The adsorption mechanism includes both reversible adsorption due to ionic
interactions and irreversible binding due to hydrophobic interactions.

Therefore, it can be concluded that nanodiamonds have high potential as an antibiotic
delivery platform. The aim of this work is to further reveal the formation of adsorption
complexes between nanodiamonds and two broad-spectrum antibiotics (amikacin and
levofloxacin (Scheme 1)), and analysis of the antimicrobial activity being applied on the
collagen material for bioprostheses preparation.
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Scheme 1. Structure of drugs used: (a) Amikacin; (b) Levofloxacin.

The choice of antibiotics was based on the following reasons. Nanodiamonds are
considered as a universal drug carrier. The development of pathogenic disease at different
stages is a key problem in cardiac surgery. The antibiotic should be chosen by the physicians,
tailored to individual patients and circumstances. Therefore, we need to compare drugs of
different charge in their relationship to nanodiamonds. Amikacin was used in the form of
sulfate; therefore, it acts as a cation, and levofloxacin is an anion.

2. Materials and Methods
2.1. Materials

DND suspension was produced by PlasmaChem GmbH (grade SDND TM). Amikacin
sulfate (Apexbio Technology, Houston, TX, USA), levofloxacin (Sigma–Aldrich, St. Louis,
MO, USA) and bovine serum albumin (Biowest) were used without further purification.
Tritium label was introduced in the drug molecules by means of tritium thermal activation
method [21,22].

Phosphate-buffered saline (PBS) was prepared as 0.008 M Na2HPO4, 0.002 M K2HPO4
and 0.146 M NaCl and 0.008 M NaN3 was added as a preservative. Water purified using
Milli-Q Millipore system was used for preparation of all solutions and suspensions.

2.2. Nanodiamond Characterization

The functional composition of DND surface was characterized using FTIR spec-
troscopy after preliminary drying. The FTIR spectra were recorded by Nicolet IR200
IR Fourier spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with a resolution
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of 2 cm−1. For quantitative evaluations, tablets with DND and KBr were prepared in the
same way: 1 mg of nanodiamond was mixed with 150 mg of KBr powder dried in vacuum
(at 100 ◦C, 1 mmHg) and ground in an agate mortar, and then pressed into a tablet.

The size of the primary particles of DND was characterized by transmission electron
microscopy using ultra-high resolution microscope JEM-2100F (JEOL, Tokyo, Japan).

The specific surface area and pore size in nanodiamond powder were determined from
nitrogen adsorption–desorption isotherms that were analyzed by BET and BJH methods.

The hydrodynamic size and ζ-potential of DND in hydrosols were measured by
electrophoretic light scattering using Malvern ZetaSizer Nano ZS instrument (Malvern
Instruments Ltd., Malvern, UK). Each ζ-potential value was averaged from three sub-
sequent measurement series each of 15 runs, and size value was from five subsequent
measurements, each of 20 runs. The results were processed using Malvern instruments
software (DTS (Nano), Malvern Instruments Ltd., Malvern, UK).

2.3. Tritium-Labeled Antibiotics Preparation

[3H]Amikacin and [3H]levofloxacin were obtained using tritium thermal activation
method [21,22]. In brief, an aqueous solution containing 0.5 mg of the substance was
distributed on the wall of the reaction vessel in a thin layer, cooled with liquid nitrogen
and lyophilized. The vessel with the target was attached to a setup with gaseous tritium,
evacuated and treated with tritium atoms for 10 s at a gas pressure of 0.5 Pa, a tungsten
wire temperature of 1850 K and cooling the vessel wall to 77 K. After the reaction with
atomic tritium, amikacin and levofloxacin were dissolved in water and the solution was
evaporated several times to achieve a constant radioactivity value. Tritium-labeled com-
pounds were purified by chromatography. Thin layer chromatography was performed
for amikacin according to the procedure described in [22]. Levofloxacin was purified
using high-performance liquid chromatography using 0.1% TFA–0.1% TFA in acetonitrile
gradient as a mobile phase. The specific radioactivity of the obtained preparations was
74 and 218 GBq/g for amikacin and levofloxacin, respectively.

2.4. Adsorption of Antibiotics on the Surface of DND

[3H]Amikacin and [3H]levofloxacin were used in the adsorption experiments to trace
surface concentration on DND surface. The adsorption experiments were carried out for
antibiotics concentration ranges from 0.1 to 10 g/L and 1 mg of DND. The total volume of
the suspension was 1 mL, and the specific radioactivity was 74 kBq/mL. The suspensions
were incubated for 48 h at 25 ◦C. Then the systems were centrifuged for 15 min at 12,100× g
using MiniSpin centrifuge (Eppendorf). A 100 µL portion of supernatant was mixed with
an UltimaGold liquid scintillator (PerkinElmer) to measure the radioactivity of the solution
by liquid scintillation spectrometry on a RackBeta 1215 instrument (LKB Wallac, Helsinki,
Finland). The equilibrium concentration of the substance in the solution (c (mg/mL)) was
calculated according to Equation (1).

c = I/(0.1 kas), (1)

Here I is the counting rate (counts/s), k is the detection efficiency of β-radiation of
tritium, and as is the specific radioactivity of amikacin and levofloxacin (Bq/mg).

The precipitate was decanted and washed with water using sonication in ultrasonic
bath (Grad, Moscow, Russia), and then centrifuged for 15 min at 12,100× g. This sequence
was repeated 3 times and controlled by measuring the count rate of the rinse water. The
precipitate was poured into 1 mL of Ultima Gold scintillation liquid and left for 2 days
at 25 ◦C. The radioactivity of the precipitate was measured, and the surface concentra-
tion of the substance (Γ, mg of labeled compound per g of DND) was determined using
Equation (2).

Γ = (I − Ib)/(kmas), (2)

where Ib is the counting rate of the background (counts/s), m is the mass of nanodia-
mond (g).
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To characterize DND–antibiotic complexes by electrophoretic light scattering, ad-
sorption composites were prepared according to the method described above, and the
electrokinetic potential was measured after washing the sediment three times.

To characterize the complexes by FTIR spectrometry, the washed composites were
dried using a rotary evaporator, mixed with KBr, and FTIR spectra were recorded.

2.5. Desorption of Antibiotics from Nanodiamonds

To determine the adsorption stability of amikacin- and levofloxacin–DND complexes,
the drug desorption was studied. Saline and bovine serum albumin solution (40 g/L
in saline) were used as desorbing media. Drug–DND complex was stirred in 1 mL of
desorbing solution and incubated at 25 ◦C for 48 h. Then the suspensions were centrifuged
and the radioactivity of both supernatant and precipitate was measured according to the
methods described above. The concentration of DND antibiotic in solution and the residual
adsorption were determined using Equations (1) and (2), respectively.

2.6. Antimicrobal Analysis of DND–Antibiotics Composite Desposed on Collagen Matrices

In this experiment 1 × 1 cm collagen matrices crosslinked with glutaraldehyde [23]
were coated with DND–antibiotic composites according to the procedure described in
ref [18]. In brief, the nanodiamond–antibiotic composites were suspended in water to
a final nanodiamond concentration of 1 mg/mL. Collagen matrices were placed in the
suspension and stirred for 7 h at 25 ◦C followed by storage at 4 ◦C for 12 h. Then the
matrices were taken out from the suspension and placed in saline. In this form, the matrices
were transferred for analysis of the ability of bacteria towards adherence and biofilm
formation on collagen tissues [24–26].

Comparative analysis of the number of bacteria incubated on the matrices and formed
after short-term (after 4 h—“Adhesion”) and long-term (after 24 h—“Survival”) incubation
was performed. Gram-positive bacteria Staphylococcus aureus was chosen as a test culture
because it is the main causative agent of infectious endocarditis of bioprostheses [27,28].

Collagen matrices with and without nanodiamond coatings were incubated at 37 ◦C
for 4 h and 24 h in McFarland suspensions with daily bacteria’s cultures corresponding
with concentration of 106 cells/mL. Since 4 h incubation allows the bacteria only to gain
nutrients for their growth, on the matrices surface there were bacteria in an amount not
greater than they could adhere to the samples (“adhesion”). 24 h incubation demonstrates
bacteria that survived on the studied collagen matrices (“survival”).

At the end of the exposure, collagen samples were extracted and washed with saline
to remove excess suspension and non-adhesive culture cells and then dried on sterile filter
paper. Each sample was ground in 1 mL of sterile saline with sterile glass chips. Such
obtained homogenates of 0.5 mL without dilution and with 10-fold dilution were placed on
a dense Hinton–Muller nutrient medium and rubbed dry with a sterile spatula. The crops of
tested and control samples on the Hinton–Muller medium were incubated for 24 h at 37 ◦C.
At the end of incubation, the number of colonies of viable cells of test microorganisms on
the tested and control samples was calculated.

3. Results and Discussion
3.1. Initial Nanodiamonds Characterization: Size, Morphology and Specific Surface

DND aqueous suspensions were characterized by dynamic light scattering. The
suspension was diluted to a final concentration of 1 mg/mL with water, saline and 40 g/L
serum albumin solution in saline. Since saline and serum albumin solution were used as a
desorbing media for drugs, it was important to reveal its influence on DND particles size
distribution. Figure 1 shows the distribution of DND particles in an aqueous suspension.
It was observed that the addition of saline results in a loss of aggregation stability, while
the addition of albumin in saline reduces the size distribution to the initial values. The
average diameter of the particles in the suspension is close to 100 nm for the original DND.
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The value of the electrokinetic potential, determined by the method of electrophoretic light
scattering, was −40 ± 2 mV.
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Figure 1. Size distribution of DND particles in the aqueous suspension (blue line), in saline (red
line) and in 40 g/L albumin solution in saline according to the dynamic light scattering analysis.
(a) Distribution by intensity, (b) distribution by volume and (c) distribution by number.

To study the morphology of DND and the features of the surface, the initial suspen-
sion was dried using a rotary evaporator to constant weight (with an accuracy of 0.2 mg).
Figure 2 shows TEM images of the original DND, indicating that DND aggregates consist
of primary particles with a diameter of about 4–6 nm. In the aqueous suspension, nanodia-
mond aggregates saw the formation of rather large clusters. The reason for the difficulty is
that the core aggregates, having a diameter range of 100–200 nm, are extremely tight and
could not be broken up by any known method of de-aggregation [29].

The specific surface of DND calculated from nitrogen adsorption/desorption isotherms,
according to the Brunauer–Emmett–Teller (BET) equation, is found to be 390 m2/g and the
average pore diameter and volume are 49 Å and 0.48 cm3/g respectively.

3.2. DND–Antibiotics Adsorption Complexes Preparation and Characterization

Tritium-labeled antibiotics were used to determine the amount of amikacin and lev-
ofloxacin on the surface of the detonation nanodiamond. The isotherms were described
with the adsorption models of Langmuir, Freundlich, and Dubinin–Radushkevich [30,31]:

Γ = Γmax
1 KL c/(1 + KLc), (3)
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Γ = KF c1/n (4)

Γ = Γmax e−βεˆ2 (5)

Here, Γmax
1 is the maximum monolayer coverage capacity, c is the equilibrium con-

centration of antibiotic, KL, KF, n are constants in the Langmuir and Freundlich adsorption
equations, Γmax is theoretical isotherm saturation capacity, β is a constant in the Dubinin–
Radushkevich equation associated with the adsorption energy as:

E = (2β)−1/2 (6)

ε—potential of Polyany, reflecting the isothermal work of transfer of a mole of a substance
from solution to the surface of the sorbent, which is calculated by the following equation:

ε = RT ln(1 + 1/c) (7)

The results of calculation are shown in Figures 3a and 4a by fitting lines for levofloxacin
and amikacin, respectively, and the calculated parameters are summarized in Table 1.
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Table 1. Fitting parameters calculated for the dependences of antibiotics surface concentration on its
equilibrium concentration.

Antibiotic
The Langmuir Model The Freundlich Model The Dubinin-Radushkevich Model

Γmax
1 KL R KF n R β Γmax E r

Levofloxacin 145 0.27 0.983 32.2 1.8 0.951 1 × 10−2 244 7.2 0.970

Amikacin 99 1.3 0.979 48 3.2 0.978 5 × 10−3 159 11 0.987

Note: Γmax
1 (mg/g), KL (L/g), KF (mg/g), Γmax (mg/g), β (mol2/kJ2), E (kJ/mol).
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Figure 3. Characteristics of DND–levofloxacin complex. (a) The dependence of levofloxacin surface
concentration on its equilibrium concentration in the aqueous phase (1) experimental data, (2) fitting
with Langmuir equation, (3) fitting with Freundlich equation, (4) fitting with Dubinin–Radushkevich
equation. (b) The dependence of zeta potential of DND–levofloxacin species in the aqueous suspen-
sion on levofloxacin surface concentration. (c) FTIR spectra of DND, DND–levofloxacin complex
and levofloxacin.

In both cases, the surface concentration of the antibiotic increases with the bulk
concentration growth and reaches a constant value (around 100 mg/g) at a concentration
of about 3–4 g/L. All adsorption models are in good agreement and sufficiently describe
the adsorption isotherms. However, we can suggest the preferred adsorption mechanism
from the Dubinin–Radushkevich model: when E is lower than 8 kJ/mol, the adsorption
process belongs to physical adsorption, and when E is between 8 kJ/mol and 16 kJ/mol,
the process belongs to chemical adsorption [32,33]. On the basis of the values of the
activation energy, we can propose that DND forms adsorption complexes with levofloxacin
via physical adsorption, while in the case of amikacin, the activation energy indicates a
high possibility of chemical adsorption [34]. In previous research, we found the preferred
electrostatic mechanism for amikacin adsorption on nanodiamonds of different functional
composition [35]. Therefore, we can expect the formation of a salt bridge between carboxyl
surface groups in the nanodiamond and amino groups in amikacin. Note that amikacin
was used in the form of amikacin sulfate and protonated amino groups can be involved
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in the electrostatic interactions. In the case of levofloxacin, physical adsorption is more
preferable process.
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Figure 4. Characteristics of DND–amikacin complex. (a) The dependence of amikacin surface
concentration on its equilibrium concentration in the aqueous phase. (1) Experimental data, (2) fitting
with Langmuir equation, (3) fitting with Freundlich equation, (4) fitting with Dubinin–Radushkevich
equation. (b) The dependence of zeta potential of DND–amikacin species in the aqueous suspension
on amikacin surface concentration. (c) FTIR spectra of DND, DND–amikacin complex and amikacin.

Electrophoretic light scattering analysis of DND–drug aqueous suspension showed
that in the case of levofloxacin, the zeta potential of complexes was identical with zeta
potential of the free nanodiamond and did not depend on levofloxacin surface concentration
(Figure 3b). The adsorption of amikacin resulted in an increase in zeta potential with
amikacin surface concentration growth and led to the neutralization of the surface charge
at a surface concentration close to 100 mg/g, indicating that the electrostatic attraction is
the main adsorption mechanism in this case (Figure 4b). Therefore, for both levofloxacin
and amikacin, similar adsorption values were observed, while the adsorption mechanisms
and binding sites probably differ for molecular ions of different charge.

To reveal these binding sites, FTIR spectra of the DND–drug complexes with drug
content of about 100 mg/g were recorded. The results are presented in Figures 3c and 4c
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for levofloxacin and amikacin, respectively. The interpretation of the FTIR spectra of
the DND–drug complexes was carried out according to the data summarized in refer-
ences [36,37]. A broad band in the 3440 cm−1 region is due to the presence of hydroxyl
groups of water molecules adsorbed on the DND surface and linked by hydrogen bonds.
The signals at 2928 cm−1 and 2856 cm−1 result from stretching vibrations of C–H bonds.
The signal with a maximum at 1776 cm−1 is associated with the presence of protonated car-
boxyl groups on the diamond surface. The signal at 1625 cm−1 is due to bending vibrations
in adsorbed water molecules. The 1400–1000 cm−1 region is usually associated with the
intrinsic absorption of the diamond lattice. It should be noted that the signal at 1254 cm−1

is associated with vibrations in the C–O epoxy and ether groups, and at 1121 cm−1, it is
associated with asymmetric vibrations of the C–O–C bond. Therefore, the surface of DND
used in our study was coated with carboxyl groups that provide negative surface charge
and other oxygen-containing groups, including hydroxyl, ester and anhydride.

The FTIR spectrum of the DND–levofloxacin complex (Figure 3c) contains a peak
at 1621 cm−1, which probably results from the presence of a condensed aromatic group,
as well as ArCO 2−. The broadening of this band to the region of higher wavenumbers
(1745 cm−1) may be due to the formation of a bond between the C=O carboxyl group
and the nanodiamond surface, at which the electron density is delocalized as shown in
Scheme 2:
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Such delocalization of the electron density enables the retention of levofloxacin on the
nanodiamond surface, supported by the appearance of the signal at 1267 cm−1 for the DND–
levofloxacin complex, resulting from C-O vibration of the acrylate-like structure [37]. We
can suggest that physically adsorbed levofloxacin on the nanodiamond surface is retained
by the formation of hydrogen bonds that such a group can form with hydroxyl, carboxyl
and surface groups, which are present on nanodiamonds in large quantities.

In the FTIR spectrum of the nanodiamond–amikacin complex (Figure 4c), a band
appears at 3254 cm−1 due to vibrations in the amino group of (NH3)+··· COO− as well as
signal at 1663 cm−1 also due to the asymmetric deformation vibration of -NH3

+ [37]. An
intense signal in the region of 1054 cm−1 is due to vibrations in the CH2OH and C-O-C
connections. The signal at 1536 cm−1 in amikacin and the DND–amikacin complex results
from protonated amino groups. In the case of a complex with DND, such groups can
interact with surface carboxyl groups. We can conclude that the formation of a complex
between amikacin and the surface of the nanodiamonds occurs through the formation of
ionic bonds between positively charged amino groups of amikacin and carboxyl groups at
the surface.

Therefore, both levofloxacin and amikacin have similar binding sites on the nanodia-
mond surface that explains the similarities in the adsorption, while the mechanism of bond
formation differs for these drugs. The last conclusion was also confirmed by the adsorption
stability of DND–antibiotic complexes in fluids that simulate biological fluids (saline and
40 g/L solution of serum albumin in saline). We measured the residual amount of the
drug on the nanodiamond surface after two days of cultivation in saline or in albumin
solution at room temperature (25 ◦). Our previous results with amikacin included long-term
desorption [35], indicating that 48 h is sufficient time for the onset of equilibrium. On the
other hand, 48 h is twice as long as the time to determine the survival of bacteria. The
results are summarized in Table 2.
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Table 2. Antibiotics surface concentration on DND surface before desorption and after cultivation in
saline and in 40 g/L albumin solution in saline.

Antibiotic Initial Adsorption, mg/g After Desorption in Saline, mg/g After Desorption in 40-g/L Albumin
Solution in Saline, mg/g

Levofloxacin 132 ± 23 34 ± 6 17 ± 3
Amikacin 73 ± 13 58 ± 15 30 ± 8

It was found that all antibiotics have obvious desorption from the DND carrier: in the
presence of saline, the remaining coating is 70% for amikacin and 24% for levofloxacin. In
the presence of albumin, antibiotics also desorbed from the surface of nanodiamonds: as
much as 12% of levofloxacin and 40% of amikacin were retained on the nanodiamond sur-
face, even after incubating in albumin. Therefore, both drugs can potentially be considered
as antibacterial modifiers of the material intended for the manufacture of a heart valve pros-
thetic. To this end, antimicrobial properties of DND–antibiotic composites were analyzed
after composite precipitation on the surface of collagen matrices, as described below.

3.3. Antimicrobial Characterization of DND–Levofloxacin and DND–Amikacin Complexes

The recent study demonstrates that nanodiamonds obtained by high-pressure high-
temperature synthesis exhibit different effects in the relationship to Gram-positive and
Gram-negative bacteria, and sharply reduced the colony forming ability of Gram-positive
organisms [38,39]. Note that nanodiamonds with oxidized surfaces and high surface
concentrations of carboxyl groups possess high efficiency against both Gram-negative and
Gram-positive bacteria in aqueous conditions [40–42]. The physical nature of the interaction
mechanism for oxidized detonation nanodiamonds and bacteria was suggested [42]. In
most cases, antibiotics that are used in cardiovascular surgery will take a few hours to
work, while recent systematic reviews and a meta-analysis of randomized controlled trials
have concluded that surgical site infection can be reduced by prolonging prophylaxis for a
few days. Further, post-operative pneumonia and all-cause mortality can be reduced by
giving agents with both anti-Gram-negative and anti-Gram-positive activity. The choice
of the most appropriate regimen is still open to debate [43]. The loading of carriers with
antibiotics is expected to provide prolonged release of the drug. Therefore, we can expect
an antimicrobial efficiency of the DND used here.

The DND–antibiotic complexes and free DND as a control were applied to the surface
of collagen matrices and used in the antimicrobial test in the relationship to Staphylococcus
aureus [44]. Note that both amikacin and levofloxacin are widely used as antimicrobial
agents. For free levofloxacin, as well as the amikacin minimum inhibitory concentration
required to inhibit 90% of Streptococcus is close to 1 mg/L [45–47]. Therefore, in the
present study, we need to confirm whether antimicrobial activity persists after adsorption
in nanodiamonds.

Two main parameters (adhesion and survivability) were determined. Adhesion is
an important step for colonization of a new host or environment and can contribute to
bacterial pathogenesis. This parameter was determined after 4 h incubation. The other
parameter is survivability, which was determined in a long-term incubation (24 h exposure).
The results are summarized in Figure 5 and in Table 3.

Table 3. The adhesion index and the survival index of Staphylococcus aureus calculated according to
the results of bactericidal efficacy for the DND, DND–Levofloxacin and DND–Amikacin.

Coating Composition No Coating DND DND–Amikacin DND–Levofloxacin

Adhesion (Log (CFU)) 5.0 ± 0.2 3.0 ± 0.1 2.5 ± 0.1 2.9 ± 0.1
Survivability (Log (CFU)) 5.0 ± 0.3 1.5 ± 0.1 0.9 ± 0.3 1.1 ± 0.1
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Our data suggest that a DND film formed on the surface of the collagen matrices
possesses high antimicrobial activity. Adhesion was two orders of magnitude lower than in
the control experiment in the presence of DND. For both complexes, the effect was similar,
indicating the key role of nanodiamonds as an anti-adhesive coating.

Long-term exposure results in sharply reduced bacterial survivability in the presence
of free DND and especially DND–drug adsorption complexes. Taking into account the
adsorption of nanodiamonds on the collagen matrices [18] and the adsorption values of
drugs on the DND surface, we can estimate that the concentration of the drug in these
experiments amounts to units of µg per mL, while the free drug concentration is usually
an order of magnitude higher [48]. We can conclude that the adsorption in nanodiamonds
reduces the dose of antibiotics used as an antimicrobial agent. Therefore, the use of
biomaterial based on DND complexes with antibiotics as the basis of bioprostheses will
allow one either to avoid or significantly reduce the duration and intensity of antibiotics
use in the post-operative period, which is critically important from the viewpoint of the
development of antibiotic resistance in pathogens.

4. Conclusions

In conclusion, we summarize the main points of this work. Adsorption isotherms of
amikacin and levofloxacin on nanodiamonds were obtained using tritium-labeled medic-
inal substances. It was shown that the binding of both drugs to the surface of nanodi-
amonds reached 100 mg/g. The adsorption complexes were characterized by dynamic
light scattering and FTIR spectroscopy, indicating that physical adsorption occurs via
electrostatic attraction.

It was shown that the electrokinetic potential, close to −30 mV for the initial nan-
odiamond, increases with the surface concentration of amikacin growth, and becomes
neutral when the adsorption is around 100 mg/g. The DND–Amikacin complex shows
higher adsorption stability in saline, even in the presence of albumin. In the case of lev-
ofloxacin, the electrokinetic potential practically does not change with the increase in drug
surface concentration.

On the basis of the data obtained, we can suggest the following scheme of the ad-
sorption complex formation of negatively charged nanodiamonds and amikacin and lev-
ofloxacin (Figure 6).

Such absorption complexes can be used for collagen material coating for bioprostheses
preparation. Negatively charged nanodiamond films that form on the surface of collagen
matrices can inhibit adhesion in the growth of Staphylococcus aureus, but after the adsorp-
tion of antibiotics, the inhibitory effect becomes more obvious. Note that there are a large
number of experimental studies and reviews that demonstrate the low toxicity of nanodia-
monds and even suggest nanodiamonds as carriers in the development of drug delivery
systems [4,49–51]. However, we need to outline the main limitations and weaknesses of
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nanodiamonds in medical applications. If diamond nanoparticles get in the bloodstream,
they accumulate majorly in the lung, spleen and liver and finally, are excreted into the
urinary tract. Such behavior might result in an inflammatory response in the lungs and
high-dose-dependent retention of nanodiamonds in the lung [52]. On the other hand, if
nanodiamonds are used in the form of hybrid composites, they show some histological
alterations and changes in blood biochemical parameters, affecting liver function and lipid
metabolism, but no organ dysfunction nor signs of cell destruction [53].
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The process of complexing nanodiamonds with active moiety through covalent bond-
ing is a complicated process and it is difficult to eliminate the toxic solvents used during
synthesis. Moreover, the complex formed cannot show a slow-release function [3]. These
problems can be solved through the application of drug–nanodiamonds adsorption com-
plexes. Since the adsorption process is usually performed from aqueous media, it excludes
the adsorption of toxic solvents. Coulomb attraction is usually considered as the main driv-
ing force in adsorption and complex formation. Ionic and hydrogen bonds are controlled by
ionic strength and pH, which provide the possibility to control drug release. Therefore, the
results obtained open up broad prospects for the use of nanodiamond–antibiotic complexes
for drug delivery systems.
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