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STRUCTURE AND MORPHOLOGY 
OF WHITLOCKITE COATING 
ELECTROPHORETICALLY 
DEPOSITED ON NiTi SHAPE 
MEMORY ALLOY
Karolina Dudek*, Tomasz Goryczka

University of Silesia, Institute of Materials Science, 
75 Pulku Piechoty 1A, 41-500 Chorzow, Poland

* e-mail: k.dudek@icimb.pl

Abstract

In order to improve the biocompatibility of NiTi 
shape memory alloy, the surface was modified by 
formation of multifunctional layer consisted of titanium 
oxides and whitlockite ceramic. Amorphous TiO2 inter-
layer was produced on NiTi substrate by autoclaving 
at 134°C for 30 minutes while the following whitlo-
ckite coatings were deposited using electrophoresis 
(EPD). Electrophoresis was performed under different 
voltage (from 20 to 80 V) at time periods (from 30 to 
120 s). Applied deposition parameters 20 V and 60 s 
resulted in forming homogenous whitlockite coating, 
consisted of β-Ca3(PO4)2 and β-Ca2P2O7, on passi-
vated NiTi alloy. In the next step, the material was 
heat-treated in vacuum condition at 1000°C for 2 h.  
As a result of sintering crystallization of titanium oxides 
was observed. The obtained layer was cracks-free. 
Applied deposition process increased the roughness 
of surface. Deposited whitlockite agglomerates had an 
average thickness ca. 5.6 µm. The structure of CaP 
coating material after applied heat-treatment remained 
unchanged in comparison to initial powder material. 
However, the partial decomposition of NiTi parent 
phase to equilibrium ones was observed. The whitlo-
ckite coating was also observed to have no impact on 
the martensitic transformation responsible for shape 
memory effect. Additionally, applied sintering condition 
changed the sequence of martensitic transformation 
from one to two-step.

Keywords: β-TCP (whitlockite), electrophoretic 
deposition (EPD), NiTi shape memory alloy (SMA), 
surface modification

[Engineering of Biomaterials 140 (2017) 2-6] 

Introduction
The NiTi shape memory alloys (SMA) with its chemical 

composition near to that of equiatomic ones are used in  
a wide range of biomedical fields. They are widely applied 
in orthodontics, soft tissue surgery, cardiovascular applica-
tions and in orthopaedic. However, their biomechanical 
properties make it more suitable for bone fixation than other 
metallic materials [1,2]. Nevertheless, the applications of 
the NiTi shape memory alloy as long-term implants can be 
limited by the possibility of toxic nickel ions migration into 
the organism due to corrosion. In order to improve its corro-
sion resistance and form the diffusion barrier for potentially 
released Ni ions, the surface of NiTi alloys can be modified 
by formation of multifunctional layers [3-5]. The surface of 
NiTi is covered with layers based on diamond-like phases, 
titanium oxides, titanium carbides and nitrides, polymers, 

apatites or composites [3-7]. It is desirable that the protective 
layers increase the functionality of the implant surface, for 
example by enhancing the osseointegration. The best bond-
ing of the metal implant surface to bone tissue is achieved by 
producing calcium phosphate-based (CaPs) coatings such 
as hydroxyapatite (HAp) or whitlockite ceramic (TCP) [8]. 
Calcium phosphate ceramics (CaPs) are promising materi-
als for medical applications. The interest in these materials 
is clear due to their high chemical similarity to the inorganic 
parts of bones and teeth of mammals. Calcium phosphates 
are bioactive and conduct bone apposition by direct bone 
bonding [9-11].

In the case of the NiTi alloy, it is very important to choose 
a low-temperature technique of surface modification as 
possible. High temperature treatment can lead to decom-
position of the B2 phase and thereby may affect the shape 
memory effects. Electrophoretic deposition (EPD) is one of 
the techniques applied for surface modification, which can 
be carried out at ambient temperature. Moreover, the EPD 
is reproducible, inexpensive and rapid. These techniques 
additionally enable controlling the coating thickness, its 
uniformity and deposition rate by alteration of deposition 
parameters such as voltage and time [12,13].

The main aim of presented results was focused on the 
biocompatibility intensification of NiTi SMA done by its 
surface modification. The technology of material prepara-
tion was focused on the passivation of NiTi substrate by 
autoclaving and following electrophoretic deposition (EPD) 
of whitlockite ceramic (β-TCP).

Materials and Methods

A commercially available NiTi alloy, with the following 
chemical composition of 50.6 at.%. Ni and 49.4 at.%. Ti 
(Memry GmbH), was used as substrate for layers deposi-
tion. Before EPD, the substrate was passivated in autoclave 
at 134°C for 30 min. The autoclaving resulted in formation 
of a thin amorphous TiO2 layer [14] what improves the cor-
rosion resistance [6]. Moreover, forming the oxide titanium 
interlayer on titanium alloys results in increased adhesion 
of following deposited CaPs coatings [15].

The commercially available powder of whitlockite (nGi-
mat), consisted of 87.1 ±1.0 wt.% β-Ca3(PO4)2 (β-TCP) and 
12.9 ±0.2 wt.% β-Ca2P2O7, was used to prepare a colloidal 
suspension having a concentration of 0.1 wt.% the powder 
in 99.9% ethanol (Avantor). The powder was crystalline and 
the particles had an irregular shape. The mixture was put 
into a magnetic stirrer (30 min) and then transferred to an 
ultrasonic bath (30 min). The average size of the ceramic 
particles in the colloidal suspension was ca. 550 nm. Zeta 
potential and conductivity of suspension at pH 6.7 were 
found to be 33.5 ±0.3 mV and 0.61 μS/cm, respectively [16]. 

Afterwards, electrophoretic deposition (EPD) under ca-
thodic condition and at room temperature was performed to 
cover the passivated NiTi substrate by CaPs particles. The 
constant voltages (from 20 to 80 V) at time periods (from 
30 to 120 s) were applied. After deposition, the green form 
coatings were dried for 24 h at ambient temperature. Then, 
in order to consolidate and increase the adhesion strength 
of the ceramic coating to the metal substrate samples were 
heat treated in vacuum furnace at 1000°C for 2 h. 

Phase identification was carried out using an X-ray 
diffraction pattern (XRD) measured with an X’PertPro dif-
fractometer with monochromatized Cu Kα radiation. The 
coated NiTi alloy was examined by the grazing incidence 
X-ray diffraction technique (GIXD). The GIXRD patterns 
were collected at constant incidence angles of 0.2° at room 
temperature.
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The morphology of deposited coatings was observed us-

ing a JEOL JSM-6480 scanning electron microscope (SEM) 
coupled with an Energy Dispersive Spectrometer (EDS).

The surface features of coatings, deposited under differ-
ent parameters and after heat treatment, like Ra (arithmetic 
mean surface roughness), Rz (surface roughness depth) 
and Rt (total height of the roughness profile) were measured 
in line mode using a Mitutoyo Surftest SJ-500 profilometer 
at 100 Hz sampling frequency and 20 mm/s scanning rate.

Differential scanning calorimetry (DSC) was used to study 
the influence of the deposition process on the course of mar-
tensitic transformation. Measurements were taken before 
and after sintering, using a DSC1 Mettler Toledo calorimeter. 
The heating/cooling rate of 10ºC per minute was applied.

Results and Discussions
The previously done studies revealed that applied voltage 

and deposition time have a great impact on the quality of 
CaPs coatings electrophoretically deposited on the passivat-
ed NiTi substrate [16,17]. Due to lower voltage and deposition 
time, the whitlockite ceramics particles spread on the surface 
heterogeneously forming larger agglomerates (FIG. 1).  
It was found that between agglomerates a relatively thin film 
consisting of calcium, phosphorus and oxygen forming phos-
phate groups was created [16]. Increase in the quantity of de-
posited particles, at the constant voltage with elongation depo-
sition time, in comparison to constant time and increase in volt-
age was observed. Deposition parameters (80 V/120 s) impact 
on increase in density and thickness of the coating (FIG. 1).  

RYS. 1. Obrazy SEM stopu NiTi pokrytego warstwami w różnych warunkach.
FIG. 1. SEM images of NiTi coated substrate at differenct conditions.
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The applied heat treatment conditions (1000°C for 2 h) re-
sulted in a visible change in the morphology of the coating 
(FIG. 2). The areas between the agglomerates changed 
from smooth to rough. It may be caused by the intensifica-
tion of the titanium oxide crystallization from the amorphous 
oxide layer, previously formed on NiTi substrate during the 
autoclaving. Changes in the roughness of these areas may 
also be due to the considerable dispersion of powdered par-
ticles in the suspension, which also resulted in uneven grain 
growth after the sintering process. Moreover, the presence 
of crystallized clusters of fine particles, especially close to 
CaP aggregates, was also stated (FIG. 2d). 

The profilometry results presented in TABLE 1 showed 
that deposition process of whitlockite ceramics increased the 
roughness of the surface. The value of average roughness 
(Ra), surface roughness depth (Rz) and total height of the 
roughness profile (Rt) increased compared to the passivated 
NiTi surface. The uneven and rough surface improves the 
adhesion of cells and tissues to the coating surface and 

promotes a shorter healing process than the smoother one 
[18]. The value of Rt parameter indicates also an average 
agglomerate thickness of about 5.6 µm.

Diffraction data (GIXRD) collected for samples after 
deposition and after sintering process (FIG. 3a, b) revealed 
well-defined peaks both of β-TCP (ICDD - PDF 04-008-8714) 
with rhombohedral structure (R-3c) and trace amount of 
β-Ca2P2O7 phase with tetragonal structure (P41) (ICDD-
PDF 04-009-8733). The presence of diffraction lines from 
whitlockite decomposition products was not proved. The 
applied heat treatment (1000°C/2 h in vacuum) resulted 
in a partial decomposition of NiTi substrate (ICDD - PDF 
01-078-4618) to equilibrium phases: Ti2Ni (ICDD - PDF 
04-007-1531) with cubic structure (Fd-3m) and Ni3Ti with 
hexagonal structure (P63/mmc). In addition, the appearance 
of diffraction lines belonging to non-stoichiometric TiO0,325 

with hexagonal structure (P63/mmc) (ICDD - PDF 04-005-
4356) and TiO with cubic structure (Fm-3m) (ICDD - PDF 
04-016-4319) were identified.

RYS. 2. Obrazy SEM stopu NiTi po osadzaniu warstw w 20 V przez 60 s (a, c) oraz po obróbce cieplnej w 1000°C 
przez 2 godz. (b, d).
FIG. 2. SEM images of NiTi coated substrate after deposition at 20 V for 60 s (a, c) and after following heat tre-
atment at 1000°C for 2 h (b, d). 

Ra [µm] Rz [µm] Rt [µm]
Pasywowany stop NiTi / Passivated NiTi alloy 0.04(1) 0.2(1) 0.3(1)

Powłoka TCP (20 V / 60 s) po spiekaniu (1000ºC / 2 h) 
TCP coating (20 V / 60 s) after sintering (1000ºC / 2 h) 0.59(7) 4.2(3) 5.6(4)

TABELA 1. Parametry chropowatości pasywowanego stopu NiTi oraz po osadzaniu i obróbce cieplnej.
TABLE 1. Roughness parameters of passivated and coated NiTi surface before and after sintering.
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RYS. 3. Dyfraktogram rentgenow-
ski zmierzony przy stałym kącie 
padania wiązki pierwotnej (0,2º) dla 
powłoki osadzonej przy 20 V w cza-
sie 60 s (a) oraz po obróbce cieplnej  
w 1000°C przez 2 godz. (b).
FIG. 3. The GIXRD patterns mea-
sured at incidence angle of 0.2º for 
coating deposited at 20 V for 60 s (a) 
and after heat treatment at 1000°C 
for 2 h (b).

RYS. 4. Krzywe DSC dla wyjściowe-
go stopu NiTi (a) oraz po osadzaniu 
warstw TCP i spiekaniu 1000°C 
przez 2 godz. (b), gdzie: As - tempe-
ratura początku odwrotnej przemia-
ny martenzytycznej, Af - temperatura 
końca odwrotnej przemiany mar-
tenzytycznej, Ms - temperatura po-
czątku przemiany martenzytycznej, 
Mf - temperatura końca przemiany 
martenzytycznej, Rs - tempera-
tura początku przemiany B2→R, 
Rf - temperatura końca przemiany 
B2→R, B2→R→B19’ - przemiana 
martenzytyczna, B19’→B2 - od-
wrotna przemiana martenzytyczna. 
FIG. 4. DSC cooling/heating curves 
measured for an initial NiTi sub-
strate (a) and after deposition of 
TCP and sintering at 1000°C for  2 
h (b), where: As - start temperature 
of the reverse martensitic transfor-
mation, Af - finish temperature of the 
reverse martensitic transformation, 
Ms - start temperature of the forward 
martensitic transformation, Mf - 
finish temperature of the forward 
martensitic transformation, Rs - start 
temperature of the B2→R transition, 
Rf  - finish temperature of the B2→R 
transition, B2→R→B19’ - martens-
itic transformation, B19’→B2 - re-
verse martensitic transformation.
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DSC results reveal reversible one-step and two-step 
martensitic transition with characteristic temperatures of the 
phase transformation below room temperature, respectively 
for initial NiTi sample (FIG. 4a, TABLE 2) and heat-treated 
at 1000ºC per 2 h (FIG. 4b, TABLE 3). The starting NiTi 
alloy underwent a reversible martensitic transition with 
characteristic temperatures of martensitic transformation 
below room temperature. Both martensitic (B2→B19’) 
and reverse martensitic transformation (B19’→B2) were 
one-step (FIG. 4a). DSC measurements performed for the 
sintered sample revealed that martensitic transformation 
occurred as a reversible one (FIG. 4b) what is a proof that 
the deposited coating do not block the transformation and 
the shape memory effect can be expected. Moreover, heat 
treatment changed the sequence of martensitic transforma-
tion from one- to two-step (FIG. 4). Transformation between 
the B2 parent phase and the monoclinic martensite B19’ 
occurs thorough the R-phase during the cooling process. 

Conclusions

Application of deposition voltage of 20 V for 60 s resulted 
in homogenous covering of passivated NiTi substrate by 
whitlockite layer. As a result of heat-treatment (1000°C / 2 h 
in vacuum) crystallization of titanium oxides and partial 
decomposition of NiTi alloy were observed. However, the 
structure of CaP coating material remained unchanged.

Deposited CaPs agglomerates had thickness of about  
5.6 µm. DSC measurements revealed lack of negative effect 
of the deposited whitlockite coating on the martensitic trans-
formation in NiTi alloy, responsible for shape memory effect.
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As [°C] Af [°C] Ms [°C] Mf [°C]

-8.6 1.9 -22.3 -35.6

As [°C] Af [°C] Rs [°C] Rf [°C] Ms [°C] Mf [°C]

-2.1 7.0 4.2 -8.5 -37.6 -47.6

TABELA 3. Temperatury przemian dla stopu NiTi 
z osadzoną warstwą ceramiki whitlockitowej po 
obróbce cieplnej w 1000ºC przez 2 godziny.
TABLE 3. Transformation temperatures of a NiTi 
alloy covered with whitlockite coating and heat-
-treated at 1000ºC for 2 h.

TABELA 2. Temperatury przemian dla stopu NiTi.
TABLE 2. Transformations temperatures of a NiTi 
alloy.
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Abstract

Microspheres (MS) made of resorbable polymer 
have been proposed as a cell growth support. They 
may be assembled to form cell constructs or be 
suspended in hydrogels allowing injection into injury 
location. High relative surface area of MS provides 
more efficient cell culture environment than traditio-
nal culture on flat substrates (multiwell plates, Petri 
dishes). In addition, MS structure, topography and 
surface chemistry can be modified to promote cell 
adhesion and proliferation. The aim of this study was to 
obtain resorbable poly(L-lactide-co-glycolide) (PLGA) 
MS and to modify their properties by changing manu-
facturing conditions of the oil-in-water emulsification to 
better control structural and microstructural properties 
of MS and their biological performance. To this end, 
water phase was modified by addition of NaCl to 
change ionic strength, while oil phase by addition of 
polyethylene glycol (PEG). Microstructural and thermal 
properties were assessed. Cytocompatibility tests and 
cell cultures with MG-63 cells were conducted to verify 
potential relevance of MS as cell carriers. The results 
showed that it is possible to obtain cytocompatible MS 
by oil-in-water emulsification method and to control 
diameter, porosity and crystallinity of MS with the use 
of additives to oil and/or water phases without negative 
changes in MS cytocompatibility. The results prove 
that modification of both phases make it possible to 
produce MS with desired/controllable properties like 
surface topography, porosity and crystallinity.

Keywords: regenerative medicine, cell cultures, 
bottom-up, PLGA, emulsification

[Engineering of Biomaterials 140 (2017) 7-11]

Introduction
Due to high complexity of natural tissues and the need 

to treat tissue defects and diseases there is a growing 
interest in tissue engineering (TE) methods. Classical TE, 
called also top-down TE, uses cells, biologically active 
molecules and scaffolds to reconstruct tissues in vitro or  
in vivo. Conventional scaffolds are macroscopic devices 
made of different biomaterials which act as artificial extra-
cellular matrices. Scaffolds seeded with cells have a limited 
ability to mimic natural tissues because they require proper 
open porosity to let regenerating tissue ingrowth, and cells 
need nutrients and exchange of many substances to pro-
mote angiogenesis, which is essential for wound healing [1]. 

Modular TE is a new approach called also bottom-up TE, that 
aims to resolve some problems of conventional top-down 
TE. Modular TE uses small units like e.g. microspheres, cell 
sheets, cell aggregates or cell laden modules to build bigger 
cell-tissue constructs on a way of self-assembly, aggregation 
or 3D printing [1,2]. This bottom-up TE approach allows to 
manipulate precisely with cells to combine small elements 
into more complex tissue systems [3,4].

MS used as cell microcarriers have the main advantage: 
cells can readily attach to their external surface and rela-
tively high cell density can be achieved after cell culture [1]. 
Depending on application it is possible to obtain solid or 
porous MS [5]. Coupling proper porosity and high surface 
area with growth factors allows to obtain MS with appropriate 
properties for regenerating tissue [5]. Due to their spherical 
shape cells can grow in three dimensions [6]. Moreover MS 
can be suspended in hydrogels and injected into required 
place in the body [7]. The surface of MS may be modified 
by other substances like chitosan, fibronectin or collagen 
to improve cell adhesion and growth [6,8]. Additionally MS 
can be used to encapsulate drugs and growth factors [8] or 
be loaded with magnetic particles [9].

Diameter of MS may be controlled by factors like polymer 
type, properties as well as synthesis method and conditions. 
Majority of proposed in literature MS for cell growth have 
diameter between 100-250 µm and are characterized by 
hydrophilic surface properties [10]. They are usually pro-
duced by oil-in-water emulsification. Microspheres size may 
be controlled by modification of aqueous phase with other 
substances (e.g. glucose) [9], concentration of polymer in 
oil phase or stirring speed of water phase [6]. Concentration 
of emulsion stabilizer, e.g. polyvinyl alcohol (PVA) in water 
phase also can influence diameter and shape of MS [11]. 
We hypothesize that modification of ionic strength of water 
phase by addition of non-toxic NaCl may result in MS with 
different structure and properties. 

The aim of this study was to modify PLGA MS properties 
by changing manufacturing conditions and composition of 
oil-in-water emulsification phases to better control structural 
and microstructural properties of MS and their biological 
performance. To this end, water phase was modified by 
addition of NaCl to change ionic strength, while oil phase 
by addition of polyethylene glycol (PEG) intended to act as 
a pore former. PLGA being a matrix material was used due 
to its excellent biological properties and adaptable degrada-
tion time, which may be controlled by a ratio of lactide to 
glycolide and molecular mass. 

Materials and Methods
To obtain MS PLGA with molar ratio of L-lactide to gly-

colide of 85:15, Mn = 100 kDa, Mw = 210 kDa was dissolved 
in dichloromethane (DCM, Sigma-Aldrich) at a concentration 
of 20% wt/vol to create oil phase. Water phase was obtained 
by dissolving 1.5% poly(vinyl alcohol) (PVA) (Mowiol® 4-88, 
Mw = ~31,000, Sigma Aldrich) in ultra-high quality water 
(UHQ-water, produced by PureLab, Elga, UK). Three types 
of MS were obtained: MS1, MS2 and MS3. Reference MS1 
were prepared by pouring 1 ml oil phase into 40 ml water 
phase under stirring on a magnetic stirrer (250 rpm). During 
injection of oil phase into water phase the tip of the pipette 
was 0.5 cm above the surface of the water phase. MS2 
were produced in the same manner but water phase was 
supplemented with 0.5% NaCl. For MS3 manufacturing oil 
phase was modified by addition of 20% PEG (Mn = 400 Da, 
Sigma-Aldrich). After 24 h the DCM was evaporated and MS 
were formed, vacuum filtered, rinsed with UHQ-water, dried 
at 37°C for 24 h, sieved and fraction >100 µm was collected. 
Manufacturing procedure is shown in FIG. 1.
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MS were analysed with optical microscopes (Axiovert 
40, Zeiss and VHX-900F, Keyence), scanning electron 
microscope (Nano Nova SEM 200) and differential scan-
ning calorimetry (DSC, DSC1 from Mettler Toledo). DSC 
measurements were performed in the temperature range of  
-90–200°C at heating rate of 10°C/min in nitrogen atmos-
phere; sample mass was ca. 6 mg. To measure glass transi-
tion temperature (Tg) TOPEM DSC was used with reversing 
heat flow. To asses size, size distribution and shape factor 
300 individual MS were measured from each group with 
the use of AxioVision software provided with the optical 
microscope (Axiovert 40, Zeiss).

Before cell culture tests the MS samples were sterilized 
in ethanol in 48-well plates (Nunclon; 8 mg MS dispersed 
in 200 µl 70% ethanol was poured into each well). After 
ethanol evaporation (24 h under laminar hood) MG-63 
osteoblast-like cells suspension (5x103 cells/well) in 500 µl  
MEM supplemented with 10% fetal bovine serum, 1% peni-
cillin/streptomycin, 2 mM L-glutamine (PAA, Austria) was 
added to each well and cells were cultured at 37°C and 5% 
CO2. Empty cell culture wells (tissue culture polystyrene, 
TCPS) acted as control. After 1 and 3 days Alamar Blue 
assay (Sigma Aldrich) was performed. After 1, 3 and 7 days 
the cells were stained for live/dead (calcein AM/propidium 
iodide, Sigma Aldrich) and observed under fluorescence 
microscope (Axiovert, Zeiss).

Results and Discussion

The aim of this work was to obtain PLGA MS with diam-
eter above 100 µm and with size distribution as narrow as 
possible and regular spherical shape. Independently from 
manufacturing parameters average diameter of all micro-
spheres was similar (FIG. 2 A, B, C). MS1 had diameter of 
123.0 ±22.0 µm, median 120.2 µm, MS2 had diameter of 
134.2 ±22.5 µm, median 132.6, while the diameter of MS3 
was 127.5 ±21.8 µm, median 124.8 µm; no significant differ-
ences were found according to ANOVA. Also shape factor 
of all the samples was similar and relatively low (TABLE 1).  
Distribution of diameters was similar for all the samples 
(FIG. 2 A, B, C).

Optical microscopy observations (FIG. 2 D, E, F) revealed 
significant differences between microspheres: MS2 were 
the most transparent of all examined samples, while MS3 
were the most opaque. SEM pictures (FIG. 2 G) showed 
that MS1 had small pores (few micrometers in diameter) 
on the surface and were the most rough, while MS2 and 
MS3 were smooth on the surface (FIG. 2 H, I, respectively). 

FIG. 3 shows DSC curves, while TABLE 2 thermal prop-
erties of PLGA MS. It is apparent that all MS had similar 
melting temperature, Tm, ca. 134oC but different melting 
enthalpy (ΔHm): MS2 had the lowest ΔHm, while MS3, the 
highest. Also glass transition temperature, Tg, of MS2 was 
the lowest, while for MS3 the highest. The degree of crystal-
linity, Χ, was calculated from the measured heat of melting, 
using the value of heat of melting of the crystalline regions 
of poly-L-lactide, ΔHm = 93.1 J/g [12], taking into account 
that in PLGA content of L-lactide was 85%. The results show 
that the degree of crystallinity of 1.25% was found for MS2, 
while 6.1% for MS3. 

In vitro tests showed that the cells adhered and grew 
on MS. Observations under fluorescence microscope 
showed that the cells grew both on TCPS wells and on MS 
irrespectively of the type of MS (FIG. 2 J, K, L). Majority 
of the cells were alive (stained green) and only less than 
5% cells were dead (stained red). Cell viability after day 1 
was significantly different between MS1 and MS2 as well 
as MS2 and MS3 as shown by Alamar Blue test (FIG. 4).  

FIG. 1. Manufacturing conditions of PLGA microspheres: MS1, MS2, MS3 by oil-in-water emulsification.

TABLE 1. Microstructural properties of PLGA MS.

Sample Diameter 
(mean ±S.D) 

µm

Diameter 
(median)

µm

Shape
factor

MS1 123.0 ±22.0 120.2 1.04 ±0.06

MS2 134.2 ±22.5 132.6 1.03 ±0.06

MS3 127.5 ±21.8 124.8 1.04 ±0.08
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FIG. 2. Histograms of size distribution of MS1 (A), MS2 (B), MS3 (C); optical microscopy images of MS1 (D),  
MS2 (E), MS3 (F); SEM microphotographs of MS1 (G), MS2 (H), MS3 (I) (scale bar 50 µm); live/dead staining  
images after 7-day cell culture on MS1 (J), MS2 (K), MS3 (L) and SEM microphotographs of cells after 7-day cell 
culture on MS1 (M), MS2 (N), MS3 (O) (scale bar 50 µm).



10

FIG. 4. MG-63 cell viability studied by Alamar Blue 
reduction on day 1 and 3, no significant diffe-
rences was found between the samples on the 
same day, significant difference *p< 0.01, *p< 0.05 
according to ANOVA.

On day 3 the viability of cells increased but the lowest viabil-
ity of cells was on MS2. SEM observations show morphology 
of the cells cultured on the scaffolds (FIG. 1 M, N, O). It is 
apparent that the cells adhered well on MPS and in some 
cases formed monolayers. Some of the cells adhered to 
two or three MS, as a result the agglomerates were formed.

In this study the aim was to produce PLGA MS by oil-in-
water emulsification and to verify if compositions of water 
and oil phases influence microstructure, thermal and biologi-
cal properties of resulting MS.

It was found that all MS had the same diameter of  
120-130 µm and were of regular shape; shape factor equal 
to 1.03 – 1.04 was similar to all microspheres. Interestingly, 
modification of water phase (MS2) and oil phase (MS3) 
resulted in differences in appearance, transparency, micro-
structure and thermal properties of the MS. Addition of NaCl 
to water phase caused high transparency and low porosity of 
MS2. When oil phase was modified with PEG400 opposite 
effect was observed: MS3 were opaque. Opacity of MS3 
results from higher crystallinity of PLGA as shown by DSC 
studies – polymer crystallites cause light scattering. Micro-
structure of MS differed between samples and depended on 
the used modification approaches but in general the surface 
of MS was smooth and small pores (few µm in diameter) 
were found on non-modified MS1. 

It was found that modification of water phase with NaCl, 
which increased its ionic strength, resulted in more amor-
phous PLGA forming MS. Presence of NaCl, which can be 
occluded between macrochains of PLGA, had an impact 
on Tg and crystallinity, what suggests that sodium and chlo-
ride ions acted as plasticizer for PLGA, by increasing the 
distance between polymer microchains. Addition of PEG to 
PLGA solution in DCM (modification of oil phase) resulted in 
increase in crystallinity of MS, probably due to the fact that 
PLGA and PEG did not form a physical mixture but undergo 
phase separation as shown in our previous study [13].  
The second reason might be that PEG chains can interact 
with PLGA macrochains with hydrogen bonds, which in-
crease Tg, Tm and enhance formation of more organized, 
crystalline phases. The findings regarding crystallinity are 
important from the point of view of using MS in cell culture, 
because it is known that crystallinity influences degradation 
kinetics of PLGA.

Irrespectively of differences in crystallinity in vitro tests 
proved good cytocompatibility of all investigated MS. Alamar 
Blue assay showed that the best cell supporting properties 
were found for MS1 and MS3. Live/dead staining showed 
that adhesion of cells on MS surface after 7 days was high 
and a vast majority of the cells were alive (>95%). Addition-
ally SEM microphotographs showed that microspheres with 
cells tended to form agglomerates what additionally proved 
high cell compatibility of tested MS.

Conclusions

Obtained results demonstrate that it is possible to obtain 
microspheres with defined properties like porosity, size and 
crystallinity by controlling emulsification process parameters 
with additions of chemicals to oil or water phases. All MS 
were cytocompatible what allows to consider them as cell 
carriers in modular tissue engineering.
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FIG. 3. DSC curves of MS1, MS2 and MS3.

Sample Tg
oC

Tm
oC

Melting 
enthalpy

ΔHm

J/g

Crystallinity
Χ
%

MS1 54.8 135.09 - 2.47 3.1

MS2 49.0 134.60 - 0.92 1.2

MS3 55.8 133.41 - 4.82 6.1

TABLE 2. Thermal properties of MS.
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Abstract

Most recently it has been found that nanodiamond 
particles have very interesting properties. There are 
number of research communications that detonation 
nanodiamond particles (NDPs) are fairly reactive and 
their surface can be effectively modified by chemical 
methods. The hydroxyl-modified NDPs were obtai-
ned by Fenton reaction, amine-functionalized NDPs 
were obtained by chemical reduction of the nitro-
-functionalized surface and carboxyl-modified NDPs 
by oxidation by using H2O2 under acidic conditions. 
NDPs functionalized by hydroxyl- and amine- groups 
and amino groups were used for covalent binding 
of non-steroidal anti-inflammatory pharmaceuticals 
(aspirin, ketoprofen, ibuprofen, naproxen) via ester 
or amide bonds. These results of the studies proved 
the activity of the conjugates of active substance-NDP 
and study the rate of release of active substance from 
the NDPs surface by in vitro examinations with mouse 
fibroblasts.

The progress of the reaction and the characteristics 
of the products were determined by using FT-IR. Che-
mical and physical structures of materials were also 
investigated by Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy (DRIFTS). DRIFT spectra 
show the modification of nanodiamond by ketoprofen, 
naproxen, ibuprofen and aspirin.

Keywords: detonation nanodiamond particles,  
chemical modification, anti-inflammatory drugs,  
FT-IR spectroscopy, mouse fibroblasts

[Engineering of Biomaterials 140 (2017) 12-20]
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Introduction

Recent studies on application of carbon nanomaterials 
for biological purposes revealed that nanodiamonds are 
much more biocompatible than other carbon nanomateri-
als. The non-cytotoxic properties of nanodiamond particles 
together with other properties make them attractive for 
various biomedical applications both in vitro and in vivo [1]. 
Nanodiamond particles possess a unique set of properties 
attractive for drug delivery applications, including excep-
tional biocompatibility, large carrier capacity and versatile 
surface chemistry properties, which enhance drug binding 
and provide sustainable drug release. 

Nanodiamond particles were obtained using Danilenko 
detonation method (discovered in 1963 in Soviet Union [2]) 
from graphite in presence oxygen-deficient TNT (2-methyl-
1,3,5-trinitrobenzene)/hexogen composition in inert media. 
Detonation nanodiamond consists of nanodiamond particles 
(grain size from 2 to 10 nm), but the particles tend to aggre-
gate [2-4]. Detonation nanodiamond particles are hydrophilic 
and nanodiamond surface has the many dangling bonds, 
which are chemically reactive and ready for chemical func-
tionalization [5-9].

Detonation nanodiamond particles obtained by detona-
tion method are described in the literature as the so-called 
“onion-like carbon” (OLC) [10-12]. Due to the nanoscale 
size of e.g. detonation nanodiamond particles, such mate-
rial can be used for biological studies [13,14]. The series 
of research began by checking the biological properties of 
nanodiamond particles, which differ in content of a diamond 
phase and a grain size [15].

Nanodiamond particles modified by Fenton reaction 
exhibit the phenomenon of fluorescence in the presence of 
a strain of Pseudomonas aeruginosa ATCC 9027 that can 
be used in microbiological diagnostics packages containing 
diamond nanoparticles [6].

Detonation nanodiamond particles functionalized with 
hydroxyl groups were verified in studies evaluating their 
antioxidant potential. Detonation nanodiamond particles 
delayed soybean oil from going rancid, which is important in 
the potential for using them in bioactive packaging extending 
the period of food consumption [7].

Functionalization of pristine nanodiamond (ND) has in-
fluenced on fragmentation of nanoparticles, wettability and 
intensify of catalytic properties. Oxidation of the particle 
surface results in the possibility of selective attachment of 
functional groups and molecules. The internal carboxylic 
groups were observed on the nanodiamond surface. Thanks 
to their presence, further modifications can be made through 
the amide linkage. In this way the surface is modified with 
attached amines. Chemical modification of nanodiamond 
by amide functionalization increased hydrophilicity of the 
surface. Hydrophilicity (measured by dispersibility test in 
water and alcohol) makes nanodiamond surface suscepti-
ble to chemical modifications which can be controlled and 
selected for their medical applications [16].

Modern methods of tissue engineering utilize the acel-
lular scaffolds ex vivo or in vivo seeded with the cells. 
Such scaffolds must be biocompatible, athrombogenic and 
mechanically stable. Often the factors used for the scaffold 
decellularization may affect the properties of the scaffolds 
cause the morphological and biomechanical changes within 
the extracellular matrix [17-19]. Therefore, the methods 
which improve the biocompatibility and mechanical proper-
ties of the materials used for bioprostheses preparation are 
sought. For this purpose, nanodiamonds that show promis-
ing biological properties may be used [20-24]. The aim of the 
study was to assess the cytotoxicity of the nanodiamonds 
conjugated with the anti-inflammatory factors.
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Materials and Methods

Methodology of chemical modification of detonation 
nanodiamond particles

Synthesis of nitro-modified NDP 2
Purified in ethanol nanodiamond powder (1.1 g) was 

placed into round bottom flask and 22 ml of 90% HNO3 was 
added. The suspension was sonicated in a series of 20 x 
5 min and intensively mixed on a magnetic stirrer for 72 h 
at room temperature. The precipitate was filtered off and 
washed with water until neutral pH. Modified NO2-NDP was 
dried in a vacuum desiccator to constant weight and finally 
1.07 g modified NO2-NDPs 2 was obtained. 

Synthesis of amino-modified NDP 3
Nitro-modified NDP (NO2-NDP, 1 g) was thoroughly tritu-

rated in a mortar with FeSO4 (2.4 g). The powder was placed 
into round bottom flask and 100 ml of a mixture of ethane-
water (1:1) was added. Vigorously stirred suspension was 
refluxed for 30 min. After cooling to room temperature,  
a further portion of FeSO4 (5 g) and ethanol (10 ml) was 
added to suspension. Vigorously stirred suspension was 
refluxed for 1 h. After cooling to room temperature, solution 
of ammonia (80 ml) was added to suspension. Vigorously 
stirred suspension was refluxed for 5 h. In the next step 
FeSO4 (5 g) was added to the suspension and it was refluxed 
for 1 h. After this time, solution of ammonia (80 ml) was 
added once again to the suspension and vigorously stirred; 
suspension was refluxed for 3 h. The suspension was diluted 
with water (100 ml) and the precipitate was filtered under 
reduced pressure. The precipitate was washed with water 
(25 ml), 5% H2SO4 (25 ml), water (50 ml) and 10% NaOH 
(25 ml). The final product was dried in a vacuum desiccator 
to a constant weight.

Synthesis of triazine esters of carboxylic acids 6a-d. 
General procedure

Carboxylic acid (1 mmol) and DIPEA (88 μL, 0.5 mmol) 
were added at 0°C to a vigorously stirred solution of DMT/
NMM/TosO- 5 (0.413 g, 1 mmol) in CH2Cl2 (5 mL). Stirring 
was continued until the disappearance of condensing rea-
gent 5 (TLC analysis, staining with 0.5% solution of NBP), 
after the time the mixture was diluted with DMF (5 mL) and 
used without any isolation and purification in next steps of 
H2N-NDP 3 functionalizations. 

Synthesis of triazine active ester 6a derived from 
Aspirin 4a

Synthesis was carried out according to the general pro-
cedure. Starting materials: Aspirin 4a (0.180 g, 1 mmol), 
DMT/NMM/TosO- 5 (0.413 g, 1 mmol), DIPEA (88 μL,  
0.5 mmol), CH2Cl2 (5 mL) and DMF (5 mL).

Synthesis of triazine active ester 6b derived from 
Ketoprofen 4b

Synthesis was carried out according to the general 
procedure. Starting materials: Ketoprofen 4b (0.254 g,  
1 mmol), DMT/NMM/TosO- 5 (0.413 g, 1 mmol), DIPEA (88 μL,  
0.5 mmol), CH2Cl2 (5 mL) and DMF (5 mL).

Synthesis of triazine active ester 6c derived from 
Ibuprofen 4c

Synthesis was carried out according to the general pro-
cedure. Starting materials: Ibuprofen 4c (0.206 g, 1 mmol), 
DMT/NMM/TosO- 5 (0.413 g, 1 mmol), DIPEA (88 μL,  
0.5 mmol), CH2Cl2 (5 mL) and DMF (5 mL).

Synthesis of triazine active ester 6d derived from 
Naproxen 4d

Synthesis was carried out according to the general 
procedure. Starting materials: Naproxen 4d (0.206 g,  
1 mmol), DMT/NMM/TosO- 5 (0.413 g, 1 mmol), DIPEA (88 μL,  
0.5 mmol), CH2Cl2 (5 mL) and DMF (5 mL).

Synthesis of NDPs 7a-d modified with carboxylic acid 
derivatives. General procedure

To a vigorously stirred and cooled in ice-water bath (0°C) 
suspension of H2N-NDP 3 (100 mg) in CH2Cl2 (2 mL) was 
added a solution of the triazine ester 6 (1 mmol) and NMM 
(110 µL, 1 mmol). Stirring was continued for 12 h at room 
temperature. The precipitate was filtered off under reduced 
pressure and thoroughly washed with DMF (10 mL), CH2Cl2 
(10 mL), water (10 mL), DMF (10 mL) and CH2Cl2 (10 mL). 
The residue was dried to constant weight in a vacuum 
desiccator.

Synthesis of NDP 8 modified with β-alanine residue. 
General procedure

To a vigorously stirred and cooled in ice-water bath (0°C) 
suspension of H2N-NDP 3 (500 mg) in CH2Cl2 (10 mL) was 
added a solution of DMT/NMM/TosO- 5 (2.65 g, 5 mmol), 
Fmoc-β-Ala-OH (1.557 g, 5 mmol) and NMM (660 µL,  
6 mmol) in mixture of DMF and CH2Cl2 (1:1) (15 mL). The 
experiment was continued for 12 h at room temperature. 
The precipitate was filtered off under reduced pressure and 
thoroughly washed with DMF (20 mL), CH2Cl2 (20 mL), water 
(20 mL), DMF (10 mL) and CH2Cl2 (20 mL). The residue 
was dried to a constant weight in a vacuum desiccator.  
The suspension of Fmoc-β-Ala-NDP in DMF (5 ml) was 
added 25% solution of piperidine in DMF. The suspension 
was sonicated for 5 min and then vigorously stirred for  
15 min on a magnetic stirrer. The suspension was centri-
fuged (15 min, 4000 rpm), the supernatant was decanted. 
To the precipitate 25% solution of piperidine in DMF was 
added again and all procedure was repeated three times. 
The precipitate was filtered off under reduced pressure and 
thoroughly washed with DMF (20 mL), CH2Cl2 (20 mL), water 
(20 mL), DMF (10 mL) and CH2Cl2 (20 mL). The residue was 
dried to constant weight in a vacuum desiccator.

Synthesis of NDPs 9a-d modified with carboxylic acid 
derivatives. General procedure

To a vigorously stirred and cooled in ice-water bath 
(0°C) suspension of H2N-β-Ala-NDP 8 (100 mg) in CH2Cl2 
(2 mL) a solution of the triazine ester 6 (1 mmol ) and NMM  
(110 µL, 1 mmol) was added. Stirring was continued for 
12 h at room temperature. The precipitate was filtered off 
under reduced pressure and thoroughly washed with DMF 
(10 mL), CH2Cl2 (10 mL), water (10 mL), DMF (10 mL) and 
CH2Cl2 (10 mL). The residue was dried to constant weight 
in a vacuum desiccator.

FT-IR spectroscopy examination
The progress of the reaction and the characteristics of the 

products were determined by using FT-IR. All measurements 
were carried out at room temperature and in air atmosphere. 
Chemical and physical structures of materials were also in-
vestigated by Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFTS) using the Thermo Scientific Nicolet 
iS50 FT-IR spectroscope. DRIFT spectra were collected in 
the range of 400-4000 cm-1.
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Methodology of in vitro examination

To prevent cell culture contamination the diamond pow-
ders particles were exposed to solution containing antibiotics 
(100 U/ml Penicilin/Streptomycin, 5 mg/ml Ciprofloxacinum 
and 2 mg/ml Fluconazolum) at 4°C for 24 h. Mouse fibro-
blasts L929 (ATCC CCL-1) were used for Cytotoxicity test. 
Cell cultivation was performed in medium 199 with 10% fetal 
bovine serum, 100 U/ml Penicilin/Streptomycin, 5 mg/ml 
Ciprofloxacinum and 2 mg/ml Fluconazolum. The cells were 
growing at 37°C and 5% CO2. When fibroblasts reached 
80% confluency they were treated with the diamond powder 
suspensions (50 µg/ml). Cell viability was assessed after 
24 h using fluorescent microscope (Zeiss AxioObserver.Z1 
fluorescence microscope, 10x). For that purpose fluorescent 
staining were used: fluorescein diacetate (FDA, 1 mg/ml) 
which penetrates trough living cells membrane gives green 
fluorescence and propidium iodide which gives bright red 
light on apoptotic and necrotic cells. TABLE 1 showed meth-
odological assumptions for the in vitro experiment.

Results and Discussion

One of the most popular methods of functionalization 
of nanodiamond particles is the incorporation of hydroxyl 
groups on the surface of the nanoparticles under the Fenton 
reaction conditions [25]. The presence of hydroxyl groups on 
the surface of the NDPs enables their widespread adapta-
tion in subsequent functionalization steps by using variety 
of molecules. The hydroxyl-modified nanodiamond particles 
were obtained by Fenton reaction, amine-functionalized 
NDPs by chemical reduction of the nitro-functionalized 
surface, carboxyl-modified NDPs by oxidation with the use 
of H2O2 under acidic conditions [26].

However, direct transformation of hydroxyl groups with  
a carboxylic acid derivatives leads to the formation of the cor-
responding esters which under physiological conditions have 
a moderate stability. In order to eliminate the inconvenience 
of inadequate stability of NDPs modified with biologically ac-
tive carboxylic acids (nonsteroidal anti-inflammatory drugs, 
NSAIDs), it has been assumed that the more stable are the 
corresponding amide derivatives. 

Functionalization of NDPs surface by amino groups has 
been achieved in a two-steps reaction. The first reaction step 
involved the nitration of the NDPs surface under standard 
nitration conditions. In the second step the nitro groups were 
reduced to the corresponding amines [27] (FIG. 1).

The next step functionalization H2N-NDPS (3) consisted 
of the acylation of the amino functions on the surface of 
NDPs by super-active triazine esters 6 of NSAIDs (aspirin 
4a, ketoprofen 4b, ibuprofen 4c and naproxen 4d) with 
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 
toluene-4-sulfonate (DMT/NMM/TosO- 5) [27] (FIG. 2). 

TABLE 1. The qualitative and morphological clas-
sification of cellular cytotoxicity.

FIG. 1. Synthesis of amino-functionalized NDPs.

Cytotoxicity Reactivity Cell condition

0 lack
Discrete intra-plasmatic 

granules, no lysis, 
no reduction of cell growth

1 slight

Not more than 20% of round 
cells, loosely adherent without 

intra-plasmatic granules, 
showing morphological 

changes, slight cell lysis, 
a slight inhibition of cell growth

2 mild

Not more than 50% of round 
cells, without intra-plasmatic 
granules, strong cell lysis, 

not more than 50% inhibition 
of cell growth

3 moderate

Not more than 70% a surface 
comprising a round and lysed 
cell, not completely damaged, 

cell growth inhibition more 
than 50%

4 strong Almost total and complete 
destruction of cells

The choice of a triazine coupling reagents to modify the 
surface of NDPs was dictated by the fact that the acyla-
tion of nucleophiles with superactive triazine esters is very 
effective and application of them ensuring the removal of 
side-products (elimination of deposites on the surface of  
a solid matrix). 2-Hydroxy-4,4-dimethoxy01,3,5-triazine,  
the side product of acylation with triazine based coupling 
reagents is removed by extraction with polar organic sol-
vents or by washing with water. 

In order to improve the exposition of NSAIDs on the 
surface of the nanoparticles modified NDPs containing the 
rest of β-alanine as a linker between the nanoparticles and 
attached NSAIDs were obtained (FIG. 3). 

For the acylation of amino groups of NDPs 3 DMT/NMM/
TosO- 5 as a coupling reagent was used. The coupling and 
subsequent removal of the Fmoc group has been done by 
using standard synthetic protocols for solid phase peptide 
synthesis [28]. The stage of incorporation of acid derivatives 
(NSAIDs) was implemented by using appropriate triazine 
esters 6a-d derived from aspirin 4a, ketoprofen 4b, ibuprofen 
4c and naproxen 4d. 

FIGs 4-6 show the results of FT-IR spectroscopy of na-
nodiamond particles without chemical modification (FIG. 4) 
and the attached anti-inflammatory drugs (FIGs 5 and 6).  
The results of FT-IR confirm the presence of amide bonds 
(FIG. 5) and amide bonds by a β-alanine connector.
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FIG. 3. Synthesis of of NDPs 9a-d modified with nonsteroidal anti-inflammatory drugs separated from surface 
of nanoparticle by β-alanine residue.

FIG. 2. Synthesis of NDPs 7a-d modified with nonsteroidal anti-inflammatory drugs. 
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The results of in vitro examinations with mouse fibro-
blasts L929 (ATCC CCL-1) show the low cytotoxicity of 
both method of chemical modifications (TABLE 2). The 
comparison between the chemical modification of nano-
diamond particles by anti-inflammatory drugs without and 
with β-alanine linker shows slight differences of cytotoxicity 
although the more biocompatible seems to be modifica-
tion without β-alanine. Surface modification of nanodia-
mond particles by ibuprofen without a connector exhibits 
the lowest cytotoxicity to examined cell line, and aspirin 
exhibits the lowest cytotoxicity (the absence of necrotic 
cells) for nanodiamond modified with β-alanine (FIG. 7).  

FIGs 8 and 9 show the microscopic images of cells in  
a direct contact cytotoxicity test. The presence of living cells 
in contact with the chemically modified nanodiamonds indi-
cates green fluorescence. The obtained results show very 
low and not statistically significant cytotoxicity of detonation 
nanodiamond particles, chemically modified by non-steroidal 
anti-inflammatory drugs in cultures of mouse fibroblasts 
(FIGs 8 and 9).

TABLE 2. Classification of cytotoxicity of tested 
materials.

FIG. 4. FT-IR spectra of detonation nanodiamond 
particles chemical modification.

FIG. 5. FT-IR spectra of NDP with attached drugs 
(R-ketoprofen, R-naproksen, R-ibuprofen, R-aspirin)  
by ester and amine bonds and carboxyl bonds 
–NHCO-R .

FIG. 6. FT-IR spectra of NDP with attached drugs 
(R-ketoprofen,  R-naproksen, R-ibuprofen, R-aspirin)  
by amide bond with β-alanine connector- NHCO-β-
Ala–NHCO-R connector.

Tested samples
Cyto-

toxicity
Reacti-

vity

NDP-NHCO-ketoprofen 1 slight

NDP-NHCO-naproksen 1 slight

NDP-NHCO-ibuprofen 1 slight

NDP-NHCO-aspirin 1 slight

NDP-NHCO-β-Ala-NHCO-ketoprofen 1 slight

NDP-NHCO-β-Ala-NHCO-naproksen 1 slight

NDP-NHCO-β-Ala-NHCO-ibuprofen 1 slight

NDP-NHCO-β-Ala-NHCO-aspirin 1 slight
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FIG. 7. Number of necrotic cells in the tested 
NDP samples with attached drugs (ketoprofen, 
naproksen, ibuprofen, aspirin) after 24 h direct cy-
totoxicity test for two different methods of their fun-
ctionalization: “NHCO” and “NHCO-β-Ala-NHCO”.

FIG. 8. Microscopic image of cells in direct contact cytotoxicity test of the following materials: A - NDP-NHCO-
-ketoprofen, B - NDP-NHCO-naproxen, C - NDP-NHCO-ibuprofen, D - NDP-NHCO-aspirin. Living cells positive 
to the FDA - green fluorescence, PI positive necrotic cells - red fluorescence, FDA + PI channel.
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The number of patients with cardiovascular diseases 
who, due to the exhaustion of the conventional treatment 
opportunities, need to have the heart bioprosthesis applied 
constantly increases. The increasing expectations are also 
associated with the introduction into the clinical practice the 
treatment that uses the stem cells in which, apart from the 
proper selection of the type of the implanted cells it is very 
important to optimize methods for the transfer of cells into 
the affected area. Both, in the case of heart bioprostheses 
design and scaffolds for cell transfer, except for the appro-
priate design solutions, it is essential to use the advanced 
innovative biomaterials. Such materials ought to be bio-
compatible and should allow for proper cultivation of cells. 

It is recommended that the cells after the cultivation 
process are characterized by high viability, the preservation 
of normal morphology, good growth, adhesion and migra-
tion deep into the scaffold. In the case of stem cells, it is 
also essential to stimulate the differentiation of the cells. 
Because of the increasing disparity between the number of 
donors and recipients, seeking for optimal materials, due 
to the prolonged contact with the blood, somatic and stem 
cells, seems to be crucial. Such materials may be based 
on natural biological human or zoonotic tissues; however, 
synthetic materials may be used as well. Both in the case of 
biological and synthetic materials, the normal cell interaction 
with the substrate is determined by the surface modification 
of materials.

FIG. 9. Microscopic image of cells in direct contact cytotoxicity test of the following materials: A - NDP-NHCO-β-
Ala-NHCO-ketoprofen, B - NDP-NHCO-β-Ala-NHCO-naproksen, C - NDP-NHCO-β-Ala-NHCO-ibuprofen, D - NDP-
NHCO-β-Ala-NHCO-aspirin. Living cells positive to the FDA - green fluorescence, PI positive necrotic cells - red 
fluorescence, FDA + PI channel.
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Great hopes, due to the biological characteristics, are 

placed in nanodiamonds. They may stabilize, in the me-
chanical way, the applied surface. They may also stimulate 
cellular processes, particularly in the case of conjugation 
with the biologically active agents. Therefore, it is vital to 
carry out cytotoxicity test of such materials. This allows for 
the pre-selection of the particles for surface modification 
purpose. In order to do so, tests that use the model cells – 
fibroblasts are frequently applied. In these studies it is shown 
that fibroblasts in contact with the tested biomaterial parti-
cles retain their high cell viability. They also reveal proper 
adhesion to the substrate. This may indicate a possibility 
of nanodiamonds employment in applications related to the 
tissue engineering. The present results are very promising, 
however, in the future the scope of research needs to be 
broaden and, above all, there is a need for a strong focus 
on the influence of diamond powders or substrates, modified 
by diamond powders, on mesenchymal cells. Such studies 
will certainly allow for coming closer to the research model 
for in vivo applications in models of large animals and,  
in the future, in clinical studies.

The nanodiamond powders produced by the detonation 
method with a grain size of 2-5 nm display a high biological 
activity at the molecular level affecting the expression of 
genes responsible for inhibition of oxidative stress and car-
cinogenic processes [29-31]. The diamond phase content, 
the grain size and the method of obtaining carbon powders, 
including nanodiamonds, significantly affect their biological 
activity [31]. The functionalization of nanopowder surface 
increases the possibility of the controlled activity of the na-
nodiamond surface, e.g.: towards reducing the inflammatory 
reaction and antibacterial activity, and to create a biosensor 
that is sensitive to the presence of pathogenic bacteria in 
the presence of the nanodiamond [6].

The functionalization of nanoparticles is aiming to 
change and/or improve their biological properties. From 
the perspective of obtaining the modified nanoparticles, the 
approach based on the physical deposition of the modify-
ing compound on a solid nanocarrier is easier. However, 
from the point of view of using the modified nanoparticles 
in in vitro tests such approach carries the risk of too rapid 
release of the physically related compounds. The sustain-
ability improvement can be achieved through the use of 
covalent bonding methods between nanoparticles and the 
compounds of interest.

In this approach, also, it is possible to modulate the sta-
bility of the conjugates by selecting the nature of covalent 
bonds between the nanoparticle and the ligand. The amide 
bond, used in the research, formed between H2N-NDP and 
the carboxyl groups of non-steroidal anti-inflammatory drugs 
(aspirin, ibuprofen, ketoprofen and naproxen) should ensure 
the relative stability and thus, the resistance to proteolytic 
enzymes.

The key factor assuring success in the acylation of 
amine groups on the surface of the nanoparticle by acid 
derivative (4a-d respectively) is the selection of an efficient 
condensing agent, allowing for formation of the amide bond 
in the amphiphilic environment. The amphiphilicity of the 
environment is the result of the polar character of the amine 
groups on the surface of nanopowders and hydrophobic 
nature of the NDP. In the study, as a condensing reagent, 
was used a quaternary salt of N-Triazinylammonium DMT 
/ NMM / Tos- 5, which is an efficient condensing reagent 
in the synthesis of both polar and hydrophobic objects.  

The structure of the triazine esters 6a-d, which are appropri-
ate acylating reagents, was confirmed on the basis on the 
IR testing, where was observed a characteristic band in the 
range of 1750 to 1780 cm-1. Another very important factor, 
regarding the modification of solid carriers, is the efficiency 
of the removal of reaction by-products, thereby eliminating 
the deposition of deposits in the functionalized material. The 
use of a triazine condensing reagents provides this aspect, 
since the 2-hydroxy-4,6-dimethoxy-1,3,5-triazine is easily 
removed by polar solvent or water extraction. The structure 
of final derivatives of non-steroidal anti-inflammatory drugs 
attached to the NDP surface was confirmed by the FT-IR 
analysis.

During the study we obtained NDP modified by non-ste-
roidal anti-inflammatory drug (NSAID) in which an additional 
link between the NDP surface and the acid residue was 
inserted. As the connector the rest of β-alanine was used. 
The selection of the amino acid was not random. At first, we 
expected that the nature of the amino acid linker will improve 
the biocompatibility of conjugates, on the other hand, the 
introduction of β-amino acid residues provides resistance 
to proteolytic enzymes. The synthesis of conjugates 9a-d 
included additionally the stage of incorporation of FMOC of 
the blocked amino acid and its deprotection by piperidine. 
The final step was the acylation of the amino group with  
a triazine esters 6a-d.

Conclusions

The results of FT-IR spectroscopy proved nanodiamond’s 
surface modification by ketoprofen, naproxen, ibuprofen 
and aspirin.

Mouse fibroblasts in contact with the tested detonation 
nanodiamond particles retain their high cell viability. 

Chemically modified detonation nanodiamond particles 
by non-steroidal anti-inflammatory drugs reveal the low 
cytotoxicity towards mouse fibroblasts.

The chemical modification of detonation nanodiamond 
particles gives the possibility to control the surface reactivity 
of nanodiamonds. 

Currently, it is possible to obtain the chemically functional-
ized nanodiamond particles containing functional groups as 
the linkers for bioactive molecules.
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Abstract

Nanomaterials are very important in the field of pa-
ckaging of food, medicines and dietary supplements. 
Modern packagings often contain nanoparticles that 
provide them new feature - nanoparticles are used to 
activate mainly the packaging inner surface. Carbon 
occurs in several allotropic forms, such as diamond, 
graphite (including nanotubes and fullerenes), carbi-
des, and nanocrystalline diamond which is produced 
in a process of radio frequency plasma activated 
chemical vapor deposition (RF PA CVD). Variety of 
allotropic forms of carbon results in different chemical 
and biological interactions between carbon nano-
particles and the polymer matrix material. Carbon 
nanopraticles can be used to activate the inner surface 
of packagings. There is a growing demand for food 
free of harmful chemicals such as chloramphenicol 
or toxic food colorings (metanil yellow, auramine, 
orange II or red aura). The use of nanotechnology 
in the food packaging sector opens up new possi-
bilities for creating sensors to detect certain harmful 
analytes. These sensors are easy and quick to use.  
The basis of their actions is to understand the  
interactions between nanoparticles and chemicals. 
Nanoparticles can be utilized to create intelligent high 
performance packaging materials for contact with 
food, drugs and biologically active molecules, which 
will be safe for health of the consumers.
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Introduction

Food can be called “nanofood” when nanoparticles, 
nanotechnology tools or techniques are used during its 
production, cultivation, packaging or processing. This does 
not mean that food is modified at atomic level or is produced 
by nanomachines. Strategies to apply nanoscience to the 
food industry are quite different from traditional applications 
of nanotechnology [1,2]. This is why the definition of food 
control and functional food is changing. 

“Nano” approach can be used to control and manipulate 
interactions between food ingredients such as proteins, 
lipids and polysaccharides providing desirable rheological 
and structural properties of food [2,3].

There are several advantages of materials in the form of 
nanoscale objects in comparison with micro scale objects. 
Nanoscale materials act in a different way than typical 
macroscale materials [2,4]. Recently, innovations in packag-
ing industry turn from the macroscopic to the nano-scale.  
It really becomes important to develop food products using 
nanomaterials, chemical and physical properties. Nanotech-
nology and nanosciences should be used together in food 
innovations, novel food development, dietary supplements 
as well as medicines and biologically active molecules [2,3].

This review paper presents recent advances in applica-
tion of carbon nanoforms in the packaging of food, dietary 
supplements, drugs and biologically active molecules.

Nanocomposites consisting of carbon nanotubes for 
the detection of toxic substances in food and dietary 
supplements

Growing concerns about the safety and security of food, 
cause that cheaper and faster methods of contaminants 
detecting are developing to ensure safety of food [5-7]. 
Chloramphenicol is a well-known veterinary medicine with 
a broad spectrum of activity for the treatment of infectious 
diseases in animals [7-9]. Chloramphenicol overdose leads 
to chronic toxicity resulting in myelosuppression and aplastic 
anemia [7,10,11]. The use of chloramphenicol in poultry, 
aquatic and other animals for food production was banned 
by the United States, European Union, Canada and China 
[12]. Therefore, the development of sensitive and rapid 
methods for monitoring of chloramphenicol in food samples 
is crucial to maintaining food safety. Reports in the literature 
describe the electrochemical method of detecting low levels 
of chloramphenicol to 15 nM. Detection is possible through  
a combination of molybdenum sulfide and multiwalled car-
bon nanotubes (MWCNTs) - FIG. 1. Detection of this sub-
stance is possible in real samples such as milk, powdered 
milk or honey. The advantages of this method are: simple 
and ecological process of preparation, fast analysis time, 
good reproducibility. Negatively charged multiwalled carbon 
nanotubes are mixed with particles of molybdenum sulfide, 
forming a grid on the 3D structure. The hierarchical struc-
ture of the 3D nanocomposite constructed of molybdenum 
sulfide and functionalized multiwalled carbon nanotubes 
(f-MWCNTs) significantly increases synergistic affinity for 
chloramphenicol. The sensor operates in a wide linear 
range from 0.08 to 1392 IM. The detection limit is 0.015 lM 
±0.003 and exceeds the limits of detection of the previously 
modified electrodes. Scientists want to target their work 
towards miniaturization of electrodes for the rapid detection 
of chloramphenicol in samples on the spot. Combination of 
nanocomposite molybdenum sulfide and multiwalled carbon 
nanotubes is highly promising in the analysis of food safety, 
medicines and dietary supplements [7].
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In the case of food, besides microbiological control it 
is very important to monitor false, toxic food dyes. This is 
important because of their potential toxicity and virulence. 
A hybrid composite, which can be regarded as a sensor 
for rapid detection of toxic dyes such as metanil yellow, 
auramine, orange II and aura red has been developed.  
The hybrid nanocomposite was made with onions nanocar-
bon-polyoxometalate. The composite allows the detection of 
trace amounts of toxic dyes used in food, beverages, syrups, 
and drugs. The water-soluble polyoxometalates belong to 
the family of anionic metals inorganic oxide, a complex 
that can be synthesized by simple chemical processes with 
water [13,14]. This connection allows to identify the toxic 
chemicals in the smallest amount and can be used in detect-
ing trace amount of toxic dyes (Auramin O and Orange II)  
used in food. Auramin O is a carcinogen which damages 
human eye and causes DNA damage. Orange II is toxic azo 
dye, commonly used in organic light emitting and it affects 
blood cell. Metanil yellow is used to check the behavior of 
the composite (FIG. 2). The observation and study of the 
interaction of carbon nanoparticles with biological material 
and chemicals gives great possibilities of limiting the amount 
of toxic substances in food. Hybrid of carbon nano-onion with 
polyoxometalate nanoparticles may combine the properties 
of two ideal functional nanomaterials to get a wide range 
of applications which will accelerate the development of 
nanoscience and nanotechnology. 

The lanthanide polyoxometalate / carbon nano-onion 
composites have fluorescence properties. In the presence 
of 1.71 ˣ 10-5 lanthanide–polyoxometalate cluster with dif-
ferent concentration of aqueous solution of metanil yellow, 
no change in intensity of yellow color was observed; on 
the other hand in the presence of 3.43 ˣ 10-6 mol/ml-1 car-
bon nano-onion, there was a change in intensity but that 
was in the micro range (1.03 ˣ 10-2 μmol /ml-1) [14]. FIG. 3  
shows change in fluorescence intensity based on varied 
concentration of the food color with fixed concentration of 
[Na10(PrW10O36)]2-130H2O/CNO nanocomposite [14].

Polydiacetylene (PDA) is a self-assembled polymer with 
a closely packed and well-aligned conjugated backbone 
[15-17]. Polydiacetylene monomers in aqueous solution 
form nano-sized vesicles. To assure specificity to the target 
analyte vesicle polydiacetylene surfaces are functionalized 
using a specific probe [17,18]. After binding polydiacetylene 
vesicle to the target analyte change in color from blue to red 
due to the physical stress induced by the interaction between 
the immobilized probe and the analyte is observed. Color of 
polydiacetylene vesicle indicates the presence of the target 
analyte. Its concentration can be calculated by determin-
ing the degree of color transition [17,19]. The sensors are 
attractive because the detection of the target analyte is 
simple. However, the disadvantage is that color change of 
vesicle polydiacetylene is not enough if the concentration 
of analyte is too low. It is thus possible to detect the analyte 
if its concentration is high [17].

Silver nanoparticles formed on the surface of graphene by 
reduction, can be used to detect different dyes. Experimental 
results indicate that the silver nanoparticles with graphene 
can identify different colorants, due to the strong interactions 
between graphene and dye adsorbed [17]. 

FIG. 1. Determination of chloramphenicol using nanocomposite molybdenum sulfide/multiwalled carbon na-
notubes MoS2/f-MWCNTs, food, and biological and pharmaceutical samples. Developed on the basis of [7].
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Nanoparticles in materials that come into contact 
with food, dietary supplements and biologically 
active substances

Melamine (1,3,5-triazine - 2,4,6-triamine) is an industrial 
chemical often used in the production of melamine formal-
dehyde resins and plastics for coating, commercial filters 
or laminates. It is a chemical industrial raw material used 
in the food technology [21,22]. Some of the products such 
as melamine tableware were used in the catering industry 
and have become an important material for food contact. 
Melamine has a high level of nitrogen by weight - 66%, is of 
low cost, and began to be illegally used in food, in particular 
milk products, for the creation of the apparent protein content 
[22,23]. Melamine itself has low toxicity, but in the body it 
tends to form insoluble melamine crystals in the kidneys, 
can cause damage of the kidneys and the urinary tract, and 
even can lead to death [22,24]. Melamine can migrate in 
food and cause health risks [22,23]. To ensure food safety 
and protect human health the migration of monomers from  
a material that is in contact with food has been strictly regu-
lated in many countries.

Based on the European Union regulation on plastics 
intended to come into contact with foodstuffs (European 
Union 10/2011), melamine is subject to specific migration 
limit of 2.5 mg·kg−1. In view of the proven toxicity of mela-

mine United States Food and Drug Administration (FDA) 
has established safety limit intake of this substance in an 
amount of 2.5 ng mL-1 for adults, and 1 g of food mL-1 of an 
infant formula [22,25]. 

Literature describes various methods for determination 
of melamine such as capillary electrophoresis, high perfor-
mance liquid chromatography, gas chromatography mass 
spectrometry, fluorescence, colorimetric method, surface 
enhanced Raman scattering, electrochemical techniques 
[22,26-33]. 

Graphene is a single-layer and two-dimensional mate-
rial whose properties like rapid electronic transfer and high 
surface area make it an ideal material for electrochemistry 
[22,34]. 

For designing of chemical sensors functionalization of 
graphene with metallic nanoparticles such as gold, plati-
num or palladium is used. In particular promising applica-
tion is to create nanocomposites composed of graphene 
nanoparticles and gold. Such a combination has been 
used as the matrix electrodes for amperometric detection 
or determination of dopamine hydroquinone and catechol 
[22,35,36]. Gold nanoparticles/reduced graphene oxide 
(rGO) nanocomposites were synthesized by in situ growth 
Au nanoparticles on the surface of graphene oxide in the 
presence of sodium citrate and then reduced by hydrazine.  

FIG. 2. Changes in fluorescence of different concentration of metanil yellow in 3.43 ˣ 10-6 mol/ml-1 aqueous 
solution of the Ln–POM/CNO nanocomposite (lanthanide polyoxometalate/carbon nano-onion). Reprinted with 
Creative Commons Attribution 4.0 International License permission from [14].

FIG. 3. a) Change in fluorescence intensity of metanil yellow dye (similar behavior for auramine O and orange II 
food color, data not shown); b) Change in fluorescence intensity for red 40 dye. Reprinted with Creative Com-
mons Attribution 4.0 International License permission from [14].
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The obtained Au nanoparticles/reduced graphene oxide 
nanocomposites were modified on glassy carbon electrode 
for melamine measurement using hexacyanoferrate as 
electrochemical reporter. Melamine can be grafted on the 
surface of the Au nanoparticles by the interaction between 
the amino groups of the melamine and Au nanoparticles via 
Au-N bond, which leads to suppression of the peak current 
of hexacyanoferrate due to poor electrochemical activity 
of melamine. The degree of suppression is related to the 
concentration of melamine and can be used for the quantita-
tive determination. In this electrochemical detection system 
graphene oxide provides a platform for uniform distribution of 
Au nanoparticles and increases the rate of electron transfer 
and the sensitivity of this method is higher.

Mechanisms for recognition of nanomaterials by 
biologically functionalized bacteria that may be 
relevant in the pharmaceutical industry

The basis of nano biorecognition is a coupling of biomo-
lecular nanomaterials. It is assumed that each nanoparticle 
having a diameter of about 100 nm can efficiently conjugate 
150-200 antibody molecules resulting in more than 300 ac-
tive sites [37]. Interaction of biomolecules with nanoparticles 
allows creation of contacts between nanomaterials and 
target cells (FIG. 4). Functionalized nanomaterials are char-
acterized by higher binding affinity than the free molecule 
[38]. It was shown that the affinity of the binding constant 
of an antibody-nanoparticle was eight times higher than the 
affinity of the free antibody [39]. There is a variety of surface 
modification strategies of nanomaterials. Generally they can 
be divided into direct and indirect strategies. In the case 
of direct strategies, biological molecules can be combined 
with nanoparticles by physical adsorption or covalent bind-
ing. It is recognized that the hydrophobic and electrostatic 
interactions are the most likely mechanisms involved in 
the adsorption of proteins. The surface of nanomaterials 
can be modified by covalent bonding of functional groups: 
sulfide, amine and carboxyl [40]. In the indirect method 
biomolecules engage nano-particles by the bridges charac-
terized by high affinity to each other. An example might be 
the interaction of biotin and avidin. Nanomaterials covered 
with avidin may interact with biotinylated molecules, and the 
process is based on the strong affinity of advidin to biotin. 
Modified antibiotics are also used in the selective isolation 
of pathogenic Gram-positive bacteria [39]. Vancomycin –  
a glycopeptide antibiotic – is used to identify Gram-positive 
bacteria by binding to a peptide (D-Ala-D-Ala) on the cell 
wall by hydrogen bonding [41,42].

Above interactions can be detected by electrochemical 
impendance [43], fluorescent microscopy [44-46], immuno-
assay [47-49] and confocal microscopy [50,39]. This type of 
research shows how chemical groups can interact and what 
affects the most important interactions of biological material 
that in the future can be very important in the development of  
the food industry, medicines and dietary supplements [51]. 

Reports in the literature describe the effect of resveratrol 
in the core of biopolymeric nanoparticles and its impact 
on the antioxiant and antitumor properties. Resveratrol is  
a naturally occurring polyphenolic phytoalexin produced by 
a number of different plants, such as grape, berry, mulberry, 
cranberry, peanuts [52,53]. Recently the positive impact of 
resveratrol on human health, such as an antioxidant, was 
highlighted [54].

Despite such benefits it is very difficult to use resveratrol 
in pharmacy as a supplement or as a functional food product 
due to its weak solubility in water and chemical instability 
and low bioavailability [53,55,56].

The interaction of polymer nanoparticles with cell 
membrane 

Knowledge of the influence of the structure of nanoparti-
cles and their interaction with cell membranes is important 
for understanding the effects of nano-toxicity to human and 
animal health and the environment and to optimize formation 
of nanoparticles for biomedical applications. Reports in the 
literature describe the interaction of the nanoparticles with 
the polymer of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline lipid cell membranes [57]. In addition, alignment of 
chain segments from the polymers with that of hydrocarbon 
chains in the interior of the membrane facilitates the com-
plete immersion of the nanoparticles into the cell membrane. 
These results highlight the importance of knowledge of 
the topology of the surface and structure of the polymer 
molecules that influence adsorption on the membrane and 
subsequently, induce the possible transport into the cell [57]. 
Effect of nanoparticles on a cell is significant, because the 
penetration into the cell may result in toxic effects. This can 
be done by endocytosis, a direct diffusion or breaking of the 
membrane. It is very important to construct nanoparticles 
with a surface morphology that does not evoke harmful 
effects on living organisms and at the same time would 
fulfil their function. Evaluation of toxicity of nanomaterials 
is still difficult to determine in living organisms due to the 
limitations of experimental techniques [57,58]. There are 
several factors that affect adhesion of nanoparticles to 
the cell membrane such as particle size, surface structure 
and chemical composition. Polyethylene and polystyrene 
are produced in huge quantities annually and are used in 
abundance in industry, as well as found in the environment. 
Simulations were based on a coarse-grain models in order 
to examine the trend how polystyrene nanoparticles pen-
etrate cell membranes. The polymer particles smaller than 
the thickness of the membrane can more easily penetrate 
to hydrocarbon interior of the lipid bilayers [57,59]. 

Some studies have shown that the absorption of polysty-
rene nanoparticles inside the cell membrane might change 
its mechanical and structural properties. It has been shown 
that irreversible adhesion can be initiated by introducing the 
free side groups of the hydrophobic polymer in the interior 
of the membrane [57]. 

FIG. 4. Nanomaterials coated with an antibody 
conjugated to a bacterial cell. Developed on the 
basis of [39].
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In addition, the side groups, as well as the nature of chain 

entanglements, can also influence the interaction with the 
membrane and subsequent uptake of the nanoparticles [57].  
The cell membrane 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine is a phospholipid and composed of  
a polar hydrophilic phosphate heads and two hydrophobic 
hydrocarbon tails. The plasma membrane consists of two 
layers, wherein the molecules of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine are arranged so that the interior 
of the hydrocarbon tails form the membrane and the polar 
main groups form a surface exposed to an aqueous medium. 
The polar head groups are highly soluble and can prevent 
polymer nanoparticles being absorbed into the more favora-
ble hydrophobic region. However, the dangling end of the 
chain can readily pass through the hydrophilic barrier and 
be irreversibly adsorbed in contact with the upper part of the 
membrane of hydrocarbon chain of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine. Cell membranes comprise other 
molecules such as sterols and proteins having different func-
tions in the membrane. Presumably presence of all of these 
biomolecules can play the role in influencing the interaction 
of the nanoparticles with cell membranes [57]. 

Carbon nanotubes and polymers

Surfactants with amphiphilic nature are extremely attrac-
tive for nanotube dispersions. There are two mechanisms 
of nanotube dispersion in polymers: non-wrapping and 
wrapping. These two mechanisms differ in the strength of ad-
sorption between the nanotube and the polymer. Wrapping 
occurs when a strong single polymer layer helically wraps 
nanotube [60].This is considered a very strong interaction, 
because it affects the electrical properties of nanotubes.  
In non-wrapping interaction polymers - nanotube is low 
due to van der Waals forces. Electrical properties are not 
changed in the latter case. Atomic force microscopy (AFM) 
observations showed that presence of polymer layers 
(polyvinylpyrrolidone, polystyrene) on the surface of the 
nanotube [61]. 

In 2008 Maity et al. showed that the wrapping is actu-
ally possible by the use of poly-N-vinylcarbazole (PNVC) 
and they produced nanocomposite of single walled carbon 
nanotubes and multiwalled carbon nanotubes. Monomers 
of poly-N-vinylcarbazole contain two aromatic rings and 
give a strong affinity to the surface of the nanotubes in 
a similar way as surfactants. The authors assessed the 
interaction between the nanotubes and the polymer with  
a Raman spectroscopy [62].

In 2003, Zheng et al. found that polythymine (T) wrap-
ping was an enthalpically driven spontaneous process 
with energies favoring the interaction of polymer-nanotube 
instead of nanotube-nanotube binding. Using modeling, the 
adsorption mechanism was again thought to originate from 
π-π interactions between the nanotube and the nucleic acid, 
which was further promoted by the extreme solubility of the 
phosphate backbone in the aqueous solution [63]. In 2005 
Dror et al. described two different polymers: Gum Arabic (GA) 
and alternating copolymer of styrene and sodium maleate 
(PSSty) to disperse nanotubes. In addition to both being 
amphiphilic and charged, the latter provides electrostatic 
repulsion, the polymers differed in two ways. GA is a highly 
branched polysaccharide while PSSty is a linear copolymer 
of alternating hydrophobic and hydrophilic units [64]. In its 
aggregated state, nanotubes are not as electrically or ther-
mally conductive and cannot provide mechanical support 
due to low percolation. To solve this problem, there are two 
chemical approaches to modifying nanotubes to make them 
more homogeneously dispersed in solution: covalent and 
non-covalent modifications. Covalent modifications involve 

attaching different functional groups to the surface of nano-
tubes, however, these processes typically involve harsh treat-
ments with acids as the initial step can lead to destruction of 
the nanotube’s structure and therefore deteriorate nanotube’s 
properties [60]. Non-covalent modifications include the use 
of amphiphatic molecules such as surfactants or polymers 
for coating the nanotubes, which stabilize the environment 
around them. This strategy allows to keep many important 
properties of nanotubes. To this end, various types of sur-
factants (anionic, cationic, ionic), and the polymers and their 
ability to spread have been tested. Recently, researchers 
attempt to combine these two types of molecules together 
in a dispersion of nanotubes [60]. 

Modification of the surface of carbon nanotubes and 
their interactions with organic pollutants

Carbon nanoparticles have unique properties and poten-
tial for different applications. Surface properties of carbon 
nanoparticles affect the interaction of organic pollutants. 
The decreased diameter of carbon nanotubes results in 
increased surface area and leads to enhanced adsorption 
of pyrene, ofloxacin (OFL) and norfloxacin (NOR) [60,65,66]. 

Availability of surface to absorb contaminants on single 
walled carbon nanotubes could be higher than that of acti-
vated carbon with the relative effect of blocking the pores. 
For flat structural molecules such as benzene, flat surface 
makes more contact with the carbon nanotubes, so adsorp-
tion is improved with increasing diameter of nanotubes 
[60,67]. Adsorption is also influenced by other factors such 
as molecular structure, functional groups and morphology 
of carbon nanoparticles. Functional groups such as -OH, 
-COOH, and -C=O from carbon nanoparticles may be inten-
tionally created by the method of oxidation [60,68]. 

The functional groups of the carbon nanoparticles can 
interact with water by hydrogen bonding leading to the 
formation of water clusters, which reduce the availability 
of carbon nanoparticles to interact with the surface of the 
organic impurities [60,69]. Increased interaction leads to 
the formation of bonds between functionalized carbon 
nanoparticles and organic polutants. Multiwalled carbon 
nanotubes with -OH groups and multiwalled carbon nano-
tubes with -COOH groups may form a hydrogen bond with 
the 2-phenyphenol and enhance its adsorption [60,70]. The 
increase in adsorption of organic impurities is affected by 
the grafting of functional groups on the surface of carbon 
nanotubes. The adsorption capacity can be increased by 
adsorption of β-cyclodextrin on the surface of the carbon 
nanotubes. Such carbon nanotubes have a higher affinity for 
Pb (II) and 1-naphthol because hydroxyl groups and internal 
hydrophobic core in the cavity β-cyclodextrin can form com-
plexes with metal ions and organic contaminants [60,71]. 
The main interactions between organic contaminants and 
carbon nanoparticles are hydrophobic, electrostatic, hy-
drogen bond, and π-π interactions. These interactions and 
their strength are influenced by the surface properties and 
morphology of carbon nanoparticles and the molecular size, 
structures, and functional groups of organic contaminants. 
For a given carbon nanoparticles, various mechanisms may 
simultaneously control the sorption progress of organic 
contaminants on carbon nanoparticles, while the sorption 
controlling mechanisms may depend on different environ-
mental conditions. Effects and comparison of adsorption 
of various organic pollutants on the carbon nanoparticles 
may provide important information on the relationship and 
the different mechanisms of action. Research should be 
directed toward the assessment of the dispersibility of car-
bon nanoparticles in a variety of environmental conditions 
on the characteristics of sorption of organic pollutants [60]. 



26
Promising intelligent packagings in the food and 
pharmaceutical industries

The biopharmaceutical industry is developing rapidly, but 
every innovation must be safe. Many companies are work-
ing to develop packages that will warn of contamination of 
packaged food and respond to changes in environmental 
conditions. There are examples of nanotechnology applica-
tion in the food, medical and pharmaceutical industries; this 
is realised by the use of nanocapsules with flavor enhancers 
and the nanoparticles having the ability to bind and remove 
chemicals from the food [72]. Intelligent packaging is a prom-
ising application of nanotechnology innovation to develop 
antimicrobial packaging applicable in the medical and phar-
maceutical industries. Intelligent packaging can response 
to the environmental conditions or warn the consumer 
about the contamination and the presence of pathogens. 
Researchers are trying to develop a package that could in 
time evolve preservatives to extend the shelf-life of the food 
product. These solutions are most exciting innovation in the 
food industry worldwide. Nanocrystals embedded in the 
plastic material help to form a molecular barrier to prevent 
oxygen transport. The current technique allows to preserve 
the freshness of the beer for 6 months and some companies 
are working on extending the freshness of it by using this 
technology for 18 months. Coatings with nanoparticles could 
create a kind of sensor to detect pathogens in food. Such  
a sensor would detect the presence of pathogens by chang-
ing the color of the packaging to alert consumers that food 
has become contaminated or food began to spoil. Nanosize 
natural biopolymers such as polysaccharides can be used to 
encapsulate vitamins, prebiotics and probiotics. In the food 
industry one of the major problems is time-consuming and 
laborious process of food quality control analysis. Innovative 
devices and techniques can be developed to facilitate the 
preparation of food samples for analysis. From this point 
of view, the development of nanosensors for the detection 
of microorganisms and impurities can be used in food and 
pharmaceutical industry [72].

Conclusion

Nanotechnology and nanosciences have great potential 
for use in the food, chemical, medical and pharmaceutical 
industries. This gives an opportunity to raise awareness of 
the mechanisms of action of nanoparticles with food ingre-
dients and drugs, as well as packaging of food and dietary 
supplements. Nanoparticles as active packaging compo-
nents can be used for antimicrobial agents encapsulation, 
adsorption and chemical conjugation. 
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