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GOLD NANOPARTICLES LIKE A MATRIX FOR COVALENT IMMOBILIZATION OF CHOLESTEROL OXIDASE —
APPLICATION FOR BIOSENSING

NANOCZASTKI ZLOTA JAKO MATRYCA DO IMMOBILIZACJI OKSYDAZY CHOLESTEROLU —
ZASTOSOWANIE W BIOSENSORACH

Gold nanoparticles are emerging as promising agents for various areas of material science as well as nanotechnology, electronics
and medicine. The interest in this material is provided due to its unique optical, electronic and molecular-recognition properties.
This paper presents results of preparation, characterization and biofunctionalization of gold nanoparticles. Nanoparticles have
been conjugated with the cholesterol oxidase enzyme in order to prepare the active element for biosensors. Cholesterol oxidase
is one of the most important analytical enzyme, used for cholesterol assay in clinical diagnostics, and there is still a necessity in
improvement of existing analytical techniques, including bio-nanotechnological approaches based on modern nanosystems. The
prepared bio-nanosystem was characterized by the enzyme activity test. Obtained results showed a stable binding of the enzyme
with nanoparticles and preserved the bioactivity approves which gives possibility to use the prepared bio-nanosystems for ana-
Iytical purposes.

The Surface Plazmon Resonance and the Surface Enhanced Raman Scattering as specific for nanocurriers effects were observed
what enable us to research the oscillation spectra of enzyme. These spectra were compared with ones obtained by IR-spectroscopy.
The vibrational lines are attributed to chemical functional groups existing in enzyme, for example, amino acids, amide groups as
well as flavin — adenine dinucleotide cholesterol oxidase prosthetic group. By this way the identified spectral lines can be used as
a distinguishing mark of enzyme.
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Nanoczastki ztota zdaja si¢ by¢ niezwykle obiecujacym materiatem, ktory z powodzeniem moze by¢ wykorzystywany w
r6éznych dziedzin inZynierii materialowej, nanotechnologii, elektroniki czy medycyny. Zainteresowanie tym materiatem wynika
z posiadanych przez niego unikatowych wiasciwosci optycznych, elektronicznych i identyfikacji na poziomie molekularnym.
W artykule przedstawiono wyniki prowadzonych badan dotyczacych przygotowania, charakterystyki i biofunkcjonalizacji nano-
czastek ztota. Celem wytwarzania i faczenia nanoczastek zlota z enzymem oksydaza cholesterolowa bylo opracowanie aktywnego
biologicznie elementu biosensora. Oksydaza cholesterolowa jest jednym z najwazniejszych enzymow analitycznych, stosowanych
w diagnostyce klinicznej do oznaczenia stezenia cholesterolu. Istnieje potrzeba doskonalenia istniejacych metod analitycznych,
migdzy innymi poprzez wykorzystanie nowoczesnych nanomaterialow. Przeprowadzono badania aktywnosci enzymu immobilizo-
wanego, jak rowniez dokonano charakterystyki danego bionanosystemu za pomoca wybranych metod optycznych. Na podstawie
uzyskanych wynikdw mozna stwierdzié, ze wiazanie enzymu z nanoczastkami jest stabilne, a aktywnos$¢ biologiczna zostata za-
chowana, co pozwala na przygotowanie bio-nanosystemu do celéw analitycznych. Zaobserwowano rowniez wystapienie dwoch
efektow optycznych charakterystycznych w przypadku zastosowania odpowiednich nanono$nikow: Powierzchniowego Rezonansu
Plazmonoéw oraz Powierzchniowo Wzmocnionego Rozproszenia Ramanowskiego. Uzyskane widma byty porownywane z widmami
w podczerwieni. Zaobserwowane linie przypisano do charakterystycznych grup funkcyjnych, aminokwasow, wiazan peptydowych,
jak rowniez dinukleotydu flawinoadeninowego czyli grupy prostetycznej oksydazy cholesterolowej. Zidentyfikowane linie moga
by¢ wykorzystywane jako marker analityczny dla danego enzymu.
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1. Introduction

In the past few years, the researches on nanocarriers, that
are biocompatible and useful for medical purposes, has increased
very quickly. The biomolecules (enzymes or antibodies, for
example) bounded with metal nanoparticles and oxide nano-
particles enable us to achieve an increased detection signal in
different analytical methods [1,2]. Unique optical properties of
noble metal nanoparticles (NPs), for example, the possibility
of plasmon exciting (so called Surface Plasmon Resonance —
SPR), can be useful in modern diagnostic methods for optical
biosensors developed [3-5]. Surface Enhanced Raman Scattering
(SERS) has emerged as a powerful analytical tool that extends
the possibilities of vibrational spectroscopy [6-8], but they need
a suitable matrix which allows the maximum amplification of
the signal coming from tested biomolecules. The gold nano-
particles (AuNPs) of different size, shape and composited with
various substrates seems to be the most effective for this aim.
From other hand, binding of noble metal NPs with enzymes is
a construction for sensitive electrochemical biosensors because
unique electrical properties. The AuNPs have an excellent con-
ductivity and they are suitable for acting as “electronic wires”
to enhance the transfer of electrons (from biological element to
electrode) generated during the chemical reactions catalyzed by
enzymes [9]. Simultaneously, the bioactivity of the enzyme is
improved as well as stability also: the enzyme conjugated with
the AuNPs is more stable in various environmental conditions
and it is more stable during the time in comparison with a free
enzyme [10].

Among the enzymes of analytical interest the cholesterol
oxidase (ChOX) is used for the determination of the serum cho-
lesterol content in clinical diagnostics [11-12]. It is an important
biomarker of coronary heart disease, arteriosclerosis, and lipid
metabolism dysfunction [13]. The ChOX is the flavin adenine
dinucleotide (FAD) dependent enzyme [14]. The FAD (non-
proteinaceous prosthetic group) is deeply seated in a protein core
and its presence causes the enzyme catalytic activity because it
enables the oxidation of cholesterol) [11]. Thus, development of
improved analytical methods, such as contemporary and sensitive
biosensors as well as the immobilization and stabilization of the
corresponding enzyme, is still ongoing [15].

In this work, results of preparation and biofunctionalization
of the AuNPs are presented. The nanoparticles were characterized
by microscopic and spectroscopic technique. The cholesterol
oxidase enzyme (EC 1.1.3.6) is bounded to the surface of the
AuNPs via 16-mercaptohexadecanoic acid (MHDA) organic
linker. Observed vibrational lines are identified and attributed
to corresponding chemical functional groups what is important
for the biosensoring application.

2. Experimental

2.1. Synthesis of gold nanoparticles
and biofunctionalisation

The AuNPs are prepared by the Turkevich method [16]. For
this aim, different ratios of chloroauric acid (1 mM) and reductant
(34 mM trisodium citrate) are used as followed: a) 0.1 ml : 4.9 ml;
b) 0.24 ml : 4.76 ml; c¢) 0.65 ml : 4.35 ml. The reagents were
heated to 100°C and mixed. The boiling and stirring was contin-
ued for 15 minutes, until the color of the solution became red. The
reaction mixtures were cooled, precipitated (by centrifugation at
24000g force) and washed twice with distilled water or toluene.
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Fig. 1. Scheme of nanosystem consisting of AuNP, MHDA linker and
cholesterol oxidase enzyme

In the next steps, the 16-mercaptohexadecanoic acid
MHDA linker is bounded to the surface of nanoparticles [10]
and ChOX enzyme is covalently immobilized with them as it
shown in Fig. 1. The connection between the AuNPs and the
MHDA linker is possible by presence of SH thiol group and Ag-S
bond formation, while carboxyl group enables the protein bind-
ing. The AuNPs were incubated overnight with 5 mM MHDA
solubilized in ethanol at temperature 4°C. The conjugate was
rinsed with N,N-dimethylformamid (DMF) and N-cyclohexyl-
N'-(2-morpholinoethyl)carbodiimidemetho-p-toluenesulfonate
(CMC), 20 mM pentafluorophenyl-4-vinylbenzoate (PFP),
20 mM N,N-diisopropylethylamine (DIPEA) in DMF for 30 min
at 25°C, under constant mixing. Then, prepared mixture of na-
noparticles was suspended in 50 pl of 1 mg/ml ChOX solution
in 50 mM phosphate buffer (pH 7.5) and incubated as above.

The ChOX produced by microorganisms — Brevibacterium
sp. was purchased from the Roche Diagnostics company with the
initial activity 15.3 U/mg. The enzyme concentration in the final
colloidal solution was determined to be 0.5 mg/ml. The obtained
samples were rinsed twice with phosphate buffer.

2.2. Measurements of the size, shape and efficiency
of enzyme immobilization

The size, as well as the shape of the nanoparticles is meas-
ured after drying on the highest grade mica surface by atomic
force microscope (AFM) Innova Bruker in tapping mode using
silicon nitride cantilever.



The amount of protein in the supernatant is determined by
a Bradford colorimetric method at 595 nm with using calibration
curve of bovine serum albumin (BSA) as the protein standard.

2.3. The enzyme activity measurement

The activity of cholesterol oxidase is determined in reaction
transformation of cholesterol to 4-cholesten-3-one and H,O,.
The generated hydrogen peroxide was monitored in horserad-
ish peroxidase-catalyzed reaction of oxidation of 0-dianisidine
by H,0,. The reaction mixture consisted 0.1% 0-dianisidine,
0.025 % cholesterol, 0.15 mL horseradish peroxidase in phos-
phate buffer (50 mM, pH 7.0) and ChOX (free or bound with
AuNPs). The colorimetric measurement is performed at 500 nm
with using Tecan Infinite M200 spectrometer and calculated to
enzyme activity.

2.4. Spectroscopic measurements

The AuNP+MHDA+ChOX bio-nanosystems described
above are characterized by three optical methods: absorbance
in the visible light (UV-VIS spectroscopy), transmission in the
infrared region (FTIR) as well as the Raman spectroscopy. The
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UV-VIS absorbance spectra of the aqueous colloid samples
in commercial quartz cuvette were obtained using Evolu-
tion 300 UV-VIS spectrophotometer (Thermo Scientific) in the
400-900 nm range. The FTIR Spectroscopy measurements were
performed by the Vertex 70 (Bruker) spectrometer with using
the Attenuated Total Reflectance (ATR) technique involving
diamond crystal. The measurements were performed in the region
of middle infrared (400-4000 cm™') using 32 scans provided
spectral resolution of 2 cm ™.

The Raman spectra were obtained using the SmartRaman
DXR (Thermo Scientific) spectrometer. The semiconductor
laser of 14 mW power and 780 nm wavelength was used as
a light source. Samples for the Raman spectroscopy were dried
on small glass slides.

3. Results and discussion
3.1. Particles size and structure

The AFM images ofthe AuNPs and the AuUNP+-MHDA-+ChOX
complexes are shown in Fig. 2. As was noticed earlier [17], the
size of the gold nanoparticles of different prepared samples is
mainly dependent on concentration of the reducing agent. The
smallest nanoparticles have size of about 42 nm and they are
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Fig. 2. AFM imaging of AuNPs: (a) 3D image; (b) 2D topography; (c) height profile; and AuNP+MHDA-+ChOX complexes: (d) 3D image; (b)

2D topography; (c) height profile
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prepared with the highest concentration of the sodium citrate as
a reductant. Other samples have the sizes adequately equal to
55 nm and 80 nm. The AuNPs have mainly spherical shape, as
it is shown in Fig. 2b.

In Fig. 2d-f there are presented the AFM images of gold
nanoparticles conjugated with the enzyme. In all cases, the nano-
particles after conjugation with enzyme are in more aggregated
form, than initial nanoparticles: the sizes are increased at about
80% and became more differentiated ones. Moreover, the shape
of'the particles is changed also - from spherical to more irregular.

3.2. Binding efficiency and enzyme activity
in the AuNP+MHDA+ChOX bio-nanosystem

Free enzyme concentration was determined by measur-
ing the protein content in the supernatant. It was found that
almost all of the used enzyme was binding to the surface of
nanoparticles. The efficiency of binding was noticed between
94 and 100%. These means that less than 6% of used enzyme
is located in the supernatant after conjugation. The enzyme
concentration in the final colloidal solution was determined to
be 0.5 mg/ml. The binding of the ChOX to the AuNPs by the
MHDA linker was confirmed also by spectroscopic method
(see subchapter 3.4). The activity of the cholesterol oxidase
enzyme in AUNP+rMHDA+ChOX complex was confirmed by
biochemical experiment — an activity ratio of 2,56 U/mg was
determined. These value is less than output level, but is one still
satisfactory. Negligible part only of enzyme molecules becomes
inactive during the sample preparation process, furthermore, the
binding between enzyme and nanoparticles is stable after rinsing.

3.3. SPR effect

In Fig. 3 are shown the absorbance spectra recorded by the
UV-VIS Evolution 300 spectrometer for the colloidal solutions
of pure AuNPs as well as for the AuNP+MHDA-+ChOX com-
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Fig. 3. SPR band of pure gold nanoparticles (blue curve) and nanopar-
ticles conjugated with cholesterol oxidase (red curve)

plexes. The absorption band for pure AuNPs is located at about
527 nm. These position is changed in the framework of =4 nm,
depending on the size of the nanoparticles. The absorption band
for the AuUNP+MHDA-+ChOX complex is shifted of 67 nm to-
wards longer wavelengths in comparison with pure AuNPs and is
located at 594 nm. This change of the plasmon frequency value
is caused by transferring of part of electrons from the AuNP to
the ligand what means decreasing of the electron concentration
in the AuNPs matrix and decreasing of the Plasmon frequency
shift the resonance band towards longer wavelength [18].

3.4. Infrared oscillation spectra

Chemical interactions between cholesterol oxidase, linker
and nanoparticles as well as binding effectivity were studied by
FTIR technique. Measurements were performed for pure AuNPs,
AuNP+MHDA, free MHDA, and AuNP+MHDA+ChOX com-
plex. The spectra obtained for the three steps of the sample
preparation are collected in Fig. 4. The AuNPs spectrum contains
the lines assigned to O-H, C-H, C = O chemical bonds derived
from sodium citrate residues. The AuNP+MHDA spectrum
is richer in the lines attributed to C-H bonds (at 2914 cm™,
2848 cm™!, 1472 cm™!, 1407 cm™') as well as the bands assigned
to the carboxyl group (at 1694 cm™! associated with C = O, at
3280 cm ™' — with O-H, at 1428 cm ™' — with C-O bonds) [19-21].
The lines at 714 cm ™! and 684 cm™! represent the S-C stretching
vibrations [19]. The IR spectra confirms successful conjugation
of the AuNPs with the MHDA linker. The S-H line at around
2550 cm™ ! was noticed in the spectrum of pure MHDA, but it is
absent in the AuUNP+MHDA spectrum, at indicates appearance
of the Au-S bond [22].

Whereas, the AuNP+MHDA+ChOX spectrum in the
1300 cm™! to 1700 cm™' region possess a typical spectral lines
corresponding to the proteins: the amide I, amide Il and amide IIT
bands [23]. That suggests effective binding of the enzyme with
AuNPs by MHDA in the tested samples. The amide I band is
observed at 1642 cm™! and corresponds mainly to the stretching
vibration of the peptide carbonyl group (C = O), and to the C-N
stretching vibrations also. The line at 1540 ¢cm ™ !corresponds
to the amide II band (mainly N-H bending and C-N stretching
vibrations), and the amide III line at 1256 cm™ ! can be assigned
also to the C-N, N-H and C-O stretching vibrations [24,25].
Moreover, the region from 2800 cm ™! to 3600 cm™! is also in-
teresting: observed lines can be assigned to the C-H, N-H and
O-H stretching vibrations. The 500-1100 cm™' region is called
as the fingerprint region and is associated with the construction
of the molecule’s skeleton [19,26]. Moreover, in this region we
observe the lines which should be assigned to the enzyme pros-
thetic group — the P-O bonds vibrations at 986 cm™! belonging
to the flavin adenine dinucleotide (FAD) [19]. The position of
observed lines and their interpretation is given in Table 1.
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Fig. 4. FTIR spectra of the (a) AuNPs, (b) AuNP+MHDA, (c) AuNP+ MHDA+ChOX
TABLE 1
Identification of the lines observed in the FTIR spectra (Fig. 4)
Position .Of line oi‘lgroup Sample Identification Reference
of lines (cm™)

1 3430/3280/3362 AuNP/AuNP+MHDA/AuNP+MHDA+ChOX O-H stretch 19,20,21
2 3126 AuNP+MHDA+ChOX N-H stretch 19,26
3 2916/2914/2929, AuNP/AuNP+MHDA/ C-H stretch 19.20.21

2850/2848/2860 AuNP+MHDA+ChOX (asymmetric and symmetric) T
4 1698/1694 AuNP/AuNP+MHDA C=0 19,20,21
5 1642 AuNP+MHDA+ChOX Amide I 23,24
6 1560 AuNP+MHDA+ChOX Amide I 23,24
7 1472 AuNP/AuNP+MHDA C-H bend 19,20,21
8 1428 AuNP+MHDA C-O0 19,20,21
9 1407 AuNP+MHDA C-H bend 19,20,21
10 1256 AuNP+MHDA+ChOX Amide II1 23,24
11 986 AuNP+MHDA+ChOX P-O (from FAD) 19
12 ~920 AuNP+MHDA/ AuNP+MHDA+ChOX C-C 19
13 716,684 AuNP+MHDA C-S 19

3.5. SERS effect

It is well-known that the Raman backscattering experi-
ment is complementary to the IR-transmission experiment. The
oscillation lines in the Raman experiment are observed directly
and immediately what could be used for biosensing, especially
when we can obtain SERS effect, which allows to significantly
improve the sensitivity of system.

In Fig. 4 are shown the Raman backscattering spectra for
the AuNPs matrix, AuNP+MHDA and AuNP+MHDA+ChOX
construct.The most intresting for the AuNPs is band at about

1250 cm™! assigned to the vibrations of Au plasmons [27]. The
majority of AuNP+MHDA lines corresponding to C-H bond are
observed at about 2900 cm™! and in the region from 700 cm™!
to 1500 cm™. In the same region we can found lines assigned
to C-C and C-O bond as well [27,28]. The (c) curve in Fig. 4 is
the Raman spectrum of cholesterol oxidase immobilized on the
nanoparticles’ surface with 80 nm size of the AuNPs. The most
intense line observed at 1530 cm™! is assigned to the chemical
bond characteristic for proteins: N-H, C-N and N-C-O bond
vibrations [29]. Other bands characteristic for proteins[30] are
observed at 1610 cm ™! and around 1220 cm™!, they are assigned
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Fig. 5. Raman spectra of (a) AuNPs, (b) AuNP+MHDA, (c) AuNP+ MHDA+ChOX

to C=0 and C-N, N-H bonds respectively. Some lines observed
originate from amino acids consisting ChOX are more or less
specific to the group of them. For example the band at 1457 cm™!,
assigned to the vibrations of the CH group [31] is included also
in the MHDA spectrum, as well as the sharp band at 1146 cm™!
is associated with CCH and CCN bonds and is derived from few
amino acids non-specifically [32]. The lines defined in the region
of 500-1350 cm™! are more specific for a particular group of
amino acids. For example, the band at 955 cm™ corresponds to
arginine, the lines between 800 cm™' and 900 cm™' — to glycine
as well as to alanine, whereas the line at 749 cm™ is attributed
to tryptophan [33]. Some recorded lines derived from the FAD

prosthetic group (non-proteinaceous part of enzyme) and they
are important information about enzyme structure. The line at
1111 em™ could be assigned to the C = C bond vibration [33].
Further bands at about 1190 cm™' and 1230 cm™! correspond
to the P-O symmetric and asymmetric vibrations, respectively
[34]. The adenine band and ring I modes [35] are observed at
1343 cm ™" and 1305 cm™! and they are derived from the same
prosthetic group. Proposed identification of lines observed in
the Raman spectra [17] are collated in Table 2.

It is well known [7,37] that when the size of nanoparticles
is reduced, the lines amplitude is increased. If the amplitude of
the line at 1530 cm™' can be used to measure the amplification

TABLE 2
Identification of the lines observed in the Raman spectra (Fig. 5)
Position of line or group . .
of lines (cm™") Sample Identification Reference
1 2844-2950 AuNP+MHDA C-H stretch 27
2 1610 AuNP+MHDA-+ChOX C=0 29
3 1530 AuNP+MHDA+ChOX N-H bend, C-N stretch, and N-C-O 29
4 1460 / 1457 AuNP+MHDA and AUNP+MHDA+ChOX C-H bend (scissors) 30
5 1343 and 1305 AuNP+MHDA+ChOX adenine amino acid and ring I of FAD 30, 34
6 1250 AuNP matrix Plazmon, AuNP 27
7 1220 AuNP+MHDA+ChOX C-N stretch and N-H bend 29
8 1190 and 1230 AuNP+MHDA+ChOX P-O symmetric and asymmetric from FAD 34
9 1155 AuNP+MHDA C-O stretch 28, 36
10 1146 AuNP+MHDA-+ChOX CCH and CCN 30
11 1111 AuNP+MHDA-+ChOX C = C from FAD 33
12 955 AuNP+MHDA+ChOX arginineaminoacid 28
13 950 AuNP+MHDA C-S stretch 36
14 800-900 AuNP+MHDA+ChOX glycine and alanine amino acid 28
15 811, 843, 885 AuNP+MHDA C-H vagging and out of plane 27,36
16 749 AuNP+MHDA+ChOX tryptophanaminoacid 32
17 550 AuNP+MHDA C-C-O in plane deformation vibration 36




in the Raman signal due to AuNPs, this enhancing from 80 nm
to 42 nm construct is in the ratio 10:350 (Fig. 5). We supposed
that compared to the free enzyme the enhancing of the signal is
about 3500 for 0,5 mg/ml of the enzyme concentration in col-
loidal solution [17].
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Fig. 6. Effect of nanoparticles size on the enhancing of the Raman
scattering intensity

4. Concluding remarks

Gold nanoparticles were synthesized by modified Turkevich
method in three different sizes with diameter between 42 and
80 nm. The binding of ChOX via MHDA linker to the particles
was confirmed by the protein concentration measurement as
well as FTIR spectroscopy. Because of the unique properties of
AuNPs, the nanoparticles were used as a matrix for construction
the biological active biosensor element. The prepared construct
is useful for cholesterol concentration control in two different
ways: for bioelectrochemical and optical detection method.
Bioactivity studies of the free and bound ChOX revealed that
prepared construct is active (with the activity level 2,56 U/mg).
As a result of the binding to the AuNPs, the storage stability of
ChOX was considerably. The phenomenon of Surface Enhanced
Raman scattering has been observed and used for the identifica-
tion of functional groups existing in the enzyme and linkers. In
current work, it is shown that besides typical functional groups
of proteins (for example, N-H, C-N, N-C-O, CCN, and CNC
bonds), the vibration lines attributed to the FAD prosthetic
group indispensable for the activity of the enzyme have been
observed (such as the PO and C = C binding). The next step
will be observation the SERS line derived from cholesterol and
observation in the real-time the chemical reaction for determined
of the factor level. Simultaneously, the possibility of using the
prepared bio-nanosystems for analytical purposes, namely, in
the construction of biosensors is confirmed too.
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