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Abstract The bionanocomplexes of proteins and nano-
particles are promising bionanomaterials for medical
purposes like the sensitive and the selective diagnostic
devices, as well as, the modern therapeutic agents. The
presence of the noble metals allows for obtaining the
plasmonic effect and for generating the surface-
enhanced Raman scattering phenomenon (SERS). The
knowledge of the nanoparticle interaction with the pro-
tein molecule is extremely necessary for the develop-
ment of the suitable product. The interaction of the
bionanocomplex components can cause the conforma-
tional changes in the protein structure and the modifica-
tion of surface properties of the nanoparticles. In the
case of the binding of the gold nanoparticles with the
enzymes, it is critical to preserve the catalytic activity,
which is connected with maintaining the proper mole-
cule structure. In the presented study, the Fourier trans-
form infrared spectroscopy was used for the investiga-
tion of the interaction and the structural properties of the
cholesterol oxidase (ChOX)—the gold nanoparticles
bionanocomplex. The ChOX is one of the most impor-
tant enzymes for the medical diagnostics and the prom-
ising antibacterial agent. The infrared spectra of the
AuNP-ChOX bionanocomplex and the ChOX in differ-
ent forms (the solid and the suspended in the buffer) are
presented and discussed. The obtained spectra include
the considerable number of the absorption lines

identified and attributed to the corresponding chemical
bonds and the functional groups of the protein. The
analysis of the obtained infrared spectra revealed the
important information about the changes of the protein
structure after the immobilization on the gold nanopar-
ticles. Moreover, it allows to recognize the differences in
the structure of the protein in a different environment,
which is of great importance in the context of
bionanotechnology.
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Introduction

Cardiovascular diseases are the most common causes of
disability and mortality (32% of the deaths in the Global
Burden of the Disease Study report). The risk related to
the burden of the disease and the health effects is asso-
ciated with many risk factors, among which, the high
cholesterol level is estimated as the most significant,
causing numerous deaths (about 4.4 million of deaths
annually) (Global Burden of Disease Collaborative
Network 2016). Therefore, it is very important to care-
fully monitor the cholesterol level in the blood. The
cholesterol is a biomarker of the coronary heart disease,
the arteriosclerosis, and the lipid metabolism dysfunc-
tion and determining the risk of the heart attack
(MacLachlan et al. 2000; Vrielink and Ghisla 2009).
To determine the serum cholesterol content, the
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cholesterol oxidase enzyme (EC 1.1.3.6; ChOX) is
widely employed. For this reason, it is one of the most
important enzymes in the clinical analysis. Besides the
diagnostic application, the ChOX is an important indus-
trial enzyme. It is used in the bioconversions, the cho-
lesterol transformation, and the biocatalytic processes of
pharmaceutical steroid production. It is also a novel
antibacterial/antifungal agent (Wang and Wang 2007;
Vrielink 2010; Kumari, and Kanwar 2012). The great
attention in ChOX is also influenced by the possibility
of using it as an anticancer factor in modern cancer
therapies (El-Naggar et al. 2018).

The ChOX is a bifunctional enzyme, belonging to the
family of the oxidoreductases, which catalyzes the oxi-
dation of the cholesterol as well as the isomerization of
the intermediate substance (the cholest-5-en-3-one) in
order to produce the cholest-4-en-3-one (Vrielink 2010;
Kumari, and Kanwar 2012). This bacterial-specific en-
zyme was isolated for the first time from the
Rhodococcus erythropolis (Kumari, and Kanwar
2012), but it is also produced by the other microorgan-
isms: the Streptomyces hygroscopicus , the
Brevibacterium sterolicum (Gadda et al. 1997), the
Brevibacterium sp. (Lv et al. 2002), the Streptomyces
sp., the Nocardia sp., and the Pseudomonas sp. for
example (MacLachlan et al. 2000). The ChOX is a
flavin adenine dinucleotide (FAD)–dependent enzyme
(MacLachlan et al. 2000; Vrielink 2010; Kumari, and
Kanwar 2012). The FAD is the nonproteinaceous part of
enzyme, and it is deeply seated in a protein core. The
presence of the FAD molecule is necessary for the
catalytic activity of the enzyme (MacLachlan et al.
2000).

The development of the rapid and the accurate diag-
nostic methods such as the contemporary and the sensi-
tive biosensors for the cholesterol is still an ongoing
process (Pollegioni et al. 2009, Neelama et al. 2019).
The biosensor is an analytical device that combines a
biological component with a physicochemical detector,
giving the information about the presence of a molecule.
Therefore, the extensive researches on constructing the
modern electrochemical as well as the optical biosensors
for the cholesterol are carried out. For this purpose, the
bionanocomplexes of the ChOX and the noble metal
nanoparticles (MNPs) are prepared. The two main ways
of AuNPs-ChOX systems creation are described:
AuNPs with ChOX adsorbed on AuNPs and AuNPs
with ChOX covalently attached on AuNPs. In addition
to the connection method, many other factors affect the

properties of the complex, e.g. size of the nanoparticles,
their shape, and concentration of the attached molecule
(Saxena and Goswami 2012). In the context of devel-
oping new biosensors for the cholesterol detection, com-
bining the ChOX with other nanostructures, e.g.
MWCNTs, is also an interesting approach (Saxena
et al. 2011b). The published works also show the possi-
bility of effective use of more natural substrates (like the
silk mat) for the ChOX immobilization with high sta-
bility, sensitivity, reproducibility, and good selectivity
for cholesterol (Saxena and Goswami 2010).

The MNPs have an excellent conductivity; they en-
hance the transfer of the electrons generated during the
chemical reactions catalyzed by the enzymes (Saxena
et al. 2011a). The binding of the MNPs with the enzyme
is applied in the construction of the sensitive electro-
chemical biosensors (Sharma et al. 2017). In addition to
the electrochemical sensors, a new optical biosensors
based on the use of the ChOX enzyme connected with
the nanomaterials is developed. Through the surface
plasmon resonance (SPR) phenomenon (Barnes et al.
2003), obtained due to the plasmonic nanomaterials, the
surface-enhanced Raman scattering (SERS) effect ex-
tends the possibilities of the vibrational spectroscopy
(Nie and Emory 1997; Stuar t e t a l . 2006;
Wojnarowska et al. 2015a) and enables the creation of
the sensitive SPR and the SERS optical biosensors
(Haes and Van Duyne 2002; Zhang et al. 2013). The
SERS technique is a powerful analytical tool, which is
employed as one of the approaches in the construction
of the new diagnostic equipment, allowing to study even
the single molecules. In contrast to this approach, the
simple colorimetric sensors for the quick cholesterol
detection are also constructed (Nirala et al. 2018). The
published papers demonstrate also the benefits of com-
bining the ChOX with the MNP including the AuNP as
well as the other nanomaterials such as the CdTe/CdSe/
ZnSe/MoS2 quantum dots, the grapheme, the graphene
oxide, and MWCNTs (Saxena et al. 2011a, b;
Hassanzadeh and Khataee 2018; Mokwebo et al. 2018).

It was observed that the engineered bionanocomplexes
give the great opportunity for the development of the new
analytical, diagnostic, and the therapeutic methods, by
combining the unique properties of the nanomaterials
with the biological functionality of the biological mole-
cules. Moreover, the conjugation of the gold nanoparti-
cles (the AuNP) with the proteins gives a better biocom-
patibility and improves the stabilization of the system
(Rios-Corripio et al. 2013; Alarcon et al. 2013). The
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interaction of the nanoparticles with the protein mole-
cules, which results in the formation of a biological
corona on the nanoparticle surface, can also affect the
modification of the nanomaterial properties as well as the
changes in the protein structure (Kumar et al. 2018). In
the case of the immobilization of the gold nanoparticles
with the enzymes molecules, it is critical to preserve the
basic properties of the enzyme, which is the catalytic
activity.

In the presented paper, the Fourier transform infrared
spectroscopy (FTIR) was used as the versatile tool to
study the protein conformation (including the secondary
structure) of the ChOX enzyme immobilized on the
surface of AuNP via linker. By the use of the infrared
spectroscopy, a unique spectrum is obtained, which is a
representative of the molecular vibrations that occur
within the sample. It provides a “fingerprint” of the
sample. This method is suitable for the biological mate-
rials, including the proteins and the enzymes (Baker
et al. 2014). It provides an important information about
the structure of the molecules, their interactions, the
mechanisms of protein reactions, and the conformation-
al changes (Barth 2007; Dembereldorja et al. 2012). The
structure of the ChOX conjugated with the AuNPs was
compared with the ChOX in free form. The ChOX and
AuNP-ChOX bionanocomplex were analyzed in two
environments: suspended in the phosphate buffer (as
the optimal environment) and in the solid form. The
main aim is to obtain the comprehensive information
about the molecular structure of the enzyme and to
determine the impact of the nanoparticle-protein inter-
action on the structure of the ChOX enzyme. The iden-
tification of changes occurring as a result of the connec-
tion of the ChOX with the AuNPs is important in the
context of the bionanocomplexes development and their
practical use in the biosensors.

Experimental

The sample preparation

The cholesterol oxidase enzymewas purchased from the
Roche Diagnostics (Germany) company in the form of
the lyophilized powder. The enzyme was produced by
the Brevibacterium sp. Chemicals used for the AuNPs
preparation and the ChOX immobilization were ac-
quired from the Sigma Aldrich (USA) and the Avantor
Performance Materials (Poland).

For the IR spectroscopy measurement of the ChOX
in the solid form, the lyophilized powder did not require
the prior preparation. To study the structure of the
ChOX in the aqueous environment, it was dissolved in
the 50 mM phosphorous buffer, pH 7.5—the optimal
conditions for the ChOX catalytic activity. The enzyme
was highly concentrated (5 mg/ml).

The AuNP-ChOX bionanocomplexes were prepared
by the covalent binding of the AuNP and the ChOX via
a mercaptohexadecanoic acid (MHDA) liner
(Wojnarowska et al. 2015a, b). The AuNPs were chosen
as the most appropriate plasmonic materials, which are
chemically inerted and does not have the adverse effect
on the ChOX enzyme activity (in contrast to the silver)
(MacLachlan et al. 2000).

In the first step of the bionanocomplex preparation, the
AuNPs are synthesized by the reverse Turkevich method
(Turkevich et al. 1951; Herizchi et al. 2016). The 1 mM
HAuCl4 was used as a substrate. The 34 mM sodium
citrate was a reducing agent as well as a stabilizer. The
sodium citrate reagent (the 4.75 ml) was heated during
10 min at 100 °C. Afterwards, the 0.25 ml of the HAuCl4
was added. The synthesis was carried out for 15 min at
100 °C. After cooling, the nanoparticles were purified by
the 20 min centrifugation (15,000 rpm) and washed twice
with the deionized water.

The next stage of the bionanocomplexes preparation
was the attachment to the AuNPs surface, the MHDA
linker molecule. The AuNPs were incubated overnight at
4 °C with the 100 μl 5 mM MHDA solution. The
conjugate was rinsed with the N,N-dimethylformamid
(DMF) (100 μl DMF, 15000 rpm, 20 min) and activated
within 30 min at 25 °C by using the 100 μl of the
activation reagent: the 20 mM N-cyclohexyl-N′-(2-
morpholinoethyl)-carbodiimidemetho-ptoluenesulfonate
(CMC), the 20 mM pentafluorophenyl-4-vinylbenzoate
(PFP), the 20 mM N,N-diisopropylethylamine (DIPEA),
and the dissolved in DMF. The activated AuNP-MHDA
complex was mixed with the 100 μl of the 1 mg/ml
ChOX solution and the 50 μl DMF and incubated during
1 h time at 25 °C. During the incubation, the sample was
mixed. The prepared bionanocomplex was washed and
suspended in the phosphate buffer (the 50mM, pH 7.5) to
obtain the 0.5 mg/ml concentration of the ChOX enzyme.

The AuNP-ChOX bionanocomplex characterization

The prepared AuNPs and AuNP-ChOX bionanocomplex
were characterized by the microscopic and the
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spectroscopic method. The size and the shape of the
nanomaterials were determined using the Innova AFM
microscope (Bruker, USA)). The 20 μl aliquot of the
tested sample was spread on the surface of the freshly
cleaved mica, dried in gentle stream of the nitrogen,
washed in the ultrapure distilled water, dried again, and
analyzed in the air. The measurements were carried out
with the use of the tapping mode and the super sharp
TESP-SS cantilever. The tip resonance frequency of
290 kHz, the scan rate of 0.5 Hz, and the resolution of
the 512 × 512 pixels were selected.

The location of the SPR band for the AuNPs and the
bionanocomplex was determined by the UV-VIS spec-
troscopic technique. The absorption spectra were ob-
tained using the Evolution™ 300 spectrometer (Thermo
Scientific, USA). The measurement was carried out in
the range from 350 to 800 nm, with the resolution of
1 nm. The analyzed AuNPs and the bionanocomplex
samples were placed in a spectrophotometric quartz
cuvette with an optical path length of 10 mm.

To examine the effectiveness of the ChOX enzyme
binding, the Lowry method of the biochemical determina-
tion of the protein concentration was used (Lowry et al.
1951). The determination of the concentration of the un-
bound protein gives the information about the amount of
the ChOX attached into the bionanocomplex. The
0.125 ml sample was mixed with the 0.75 ml reagent I
(the solution A—the 2% Na2CO3 in the 0.1 M NaOH, the
solution B—the 0.5% CuSO4 in the 1% sodium citrate
solution, a ratio of 49:1). After the 10-min incubation, the
0.075 ml of Folin-Ciocalteu reagent was added. The sam-
ples were mixed and incubated 40min in the dark, at room
temperature. The absorbance was measured at the 750 nm
against the control sample. For the preparation of the
standard curve, the bovine serum albumin (BSA)was used
(the 0.025 mg/ml, the 0.05 mg/ml, the 0.1 mg/ml, the
0.2 mg/ml, and the 0.5 mg/ml of the BSA).

The ChOX enzymatic activity was determined in the
biochemical reaction of the cholesterol transformation
to the 4-cholesten-3-one. The production of the
H2O2 during the reaction was monitored in the horse-
radish peroxidase-catalyzed reaction by the oxidation of
the o-dianisidine, which caused a change in its color.
The reaction mixture consisted of the 1.2 ml 0.01% o-
dianisidine, the 0.1 ml 0.5% cholesterol, the 0.1 ml
horseradish peroxidase in the phosphate buffer (the
50 mM, pH 7.0), and the 0.1 ml ChOX (free or in the
bionanocomplex form). The colorimetric measurement
was performed at 500 nm with the use of the Evolution

300 (Thermos Scientific) spectrometer and calculated to
the ChOX enzyme activity.

The FTIR spectra recording

The FTIR spectra were recorded by the Vertex 70v
(Bruker, USA) and the FTIR spectrometer with the use
of the Attenuated Total Reflectance (ATR) technique.
The ATR instrument is equippedwith a diamond crystal.
The samples were placed on the crystal surface: the
amount of the lyophilized ChOX powder, the 10 μl of
liquid samples of the ChOX in the buffer solution, the
thin film of the AuNP-ChOX bionanocomplex, and the
10 μl of liquid samples of the AuNP-ChOX
bionanocomplex in the buffer solution. The samples
were kept in the good optical contact with the diamond
crystal surface. The measurements were performed in
the region of the middle infrared (800–4000 cm−1) using
64 scans of the provided spectral resolution of the
1 cm−1, at room temperature. For the spectrum collec-
tion and the data processing, the software OPUS 6.0
(Bruker) was used. The background of a blank diamond
was used to generate the absorption spectra of the
researched samples. The buffer spectra were recorded
additionally, in order to subtract from the obtained spec-
trum of the enzyme suspended in the solution. The
baseline correction (the rubber band correction) and
the normalization (intensity range) were implemented.
The second derivative spectra were calculated by the use
of the Savitzky-Golay method. They were used to esti-
mate the contribution of the individual lines composing
amide I band (1590–17,100 cm−1) and gave the infor-
mation about the secondary structure of the enzyme.
The obtained information was taken into an account to
fit the band by the Lorenzian and Gaussian functions.

Results and discussion

The AuNP-ChOX bionanocomplex characterization

The size and the optical properties

The size and the shape of the AuNP nanoparticles are
determined in the production process. They depend on
the concentration and the type of the reducer, as well as,
on the reaction conditions. The prepared AuNPs and the
bionanocomplex were examined by the AFM micros-
copy. As is seen in Fig. 1, the AuNPs have the spherical
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shape and the diameter of about 55 nm (the size ranges
from 42 to 68 nm with 7.5 standard deviation). The
approximate molar concentration and the concentration
of the NPs per mL of the suspension were defined as
2.9 mmol/L and 3.4*1011 NP/mL, respectively.

The biofunctionalization process, resulting in the
AuNP-ChOX bionanocomplex formation, is associated
with the change in the size and the shape of the nanopar-
ticles. An increase in the size of the formed complexeswas
observed. The attachment of the linker and the protein
results in the creation of the more aggregated forms. The
shape is more irregular, which is seen in Fig. 1.

The position of the SPR band in the AuNPs and the
AuNP-ChOX bionanocomplexes are presented in Fig. 2.
The change in the position of the absorptionmaximumand
the shape of the band were observed. The absorption
maximum corresponding to the plasmon frequency is
clearly visible at the 525 nm for the AuNP and at the
594 nm for the bionanocomplex. The high plasmonic
activity occurs in the region, which is close to the location
of the maximum absorption (Amendola et al. 2017). The
SPR band shifts towards the longer waves. The red shift is
associated with the mentioned change in the size of the

nano-objects (the increase in the particle diameter) and the
presence of a coating on the surface of the nanoparticles.
This results in the transfer of the electrons from the AuNP
to the ligand (Ravindran et al. 2010), which means the
decrease in the concentration of the electrons in the AuNP
matrix, as well as, a reduction in the plasmonic frequency.
The change of the SPR band position is affected also by
the change in the local environment around the nanoparti-
cle. For the monodisperse suspensions, the half width of
the absorption band (FWHM) is several dozen nanome-
ters. The observed bandwidth extension is connected with
the increase of the nanoparticles diameter and the higher
sample heterogeneity.

The enzyme catalytic activity

The preservation of the catalytic activity is confirmed
also by the biochemical tests carried out for the free
forms of the ChOX and the investigated bionanocomplex.
The obtained values of the catalytic activity of the AuNP-
ChOX bionanocomplex (3.53 U/mg) is lower than the
initial activity of the unbound enzyme (6.01U /mg), but it
is still satisfactory. The reduction of the enzyme activity in

Fig. 1 The AFM images of the
AuNPs in a the height mode and
b the tapping amplitude mode,
and the AFM images of the
AuNP-ChOX bionanocomplex in
c the height mode and d the
tapping amplitude mode
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the case of the immobilized enzyme is influenced by the
various factors. One of them may be the reduction of the
availability of the binding sites for the substrate through
binding to the surface of the carrier. In addition, the
inactivation of some of the enzyme molecules during the
synthesis process may appear.

The next element of the AuNP-ChOX bio-
nanocomplexes characterization was the determination
of the efficiency of the enzyme attachment to the nano-
particles surface. The ChOX was binding with the NPs
by using the MHDA linker. This organic molecule
have the linear structure (the size: 2.35 nm) and the
two functional groups at the ends of the molecule: the
thiol group and the carboxy group. Due to the use of
the protein concentration of 1 mg/ml, the binding
efficiency was about 95%. The stability of the con-
nection between the nanoparticle and the enzyme is
good. The AuNP-ChOX bionanocomplex was rinsed
several times with the phosphate buffer, but no pres-
ence of the ChOX in the rinse solution was noted.
The covalent connection of the nanoparticle-linker
and the linker-ChOX is strong enough so that it does
not break during the washing. The bionanocomplex
can be reused (and even several times).

The FTIR spectroscopy analysis

The FTIR spectra of the ChOX in the solid form
and suspended in the buffer as the reference spectra
of the free enzyme

The FTIR spectra of the ChOX in the free form: the
solid and the suspended in the buffer are presented in
Fig. 3. Due to the high complexity of the enzyme

structure, which generates a large amount of vibrations,
an accurate identification of each band is difficult. How-
ever, the obtained spectra possess the typical spectral
bands, which are the most significant for the proteins:
the amides I, II, and III, as well as the amides A and B
(Barth 2000; Malek et al. 2014). It has been observed
that the change in the environment affects some modi-
fications in the position and in the intensity of the
registered bands. In Table 1, the positions of the ob-
served bands and their identification are collected.

The spectrum range from 3500 to 3000 cm−1 con-
tains a few overlapping lines derived from the different
chemical bonds. The bands observed at the 3283 cm−1

and at about the 3060 cm−1 in the solid ChOX are
associated with the amide A and amide B, respectively.
They are attributed to the stretching vibration of the NH
group (Barth 2007; Kong and Yu 2007). The lines with a
maximum at about the 3220 cm−1 and the 3490 cm−1 are
associated with the OH hydroxyl group in the bonded
and in the nonbonded form (Coates 2000). The maxi-
mum of the band described as the amide A and B region
is shifted from at around 3250 cm−1 to 3420 cm−1 for the
ChOX in the buffer. These lines are sensitive to the
hydrogen bond presence; however, they are not related
to the polypeptide backbone (Barth 2007).

The amide I band is observed at the 1645 cm−1 for the
ChOX in the solid form and the 1640 cm−1 for the
ChOX in the buffer, and it derives mainly from the
stretching vibration of the peptide carbonyl group
C=O, with the minor influence of the out-of-phase CN
stretching, the C-C-N deformation, and the NH in-plane
vibrations (Kong and Yu 2007; Spalding et al. 2018).
The position and the shape of the amide I band are
dependent on the secondary structure of the protein
backbone. Another important band is the associated
with the amide II band and occurs at the 1542 cm−1

and the 1546 cm−1 for the solid and the suspended
ChOX form, respectively. It derives mainly from the
in-plane NH bending (40–60%) and from the CN
stretching vibrations with the small contributions from
the CO in the plane bending, the CC, and the NC
stretching vibrations. The secondary structure of the
protein has smaller influence on this band than on the
amide I. The shoulder at the 1518 cm−1 related to the
tyrosine amino acid is more visible in Fig. 3b. The
amide III band (at about the 1250 cm−1) is a combina-
tion of the several modes including the side chain struc-
ture vibrations, the NH bending vibration, and the other
similar ones like in the amide II (Barth 2007). The other

Fig. 2 The SPR bands of the AuNPs (the red curve) and the
AuNP-ChOX bionanocomplexes (the black curve)
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amide bands (the amide IV–the amide VII) are difficult
for detailed analysis. They are located in the range of the
200–800 cm-1, which belongs to the fingerprint
region—unique to each molecule, which is rich in the

vibrations of the molecule skeleton, the proteinous, and
the nonproteinous parts (Coates 2000; Barth and
Zscherp 2002). Additionally, the amide III–VII bands
are strongly dependent on the details of the force field,

Fig. 3 The FTIR spectra of the cholesterol oxidase: a in the solid form and b suspended in the phosphate buffer

Table 1 The identification of the lines observed in the FTIR spectra of the ChOX

ChOX solid ChOX in buffer ChOX-AuNP
solid

ChOX-AuNP in
buffer

Identification

3000–3500 (s) 3150–3700 (s) 3000–3700 (s) 3300–3700 (m) ν(N-H) (amide A, B); ν(O-H)

3076 (m) 3063 (s) ν(N-H) (amide B)

2959, 2934, 2907,
2886 (m)

2965, 2926,
2852 (m)

2925, 2854
(m)

2945, 2912, 2843
(m)

νas(C-H), νs(C-H)

– 1741 (w) – 1743 (w) C=O

1645 (s) 1640 (s) 1642 (s) 1643 (s) Amide I (ν(C=O), ν (CN), CCN deformation, NH bend)

1542 (m) 1546 (m) 1540 (m) 1544 (m) Amide II (NH bend, ν (CN), CO in plane, CC, ν (NC))

– 1518 (m) 1510 (sh) 1512 (sh) ν(C=C) and C–H bend vibrations characteristic for tyro-
sine

1454 (w), 1434
(m)

1461(m),
1427(m)

1459 (m) 1458 (m), 1425 (m) δ (CH2), δas (CH3)

1415 (m) – – – νs (COO
−), ν (CN)

1300–1400 (w) 1300–1400 (w) 1359 (w) 1367 (w) νs (COO
−) and δ(C-H),O-H bend, δs (CH3), ν (CN)

~ 1262 (w) ~ 1237 (w) 1258 (w) ~ 1250 (w) Amide III (ν (CN), NH bend, CO in plane, ν
(CC)), similar amino acids side chains vibrations,
νas (PO2

−) from FAD

1149 (m) 1150 (m) 1120 (sh) 1150 (m) ν(C-C)

1107 (m) – – – ν(C-C), ν(C-O), γ (CH2)

1076 (m) 1077 (m) 1051 (s) 1080 (s) νs (PO2
−) from FAD, ν(C-O), ν (CN) from amino

acids side chains

1043, 1032 (s) – – – ν(C-O)

991 (s) 992 (m) 983 (m) 990 (m) ν(P-O-C), ν(C-O) from FAD

934 (m) 935 (m) 941 (m) 922 (w) C-C, ν(C-O),

867 (w) ~850 (w) 862 ~850 (w) O-H out of plane bending

s strong,mmedium, w weak, sh shoulder, ν stretching vibration, νs symmetric stretching vibration, νas antisymmetric stretching vibration, δ
in plane bending vibration, δas asymmetric in plane bending vibration
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the nature of the side chains, and the hydrogen bonding
(Kong and Yu 2007).

The local environment has a significant influence on the
C-H vibration modes. The lines attributed to the C-H
bonds are observed approximately at the 2900 cm−1 and
the 1400 cm−1. The asymmetric and the symmetric
stretching vibration of the CH2 group (the 2934 cm−1/
2926 cm−1 and the 2850 cm−1/2852 cm−1) as well as the
asymmetric stretch of the CH3 group (2959 cm−1/
2965 cm−1) (Coates 2000; Malek et al. 2014; Malek
2016) are observed with the higher intensity in the IR
spectrum of the ChOX suspended in the buffer than in
the solid form of the enzyme. The peaks attributed to the
symmetric stretch of the CH3 (the 2886 cm

−1) and the CH
stretch (the 2907 cm−1) (Coates 2000; Stuart 2004; Malek
et al. 2014) are not clearly visible on the spectrum of the
suspended enzyme. The intensity of the lines attributed to
the δ (CH2) and the δas (CH3) modes (the 1470 cm−1/
1461 cm−1 and the 1430 cm−1/1427 cm−1) are significantly
higher for the ChOX in the buffer. The band attributed to
the δs (CH3) mode is shifted depending on the environ-
ment (the 1385 cm−1/1396 cm−1). The week bands are
located in the region of the wagging the CH2 and the
bending CH vibrations (the 1300–1400 cm-1) (Ivanov
et al. 1994; Coates 2000; Stuart 2004; Barth 2007; Malek
2016) and should be referred to them.

The other observed bands can be assigned to the
chemical group of the amino acids, the molecule skele-
ton or the FAD cofactor. As mentioned in “Introduc-
tion,” the ChOX is the FAD-dependent enzyme
(Vrielink 2010). The analyzed spectra contain the vibra-
tion bands derived from the FAD molecule. The sym-
metric νs (PO2

−) stretching vibration is found at the
1076 cm−1/1077 cm−1. The line observed at the
991 cm−1 could be assigned to the P-O and the P-O-C
vibrations (Coates 2000, Stuart 2004). The similar lines
can be observed in the other flavoproteins, e.g. in the
glucose oxidase spectrum (Delfino et al. 2013) (but not
for the other types of the proteins e.g. the albumin)
(Tabassum et al. 2012). The lines attributed to the iso-
alloxazine ring and the adenosine are located in the
range from the 1500 cm−1 to the 1720 cm−1, which is
characteristic for the amide I and the amide II bands.
The νas (PO2

−) vibration gives the line at around the
1250 cm−1 (Spexard et al. 2011; Spalding et al. 2018)
and overlaps with the amide III band.

Due to the high complexity of the protein molecule,
many bands derived from the amino acid side chains
overlapped, which prevents their unambiguous

interpretation. For example, some of the amino acid IR
lines occur in the amide I region: the ν(C=O) vibration
of the glutamic acid and the glutamine (Barth 2000;
Stuart 2004), the νas (CN3H5

+) and the νs (CN3H5
+)

modes of the arginine (Barth 2000; Barth 2007), the
ν(C=C) mode of the tryptophan and the histidine
(Barth 2000; Wolpert and Hellwig 2006), and the δ
(NH2) of the asparagines (Barth 2000). Similarly, it
concerns the amide II: the vas (COO

−) and the aspartic
acid (Barth 2000) and the ν (COO−) of the glutamic acid
(Wolpert and Hellwig 2006). Only some bands can be
attributed to the vibrations of the side chains of the
amino acids: the line at the 1743 cm−1 is associated with
the ν(C=O) aspartic acid vibration (Stuart 2004) as well
as the line at the 1518 cm−1 could be assigned to the
ν(C=C) and the δ(C–H) vibrations of the tyrosine (Barth
2000).

The FTIR spectra of the ChOX in the bionanocomplex

Figure 4 shows the oscillation spectrum of the AuNP-
ChOX bionanocomplex in thin film form (Fig. 4a) and
suspended in phosphate buffer (Fig. 4b) with the size of
the AuNP approximately 55 nm. The main lines are
characterized in Table 1, and they are consistent with
the previously received data (the subchapter “The FTIR
spectra of the ChOX in the solid form and suspended in
the buffer as the reference spectra of the free enzyme”).
The most important lines are presented in the similar
positions in all form of the ChOX, which confirms only
the slight structural changes caused by the change of the
environment and the immobilization process. The amide
I band in the AuNP-ChOX bionanocomplex is observed
at the 1642 cm−1 and 1643 cm−1, which indicates the
preservation of the native secondary structure of the
ChOX. A detailed analysis of the protein secondary
structure is presented in the next subchapter (see “The
secondary structure of the ChOX”). A small broadening
of the amide I line is registered. It is associated with the
occurrence of the molecular interactions between the
nanoparticle and the ChOX via the MHDA linker. As
it is described by Talat et al. (2011), it confirms the
covalent connection of the nanoparticles and the pro-
teins as well as the bionanocomplex formation.

The amide II band (1540 cm−1 and 1544 cm−1) is also
only slightly modified, and it is close to the correspond-
ing maximum for the free enzyme with the shift of
2 cm−1 for both environments: solid in air and
suspended in buffer. This band is more sensitive to
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changes of the local environment resulting in the differ-
ence in the shape of the band. The line associated with
the tyrosine vibration (1510 cm−1 and 1512 cm−1)
(Barth 2007) is observed as the shoulder of the amide
II band in both bionanocomplex forms. The maximum
of the amide III band is observed at the 1259 cm−1 for
solid bionanocomplex and at about 1250 cm−1 for
bionanocomplex suspended in buffer. It is shifted by
3 cm−1 in relation to the solid form of the ChOX. The
dried AuNP-ChOX samples indicated strong similarity
to the free enzyme in the solid form. In the case of the
ChOX enzyme and bionanocomplex in suspended form,
some spectral line shifts and changes in the intensity of
some bands can be seen, but they are close to each other.

A broadening of the bands in the region from the
3000 to the 3700 cm−1 attributed to the amide A and the
amide B, and the O-H stretching vibration of the
bionanocomplex in solid form should be noted. The
frequency of the vibrations depends on the occurrence
of the hydrogen bond, so their changes are strongly
connected with the local environment but should not
reduce the enzymatic functionality.

In the region from the 1500 to the 800 cm−1 called the
fingerprint region, the most noticeable changes of spec-
tra shape are observed. The P-O-C vibration line attrib-
uted to the FAD cofactor is clearly visible at the
983 cm−1 and 990 cm−1 for solid and suspended in
buffer AuNP-ChOX bionanocomplex, respectively.
The confirmation of the FAD presence is very important
because this molecule is necessary for the ChOX cata-
lytic activity. Despite the high variability of the finger-
print region, the quite constant position of the P-O-C
band allows the employment of it as the marker line to
determine the classification of the unknown protein to
the flavoprotein class.

The presence of the linker structure have an impact on
recorded spectrum in the CH vibration regions. The
AuNP-MHDA spectrum is richer in the lines attributed
to the stretching ν (CH2) (at the 2914 cm−1 and at the
2848 cm−1) and bending the δ(C-H2) (the 1472 cm

−1 and
the 1407 cm−1) vibrations (Wojnarowska et al. 2015b). It
affects the modification of the intensity of the IR bands
associated with the vibrations of C-H bonds. Therefore,
they are not subject to the analysis of the ChOX after
immobilization. The νas (CH2)/νs (CH2) lines of the
bionanocomplex (at the 2925/2912 cm−1 and at the
2854/2843 cm−1) are amplified by the presence of the
linker. The C-H bending vibration modes localized in the
fingerprint region are also modified.

The position of the main IR bands in the studied
spectra of the ChOX enzyme is presented in Table 2.
The most noticeable changes occur in the fingerprint
region of dried AuNP-ChOX bionanocomplex in com-
parison with other forms of the ChOX enzyme. The
shape of the spectra in the fingerprint region of free
ChOX and bionanocomplex suspended in buffer are
similar.

The secondary structure of the ChOX

In order to investigate the secondary structure of ChOX
enzyme, the second derivative in the narrow amide I
spectral region is applied. The lines forming this band
are highly sensitive to the variation in the molecular
geometry and the hydrogen bonding (Kong and Yu
2007; Machan et al. 2012). The spatial structure is
important for the enzymes because their catalytic activ-
ity depends on its correctness due to the proper avail-
ability of the active sites (Walsh 2002; Barth 2007).

Figure 5 shows the –d2A/dν2 normalized spectrum for
the spectral region from the 1590 to the 1710 cm−1 and the
deconvolution of the amide I band by the Lorentzian and
Gaussian functions. The positions of the –d2A/dν2 maxi-
ma correspond to the positions of the individual spectral
lines, which overlap and form the amide I band. The
obtained peaks positions and their percentage are collected
in Table 3. It can be seen that the shape of the amide I band
is similar for the ChOX and the AuNP-ChOX
bionanocomplex suspended in buffer.

In the spectrum of the ChOX suspended in the buffer as
an optimal environment, the line located at the 1654 cm−1

is associated with the α-helical protein structure (Barth
2007, Kong and Yu 2007; Castrignanò et al. 2012) and
the relative area of its Lorentzian provides a concentration
of the 27%. The percentage of the β-sheets is 46%, calcu-
lated by the relative area of the Lorentzian for the line at the
1693 cm−1, the 1635 cm−1, and the 1621 cm−1 (Barth
2007, Mobili et al. 2009; Paluszkiewicz et al. 2017). The
α-helix and the β-sheet are primary types of the protein
secondary structure. The α-helix is coiled in the right-
handed structure and is stabilized by the hydrogen bond-
ing, which occurs between the successive turns of the
helix. In the β-sheet conformation, the amino acids lie
either parallely or antiparallely to one another, and the
hydrogen bonds are localized between the strands (Walsh
2002).

The other types of the spatial structure of the proteins
are also registered. One of them is the β-turn structure,
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which is the type of the nonregular secondary structure.
It causes the change in direction of the polypeptide
chain. The percentage of the β-turns in the ChOX in
the buffer is about 16% and is associated with the area of
lines at the 1685 cm−1 and the 1671 cm−1 (Kong and Yu
2007; Mobili et al. 2009). The band at the 1645 cm−1 is
assigned to the random coil (Castrignanò et al. 2012;
Delfino et al. 2013; Paluszkiewicz et al. 2017), which is
the irregular protein structure (~ 17%). The bands orig-
inating from the amino acid side chains vibrations are
also observed (1614 cm−1) (Barth 2007).

The positions of the bands and their percentage con-
tribution corresponding to a given protein structure is
very close to each other for the suspended form of the
free and the immobilized ChOX enzyme. The α-helical
protein structure corresponds with the 1655 cm−1, and
the percentage is 24%, which is about 3% less than in
the free enzyme. The percentage of the β-sheets is also
about 46%, calculated by the area of the line at the

1699 cm−1, the 1636 cm−1, and the 1620 cm−1. The
other types of the protein secondary structure constitute
about 30% (β-turn − 10%, random − 17%, amino acids
side chains − 3%). The difference between free ChOX
and bionanocomplexes is about 2%.

The deconvolution of the amide I band solid form of
the ChOX free and immobilized form shows the similar
spectral lines; however, their maximum and the area are
slightly changed. A shift in the frequency position is
observed for the β-sheet structure characteristic lines
(Table 3). This result indicates that the hydrogen bond
strength differs. In Table 4, it can be noticed that the β-
sheet structure is dominant in the ChOX in the aqueous
solution, although it decreases in the solid and in the
immobilized form. In these cases, the participation of
the α-helix and the β-sheet structure is similar. The
contribution of the α-helix is more constant (from ap-
proximately the 27 to the 33%). The random coil con-
tribution is changed in the significant way (around the

Fig. 4 The FTIR spectrum of the cholesterol oxidase immobilized on the gold nanoparticles: a dried film and b suspended in the phosphate
buffer

Table 2 The overview of the main IR lines of the ChOX in the different environmental conditions

IR band Position of line (cm−1)

ChOX solid ChOX in buffer ChOX-AuNP solid ChOX-AuNP in buffer

Amide A 3283 3282 3251 3300

Amide B 3060 3076 3072 3063

Amide I 1645 1640 1642 1643

Amide II 1542 1546 1540 1544

Amide III 1262 1237 1259 1250

νs (PO2
−) 1076 1077 1051 1080

P-O-C 991 992 983 990
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10%, the 17%, the 23% for the suspended, the solid, and
the immobilized ChOX form); however, the positions of
the related peaks are consistent (the 1644 cm−1, the
1645 cm−1, and the 1644 cm−1, respectively).

The maintenance of the α-helix structure can be
related to the preservation of the catalytic activity of
the enzyme (Delfino et al. 2013), which was confirmed
by the biochemical analysis (Wojnarowska et al. 2015a).
A phenomenon of increasing the amount of the α-helix
and decreasing of the β-sheet structure registered in the
case of human flavine-containing monooxygenase
(hFMO) enzyme under the interaction with the AuNP.
The hFMO catalytic activity also was preserved
(Castrignanò et al. 2012). However, Huang et al. notes
that the interaction between the AuNP and the protein
depends on the protein type and size and the nanoparti-
cle size (Huang et al. 2013). Therefore, each case should
be checked individually.

The study of the protein structure can be expanded by
the amide II and the amide III band analysis. However,
they are not as sensitive to the corresponding bonds as
the previously described amide I. As it is reported by
Barth (2007), the ∼ 7% of errors in the prediction of the
protein structure can be even mineralized by the careful
pretreatment of the spectra.

Conclusion

We have demonstrated that the FTIR-ATR technique is
the effective method used to study the conformational
changes of the ChOX enzyme caused by the interaction
between the AuNP nanoparticle and the ChOX protein
via MHDA linker in the prepared bionanocomplex. The
conducted analysis gives the valuable information. The
position of the amide I and the II bands does not change

Fig. 5 The inverted second derivative FTIR spectra (left) and the
curve-fitting analysis in the amide I region (right) of the free
ChOX: a in the solid form, b in the buffer, c AuNP-ChOX

bionanocomplex in thin film form, and d AuNP-ChOX
bionanocomplex suspended in the phosphate buffer

Table 3 The assignment of the amide I lines position to the secondary structure for the ChOX

Structure ChOX in buffer ChOX solid ChOX-AuNP in buffer ChOX-AuNP solid

Peak position (cm−1) Area (%) Peak position
(cm−1)

Area (%) Peak position
(cm−1)

Area (%) Peak position
(cm−1)

Area (%)

β-sheet 1693 2.5 1696 0.8 1699 0.8 1696 0.9

β-turn – – 1685 3.7 1683 9.5 1685 9.8

β-turn 1673 15.2 1671 12.2 – – – –

α-helix 1654 26.9 1655 28.2 1655 24.0 1662 32.7

Random 1644 9.8 1645 17.4 1649 16.9 1644 23.5

β-sheet 1635 17.4 1634 15.9 1636 19.4 1632 13.1

β-sheet 1621 25.7 1625 13.0 1620 26.2 1619 17.7

Side chain 1604 2.4 1614 8.9 1604 3.1 1604 2.3
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significantly—the shift of the maximum is about 2–
3 cm−1, which indicates only a slight change in the
secondary structure of the protein after the immobiliza-
tion process. Some number of the lines observed in the
fingerprint region change their positions and their
shapes, for example: the ν(C-C), the ν(C-O), and the
O-H out of plane bending vibrations. However, the line
attributed to the P-O-C vibration at about the 990 cm−1

confirms the presence of the FAD cofactor in the ChOX,
and it does not change its location much. This quite
constant line allows to determine the presence of the
FAD cofactor also in the other flavoproteins. The com-
position of the separate lines of the C-H band are strong-
ly dependent on the environment conditions (because of
the hydrogen bonds). Due to the use of the MHDA
linker rich in the C-H groups, the analysis of the CH
bands of the enzyme after the immobilization is not
possible because the linker has the significant contribu-
tion to this spectral region.

The secondary structure of the ChOX enzyme has
been studied in detail. The domination of the β-sheet
structure (~ 46%) was determined with a smaller contri-
bution of the α-helix structure (~ 27%) for ChOX
suspended in the water solution. The similar results
obtained for the immobilized enzyme in the same buffer
medium (~ 46% for β-sheet and 24% for α-helix). For
the solid form of the free and the immobilized ChOX,
the contribution of the β-sheet decreased, while the
content of α-helix only slightly changed. It indicated
the preservation of the protein catalytic activity after the
immobilization, which was confirmed by the biochem-
ical analysis.

From the methodological point of view, the obtained
results indicate that the ATR approach is the very useful
method for the study of the enzyme structure under the
interaction of the protein with the nanoparticles. This
fast and accurate method allows for the quick

identification of the differences in the structure of the
enzyme influenced by the local environments. This
purpose becomes particularly important in the context
of the bionanotechnology related to the coupling of the
nanoparticles and the nanomaterials with the biological
molecules (often the proteins) and for the fast control of
the properties of the engineered bionanomaterials, as
well as the presence of the potentially undesirable
changes in their biological structures.
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