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The sputtering deposition of Au nanoparticles onto ionic liquid-graphene oxide combined with
cholesterol oxidase affords an efficient biosensor for cholesterol detection.
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lonic liquid (IL)-functionalized graphene oxide (GO) containing
gold nanoparticles (Au NPs) (5.4-5.9 nm) deposited by sputtering
combined with cholesterol oxidase appears to be a suitable and
efficient biosensor for total cholesterol detection. These
biosensors showed good linear range (25-470 umol/L) for total
cholesterol determination by colorimetric tests. In addition,
control experiments in the presence of interferents demonstrated
that the hybrid materials provided a selective detection of total
cholesterol. The biosensing activities obtained for the hybrid
materials indicate that these compounds are potential biosensors
for clinical applications.

Nowadays, non-transmissible chronic diseases are a worldwide
problem and a threat to health and human development. In
particular, one of the risk factors for the development of
cardiovascular disease, diabetes, atherosclerosis and
hypertension is a high level of cholesterol.” > On the other
hand, low level of cholesterol in blood may be associated with
depression, cancer and cerebral hemorrhage.3 Cholesterol is a
long-chain polycyclic alcohol, which is transported in the blood
plasma of animals. Also, it is an essential component for the
cell membrane and a precursor for the synthesis of other
biological materials.® Rapid and accurate determination of
cholesterol level is fundamental to prevent diseases as
mentioned above. The colorimetric method has been used for
cholesterol sensing because it is easy to apply, more
economical when compared to electrochemical tests, uses
simple instrumentation and makes naked eye detection
possible without requiring additional measurements.’ In this
context, biosensors present many advantages compared to
classical methods: low cost, rapid detection, high selectivity
and sensitivity, and the possibility to produce portable devices
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for home or in situ detection.” The development of new
materials that allow efficient enzyme immobilization to
maintain high activity and stability during the process is of
fundamental importance in order to build a high performance
biosensor for portable measurements with the same accuracy
as clinical analysis. For this purpose, several kinds of hybrid
biosensors have been prepared and tested, such as
Au/cysteamine/Au NPs/ChOx electrode (ChOx = cholesterol
oxidase),6 Pt/LDHs-chitosan/ChOx electrode (LDHs = layered
double hydroxides),7 L-cysteine-rGO/GCE/Au NPs/ChOx (rGO =
reduced graphene oxide, GCE = glassy carbon electrode),8
Au@Ag core-shell NPs,5 ChOx/NiFe,0,/Cu0Q/FeO-chitosan/ITO
(ITO: indium-tin-oxide glass substrate),9 ChOx-
ChEt/GPTMS/ITO (GPTMS: (3-
glycidoxypropyl)trimethoxysilane),10 ChOx-ChEt/NiFe,O, NPs-
chitosan/ITO,* ChOx-ChEt/Cu,0 NPs-chitosan/ITO*? and ChOx-
ChEt/Tm,05 nanorods/ITO."> More examples of biosensors for
cholesterol determination can be found in a previous review.?
lonic liquids (ILs) have been used as alternative materials in
biosensing applications.”’ > Moreover, these ionic compounds
have also been employed as modifiers in hybrid supportslﬁ'19
applied as cholesterol biosensors. However, to the best of our
knowledge, there are no examples of the use of a sputtering
technique to generate small and clean Au NPs on IL-modified
supports and their application in the detection of cholesterol.
In fact, the most common procedure to prepare Au NPs is from
the reduction of gold metal precursors, which generates
undesired by-products and remaining ligands. These undesired
compounds can coordinate to the metal surface and decrease
the particle’s activity. Motivated by the advantages of ILs*® and
GO,”' in this work we combined these compounds and
sputtered Au NPs to produce a simple and efficient material to
be used as a biosensor for colorimetric determination of total
cholesterol. In fact, the synergistic effect of the IL fragments
covalently attached to the GO (rGO) together with the
presence of small and clean Au NPs provides a suitable hybrid
material.

J. Name., 2013, 00,1-3 | 1
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Fig. 1 Amine-functionalized ILs used as modifiers in the GO supports.

The preparation of the amine-functionalized ILs (Fig. 1) and the GO
modified with ILs was performed according to the methods
described in Supporting Information (SI). The functionalized GO
supports were characterized by FTIR, Raman, X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) (see Sl). By Raman
analyses of the IL-GO supports (Fig. S2), it was possible to evaluate
the disorder and defects using the signals D and G — spz carbon
vibrations — localized at 1360 cm™ and 1560 em®, respectively.zz’ =
The harmonic signal 2D (2680 cm'l) is related to the number of
graphene sheets® while the signal D+D’ is due to defects in the
carbon structure.? Comparing the oxide precursors (GO) before
functionalization, only luminescence could be observed, which is
characteristics of GO. Concerning to evaluate the defects, we
considered the relation between the intensity of signals D and G
(Ip/lg); a higher value was obtained for IL 1-GO, indicating the
presence of more structural defects, decreasing the sp2 sites in the
matrix and consequently the graphitic sites. In both cases, IL 1-GO
and IL 2-GO, the signals D and D+D’ were significant, which
indicates the presence of defects and low spz conjugation of
graphene sites. The size of the graphitic sites was estimated by
using the Tuinstra and Koenig relation,z3 achieving 7.43 and 8.60 for
IL 1-GO and IL 2-GO, respectively (for more details, see Sl). The
minor graphitic size observed for the sample IL 1-GO suggests that
functionalization with IL 1 provides a minor interaction among the
carbon sheets. In other words, IL 1-GO adopts a less organized
structure of graphene sheets while for IL 2-GO the IL may act as a
spacer among them, providing a graphite-like structure. The Au NPs
were deposited onto the IL-functionalized GO support by a
sputtering technique (Fig. 2). This deposition method was chosen
because it is a facile and clean procedure to generate well-
distributed nanoscale particles.26
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Fig. 2 Sputtering deposition of Au NPs onto the IL-functionalized GO supports.

The supported Au NPs were analyzed by TEM, XRD and XPS analysis.
TEM measurements evidenced the formation of Au NPs with 5.4 +
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2.0nm on IL 1-GO and 5.9 + 2.1 nm on IL 2-GO (Fig. 3). Moreover, it
was observed well-dispersed particles with a spherical-like shape
deposited on the IL-GO sheets, although few large particles could
also be detected. The controlled size distribution for both samples
is a significant advantage of the sputtering method, because in this
case it was possible to control the experimental parameters such as
current, voltage and deposition time in order to obtain particles
with a similar average size. It is expected that the IL groups
attached onto the GO provide additional stabilization for the

supported Au NPs, similar to that observed in other metal NPs
27,28

immobilized in IL-functionalized supports.
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Fig. 3 TEM micrographs of the Au NPs supported on (a) IL 1-GO and (b) IL 2-GO
with their respective size distribution histograms.

XRD measurements confirmed the presence of Au NPs on the
supports showing crystalline particles with fcc structure, where Au
NPs presented their two characteristic peaks at 38.2° (111) and
40.5° (200), respectively (Fig. $3). After the oxidation of graphite by
the Hummers method, the XRD pattern of GO showed a sharp
diffraction peak at 26 = 9.5° (d-spacing = 0.93 nm) due to the
intercalation of functional groups containing oxygen between the
layers of graphite. Subsequently, the functionalization of GO (IL 1-
GO and IL 2-GO) showed a shift at 26 = 7.5° (d-spacing = 1.18 nm)
and 26 = 7.3° (d-spacing = 1.21 nm), respectively, which indicates
the intercalation of the ILs among the graphene layers. The peak at
26 = 28.3° (d-spacing = 0.315 nm) provides similar spacing to a
graphite structure, which indicates that the graphene oxide sample
functionalized with IL 2 adopted a partially crystalline system, which
can be related to simultaneous interaction of the amine groups of
the imidazolium cation with the carbon sheets. It is reasonable to
suppose that the IL cation acts as a bridge crosslinking the two
carbon sheets, modifying the interplanar spacing of the GO. It is
noteworthy that this 28.3° signal was not observed for IL 1-GO,
which suggests a preferred graphene-like arrangement in this case.

This journal is © The Royal Society of Chemistry 20xx



http://dx.doi.org/10.1039/c7tb02582c

Published on 20 November 2017. Downloaded by University of Newcastle on 20/11/2017 23:55:34.

Journal-of:Materials-Chemistry B

In order to evaluate and compare the surface chemical composition
of the GO, IL-GO and Au NPs/IL-GO samples, XPS analyses were
performed. XPS peaks for O 1s, N 1s, C 1s and Au 4f core-level
regions were observed. In Fig. 4 is shown the typical XPS spectra of
the C 1s region of graphite and GO. High-resolution C 1s spectra
were decomposed into five peaks, corresponding to C-C, C=C, C-O-
C, C=0 and 0=C-0O, which were in agreement with the literature® *°
and confirm significant structural changes during the oxidation
process from graphite to GO. Indeed, the C/O atomic ratio
decreased from 24.13 for graphite to 3.84 for GO,31 in accordance
with FTIR spectra (see Fig. S1). After reduction and functionalization
with IL, the peak intensities of oxide moieties decreased,
accompanied by an increase of the sp2 carbon peak, which indicates
the presence of cationic IL fragments attached to the carbon
network. The N 1s peak region showed signals associated to the
imidazolium ring,?’2 a shoulder at 398.9 eV confirms the presence of
NH and a peak at 405.2 eV confirms the presence of NH2.3°‘ * The
IL-GO supports containing Au NPs deposited by sputtering were also
analyzed (Fig. 4). The Au 4f;/, photoelectron peak appeared at 83.87
eV (SI) and peak doublet separation was consistent with the A
state (3.7 eV).34 The relative Au content in the samples was
estimated to be around 4% by XPS. Although only metallic Au was
found in the Au NPs/IL 1-GO sample, for Au NPs/IL 2-GO, Au® and
Au® components were observed. The presence of Au® component
may have an effect on the biosensing activity of the Au NPs/IL 2-GO
material.
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Fig. 4 XPS measurements in the C 1s, N 1s and Au 4f regions of the IL-GO
supports and the Au NPs/IL-GO materials. Black points represent the
experimental data and the gray line represents the best fitting. In the C 1s
region: red, green, light blue, purple and yellow solid lines represent C=C, C-C C-
0-C, C=0 and 0=C-0 chemical components, respectively. The C 1s region of the
rGO represents typical behavior after functionalization of GO samples (IL-
modified GO). In the N 1s region: red, green and light blue solid lines represent
NH (anchored to graphene), N (imidazolium ring) and NH, chemical components,
respectively. In the Au 4f region: red and green solid lines represent Au’ and Au®*
chemical components, respectively.

For biosensor construction, the ChOx enzyme was immobilized
on the hybrid materials Au NPs/IL 1-GO and Au NPs/IL 2-GO

This journal is © The Royal Society of Chemistry 20xx
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and tested for total cholesterol detection by colorimetric
assay. Biosensor responses were measured using standard
cholesterol solutions at body temperature (see details in SI).
Fig. 5 shows the plot of enzyme response vs. cholesterol
concentration. Both free enzyme (free-ChOx), ChOx-Au NPs/IL
1-GO and ChOx-Au NPs/IL 2-GO biosensors showed linear
cholesterol detection at concentrations between 10 and 95
mg/L with correlation coefficients of 0.9991, 0.9951 and
0.9890, respectively. The sensitivity values were determined as
0.0127 L/mg and 0.0097 L/mg for ChOx-Au NPs/IL 1-GO and
ChOx-Au NPs/IL 2-GO, respectively. These results reveal that
both materials developed in this work allowed efficient action
of the enzyme in the reaction medium, showing high potential
for application as biosensors. Even though the percentage of
ChOx immobilized in both materials was similar (93% for ChOx-
Au NPs/IL 1-GO and 92% for ChOx-Au NPs/IL 2-GO), the
biosensor ChOx-Au NPs/IL 1-GO showed a greater response to
cholesterol compared to the ChOx-Au NPs/IL 2-GO biosensor
(Fig. 5). In Fig. 5 (b and c) it is observable by naked eye the red
color gradient due to the increase of cholesterol concentration
in the samples.

1404
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Fig. 5 (a) Detection of cholesterol at different concentrations: (O) free-ChOx, (2)
ChOx-Au NPs/IL 1-GO, (o) ChOx-Au NPs/IL 2-GO; inset: (V) ChOx-GO and (0)
ChOx-Au NPs/GO. Typical colorimetric tests using (b) ChOx-Au NPs/IL 1-GO and
(c) ChOx-Au NPs/IL 2-GO.

Regarding to evaluate the biosensor response, the recovered
activity (activity percentage of the enzyme in the material relative
to the free enzyme) was calculated. Compared with free-ChOx, the
ChOx-Au NPs/IL 1-GO and ChOx-Au NPs/IL 2-GO biosensors retained
a maximum of 76% and 54% of ChOx activity, respectively. The
higher recovered activity for the ChOx-Au NPs/IL 1-GO biosensor is
probably due to the graphene-like structure of this material, which
possibly provides more availability and better diffusion of
cholesterol to the enzyme active site. It is also possible that the
graphite-like structure of the ChOx-Au NPs/IL 2-GO biosensor
results in less exposure of the enzyme’s active sites, decreasing the
activity. Moreover, the presence of AUt may facilitate the
coordination of additional electron-donating groups to the surface
of the Au NP, which possibly interfere in the biosensing behavior of
this material compared to Au NPs/IL 1-GO. As another important
aspect, the isoelectric point of the cholesterol oxidase is 5.4,
indicating that the enzyme has a negative charge in the working pH
(7.0). This allows the enzyme to bind to a positively charged matrix

J. Name., 2013, 00, 1-3 | 3
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as the Au NP’s surface. Then, it is expected that the enzyme will to the presence of surface AL species observed by XPS.

interact more strongly with the Au NPs in the IL 2-GO material due

Table 1 Comparison of the analytical response in cholesterol detection of various biosensors

Published on 20 November 2017. Downloaded by University of Newcastle on 20/11/2017 23:55:34.

Entry Material Determination method Linear range (umol/L) Reference
1 ChOx-Au NPs/IL 1-GO Colorimetric 25-470 Present work
2 ChOx-Au NPs/IL 2-GO Colorimetric 25-470 Present work
3 ChOx/Au@Ag core-shell NPs Colorimetric 0.3-300 ®
4 ChOx-IL-capped Au NPs/GCE Voltametric 0.1-50 >
5 ChOx/catalase/rGO-IL/GCE Chronoamperometric 0.25-5/5-215% 1
6 ChOx-ChEt®/Pt NPs/graphene-nafion/GCE Amperometric 5-35 3

*Two range for the same material; "ChEt = cholesterol esterase.

In addition, the biosensor’s stability was tested. The response of
both materials to cholesterol was analyzed after 24 and 115 h. At
115 h, cholesterol detection decreased to 52% and 81% of the initial
ChOx-Au NPs/IL 1-GO and ChOx-Au NPs/IL 2-GO
biosensors, respectively, probably due to enzyme desorption of the
material or a decrease of ChOx activity. Therefore, the hybrid

value for

materials showed good stability under the tested conditions,
indicating that these biosensors can be used in clinical analyses. The
superior stability of the ChOx-Au NPs/IL 2-GO biosensor may be
associated with a possible stronger interaction between the enzyme
and the Au NPs in this material. To improve the knowledge about
the IL role in biosensor efficiency, the enzyme was immobilized only
on graphene oxide (ChOx-GO) and on graphene oxide containing
gold nanoparticles (ChOx-Au NPs/GO). Besides the percentage of
ChOx immobilized on both materials (73% for ChOx-GO and ChOx-
Au NPs/GO) being slightly less than for ChOx-Au NPs/IL 1-GO and
ChOx-Au NPs/IL 2-GO materials, the response of ChOx-GO and
ChOx-Au NPs/GO biosensors to cholesterol detection was not linear
(Fig. 5). These results evidence that the presence of IL in biosensor
materials has a positive synergistic effect, which is important to
distinguish the variation of cholesterol quantities. In addition, it is
important to note that in the cases where non-functionalized GO
(without IL) was employed, the ChOx recovered activity was
superior to the free ChOx (see Table S1). These observations cannot
be related to the enzyme activity on the cholesterol, but due to the
oxidizing agents present at the GO surface that may react with the
color reagent. Considering all the results obtained in this work,
Scheme 1 provides a schematic proposal for the interaction of the
cholesterol molecule with the functionalized hybrid materials.

Enzyme
Cholesterol

oxidase
Y- 4 4
» &
ES

Cholesterol

IL 2-GO

IL1-GO

Less accessible
high crystallinity

More accessible
Low crystallinity Low conversion

of cholesterol

High conversion
of cholesterol
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Scheme 1 Proposed interaction of cholesterol with the ChOx-Au NPs/IL-GO
materials.

Notably, the materials produced in this work showed a
cholesterol detection range from 25 to 470 umol/L, which is a
large range compared to similar state-of-the-art graphene-
based materials found in the literature (Table 1). This large
linear range demonstrates that the present materials can be
used to detect low (<150 umoI/L),3 medium and high (>260
umoI/L)1 levels of cholesterol, considering an analogous test
performed in clinical analysis (with a plasma dilution factor of
1:20).7 As control experiments, the hybrid materials were
tested in the presence of common interferents such as
glucose, ascorbic acid and uric acid in order to verify a possible
interference effect in the biosensing activities. The results
indicate that the detection of the interferents is negligible and
the hybrid materials were selective towards total cholesterol
(Fig. S7). Besides the large detection range, a considerable
advantage of these hybrid materials is the high enzyme
activity, sensitivity selectivity for total
cholesterol that allow the application of a typical clinical

recovered and
method and further reuse the material. The robustness and
efficiency of these hybrid materials at high cholesterol
concentration can be associated to the synergistic effect of IL-
functionalized GO and the small/clean Au NPs obtained by the
sputtering technique. Therefore, the combination of IL-GO and
Au NPs produced by the sputtering method generated
biosensors with a large detection range that will be able to
the quantification
methodologies.

extend cholesterol using  other

Conclusions

In summary, the sputtering deposition of Au NPs onto GO
modified with amine-functionalized ILs generates promising
hybrid materials to be used as efficient biosensors for
cholesterol detection. This physical method employed to
generate NPs has the advantage of producing small, clean and
controlled size particles, which are difficult to obtain by using
the classical chemical reduction of metal precursors. The ChOx

This journal is © The Royal Society of Chemistry 20xx
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was efficiently immobilized on Au NPs/IL 1-GO and Au NPs/IL
2-GO materials and showed a good recovered activity on both
supports. Preliminary experiments applying these hybrid
materials as cholesterol biosensors showed satisfactory results
to identify individuals with low to high cholesterol levels using
a practical naked eye colorimetric test. Indeed, the target
biomolecule was detected with excellent efficiency and
linearity. Moreover, the presence of IL in the material
composition allows a synergistic effect with the enzyme that is
essential for the linear detection of cholesterol. Therefore, the
combination of Au NPs and IL-GO produces robust and
selective biosensors with large detection range for total
cholesterol, opening new possibilities for the design of active
materials to detect biochemical target compounds in clinical
applications.
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