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ABSTRACT: A biofunctionalized graphene oxide (GO) nanosheet with improved physicochemical properties is useful for
electrocatalysis and sensor development. Herein, a new class of functionalized GO with a chemically anchored biomolecule
glucosamine is developed. Structural and chemical analyses confirm the glucosamine anchoring. Ultraviolet irradiation transforms
the surface chemistry of GO. Glucosamine-anchored GO nanosheets exhibit improved cyclic voltammetric and amperometric
sensing activity toward the model redox probe, ruthenium(II) and N-acetylneuraminic acid, respectively. The biomolecular
anchoring and ultraviolet irradiation helped to tune and enhance the properties of GO, which may find multiple applications in
optimizing sensor platforms.
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Two-dimensional graphene oxide (GO) nanosheets
garnered recent attention for multidisciplinary applica-

tions because of their cost-effective fabrication, ultrathin layers,
large surface area, ease of surface modification, energy storage,
and conversion.1,2 GO is a chemical derivative of graphene
possessing a variety of chemically reactive oxygen groups.3

Depending on the nature and fraction of the sp2/sp3 carbon
atomic ratio, the optical, bioaffinity, and electrochemical
properties of GO could be effectively tuned for device
development in optoelectronics, photoelectrochemical systems,
and biosensors.4−6 Elemental doping and chemical conjugation
of organic molecules on GO are the general approaches to
improve the physicochemical properties of GO.7−10 In
particular, doping of electron-accepting nitrogen atoms is
regarded as an effective method to vary the physicochemical
properties of GO.8,9,11 The incorporation of nitrogen atoms
imparts a relatively high positive charge density to adjacent
carbon atoms and creates an altered bonding configuration
within the carbon lattice and high electrocatalytic activity.9,11

Nitrogen doping often utilizes chemical reagents such as
ammonia, ammonia/methane mixture, acetonitrile, melamine,
pyridine, hydrazine, and lithium nitride.8 Compared with
conventional chemical doping or treatment, photoirradiation
is regarded as an ecofriendly and easy method to optimize the
functional groups of GO suitable for device development.12,13

For instance, ultraviolet (UV) photoirradiation induced a

significant modification on the surface chemistry of GO sheets,
mediated by the reduction of oxygen functional groups in the
sp3 regions of GO.14 UV-irradiated GO showed a dramatic
increase in the electrical conductivity similar to a semimetal,
whereas pristine GO was nearly insulating.15 From these
studies, it is obvious that the fabrication of novel functionalized
GO nanosheets and UV photoirradiation are potential
strategies to explore multidisciplinary applications.
Glucosamine (GA) is an important amino sugar, and its

functionalization on transition-metal nano/microstructures may
enhance the surface wettability, crystallinity, and thermal,
electrochemical, optical, and antibacterial properties of the final
material.15,16 UV irradiation on GA-modified copper nano-
particles has been shown to enhance photoluminescence (PL),
electronic state, and reactive oxygen species suitable for
antibacterial materials.17 Here, GA is used for the first time
as a “functional anchor” to create novel functionalized GO. The
−NH2 group of GA is expected to provide significant
modification in the nonoxygenated and oxygenated regions of
GO. UV irradiation is employed on the surface of the GA-
functionalized GO (GA-GO), and the resulting changes in the
optical and structural properties associated with bond
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distortions and restorations are compared with those of pristine
GO. For proof-of-concept, the cyclic voltammetry and
amperometric sensing abilities of UV-irradiated GA-GO were
demonstrated using a model redox probe [ruthenium(II)
complex] and N-acetylneuraminic acid (NANA). Because of its
photosensitive and redox-active nature, catalytic oxidation of
the ruthenium(II) complex is often used in biodetection,18

photovoltaics, and organic light-emitting diodes.19 NANA is a
carbohydrate moiety found in mammalian cells and is
recognized as the vital marker for tumor malignancy, diabetic
symptoms, and cardiovascular disease, as reviewed elsewhere in
the literature.20 The UV-irradiated GA-GO electrode was
modified by physicosorption through drop casting of an
enzyme NANA aldolase to detect free NANA. Comparative
analyses of the structural, optical, and electrochemical proper-

ties may help to gain insight into biofunctionalization of the
GO nanosheets.
Figure 1A depicts the reaction and surface anchoring of GA

on the basal planes and edges of a GO nanosheet. Chemically
reactive oxygen groups at the edges and basal planes of GO
may mediate multiple reactions with an amine group of GA
such as amidation via covalent reaction with the carboxylic
group of GO. Furthermore, the presence of epoxy groups on
the basal planes of GO mediates the ring-opening reaction
through nucleophilic attack at the α-carbon by the amine
group21 of GA. This favors the chemical anchoring of GA on
GO sheets. The chemical structures of oxygenated functional
groups of GO and its chemical bonding with the −NH2 group
of GA (before and after UV irradiation) are shown in Figure S4
in the Supporting Information (SI). The surface modification of
GO sheets by GA is studied by atomic force microscopy

Figure 1. (A) Schematic illustration of GA anchoring on the surface of a GO nanosheet (cyan, carbon in GO; gray, carbon in GA; red, oxygen;
white, hydrogen; blue, nitrogen). (B) AFM images. (C) UV−vis absorbance spectra.

Figure 2. (A) Attenuated total reflectance FT-IR spectra. The GA spectrum with assigned functional groups is coherent with the reported
literature.16 1H NMR spectra of GO (B) and GA-GO nanosheets (C). The asterisk denotes the C-2 proton of GA associated with the epoxide ring-
opening reaction.

ACS Applied Materials & Interfaces Letter

DOI: 10.1021/acsami.5b00608
ACS Appl. Mater. Interfaces 2015, 7, 14552−14556

14553

http://dx.doi.org/10.1021/acsami.5b00608


(AFM) and UV−vis, FT-IR, Raman, and NMR spectroscopies.
The AFM images show the sheetlike structures with sharp
edges in the GO (Figure 1B, top). The successful anchoring of
GA on the surface of GO nanosheets can be observed by the
bright spots ascribed to the clusters of GA molecules (Figure
1B, bottom). Cross-sectional analysis further supported the
morphological information by the change observed by AFM in
the layer thickness (Figure S1 in the SI). The UV−vis spectra in
Figure 1C show that the surface modification of GO with GA
results in a slightly broadened absorption peak centered at 235
nm, corresponding to the π→ π* transition of the aromatic C−
C bonds.22

The FT-IR spectra in Figure 2A show that GA anchoring on
the surface of GO nanosheets yields noticeable structural
changes to the final material such as the appearance of a new
peak at 1521 cm−1 attributed to a secondary amine NH bend.23

As expected, the reaction between the −NH2 group of GA and
the carboxylic group of GO results in a peak shift and
broadening of CO (carboxylic acid) bending vibrations
located at 1730 cm−1. The short peak at 874 cm−1 and the
shoulder at 1090 cm−1 are ascribed to a C−H out-of-plane
bend23 and a secondary OH group of GA, respectively.
Weakened epoxy group signals at 1180 and 1255 cm−1 and the
formation of a broad peak centered at 1368 cm−1 associated
with a tertiary OH group are signs of a probable ring-opening
reaction between the epoxy group at the basal planes of GO
and the −NH2 group of GA.
The chemical reactivity of GO nanosheets strongly depends

on the surface coverage of the oxygen groups.3 Anchoring of
GA on GO nanosheets modified the 1H NMR shifts of
characteristic functional groups in GO including COOH to
CONH (Figure 2C). The reduction of the OH signal of GO
and the appearance of new characteristic peaks at 3.1, 2.9, and
2.8 ppm also indicate the anchoring of GA molecules on the
surface of GO.
Raman spectroscopy was used to elucidate the structural

integrity between GO and GA-GO. It is known that Raman
spectra of carbon materials exhibit a G band at ∼1580 cm−1

corresponding to the optical mode vibration of two neighboring
carbon atoms and a D band at ∼1350 cm−1 corresponding to
defects in graphene.24 Changes in the position, shape, and
intensity of these bands indicate functionalization and/or
topological distortion on the graphitic layers. For instance, a
shift of the G-band peak position from a lower wavenumber to
a higher wavenumber indicates the oxidation of graphite, and
the existence of a D band indicates the formation of local
defects and disorder in the graphitic layers.14

In Figure 3, pristine GO exhibits a G band at 1596 cm−1 that
is blue-shifted from the inherent G peak (∼1580 cm−1)21 of the
carbon lattice, revealing the oxygenation of graphite and
formation of sp3 carbon atoms. The D band in pristine GO at
1356 cm−1 indicates the reduction of in-plane sp2 regions
mediated by the formation of distortions, vacancies, and defects
during oxidation. In the case of UV-irradiated GO, the G band
is shifted toward a lower wavenumber (1592 cm−1) because of
the regraphitization that results in the formation of more sp2

carbon atoms. The ratio of the intensities of the D and G bands
(ID/IG) are shown in Figure 3 (bottom). The ID/IG ratio is
inversely proportional to the in-plane sp2 graphitic domains.24

Herein, a decrease in the intensity ratio ID/IG from 0.81 to 0.75
indicates that UV irradiation has altered the surface chemistry
of GO by forming large sp2 domains, which agrees well with the
X-ray photoelectron spectroscopy (XPS) results (Figures S3

and S5 in the SI). A similar trend was reported by Matsumoto
et al., where the ID/IG ratio decreases from 1.12 to 1.02 and
1.03 after 2 h of photoreduction of GO in H2 and N2,
respectively.14 It is worth mentioning that, in addition to the
functional groups of the sample, the duration of UV irradiation,
wavelength/intensity of the source, and distance between the
source and sample are important parameters influencing the
structural variations and ID/IG ratio. In this study, an UV
irradiation lamp with a short wavelength of ∼254 nm and a
preset energy of 10 μJ/cm2 is used for 30 min in ambient
conditions. GA anchoring on GO shifted the G-band position
to 1599 cm−1 and increased the peak intensity of the D band at
1358 cm−1. The ID/IG ratios of GA-GO and UV-irradiated GA-
GO were found to be 0.83 and 0.79, respectively. These results
suggest that GA anchoring has promoted the formation of new
sp3 domains on the GO lattice via C−N bonding. Further, the
UV irradiation process resulted in alteration of the residual
oxygen groups and thereby mediated large sp2 domains through
photoreduction. Such modified sp2/sp3 domains on the GO
lattice structures possess chemical compositions useful for
enhancing the optical and electrochemical properties discussed
in the following sections.
Chemical treatment and photoirradiation on GO modified

the oxygen-containing functional groups, which resulted in
modulation of the PL property.4,25 Figure 4A shows the broad
visible PL peak from GO centered at ∼725 nm, using an
excitation wavelength of 514 nm, in agreement with an earlier
study.26 GA anchoring on the surface of GO resulted in a red
shift of ∼25 nm, related to the new sp3 domains on the graphite
lattice formed by the functional groups of GA. Upon UV
irradiation, both GO and GA-GO nanosheets show significant
decreases in their emission peak intensity. However, GO
exhibits a red shift at 730 nm, whereas GA-GO exhibits a blue
shift at 740 nm. The quenching of the PL from UV-irradiated
GO and GA-GO nanosheets might be related to the removal of
oxygen functional groups and the restoration of additional sp2

Figure 3. Top: Raman spectra of GO [(a) before and (a′) after UV]
and GA-GO [(b) before and (b′) after UV] nanosheets. The
experimental data curve and Gaussian fitting curves are shown in black
and orange, respectively. Bottom: Peak positions of the D and G bands
and ID/IG ratios obtained after a Gaussian fit.
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clusters in the GO sheets. Because of the distinct chemical
composition of GA-GO, UV irradiation activated a larger
amount of sp2 clusters than sp3 clusters on the surface of
pristine GA-GO. The variation in the sp2/sp3 configuration
caused a change in the carrier confinement of UV-irradiated
GA-GO, resulting in a noticeable quenching of the PL
compared to UV-treated GO. This is supported by the results
of FT-IR (Figure 2A), 1H NMR (Figure 2B), Raman (Figure
3), and XPS (Figures S3, S5, and S6 in the SI) studies.
To demonstrate the functional properties derived from GA

anchoring and UV irradiation on a GO lattice, a prototype
electrode was constructed using a customized gold-printed
circuit board (Au-PCB) chip. Au-PCB electrodes modified with
pristine GO, UV-irradiated GO, GA-GO, and UV-irradiated
GA-GO were used for electrochemical measurements. Figure
4B shows the cyclic voltammograms obtained for 5 mM
[Ru(bpy)3]

2+ in 10 mM PBS (pH 7.4) with the four different
electrodes. The pristine GO electrode showed an oxidation
peak current of 10.7 μA/cm2 for [Ru(bpy)3]

2+. Anchoring of
GA on GO nanosheets increased the oxidation peak current to
15.7 μA/cm2 (curve b). This enhanced electronic property of
GA-GO is most probably associated with the configuration of
the C−N bond on the lattice, which provides the new sp3 and
sp2 domains, lattice orientation, and its derived electroactive
charge carriers. Because nitrogen has a larger electronegativity
than carbon, electrons transfer from the carbon atoms to the
nitrogen atoms and nitrogen back-donates electrons to adjacent
C pz orbitals. The electron donation and back-donation process

facilitates O2 dissociation on the neighboring carbon atoms.27

Therefore, nitrogen species located at the edges and basal
planes of the GO layers can easily contribute to the electron
transfer through the carbon surface with high current density.28

For instance, nitrogen-doped graphene from solvothermal
synthesis27 and plasma treatement29 was found to facilitate
the oxygen reduction reaction. Nitrogen doping also increases
the atomic charge density and introduces asymmetry into the
spin density on the graphene network,30 which may help charge
transfer from the carbon support to the adsorbing molecules
and lead to an enhanced electrooxidation of [Ru(bpy)3]

2+. The
UV-irradiated GA-GO electrode shows an increased peak
current associated with lower oxidation peak potential (b′: 800
mV), indicating a better electron-transfer process than that of
the UV-irradiated GO electrode (a′: 870 mV) toward the
oxidation of [Ru(bpy)3]

2+. This enhanced redox behavior may
be due to the incorporation of nitrogen atoms of GA molecules
on the graphitic plane. The UV-irradiated GO and GA-GO
electrodes significantly increased the peak current densities for
the oxidation of [Ru(bpy)3]

2+ such as 32.4 and 36.9 μA/cm2,
respectively. As discussed previously, UV irradiation induced
the restoration of sp2 clusters through the removal of residual
oxygen groups on the basal planes and edges,14 which, in turn,
activated the charge carriers for rapid electron transfer. Figure
S4 in the SI shows the chemical structure of UV-irradiated GA-
GO, denoting the chemical bonding between the −NH2 group
of GA and the oxygenated functional groups of GO. Enhanced
voltammetric behavior of GA-anchored GO is expected to have
potential applications in the development of metal-free
electrocatalysts, molecular sensing, and fuel cells.
Herein, the electrochemical sensing ability of the UV-

irradiated GA-GO electrode was evaluated using an enzyme
NANA aldolase, which catalyzes the following reversible
reaction.

‐

↔ ‐ +

N

N

acetylneuraminic acid

acetylmannosamine pyruvate

The presence of NANA aldolase enzyme on the electrode
surface readily oxidizes free NANA and hence supplies
electrons to the electrode. Figure 4C shows the calibration
curves obtained from the amperometric response of the
electrodes to different concentrations of NANA. The UV-
irradiated GA-GO/NANA aldolase electrode exhibits a
significant enhancement in the amperometric current with
different concentrations of NANA, which is superior to the
other electrodes. This could be ascribed to the distinct surface
chemistry obtained from the anchoring of GA on GO
nanosheets.
In summary, a new biofunctionalization strategy using a

biological amino sugar GA to enhance the voltammetric and
amperometric sensing ability of GO nanosheets was developed.
Chemically anchored GA formed new sp3 domains on the GO
lattice, which is beneficial for enhancing the PL properties. UV
irradiation on GO and GA-GO alters the surface chemistry and
offers new approaches for optimizing the electronic state. The
UV-irradiated GA-GO electrode exhibited an increased
oxidation current for [Ru(bpy)3]

2+ and characteristic ampero-
metric response to free NANA in a concentration dependence,
which is superior to that of pristine GO, UV-irradiated GO, and
pristine GA-GO electrodes. Studies on the effect of UV
irradiation on other nitrogen-containing biomolecules on GO
are in progress.

Figure 4. (A) PL spectra of GO-based materials: (a) pristine GO; (a′)
UV-irradiated GO; (b) GA-GO; (b′) UV-irradiated GA-GO. (B)
Cyclic voltammetry of different electrodes in 5 mM [Ru(bpy)3]

2+

containing a 10 mM phosphate-buffered saline (PBS) solution (pH
7.4), at a scan rate of 50 mV/s. (C) Calibration curve fit illustrating the
amperometric current of different electrodes modified with NANA
aldolase against various concentrations of free NANA in PBS (10 mM,
pH 7.4), at an applied bias of +0.7 V. Each data point represents the
average of three independent measurements at different electrodes,
and error bars represent the standard deviation of the mean. The
current sensitivities measured as the slope of the plot were 1.82, 2.52,
3.23, and 5.24 μA/mM for GO, UV-irradiated GO, GA-GO, and UV-
irradiated GA-GO modified electrodes, respectively. (D) Digital photo
of the Au-PCB chip and an illustration depicting the electrode
configuration (RE = reference electrode, CE = counter electrode, and
WE = working electrode).
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