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Abstract In this work, 4-mercaptophenyl boronic
acid (4-MPBA) was self-assembled on the surface of
silver nanoparticle-embedded silica-coated graphene
oxide (GO@SiO,@Ag NPs@MPBA) to detect glucose
by surface enhanced Raman scattering (SERS). The
SERS intensity of 4-MPBA on the GO@SiO.@Ag NPs
was 2.2-fold greater than that of GO@Ag NPs. More-
over, silica-coated GO exhibited lower background
signals compared to GO. The SERS intensity of GO@
Si0,@Ag NPs@MPBA peaked at 1 mM 4-MPBA.
pH-dependent behavior of 4-MPBA on the GO@SiO;
@Ag NPs was investigated; the highest SERS signal
intensity was detected at pH 3. The binding of glucose
to 4-MPBA-incorporated GO@SiO,@Ag NPs incre-
ased the SERS signals at both 1,072 and 1,588 cm™.
The linear range was estimated from 2 to 20 mM glu-
cose. These results provide insight into detection of
glucose and the development of SERS-based biosen-
sors using graphene oxide.
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Introduction

Monitoring of glucose concentration is important in the
care of diabetes'”. Various methods for glucose detec-
tion have been reported, including colorimetric detec-
tion®'2, electrochemical detection'* ", fluorescence de-
tection'®'® and Raman spectroscopy'®**. Compared to
these techniques, surface-enhanced Raman scattering
(SERS) has several advantages, such as ultrahigh sen-
sitivity, selectivity and in vivo application™ . Howev-
er, the low affinity of glucose for bare metal surfaces
and the low Raman scattering cross-section of polar-
izability of glucose limits detection by SERS'***?7_ To
achieve a high affinity and selectivity for glucose, a
broad range of boronic acid-based Raman reporters
have been synthesized to capture glucose selectively
on the substrate'**!'2*3'. Most of these studies focused
on the specific binding of glucose to the boronic acid
motif in 4-mercaptophenyl boronic acid (4-MPBA),
which resulted in a significant increase in the absolute
intensity of the SERS signal of MPBA due to an orien-
tation change and the charge transfer effect. An active
SERS substrate composed of a silver nanorod with a
4-MPBA monolayer was reported for quantitative de-
tection of glucose'. However, the preparation of silver
nanorods by physical vapor deposition can be compli-
cated and can limit their applications. The SERS be-
haviors of 4-MPBA incorporated on assembled Ag NPs
in various media, which may lead to the properties of
the functional molecules being different from those in
a solution, were also reportedzo. It was demonstrated
that the association of OH™ with MPBA might lead to
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the self-condensation of MPBA to form an anhydride,
which may, in turn, affect the binding of glucose thro-
ugh the formation of esters. Also, a properly designed
SERS detection strategy was proposed to eliminate
the spectral interference from the similarity between
the SERS spectra of D-glucose-associated MPBA and
OH -associated MPBA species. However, calculation
of the peak area was complicated and the linear range
of glucose concentration was limited.

Graphene and graphene oxide (GO) are promising
SERS substrates due to their ability to generate strong
chemical enhancement***, Compared with graphene,
GO can be produced at a high yield and low cost,
which facilitates its practical application®”*’. However,
the chemical enhancement of GO itself displays low
sensitivity. To overcome this issue, composites that
combine the advantages of GO with the high electro-
magnetic enhancement of gold or silver nanoparticles
(Au or Ag NPs) have been developed for SERS detec-
tion**>*. Metal NPs were deposited on the surface of
GO at sites of oxygen-containing functional groups,
such as carbonyl and hydroxyl groups>°. Two-com-
ponent graphene-metals as SERS substrates have also
been reported, but few have evaluated ternary compo-
nent hybrids for SERS analysis, which may have addi-
tional advantages, such as higher sensitivity, easy sep-
aration, and a concentration effect. Recently, we de-
veloped a novel hybrid silver nanoparticle-embedded
thin silica-coated GO structure (GO@SiO>@Ag NPs),
which enhances the SERS signal, as a SERS substrate.

In this study, 4-MPBA was incorporated on the sur-
face of GO@SiO,@Ag NPs (GO@SiO,@Ag NPs@
MPBA) to detect glucose by SERS. The SERS inten-
sity of 4-MPBA on GO@Si0,@Ag NPs and GO@Ag
NPs was compared. The optimal conditions in terms
of generating the maximum SERS signal intensity of
GO@SiO,@Ag NPs@MPBA were determined. More-
over, the pH-dependent behavior of 4-MPBA on GO@
SiO,@Ag NPs was investigated, and the ability of
GO@SiO,@Ag NPs@MPBA to detect glucose was
evaluated.

Results and Discussion

Preparation of Ag NPs-embedded Silica-coated GO

4-Mercaptophenylboronic acid (4-MPBA) incorporat-
ed Ag NPs-embedded silica-coated GO (GO@SiO,@
Ag NPs@MPBA) was prepared for detection of glu-
cose, as shown in Figure 1a). Ag NPs-embedded silica-
coated GO (GO@SiO,@Ag NPs) was prepared using
the method reported by our group (see Supporting Fig-
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Figure 1. (a) Structure of silver nanoparticle-embedded sili-
ca-coated graphene oxide (GO@SiO,@Ag NPs) and (b) TEM
images of graphene oxide (GO) and GO@SiO,@Ag NPs.

ure). Briefly, first, GO@SiO; was prepared by coating
a thin silica shell on the surface of GO through physi-
cal adsorption of sodium silicate (see Supporting Fig-
ure S1)°’. GO@SiO; was functionalized with thiol
groups, which have strong affinity for Ag, using 3-
mercaptopropyl trimethoxysilane (MPTS). Then, Ag
NPs were embedded on the surface of the thiolated
GO @Si0;. Here, GO@Si0; was used as a carrier tem-
plate to enhance the SERS. Finally, GO@SiO.@Ag
NPs was incubated with 1 mM 4-MPBA to incorporate
4-MPBA on its surface by means of the affinity of thi-
ol groups for silver.

Figure 1b shows TEM images of GO and GO@SiO;
@Ag NPs. Due to agglomeration of GO sheets™®, GO
was wrinkled and transparent. After coating with a thin
layer of silica and embedding of Ag NPs, the surface of
GO@SiO,@Ag NPs was fully covered with Ag NPs.

To confirm the presence of a silica layer on the sur-
face of GO, energy-dispersive X-ray spectroscopy
(EDS) of sodium silicate-coated GO and thiolated
GO@Si0O; was performed (Figure S2). The atomic
composition of sodium silicate-coated GO was 5.5%,
62.0%, 25.3% and 7.2% C, O, Si, Na, respectively
(Figure S2a). After deposition of MPTS on GO, the
C and Si contents increased to 8.0% and 30.9% while
that of O decreased slightly to 58.3% (Figure S2b). The
presence of 0.3% S confirmed the successful deposi-
tion of MPTS on GO@SiO;.
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Figure 2. SERS spectra of (a) GO@SiO,@Ag NPs and (b)
GO@Ag NPs in EtOH solution with and without 1 mM 4-mer-
captophenylboronic acid (4-MPBA). GO concentration was
1 mg/mL, laser power was 10 mW, wavelength was 532 nm,
integration time was 5 s, and laser spot size was 2 um.

SERS Activity of GO@SiO,@Ag NPs toward
4-mercaptophenylboronic Acid

The SERS activity of GO@SiO,@Ag NPs was in-
vestigated using 4-mercaptophenylboronic acid (4-
MPBA) as a SERS substrate. The boronic acid group
of 4-MPBA exhibits a strong and selective affinity for
glucose, and the specific binding of glucose to the bo-
ronic acid in 4-MPBA resulted in a significant increase
in the absolute intensity of the SERS signal of MPBA
due to an orientation change and the charge transfer ef-
fect'”. In addition, the benzene ring containing a thiol
group facilitated assembly on the surface of Ag NPs and
functioned as a Raman reporter to determine the SERS
signal. The Raman signals were recorded using a mi-
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Figure 3. SERS spectra of GO@SiO,@Ag NPs with 4-MPBA
concentrations of 1 X107 to 1x 1077 M in EtOH solution.
Laser power was 10 mW, wavelength was 532 nm, integration
time was 5 s, and laser spot size was 2 pm.

cro Raman system in a capillary tube. Figure 3 shows
the SERS spectra of GO@Ag NPs in EtOH solution
in the presence and absence of 1 mM 4-MPBA. In the
absence of 4-MPBA, typical broad peaks at ~1,342
cm™! and 1,595 cm™!, which corresponded to the D
and G peaks, respectively, were evident in GO@Ag
NPs**?_In the presence of | mM 4-MPBA, GO@Ag
NPs showed the typical Raman spectrum of 4-MPBA
with dominant peaks at ~1,073 and ~1,584%081 The
peak at 1,073 cm™! was attributed to ring C-C bending
and C-S stretching and the peak at 1,584 cm™ was as-
signed to ring C-C stretching®®. The SERS spectrum of
GO@SiO,@Ag NPs in EtOH solution in the presence
of 1 mM 4-MPBA was similar to that of GO@Ag NPs.
However, the D and G peaks of GO at ~1,342 cm ! and
1,595 cm™ were unclear due to the silica layer coating.
Also, the peaks at 1,073 and 1,584 cm™! were shifted
to 1,077 and 1,587 cm™!, respectively. Interestingly, the
SERS intensity of GO@SiO.@Ag NPs in the absence
of 4-MPBA was dramatically decreased compared to
that of GO@Ag. This indicated that the silica coating
reduced the background signals from GO and enhanc-
es the limit of detection. Also, the SERS signal of the
GO@SiO,@Ag NPs at 1,077 cm ! was ~1,069£265
cps with 1 mM 4-MPBA, and was 1.8-fold greater
than that of GO@Ag NPs (597 £ 54 cps). Similarly, the
SERS intensity of GO@SiO,@Ag NPs at 1,588 cm™
was 2.2-fold greater than that of GO@Ag NPs (726 +
75 cps). This is due to the effect of the average size
and density of Ag NPs on the surface of GO or GO@
Si0,. That is, Ag NPs on thin-silica-coated GO have
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a higher density than those on non-silica-coated GO.
Furthermore, the thin silica shell allowed 4-MPBA to
close to the GO@SiO,@Ag NPs, which enhanced the
SERS signal both from Ag NPs to Ag NPs and from
Ag NPs to the GO platform®.

The SERS intensity of GO@SiO,@Ag NPs was next
examined in the presence of various concentrations of
4-MPBA. The SERS signals at 1 X 107 - 1x 1077 M4-
MPBA confirmed that the SERS intensity of GO@
SiO,@Ag NPs increased with 4-MPBA concentration
and peaked at 1 X 107> M 4-MPBA. In particular, the
intensities of the Raman bands at 1,077 and 1,584 cm™
increased dramatically with 4-MPBA concentration.

Glucose Detection Using 4-MPBA Incorporated
GO@SiO,@Ag NPs

Optimal Conditions for Glucose Detection

Before application of GO@SiO.@Ag NPs@MPBA to
the detection of glucose, several influencing factors
were considered, including the pH of the sensing sys-
tem and incubation time. The boronic acid group in
4-MPBA is sensitive to the pH value and affected the
tilted orientation of the 4-MPBA molecules adsorbed
on the surface of GO@SiO,@Ag NPs. The SERS spec-
tra of MPBA molecules on the Ag NPs were examined
in solutions with different pH values. To prevent the
formation of boronic acid anhydride from self-conden-
sation of 4-MPBA under basic conditions®’, the pH
value of the solution was controlled in the range pH
1.0 to 9.0 (Figure 4 and Figure S3-S8). In the absence
of glucose, the SERS intensity of the CC stretching
at ~1,587 cm™! and the CCC bending at ~1,073 cm™!
increased from pH 1.0 to pH 3.0 and decreased at
higher pH values. However, the pH value exerted a
significant effect on the Raman shift. At pH <1.0, CC
stretching was located at 1,588 cm™' (Figure S3), in-
dicating that 4-MPBA remained in the original form
with a B atom with sp>-hybridization. At pH >5.0, a
new band at 1,573 cm™" appeared due to the presence
of OH™ will converse the original 4-MPBA (-B(OH>))
to an OH -associated 4-MPBA form (-B(OH);"). Sim-
ilar pH-dependent behavior of the CC stretching mode
has been reported for 4-MPBA-assembled Ag NPs'.
Also, the intensity of in-plane CH and CCC bending
modes at 1,021 and 988 cm™" became distinct and
stronger at pH 3.0. The intensities of these two bands
decreased at pH values >3.0. The out-of-plane modes
of CCC bending and CH bending at 752 cm™" and 473
cm™! increased in intensity moderately. Similarly, the
out-of-plane modes of CCC and CH bending weakened
at pH >3.0. In the presence of glucose, the SERS in-
tensity increased and peaked at pH 3.0. pH >3.0 led
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Figure 4. (a) SERS spectra of 4-MPBA incorporated GO@
SiO,@Ag NPs in the presence of 5 mM glucose at various pH
values. SERS intensities were at (b) 1,073 cm™ and (c) 1,588
cm™' of 4-MPBA incorporated GO@Si0,@Ag NPs in the
absence and presence of 5 mM glucose at various pH values.
Incubation time was fixed at 30 min.
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to a decrease in SERS intensity. Under acidic condi-
tions, the Raman shifts were non-significantly changed
compared with those in the absence of glucose. At pH
>3, the CC stretching mode at 1,586 cm™ (original
4-MPBA) was shifted to 1,584 cm™ in the presence of
glucose. In contrast, the intensity of the Raman peak at
1,573 cm™ (OH™ associated 4-MPBA) decreased, lead-
ing the relative intensity of 1,584 and 1,573 cm™! to in-
crease. For example, the relative intensity of 1,584 and
1,573 cm™ at pH 5.0 was 1.92 but it increased to 2.74
atpH 7.0.

The effect of incubation time from 10 to 120 min was
also examined (Figure S9). After 10 min, the SERS in-
tensity stabilized. Further increases in incubation time
did not affect on the SERS intensity significantly, indi-
cating that glucose required a short period to bind with
4-MPBA on the surface of @GO@SiO,@Ag NPs@
MPBA.

Glucose Detection of 4-MPBA Incorporated
GO@SiO@Ag NPs

4-MPBA incorporated GO@SiO,@Ag NPs was used
as an active SERS substrate under the optimal condi-
tions for detection of glucose in PBS. The 4-MPBA
incorporated GO@SiO,@Ag NPs were mixed with
various concentrations of glucose and the sensing abil-
ity evaluated (Figure 5). Since glucose has a low affin-
ity for silver and low Raman scattering cross-section
of polarizability of glucose, it did not yield any peaks.
The strong SERS signals shown in Figure 5 belong to
4-MPBA. However, the SERS intensity of 4-MPBA
on the surface of GO@SiO,@Ag NPs increased with
increasing glucose concentration in the range 2 X 107 -
20 X 107 M. This result confirmed that GO@SiO,@Ag
NPs@MPBA can be used as a substrate to detect glu-
cose. Specifically, the intensities of the Raman bands
at 1,072 and 1,588 cm™' increased as the glucose con-
centration increased. Figure 5b shows the correlation
between peak intensity and glucose concentration. The
linear range of glucose concentration from 2 to 20 mM
indicates that our material is sufficiently sensitive for
detecting glucose in blood.

Conclusions

In summary, 4-mercaptophenylboronic acid-assembled
silver NP-assembled silica-coated graphene oxide (GO
@Si0,@Ag NPs) was prepared by introducing 4-
MPBA onto the Ag NPs of silica-coated graphene ox-
ide. This was used to assay glucose based on the af-
finity of boronic acid group and glucose. The SERS
intensity of 4-MPBA on GO@SiO,@Ag NPs was 2.2-
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Figure 5. (a) SERS spectra and (b) calibration curves of GO@
SiO,@Ag NPs according to glucose concentration in PBS buf-
fer (pH 3.0). Incubation time was fixed at 10 min.

fold greater than that of GO@Ag NPs. Interestingly,
silica-coated GO exhibited lower background signals
compared to GO. The SERS intensity of GO@SiO,@
Ag NPs@MPBA peaked at | mM 4-MPBA. The pH-
dependent behavior of 4-MPBA on GO@SiO,@Ag
NPs was also investigated. The binding of glucose to
4-MPBA incorporated GO@SiO,@Ag NPs increased
the intensity of the SERS signals at 1,072 and 1,588
cm™'. The linear range was estimated to be from 2 to
20 mM glucose. These results provide new insight
into the development of SERS-based biosensors using
graphene oxide as a substrate.

Materials and Methods

Tetraethylorthosilicate (TEOS), 3-mercaptopropyl tri-
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methoxysilane (MPTS), ethylene glycol (EG), silver
nitrate (AgNOs3, 99.99%), octylamine (OA), sodium
silicate solution, D-glucose and 4-mercaptophenylbo-
ronic acid (4-MPBA) were purchased from Sigma-Al-
drich (St. Louis, MO, USA) and used without further
purification. Nano graphene oxide (GO) was purchased
from Graphene Supermarket (Calverton, New York,
USA). Ethyl alcohol and aqueous ammonium hydrox-
ide (NH4OH, 27%) were purchased from Daejung (Si-
heung, Korea).

Preparation of Silver Nanoparticle-embedded Silica
Coated Graphene Oxide (GO@SiO,@Ag NPs)

GO (6 mg) was dispersed into 15 mL water, and 15 pL.
sodium silicate solution (0.036 wt%) was added and
stirred vigorously for 12 h at 25°C. Silica-coated GO
was centrifuged at 12000 X g for 30 min and washed
several times with ethanol. GO@SiO> (3 mg) was dis-
persed into 10 mL EtOH. Then, 10 uL of MPTS and 40
puL of NH4OH were added to the solution and stirred
vigorously for 6 h at 25°C. GO@SiO; was obtained
by centrifugation at 12000 X g for 30 min and washed
several times with ethanol. Ag NPs were introduced
to the surface of GO@SiO» by a method developed in
our laboratory with some modifications®*®. Briefly,
GO@Si0; (2 mg) was first dissolved in 10 mL EG, and
10 mL AgNOs solution (1 mg/mL in EG) was added to
GO@SiO:; solution and mixed thoroughly. Octylamine
(41.3 L) was added and the resulting suspension was
stirred for 6 h at 25°C. The particles were centrifuged
at 5000 X g for 15 min and washed several times with
ethanol. For comparison, GO without a silica coating
was used as a control. Ag NPs were introduced onto
the surface of GO using the aforementioned procedure.
Silver nanoparticle-embedded graphene oxide was
termed GO@Ag NP.

Incorporation of 4-mercaptophenylboronic Acid
(4-MPBA) in GO@SiO,@Ag NPs

4-MPBA in EtOH (1 mM; 1 mL) was added to 1 mg of
GO@SiO,@Ag NPs or GO@Ag NPs. The suspension
was incubated for 1 h at 25°C. The colloids were then
centrifuged and washed five times with EtOH. The
materials were redispersed in EtOH to obtain 4-MPBA-
incorporated GO@SiO,@Ag or 4-MPBA-incorporated
GO@Ag solution (1 mg/mL).

Glucose Detection Using GO@SiO,@Ag NPs@MPBA

In general, glucose in 10 mM PBS buffer (pH 3.0) con-
taining 1 mg/mL PVP was added to GO@SiO,@Ag@
MPBA and incubated for 30 min at 25°C. This solution
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was assayed using a micro-Raman system (LabRam
300, JY-Horiba, Tokyo, Japan).

SERS Measurement

To evaluate their sensitivity, the synthesized SERS
materials were transferred into capillary tubes and as-
sayed by a micro-Raman system (LabRam 300, JY-
Horiba, Tokyo, Japan) equipped with an optical mi-
croscope (BX41, Olympus, Japan). The SERS signals
were collected in a back-scattering geometry using a
X 10 objective lens (0.90 NA, Olympus, Japan) and
detected by a spectrometer equipped with a thermo-
electric-cooled CCD detector. As a photo-excitation
source, a 532 nm diode-pumped solid-state laser (CL
532-100-S, Crystalaser, USA) was used with a laser
power of 10 mW at the sample. The strong Rayleigh
scattered light was rejected using a long-pass filter. Se-
lected sites were measured randomly, and all SERS dot
spectra were integrated for 5 s.
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Figure S1. Fabrication process of silver nanoparticles embedded silica coated graphene oxide (GO@SiO,@Ag NPs).
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Figure S2. EDX data of (a) sodium silicate coated graphene oxide and 3-mercaptopropyl trimethoxysilane coated graphene oxide
(GO@Si0y).
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Figure S3. SERS intensity of 4-MPBA incorporated GO@SiO,@Ag NPs in PBS at various pH solution in the absence of 5 mM
glucose. GO concentration was 1 mg/mL, laser power was 10 mW, wavelength was 532 nm, integration time was 5 s, and laser spot

was 2 um.
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Figure S4. SERS intensity of 4-MPBA incorporated GO@
SiO2@Ag NPs in PBS pH 1.0 in the absence and presence of 5
mM glucose. GO concentration was 1 mg/mL, laser power was
10 mW, wavelength was 532 nm, integration time was 5 s, and
laser spot was 2 um.
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Figure S5. SERS intensity of 4-MPBA incorporated GO@
SiO,@Ag NPs in PBS pH 3.0 in the absence and presence of 5
mM glucose. GO concentration was 1 mg/mL, laser power was
10 mW, wavelength was 532 nm, integration time was 5 s, and
laser spot was 2 um.



56
2400 - — 0mM
—— 5mM
2000 -
B
2. 1600
2 1200 +
5
E 800
a2
400
0 -
T T T

LI — — L — T
2000 1800 1600 1400 1200 1000 800 600 400
Raman shift (cm™)

Figure S6. SERS intensity of 4-MPBA incorporated GO@
SiO>@Ag NPs in PBS pH 5.0 in the absence and presence of 5
mM glucose. GO concentration was 1 mg/mL, laser power was
10 mW, wavelength was 532 nm, integration time was 5 s, and
laser spot was 2 um.

2400 A — 0mM
j — 5mM
2000 A
E
\2/* 1600
‘D
5
z 1200 A
= |
E 800 A
~ ]
- —_JJ;—V\JAI\____A—Q_AA
04
T T T v T T T

— T T T —T—
2000 1800 1600 1400 1200 1000 800 600 400

Raman shift (cm™)

Figure S7. SERS intensity of 4-MPBA incorporated GO@
SiO2@Ag NPs in PBS pH 7.0 in the absence and presence of 5
mM glucose. GO concentration was 1 mg/mL, laser power was
10 mW, wavelength was 532 nm, integration time was 5 s, and
laser spot was 2 um.
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Figure S8. SERS intensity of 4-MPBA incorporated GO@
SiO2@Ag NPs in PBS pH 9.0 in the absence and presence of 5
mM glucose. GO concentration was 1 mg/mL, laser power was
10 mW, wavelength was 532 nm, integration time was 5 s, and
laser spot was 2 pm.
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Figure S9. SERS spectra of 4-MPBA incorporated GO@
Si0,@Ag NPs in the presence of SmM glucose in pH 3.0 at
various incubation times: 0, 10, 20, 30, 60, 120 mins.



