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a b s t r a c t
We ﬁrst report on the synthesis of graphene oxide-wrapped TiO2 nanoparticles (GO-TiO2 NPs) as
a self-adhesive photocatalyst for UV-activated colorimetric oxygen detection. Methylene blue (MB),
a redox dye for colorimetric oxygen indication, strongly adsorbed onto GO-TiO2 NPs by both electrostatic and – stacking interactions. The chemical attraction between GO and MB signiﬁcantly
decreased dye leakage, which is a serious problem of colorimetric oxygen indicators; MB leaching from
GO-TiO2 -based ﬁlm was ﬁvefold lower than that from conventional TiO2 -based ﬁlm. This novel MB/GOTiO2 /glycerol/hydroxyethyl cellulose ﬁlm was successfully bleached by UV irradiation, and it regained
its blue color rapidly in the presence of oxygen, demonstrating its useful functionality as a UV-activated
colorimetric oxygen indicator.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Oxygen detection is essential in medical, environmental, and
food application ﬁelds because oxygen is a vital element for life,
involved in a wide range of chemical/biochemical reactions [1–3].
While traditional oxygen sensing methods (e.g., electrochemical
sensing, chromatographic analysis) require expensive instruments
and/or trained operators, colorimetric oxygen sensors are inexpensive and simple. They allow oxygen to be detected even with
the naked eye. Such oxygen indicators have received great attention especially in food packaging because oxygen is closely related
to the management of food quality and safety [3]. In particular,
UV-activated colorimetric oxygen indicators have the signiﬁcant
advantages of in-pack activation and irreversibility [4,5]. In addition, they proved to be stable for over 1 year in the dark under
otherwise ambient conditions and thus have a long shelf-life
under ambient conditions in marked contrast to other conventional
oxygen indicators (e.g., Ageless Eye® ) to require storage under
anaerobic conditions [6]. Typically, they are composed of a redox
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dye {e.g., methylene blue (MB)}, a sacriﬁcial electron donor (e.g.,
glycerol), and a UV-absorbing photocatalyst (e.g., TiO2 nanoparticles), which are encapsulated in a polymer ﬁlm {e.g., hydroxyethyl
cellulose (HEC)} [3,6]. The indicator ﬁlm loses its color rapidly
upon exposure to UV light, remains colorless in the absence of
oxygen, and regains its original color with oxygen. When in contact with water contained in food, however, the oxygen indicator
ﬁlm suffers from the migration of redox dyes into food, which is
prohibited under the regulation; it can lead to health problems
[7,8]. Many attempts have been made to address such problems
[9–13]; for example, the use of hydrophobic sulfonated polystyrene
(SPS) as the encapsulating polymer made the ﬁlm highly resistant
to dye leaching, but the MB/TiO2 /glycerol/SPS ﬁlm showed very
slow recovery of the color (5 days in ambient air) because of its
hydrophobic property [9].
Two-dimensional carbon-based nanomaterials such as
graphene (GR) and graphene oxide (GO) have drawn a great
deal of attention because of their unique electrical, optical, and
chemical properties [14,15]. They can also serve as a scaffold for
the synthesis of functional hybrid materials through interactions
with organic and inorganic chemicals [16,17]. For instance, redox
dyes such as MB can be easily adsorbed onto GO sheets through
– stacking interaction between aromatic rings of MB and
sp2 -hybridized carbons of GO, as well as through ionic interaction
between cationic MB and oxygen-containing functional groups
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Fig. 1. Schematic illustration of photobleaching and recovery steps of MB/GO-TiO2 /glycerol/HEC oxygen indicator ﬁlms.

of GO [18–21]. In this study, in order to tackle the dye leakage
problem of UV-activated oxygen sensors, we have employed GOwrapped TiO2 nanoparticles (GO-TiO2 NPs) as the photocatalyst
for the ﬁrst time, as illustrated in Fig. 1.
2. Materials and methods

to adsorb onto GO following a pseudo-second-order kinetic model
[21] – the NPs were separated by centrifugation at 6000 rpm and
washed with deionized water several times. The supernatant of
each washed solution was monitored using a UV–Vis spectrophotometer, and the amount of MB adsorbed onto GO-TiO2 or anatase
TiO2 NPs was calculated using the mass balance of MB.

2.1. Materials

2.4. Preparation of MB/GO-TiO2 /glycerol/HEC ﬁlm

Hexadecylamine (HDA, 90%), potassium chloride (KCl), titanium (IV) isopropoxide, N -(3-trimethoxysilylpropyl) diethylenetriamine, acetic acid, HEC, glycerol, and MB were purchased from
Sigma–Aldrich (St. Louis, MO, USA). GO was synthesized from
graphite powder (Kropfmühl AG, Germany) according to the modiﬁed Hummers method [22].

GO-TiO2 NPs (25 mg) were dispersed in 60 M MB solution
(4 ml) and incubated with continuous stirring for 24 h. Afterwards
the NPs were centrifuged at 6000 rpm and washed to remove
unadsorbed MB and rinsed with deionized water. The washing process was repeated several times until no MB was observed in the
supernatant of the mixture using a UV–Vis spectrophotometer. The
25 mg of MB-adsorbed GO-TiO2 NPs (MB/GO-TiO2 NPs) dispersed
in deionized water (1.2 ml) was mixed with glycerol (20 l) and
5 wt% HEC solution (0.5 ml). This resultant ink mixture (0.1 ml) was
cast on an 18 mm diameter glass cover slip with a drop casting
method, then subjected to drying at 40 ◦ C for 30 min to be MB/GOTiO2 /glycerol/HEC ﬁlm. The formulation of the ink mixture was
derived from the literature [24] and further optimized to have the
best viscosity for drop casting. The ﬁnal oxygen indicator ﬁlm on
the glass was ﬂexible and soft, and not susceptible to cracking.

2.2. Synthesis of GO-TiO2 NPs
GO-wrapped TiO2 nanoparticles were synthesized using a
method modiﬁed from one described in our previous work [23].
Amorphous TiO2 NPs were synthesized by a sol–gel method using
titanium (IV) isopropoxide as a precursor; HDA (5.27 g) was dispersed in ethanol (800 ml) to which 0.1 M KCl (3.2 ml) and titanium
(IV) isopropoxide (17.6 ml) were added. After incubating the mixture at room temperature for 18 h, the synthesized amorphous TiO2
NPs were washed with ethanol several times sufﬁciently. In order
to crystallize them to anatase TiO2 NPs, amorphous TiO2 NPs (0.4 g)
were suspended in a mixture of ethanol (20 ml) and deionized
water (10 ml). After a hydrothermal process at 160 ◦ C for 16 h in a
Teﬂon-lined autoclave, a calcination process was carried out in the
air at 500 ◦ C for 2 h. For wrapping of TiO2 NPs in GO, the anatase TiO2
surface was ﬁrst modiﬁed with amine-functional groups to obtain
a positive surface charge; anatase TiO2 NPs (200 mg) were added
to a mixed solution of N -(3-trimethoxysilylpropyl) diethylenetriamine (0.8 ml), acetic acid (0.8 ml), and deionized water (40 ml).
After being stirred for 4 h, the positively charged anatase TiO2 NPs
were washed by ethanol three times, then mixed with a negatively
charged GO suspension (0.2 mg/ml) with the weight ratio of GO to
TiO2 NPs (0.01) under vigorous stirring. After 1 h, the resultant GOTiO2 NPs were separated by centrifugation and washed thoroughly
with deionized water.
2.3. MB adsorption onto GO-TiO2 NPs
For the comparison of MB adsorption onto GO-TiO2 and anatase
TiO2 NPs, 25 mg of each NP was placed in 60 M MB solution (4 ml).
After 24 h incubation – it was reported to take about 6 h for MB

2.5. Dye leakage test of MB/GO-TiO2 /glycerol/HEC ﬁlm
Twenty-ﬁve milligrams of anatase TiO2 NPs were dispersed in 1.2 ml of MB solution, and then the dispersion was
mixed with glycerol (20 l) and 5 wt% HEC solution (0.5 ml).
The MB/TiO2 /glycerol/HEC ﬁlm was prepared so that it could
have the same amount of MB as the pre-synthesized MB/GOTiO2 /glycerol/HEC ﬁlm. The MB/GO-TiO2 /glycerol/HEC ﬁlm or
MB/TiO2 /glycerol/HEC ﬁlm was immersed in 5 ml of deionized
water, and at 10 min intervals, MB leaching was quantiﬁed by
measuring the absorbance of the supernatant at 665 nm after centrifugation.
2.6. Photobleaching and recovery behaviors of
MB/GO-TiO2 /glycerol/HEC oxygen indicator ﬁlm
The photobleaching reaction of the MB/GO-TiO2 /glycerol/HEC
ﬁlm was carried out under UV irradiation using a CL-1000 UV
cross-linker (UVP, Upland, CA, USA) equipped with ﬁve tubes of
UVA lamps (wavelength: 365 nm) for 1.2 min, and then the irradiation intensity measured using a digital UVX radiometer (UVP,
Upland, CA, USA) was 0.4 mW/cm2 . For the recovery test, the ﬁlm
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Fig. 2. (A) SEM images of GO-TiO2 NPs with different magniﬁcation. The weight ratio of GO in GO-TiO2 NPs was 0.01:1. Scale bar: 200 nm. (B) STEM images of GO-TiO2 NPs.
(C) Energy dispersive X-ray spectroscopy images of GO-TiO2 NPs. Elemental mapping of Ti and C is shown in red and green respectively. (D) X-ray diffraction patterns of
amorphous TiO2 NPs, anatase TiO2 NPs, and GO-TiO2 NPs. (E) UV–Vis spectra of anatase TiO2 NPs and GO-TiO2 NPs. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

was placed in a cell where the oxygen concentration was kept
around 2 or 10% using an automatic gas mixing system (Sehwa
Hightech Co., Bucheon, Korea). For 21% oxygen, ambient air was
used. The oxygen concentration in the gas cell was checked using
an oxygen sensor (CheckPoint II, PBI-Dansensor, Denmark). The relative humidity (RH) in the cell was controlled about 11, 30, or 52%
with saturated salt solutions [25], and the temperature was kept at
10, 20, or 30 ◦ C in a temperature-controlled chamber (TH-ME-025,
Jeiotech, Daejeon, Korea). The relative humidity and temperature
were checked using a 4185 Traceable® Memory Hygrometer/Thermometer (Control Company, Friendswood, TX, USA).
For color change measurement, the diffuse reﬂectance of the
MB/GO-TiO2 /glycerol/HEC ﬁlm was measured using a CM-2600d
portable spectrophotometer (Konica Minolta, Tokyo, Japan) and
expressed in the Kubelka–Munk function [11,26]:

 = f (R∞
)=

 )2
(1 − R∞
= ˛bC

2R∞

 is the percentage reﬂectance relative to a white standard
where R∞
reﬂectance plate; ˛ is the molar absorption coefﬁcient of the dye;
C is its concentration; b is a constant. When plotted against wavelength, this function generates a spectrum similar to the absorbance
spectrum [27].

2.7. Characterization
The morphology and size of NPs were observed using the S4800 ﬁeld emission scanning electron microscope (SEM, Hitachi
Co., Japan) and the JEM-ARM200F Cs-corrected scanning transmission electron microscope (STEM, JEOL Ltd., Japan), which were
operated at 200 kV. Energy dispersive X-ray spectroscopy analysis was performed using the same Cs-corrected STEM. The crystal
structure of TiO2 NPs was determined using a D/Max-RB 12 kW
X-ray diffractometer (XRD, Rigaku Co., Japan) at a scan speed of
6◦ /min, Cu K␣ radiation wavelength of 1.5418 Å. Zeta potentials
of NPs were investigated with Zetasizer Nano ZS (Malvern Ltd.,
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England), and all NPs and GO samples were prepared in a concentration of 0.025 mg/ml. The UV–Vis absorption spectra of TiO2
NPs were observed using a V/650 spectrophotometer (JASCO Inc.,
Japan). For cyclic voltammetry (CV), glassy carbon (GC) electrode as working electrodes was coated with 40 l of the NP
solution (1 mg/ml in ethanol) and connected to a WMPG1000
potentiostat–galvanostat (WonATech, Seoul, Korea) with Ag/AgCl
reference electrode and platinum wire counter electrode. Cyclic
voltammograms were obtained in 0.1 M phosphate buffer (pH 7) at
room temperature at a scan rate of 100 mV/s. For the estimation of
binding afﬁnity of MB for GO, the CV measurement was repeated
100 times without interruption in 0.1 M phosphate buffer (pH 7)
containing 0.5 M NaCl at a scan rate of 100 mV/s. Note that 0.5 M
NaCl, which is similar to an average salinity of seawater, was chosen to represent the ionic strength of food products that possess
signiﬁcant salt and dissolved mineral contents.
3. Results and discussion
3.1. Synthesis of GO-TiO2 NPs
We synthesized amorphous TiO2 NPs through a sol–gel
process. The amorphous TiO2 was crystallized to anatase
TiO2 via hydrothermal procedure and then modiﬁed with
N -(3-trimethoxysilylpropyl) diethylenetriamine to have aminefunctional groups on the surface (see Fig. S1A & B for SEM images
of TiO2 NPs). We observed a signiﬁcant change in the zeta potential of the amine-treated anatase TiO2 from −10.2 to 30.8 mV (Fig.
S1C), which indicates that the anatase TiO2 was successfully functionalized with positively charged amine groups. GO-wrapped TiO2
was obtained through electrostatic interaction between the positively charged anatase TiO2 and the negatively charged GO, which
had a surface charge of −50.6 mV (Figs. 2A & S1C). The zeta potential shift of amine-treated anatase TiO2 after mixing with GO (from
30.8 mV in Fig. S1C to −24.1 mV in Fig. 3A) implies that most of
positively charged TiO2 NPs were covered with GO. We further conﬁrmed the GO-wrapped TiO2 NPs with a lattice spacing of 0.35 nm,
which was assigned to (101) plane of anatase TiO2 , through the
STEM image (Fig. 2B) and the elemental mapping analysis by energy
dispersive X-ray spectroscopy (Fig. 2C). The XRD patterns of amorphous TiO2 , anatase TiO2 , and GO-TiO2 NPs are shown in Fig. 2D; no
peak was observed with amorphous TiO2 NPs while all the peaks of
the hydrothermally processed TiO2 NPs were assigned to anatase
TiO2 (JCPDS, no. 21-1272). The GO-TiO2 NPs exhibited similar XRD
pattern as the anatase TiO2 NPs, indicating that GO-wrapping did
not affect the crystallinity of the pre-synthesized anatase TiO2 NPs.
According to the UV–Vis spectra of anatase TiO2 NPs and GOwrapped anatase TiO2 NPs (Fig. 2E), the absorption edge of GO-TiO2
NPs did not shift from that of anatase TiO2 NPs, which indicates the
absorbance range of anatase TiO2 NPs was not inﬂuenced by GO
wrapping.
3.2. MB binding to GO-TiO2 NPs
We examined the binding of MB to GO-wrapped TiO2 NPs using
zeta potential measurement and electrochemical analysis. For the
test, the same amounts of GO-TiO2 NPs and anatase TiO2 NPs were
immersed in a MB solution under continuous stirring for 24 h, and
the amounts of MB adsorbed onto GO-TiO2 NPs and anatase TiO2
NPs were calculated using mass balance of MB. After washing,
we found the loading amount of MB was 2.34 mg/g for GO-TiO2
NPs, whereas no MB was adsorbed onto anatase TiO2 NPs (Fig. S2),
which indicates that GO ad-layer had a critical effect on MB adsorption. Fig. 3A shows that the initial zeta potential of GO-TiO2 NPs
was shifted from −24.1 to −6.48 mV after their immersion in MB

Fig. 3. (A) Surface zeta potentials of GO-TiO2 NPs and MB/GO-TiO2 NPs. (B) Cyclic
voltammograms of GO-TiO2 NPs (dashed line) and MB/GO-TiO2 NPs (solid line) in
0.1 M phosphate buffer (pH 7) at a scan rate of 100 mV/s. Inset shows the plot of the
redox peak currents vs. scan rates of 10, 30, 50, 100, 300, and 500 mV/s.

solution, indicating that MB, a well-known cationic dye molecule,
was adsorbed onto the negatively charged GO-TiO2 NP surface.
To obtain another evidence for MB adsorption onto GO-TiO2 NPs,
we performed cyclic voltammetric analysis of the GC electrode
modiﬁed with GO-TiO2 or MB/GO-TiO2 NPs in a phosphate buffer
(0.1 M, pH 7.0). As shown in Fig. 3B, no redox peak appeared for
GO-TiO2 NPs, whereas MB/GO-TiO2 NPs exhibited apparent anodic
peak at −0.16 V (vs. Ag/AgCl) and cathodic peak at −0.22 V (vs.
Ag/AgCl) attributed to two-electron and one-proton redox behavior of MB [28,29]. In addition, Fig. 3B (inset) reveals that the peak
currents of the GC electrode covered with MB/GO-TiO2 were linearly proportional to the scan rate, which is a typical characteristics
of surface-conﬁned electrochemical behavior [30,31]; the redox
peaks result from MB on the electrode surface.
In order to estimate the binding afﬁnity of MB for GO-TiO2 , we
monitored the peak currents of the MB/GO-TiO2 electrode with
repeating the potential cycle 100 times without interruption. This
CV experiment was carried out in 0.1 M phosphate buffer (pH 7)
containing 0.5 M NaCl – salts may disturb the ionic interaction
between the dye and the graphene oxide layer. During the 100
cycles, the cathodic peak currents were kept above 97% of that measured at the ﬁrst cycle (Fig. 4A). After the 100 repeated cycles, the
redox peak currents of the MB/GO-TiO2 electrode were measured
at different scan rates from 10 to 500 mV/s. The linear relation of
the peak currents to scan rates shown in Fig. 4B indicates that the
electrochemical reactions originated from MB on the electrode, not
MB in the solution, revealing that MB did not leach out during the
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Fig. 5. Time–course proﬁles of the percentage of MB leaching from the MB/TiO2 and MB/GO-TiO2 -based ﬁlms.

the dye leakage of the MB/GO-TiO2 -based ﬁlm in water to a greater
degree by employing anionic polymers to interact with cationic MB
as the encapsulating polymer [12,13].
3.3. Colorimetric oxygen detection with MB/GO-TiO2 -based ﬁlm

Fig. 4. (A) Cathodic current peak ratio of MB/GO-TiO2 NPs in 0.1 M phosphate buffer
(pH 7) containing 0.5 M NaCl during the 100 cycles. (B) Redox peak currents at different scan rates (10, 30, 50, 100, 300, and 500 mV/s) after the 100 scan cycles of
MB/GO-TiO2 in 0.1 M phosphate buffer (pH 7) containing 0.5 M NaCl.

100 cycles. Moreover, cyclic voltammograms of bare GC electrode
in the fresh solution (Fig. S3A) and in the buffer solution after the
100 cycles (Fig. S3B) were similar. This result shows that little or
no MB was present in the solution after the 100 cycles, conﬁrming
that MB did not desorb from GO-TiO2 particles. In the same manner,
the GC electrode modiﬁed with MB/GO-TiO2 NPs was also tested
in 0.1 M phosphate buffer (pH 7) devoid of NaCl; the same results
were obtained (data not shown), demonstrating that 0.5 M NaCl has
little or no effect on the binding between MB and GO-TiO2 particles.
Fig. 4 suggests stable binding between MB and GO-TiO2 nanostructure, implying that GO wrapping around TiO2 NPs may solve
the aforementioned dye leakage problem of oxygen indicator ﬁlms.
To test this possibility, we prepared a MB/GO-TiO2 -based ﬁlm and
analyzed MB leakage from the ﬁlm in comparison with MB-mixed
TiO2 (MB/TiO2 )-based ﬁlm without a GO layer (Fig. 5). Note that the
MB/TiO2 -based ﬁlm was prepared so that it could have the same
amount of MB as the MB/GO-TiO2 -based ﬁlm. When the MB/TiO2 based ﬁlm was immersed in water for 70 min, about 45% of MB
leached into water, while only 9% of MB leaked out from the MB/GOTiO2 -based ﬁlm. This result shows that the GO wrapping around
TiO2 NPs signiﬁcantly diminished the MB leakage and thus made
the ﬁlm resistant to dye leakage in aqueous media. For reference,
this upward trend in the dye leakage continued beyond the 70 min
around which we observed the hydrophilic polymer (HEC) starting
to dissolve with the naked eye. It should be possible to suppress

Finally, we examined whether our new MB/GO-TiO2 -based ﬁlm
could act as a UV-activated oxygen indicator. Fig. 1 illustrates key
steps of the MB/GO-TiO2 /glycerol/HEC oxygen indicator ﬁlm. Once
GO-TiO2 NP is excited by UV light irradiation, electron-hole pairs
are created, and glycerol simultaneously donates electrons to TiO2
NPs, leaving the excited electrons in the conduction band of TiO2 .
The generated electrons are immediately used to reduce MB to
colorless leuco MB (LMB), bleaching its initial blue color (photobleaching step). When the ﬁlm is exposed to oxygen, the color of
the ﬁlm returns to blue as LMB is oxidized back to its original form
(recovery step). Exposure to the UVA radiation bleached the assynthesized MB/GO-TiO2 /glycerol/HEC ﬁlm successfully (data not
shown). Right after the photobleaching reaction, the recovery process under aerobic conditions (21% oxygen, ∼52% RH, and 30 ◦ C)
was monitored over time. In Fig. 6A, the Kubelka–Munk function
at the wavelength of maximum absorption ( max ), which is related
to the concentration of the oxidized dye (MB), is plotted as a function of recovery time. The recovery reaction was completed within
20 min, and the photobleached MB/GO-TiO2 /glycerol/HEC ﬁlm successfully regained its blue color as LMB was reoxidized to blue
MB. This color recovery is signiﬁcantly rapid, considering the other
leaching-resistant indicator ﬁlms based on hydrophobic polymers
showed the recovery times of 5 days with SPS [9] and 2.5 days with
low-density polyethylene [27].
Effects of oxygen concentration, temperature, and relative
humidity on the recovery process were also investigated. Fig. 6B
shows the initial recovery rate of the MB/GO-TiO2 /glycerol/HEC
ﬁlm as a function of oxygen concentration. The recovery rate was
proportional to the oxygen level in the gas phase as reported
in the literature [6,9,26,27,32]. The direct relationship between
the rate and oxygen concentration is not unexpected recalling the dark color recovery is a reaction of LMB with oxygen
(2LMB + O2 → 2MB+ + 2OH− ). As can be seen in Fig. 6C, the initial
rate of the color recovery was also dependent on temperature; the
more rapidly the ﬁlm responded to oxygen, the higher the temperature was as expected [10,27]. An activation energy calculated
using the Arrhenius equation was 40 kJ/mol, which was not quite
different from the value of 54 ± 4 kJ/mol reported in the literature
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Fig. 6. (A) Recovery behavior of the MB/GO-TiO2 /glycerol/HEC oxygen indicator ﬁlm in the air (∼52% RH and 30 ◦ C): the plot of the Kubelka–Munk function at the wavelength
of maximum absorption ( max ) vs. time. (B) Effect of oxygen concentration on the initial recovery rate (∼52% RH and 30 ◦ C). (C) Effect of temperature on the initial recovery
rate (∼52% RH in the air). (D) Effect of relative humidity on the initial recovery rate (30 ◦ C in the air).

[32]. Effect of relative humidity on the initial recovery rate is
depicted in Fig. 6D. The rate increased with raising RH, indicating water plays important roles in the recovery process. Water
may stabilize the ionic products of the recovery reaction (i.e., MB+
and OH− ) and increase the rate of oxygen diffusion within the ﬁlm
[6,9,10,32].
4. Conclusions
We have synthesized GO-TiO2 NPs as a self-adhesive photocatalyst for UV-activated colorimetric oxygen indicator ﬁlm for
the ﬁrst time. MB was effectively adsorbed onto GO-TiO2 surface
through chemical interactions such as electrostatic interaction and
– electron coupling. Our analyses revealed that the chemical
conjugation between GO and MB signiﬁcantly diminished MB leakage, which is regarded as a serious problem of colorimetric oxygen
indicators; the MB leaching from the MB/GO-TiO2 -based ﬁlm was
ﬁvefold lower than that from the MB/TiO2 -based ﬁlm. This novel
ﬁlm was successfully photobleached by UV irradiation and regained
its blue color rapidly in the presence of oxygen, demonstrating
that the MB/GO-TiO2 /glycerol/HEC ﬁlm successfully functions as
a UV-activated colorimetric oxygen sensor. Compared to the other
types of oxygen indicators, this visual oxygen indicator featuring
resistance to dye leak, in-pack activation, irreversibility, reusability, and a long-shelf life will attract more interest from food and
pharmaceutical industry.
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