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Alginate was used as a controlled environment for the growth of ZnO nanoparticles. The formation of
nanostructured particles was confirmed by a blue shift in the onset of the optical absorption with respect
to bulk ZnO. From the XRD measurements it was found that the obtained ZnO nanoparticles have a
hexagonal crystal structure. The emission spectrum of the nanocomposite is dominated by a strong band-

to-band recombination, while the emission from the ZnO defect states depended on the preparation
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conditions. Besides showing the presence of Zn 2p, O 1s, Na 1s and C 1s core levels, the XPS analysis
also showed that the O 1s spectra can be resolved into two lines that are attributed to the presence of
OH groups on the surface of the particles and ZnO, respectively. Antimicrobial tests revealed that the

7no ZnO-alginate nanocomposite exhibits a strong activity against the common pathogens Staphylococcus

Nanoparticles
Antimicrobial activity

aureus and Escherichia coli.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Nanocomposite materials that comprise inorganic nanoparti-
cles and biopolymers have attracted considerable attention in the
last decade (Ruiz-Hitzky, Darder, & Aranda, 2008). Because of the
growing interest in eco-friendly and “green” systems, the empha-
sis of the investigations in the field of nanocomposites was shifted
towards biocompatible, renewable and non-toxic matrices. When
these features are combined with the size-tunable optical, elec-
tronic and catalytic properties of nanoparticles, the possibilities
are wide. An important question is can the specific macromolec-
ular structure of biopolymers be used to control the growth and
agglomeration of the nanoparticles formed during in situ synthesis?
Polysaccharides, chitosan (Murugadoss & Chattopadhyay, 2008;
Shih, Shieh, & Twu, 2009), starch (Bozanic¢ et al., 2007; Raveendran,
Fu, & Wallen, 2003; Vigneshwaran, Kumar, Kathe, Varadarajan, &
Prasad, 2006) and alginate (Chang, Yua, Ma, & Anderson, 2011;
Gutowska, Jeong, & Jasionowski, 2001) are particularly interest-
ing as matrix polymers since their chains possess large numbers of
hydroxyl groups that complex well with metal ions and make them
a good environment for the growth of metal and semiconductor
nanoparticles.

Alginic acid (alginate) belongs to a family of linear unbranched
copolymers of (1,4)-linked 3-p-mannuronic (M) and a-L-guluronic
(G) acids arranged in a non-regular order along the chain (Chanda,
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Hirst, Percival, & Ross, 1952). The ratio of M and G acids and their
macromolecular conformation determine the physical properties
of alginate, its biocompatibility (Orive, Ponce, Hernandez, Gascén,
Igartua, & Pedraz, 2002) and biodegradability under normal physi-
ological conditions (Becker, Kipke, & Brandon, 2001), as well as its
reactions with metal ions (Smidsred & Haug, 1965a,b). Alginate is
widely used as an instant gel for bone tissue engineering (Gutowska
et al., 2001), drug delivery (Bouhadir, Alsberg, & Mooney, 2001),
protein immobilization (Volodkin, Larionova, & Sukhorukov, 2004)
etc. Alginate also exhibits affinity towards divalent metal ions that
have been used for the stabilization of inorganic nanoparticles
(Brayner, Vaulay, Fiévet, & Coradin, 2007; Ma, Qi, Maitani, & Nagai,
2007). Recently Ma et al. (2007) applied alginate stabilized iron
oxide nanoparticles for detecting liver cancer. In the present study
we used the alginate in order to achieve controlled synthesis of ZnO
nanoparticles and investigate their structural, optical and antimi-
crobial properties.

ZnO is a transition metal oxide with good catalytic, electri-
cal, photochemical and optical properties (Ashour, Kaid, Elsayed,
& Ibrahim, 2006; Brida et al., 2002; Wang, 2004). It has a wide
band gap (Eg =3.37 eV), large exciton binding energy (60 meV) (Tan
et al,, 2005), and finds application as a material for gas sensors,
solar cells, display screens, photocell electrodes, and UV-light emit-
ting diodes (Dong, Cui, & Zhang, 1997; Ginley & Bright, 2000;
Haraa et al., 2000; Keis, Vayssieres, Lindquist, & Hagfeldt, 1999).
In the area of bioscience it was shown that nano ZnO can be
useful as a biomimic membrane; it can immobilize and mod-
ify proteins because of the fast electron transfer between the
enzyme’s active sites and the electrode (Corso, Dickherber, & Hunt,
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2007; Dorfman, Kumar, & Hahm, 2006a,b; Krishnamoorthy, Bei,
Zoumakis, Chrousos, & Iliadis, 2006; Wang et al., 2006; Wei et al.,
2006; Zhu, Yuri, Gan, Suzuki, & Li, 2007). As antibacterial agent ZnO
has several advantages: noticeable activity in the pH neutral region
(pH=7-8) without the presence of light (Applerot et al., 2009;
Jones, Ray, Ranjit, & Manna, 2008; Sawai et al., 1996; Yamamoto,
2001; Yamamoto, Nakakoshi, Sasamoto, Nakagawa, & Miura, 2001).
The particular mechanism of the antimicrobial activity of ZnO is still
a matter of dispute. Some researchers consider that it might be a
consequence of the generation of hydrogen peroxide (H,0,) on its
surface (Applerot et al., 2009; Jalal et al., 2010; Jones et al., 2008;
Sawai, 2003; Sawai et al., 1996, 1998; Stoimenov, Klinger, Marchin,
& Klabunde, 2002; Sunada, Kikuchi, Hashimoto, & Fujishima, 1998;
Yamamoto et al., 2001).

In a recent study, Baskoutas et al. (2007) prepared ZnO
nanoparticles by thermal decomposition of zinc-alginate at high
temperatures (800°C). Here we used a different approach by
synthesizing ZnO nanoparticles within alginate using microwave
radiation. The nanoparticles formed in the presence of alginate
were characterized by optical and structural methods. On the
other hand, it has already been shown that the biocompatibil-
ity of polysaccharide based nanocomposites is an advantage in
the medical application of these materials, while the starch-ZnO
nanocomposites can be successfully used in the preparation of
cotton fabrics with antimicrobial properties (Vigneshwaran et al.,
2006). For this reason we considered that it could be interesting
from a practical point of view to investigate the antimicrobial activ-
ity of the obtained ZnO-alginate nanocomposites. In the second
part of the study the antimicrobial activity of the nanocomposite
solutions was tested versus the common pathogens Staphylococcus
aureus and Escherichia coli.

2. Experimental

2.1. Preparation of ZnO-alginate nanocomposites

Alginate from brown algae with M; ~48,000-186,000 (Bio-
chemica) Fluka was used in the present study. Zinc acetate
and sodium hydroxide were purchased from Merck and used as
received. A micron size zinc oxide powder (particle size ~1 um)
was obtained from Sigma Aldrich. The alginate solution was pre-
pared by dissolving 1g of alginate in 100mL of 0.01M NaOH
solution. In a typical synthetic procedure for the preparation of
ZnO-alginate nanocomposites, 0.8 mL of 1M NaOH solution was
first added to 2 mL of 0.2 M Zn-acetate water solution. To that mix-
ture, 5 mL of 1% sodium alginate solution was added drop by drop.
The obtained mixtures were then placed in the microwave (MW)
oven and treated at 800 W for various times (30 s, 1 min and 5 min).
The solid alginate-ZnO nanocomposite was collected with slow
centrifugation, washed several times with deionized water and
dried in a vacuum oven at 40°C. The samples obtained after 30s,
1 min and 5min of MW treatment are further in the text denoted
as a-Zn0-1, a-Zn0-2 and a-Zn0-3, respectively. The amount of zinc
oxide in the nanocomposites was determined by atomic absorption
spectroscopy and found to be ~11 wt.%.

2.2. Methods

The X-ray diffraction (XRD) measurements were performed on a
Philips PW1050 X-ray diffractometer (Cu-K, source, A =0.154 nm).
Transmission electron microscopy (TEM) measurements were car-
ried out by using a Phillips CM100 instruments with operating
voltage 100 keV. The samples were prepared by placing a drop of
the ZnO-alginate nanocomposite water solution onto a carbon-
coated copper grid. UV-vis absorption spectra of a water solution

of the nanocomposites and a water dispersion of the ZnO micro-
powder were obtained by using a Perkin Elmer Lambda 5 UV-VIS
spectrophotometer. The luminescence spectra were recorded on
the same samples at 320 nm excitation wavelength on a Perkin
Elmer LS 3B spectrophotometer. X-ray photoelectron spectroscopy
(XPS) experiments were performed on a Physical Electronics Quan-
tum 2000 instrument using Al K, radiation (1486.6 eV). The peak
shift due to charge accumulation was corrected using the C 1s level
at 284.4 eV as an internal standard (Powell, 1995). The XPS peaks
are assumed to be linear combinations of Lorentzian and Gaussian
line shapes and were resolved into individual components after
proper subtraction of the baseline using the Shirley background
subtraction method. The atomic absorption analysis was carried
on a Varian AA-1475 spectrophotometer.

2.3. Microorganisms and culture conditions

Microorganisms used in this study are Gram-negative bacteriaE.
coli ATCC 25923 and Gram-positive bacteria S. aureus ATCC 25922.
The inoculum of the microorganism was prepared in a trypton soy
broth (Torlak, Serbia) with 0.6% yeast extract (TSBY), which was
used as a growing medium. The microorganisms were cultivated
in 3mL TSBY at 37 °C and left overnight (late exponential stage of
growth). A potassium hydrogen phosphate buffer solution (pH 7.2)
was used as a medium for quantitative testing of the microbicidal
activity of the samples. Pure agar solution was used as the control
sample.

2.4. Antimicrobial activity testing

The quantitative testing of alginate-ZnO nanocomposite antimi-
crobial activity was assessed according to the ASTM E 2149-01
standard. The alginate-ZnO samples were prepared by dissolving
15 mg of solid nanocomposite in 15 mL of water. The control sample
as well as 0.1 and 1 mL of each of the nanocomposite solutions were
added into glass tubes containing 9 mL of buffer solution inoculated
with 1 mL of diluted microbial inoculum (so that the initial numbers
of S. aureus and E. coli in inoculums were ~10° CFU/mL). The test
tube was further put in a water bath shaker and the solution was
incubated at 37 °C. After 1 and 2 h of exposure, 0.1 mL aliquots were
removed and further diluted with sterile physiological saline solu-
tion (8.5g NaCl in 1L of water). From all dilutions 0.1 mL aliquots
were placed in Petri dishes, over layered with trypton soy agar and
after 24 h incubation at 37 °C, the number of viable bacteria was
counted. The percentage of bacteria reduction (R, %) was calculated
as:

G -C
=G
where Cy (in CFU) is the number of bacterial colonies from the con-

trol saline and C (in CFU) is the number of bacterial colonies from
the samples.

R

(1)

3. Results and discussion
3.1. Morphology and structure
The formation of the ZnO nanoparticles in the presence of algi-

nate possibly occurs according to following chemical reactions
(Zhang & Mu, 2007):

Zn*t +40H™ — Zn(OH)4%~ (R1)
and
Zn(OH)4%~ — ZnO + 2H,0 + 20H" (R2)
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Fig. 1. XRD spectrum of the a-ZnO-2 nanocomposite film.

In the first reaction the Zn2* ions react with OH~ creating the
precursor Zn(OH)42~, which upon heating bond together forming
the cluster [Zny0y(OH),|(#*2¥=2X)- (Li, Shi, Zhong, & Yin, 1999). Dur-
ing the ZnO crystal growth, this cluster is incorporated into the
lattice. On the other hand, alginate poly G-sequences tend to adopt
an ordered confirmation through dimerization in the presence of
divalent metals (Morris, Rees, Thom, & Boyd, 1978; Brayner et al.,
2007), so they act as a controlled environment for the growth of
particles of nanometer sizes.

The a-Zn0O-2 sample was chosen to illustrate the crystal struc-
ture of the ZnO nanoparticles in the alginate matrix. The results of
the XRD analysis of the a-Zn0O-1 and a-Zn0O-3 samples were similar
to that of a-Zn0O-2 and for this reason they will not be reported.
The XRD spectrum of a-ZnO-2 nanocomposite film is shown in
Fig. 1. The broad diffraction peak positioned at low angles origi-
nates from the alginate matrix while the other peaks correspond to
the (100),(002),(101),(102),(110)and (103) planes of hexag-
onal bulk ZnO (Sawada, Wang, & Sleigh, 1996). The transmission
electron microscopy (TEM) images of the a-ZnO-1, a-ZnO-2 and
a-Zn0-3 samples are presented in Figs. 2a, 3a and 4a. The micro-
graphs depict a large number of spherical particles well dispersed
in the alginate matrix. The corresponding electron diffraction pat-
tern (inset in Fig. 3a) shows that the obtained ZnO nanoparticles
are polycrystalline. The size distributions of the nanoparticles
(Figs. 2b, 3b and 4b) obtained from the TEM images are relatively
narrow with average sizes Diy=6.8nm, 3.9nm and 4.7, respec-
tively. This proves that the alginate can efficiently control the
growth of the ZnO nanoparticles although the width of the size
distribution depended on the time of treatment (the estimated
polydispersities for a-ZnO-1, a-Zn0O-2 and a-Zn0O-3 samples were
found to be 63, 55 and 34%, respectively). It should be noted that
the average size of the nanoparticles in a-ZnO-2 sample obtained
from the half-width of the (00 2) diffraction peak using Scherrer’s
equation was found to be 16.7 nm, which is higher than the 3.8 nm
obtained from the TEM measurements. However, the small num-
ber of bigger particles (Fig. 3b) actually represents a larger portion
of the total mass of the sample and they will contribute more to
the XRD signal, which consequently leads to the observed dis-
crepancy between the estimated sizes obtained by TEM and XRD
analyses.

3.2. Optical properties

The UV-vis absorption curves of the a-ZnO-1, a-ZnO-2 and a-
Zn0-3 nanocomposites are presented in Fig. 5a. In the inset of the
same figure, the UV-vis absorption of the water dispersion of the
ZnO micro-powder is shown. As can be seen, the positions of the
absorption peaks (Fig. 5a) were shifted towards lower wavelengths
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Fig. 2. (a) TEM micrograph of the a-ZnO-1 nanocomposite sample and ED pattern of
the ZnO nanoparticles. (b) Size distribution of the nanoparticles (93 particles were
counted for the histogram). The histograms were fitted by a log-normal distribution
curve with parameters Diy =6.8 nm, oy = 1.5.

with respect to the absorption of bulk ZnO (380 nm, inset) indicat-
ing the presence of nano-size particles. The strongest shift of 20 nm
was observed for the a-ZnO-3 sample. According to calculations
based on the effective mass model (Pesika, Stebe, & Searson, 2003),
the obtained shift corresponds to an average particle size of 3.2 nm,
which is close to the average size of 4.7 nm obtained from TEM
analysis (Fig. 4b). The fluorescence spectra of the three nanocom-
posite films obtained after excitation at 320 nm are shown in Fig. 5b.
The spectra show a dominant peak at around 385nm (3.22eV)
attributed to the radiative exciton annihilation. This peak can be
found in the PL spectrum of undoped high-quality ZnO (Ozgiir et al.,
2005; Thonke et al.,2001) and in the spectra of ZnO micron-powder
is positioned at ~390 nm (Fig. 5b, inset). The peaks positioned at
wavelengths higher than 390 nm (Fig. 3b) originate from different
defects in the crystal structure of ZnO such as oxygen vacancies,
antisites or impurities. For instance, the peak around 421 nm is
attributed to the recombination of an electron at the zinc interstitial
(Zn;) and a hole in the valence band (Vanheusden, Seager, Warren,
Tallant, & Voigt, 1996). The emission peak at 446 nm originates from
the electron transition of a shallow oxygen vacancy and zinc inter-
stitial levels to the valence band (Zhang, Xue, & Wang, 2002). The
emissions at 460 and 485 nm come from the single ionized oxygen
vacancies (Zhang, Wang, & Xue, 2003). Some authors attribute the
luminescence peak at 485 nm to a surface state transition which
is present solely in the quantum dots but not in the bulk ZnO
(Borgohain & Mahamuni, 1998). The emission in the green region
(~530nm) is usually present in the bulk as well as in the nanos-
tructured ZnO. The green luminescence is also attributed to defect
levels arising from the presence of the oxygen vacancies and/or
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Fig. 3. (a) TEM micrograph of the a-Zn0O-2 nanocomposite sample and (inset) ED
pattern of the ZnO nanoparticles. (b) Size distribution of the nanoparticles (124
particles were counted for the histogram). The histograms were fitted by a log-
normal distribution curve with parameters Diy =3.9 nm, on =0.8.

the zinc interstitials (Kamat & Patrick, 1992; Spanhel & Anderson,
1991). A comparison of the photoluminescence spectra in Fig. 5b
also suggests that prolonged treatment induces an increase in the
number of defects in the ZnO nanoparticles.

3.3. XPS spectra

The catalytic properties and antimicrobial activity strongly
depend on the structure and stability of the different surface planes
of ZnO as well as the number of defects on the ZnO particle sur-
faces (Joshi, Sahai, Gandhi, Krishna, & Haranath, 2010; Kotsis &
Staemmler, 2006; Padmavathy & Vijayaraghavan, 2008; Sunada
et al,, 1998). For this reason we used X-ray photoelectron spec-
troscopy, a technique highly sensitive to the chemical composition
and the environments of the elements in the material, to study the
ZnO nanoparticles in the alginate matrix. According to Kotsis and
Staemmler (2006), the XPS O1s peak positions depend quite sen-
sitively on the oxidation state and chemical environment of the O
atom under consideration, and enable one to easy distinguish O

Table 1
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Fig. 4. (a) TEM micrograph of the a-ZnO-3 nanocomposite sample. (b) Size dis-
tribution of the nanoparticles (88 particles were counted for the histogram).
The histograms were fitted by a log-normal distribution curve with parameters
Din=4.7 nm, o n =0.5.

atoms in the bulk ZnO from those on the surface. An initial XPS sur-
vey scan of the a-Zn0-2 nanocomposite film shows the presence of
Zn2p,01s,Na1sandC 1s core levels. The high resolution spectra of
the Zn 2p and O 1s levels are shown in Fig. 6. In the high-resolution
spectra of the Zn 2p level (Fig. 6a) two distinct linesat 1021.4 eV and
1044.5 eV can be noticed, that are the consequence of spin orbital
splitting and correspond to the Zn 2ps;, and Zn 2pq, core levels.
Fig. 6b shows the O 1s spectrum that could be resolved in two peaks
positioned at 530.9 and 535.5 eV. The low-binding-energy compo-
nentat530.9 eVisassigned to the O atoms from the bulkZnO (Kotsis
& Staemmler, 2006). The line at 535.53 eV is attributed to the pres-
ence of OH groups on the ZnO surface (Joshi et al., 2010; Kotsis &
Staemmler, 2006).

3.4. Antimicrobial activity

The antimicrobial activity tests were carried out against the bac-
teria S. aureus and E. coli. The advantage of fabrication of the ZnO
nanoparticles in the presence of alginate is that it can play the

Results of antimicrobial activity testing of a-ZnO nanocomposites (0.1 mL of the nanocomposite solutions were tested).

Staphylococcus aureus

Escherichia coli

1h 2h 1h 2h

CFU R[%] CFU R[%] CFU R([%] CFU R[%]
Control 3.1x10° - 49x10° - 45x10° - 1.6 x 108 -
a-Zno-1 3.0x 103 99.03 5.4 % 102 99.88 4.0 x 102 99.91 - 100
a-Zn0-2 2.8 x10° 99.09 6.4 x 10 99.87 2.2 x 102 99.95 2.0 x 10! 99.99
a-Zn0-3 5.7 x 102 99.81 42x10? 99.91 50x 10! 99.98 - 100
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Fig. 5. (a) UV-vis absorption spectra and (b) photoluminescence spectra of a-ZnO-
1, a-Zn0-2 and a-ZnO-3 nanocomposites. The insets show the absorption and PL
spectra of the micron size ZnO powder.
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Fig. 6. XPS spectra of the a-ZnO-2 nanocomposite film: (a) Zn 2p and (b) O 1s core
levels.

role of a stabilization agent as well as the role of the matrix of
the solid nanocomposite. Both types of samples (nanocomposite
solutions and thin films) showed strong antimicrobial activity but
we decided to test the activity of the samples in solution. Table 1
shows the results obtained for the control sample and 0.1 mL solu-
tions of three nanocomposites. It can be seen in Table 1 that after
1h of exposure the a-Zn0O-1, a-Zn0-2 and a-Zn0O-3 nanocompos-
ites showed strong bactericidal activity, with the lowest efficiency
of about 99.03% of reduction observed for a-ZnO-1. After 2 h, the
reduction was over 99.9% for S. aureus and 100% for E. coli. The
bactericidal effects of nano ZnO have been explained by the pro-
duction of highly reactive oxygen species (ROS) (OH—, H,0, and
0,27) on the surface of the nanoparticles connected with fatal
damage to the bacteria (Applerot et al., 2009; Sawai et al., 1996;
Stoimenov et al., 2002). However, some other studies suggest that
the formation of H, 0, is the primary effect that contributes to the
antibacterial activity, which takes place via penetration of H,0,
through the cell walls (Jalal et al., 2010; Sawai et al., 1998). The
generation of H,0, depends strongly on the specific surface area
of ZnO, which results in more oxygen species, more hydrogen per-
oxide and higher antibacterial activity of the smaller nanoparticles
(Padmavathy & Vijayaraghavan, 2008; Sunada et al., 1998). Another
possible explanation for the antibacterial effect is based on the
abrasive surface texture of ZnO due to surface defects (Padmavathy
& Vijayaraghavan, 2008; Stoimenov et al., 2002). The abrasive-
ness of ZnO nanoparticles compared to bulk ZnO is caused by the
uneven surface texture due to rough edges and corners that con-
tribute to the mechanical damage to the cell membrane of the
bacteria.

It should be noted that we chose the amount of the nanocom-
posite solution to be 0.1 mL in order to investigate whether the
preparation of the samples can affect the antimicrobial activity
and establish if there is a difference in their action towards Gram-
negative and Gram-positive bacteria. The higher amount (1 mL) of
all three nanocomposite samples, with ten times higher concen-
tration of ZnO, killed all the bacteria after 1h and we could not
derive any conclusion from the obtained results. For this reason
only the results obtained for 0.1 mL of the nanocomposite solu-
tion are reported in Table 1. By changing the time of microwave
treatment during the preparation of the ZnO nanoparticles in the
presence of the alginate, we tried to induce more surface defects
(which is followed up via emission spectra in Fig. 5b). The sample
prepared with the longest MW treatment (5 min) showed slightly
better activity after 1h of exposure while the results after 2 h are
comparable for all the samples. Assuming that an increase in the
number of surface defects (due to higher catalytic activity) facili-
tates the peroxide formation might possibly explain the improved
activity of the a-ZnO-3 sample at shorter exposure times. The
results in Table 1 also show that S. aureus is slightly more resis-
tant then E. coli to the action of ZnO nanoparticles especially at
lower time of exposure (1h), which is in agreement with previ-
ously published reports (Applerot et al., 2009; Yamamoto, 2001;
Yamamoto et al., 2001). Several factors can explain the different
results of the antibacterial tests for S. aureus and E. coli. The cell
wall attributes differ between Gram-negative and Gram-positive
bacteria (Heijenoort, 2001). E. coli (Gram negative bacteria) has a
relatively thin cell wall made of peptidoglycans and lipopolysac-
charide. On the other hand, S. aureus (Gram-positive bacteria) has
a thick cell wall, consisting of a large amount of mucopeptides,
murein and lipoteichoic acids (immunostimulator molecule). Also,
the golden carotenoid pigments and the antioxidant enzymes (cata-
lase) of S. aureus give this bacteria a bit stronger oxidant resistance
(Liuetal., 2005; Makhlufet al., 2005; Schwartz et al., 1983). Besides
cell-wall properties, some other factors such as cell permeabil-
ity, capability of solubilizing ZnO and extracting harmful Zn2* ions
might also be considered (Fasim, Ahmed, Parsons, & Gadd, 2002).
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4. Conclusion

ZnO nanoparticles were prepared within an alginate biopolymer
by microwave treatment. The obtained nanoparticles were mostly
spherical in shape and had a hexagonal crystal structure. The onset
of the absorption of the ZnO-alginate nanocomposite solutions was
shifted towards a lower wavelength due to the nano-size dimen-
sions of the particles. A band to band recombination dominates the
PL spectra of all the samples, while the intensity of the peaks that
originate from the defects on the nanoparticle surfaces increase
with time of MW treatment. Antibacterial activity tests were car-
ried out with S. aureus and E. coli pathogens. All the ZnO-alginate
nanocomposite samples showed fast and strong antibacterial activ-
ity, with 99.9% reduction for S. aureus and 100% reduction for E. coli
after 2 h of exposure.
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