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a b s t r a c t
Catechol is a widely studied phenol that is a common byproduct of factory waste. The presence of catechol
in drinking water and food poses a safety concern due to its toxic and possibly carcinogenic effects. We
report the successful fabrication and testing of an optical MEMS sensor for the detection of catechol.
Studies on catechol detection have shown that byproducts from catechol oxidation will react with a
chitosan film and induce a significant absorbance change in the UV and near UV range. Our reported
sensor takes advantage of this unique absorbance property to detect catechol by measuring the change in
light intensity at 472 nm through an electrodeposited film of chitosan on a transparent, conductive film of
indium tin oxide. This optical detection technique eliminates the nonspecific response from the common
antioxidant, ascorbic acid, which does not cause an absorbance change. Absorbance measurements were
performed over 10 min while applying an oxidizing current density of 4 A/m2 . We observed a considerable
response even for our lowest measured concentration (1 mM) while the detection limit of the device is
found to be about 0.2 mM for a 10 min reaction time.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Monitoring the safety of our water supply by using portable,
efficient and inexpensive devices has become an area of growing interest over the past decade. The growth of industry has
contributed to the contamination of ground waters with various
potentially dangerous organic chemicals [1]. Catechol is a phenolic compound commonly generated in factory processes which has
been proven to have detrimental health effects [2–4]. Efforts to
monitor the existence of such compounds are typically expensive
and time-consuming since most analysis must be performed in an
off-site laboratory requiring high equipment and labor costs. One
solution to this problem is through the use of microelectromechanical systems (MEMS) to create on-chip sensors which can give field
personnel accurate and sensitive data on-site regarding the testing
of the water supply.
Recently reported sensors for catechol detection either use
optical or electrochemical measurement schemes. Optical sensors
making use of both absorbance [5] and fluorescence [6] detection
have been reported, but the necessity for bulky, external measuring equipment has hindered the fabrication of such devices on chip.
Electrophoresis for catechol detection has also been performed on
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patterned electrodes in a microfluidic channel [7]. Electrochemical sensors typically employ a standard three electrode system
with the working electrode covered by an immobilization matrix
such as calcium carbonate [8], polypyrrole [9], and organoclay
[10]. Ion-exchanging membranes such as Nafion have also been
reported [11]. These materials entrap an oxidizing enzyme (most
commonly polyphenol oxidase [12,13]) in order to chemically oxidize the catechol allowing the reduction reaction at the electrode
to be measured. Although these devices can result in high sensitivity and selectivity, the enzyme activity degrades over time and
can be directly affected by certain conditions such as the pH of the
solution [1,10].
Our reported device utilizes an optical absorbance technique in a
sealed microfluidic channel for the detection of catechol. In order to
amplify the effect of the detected absorbance by catechol oxidation,
the aminopolysaccharide chitosan is deposited onto a transparent,
conductive film of indium tin oxide (ITO) in the microfluidic channel thus intersecting the pathway of the light through the device.
A 4 A/m2 current density is used to control both the electrodeposition of the chitosan film and the oxidation of the catechol molecules
at the ITO-chitosan interface as shown schematically in Fig. 1. The
products of oxidized catechol (o-quinones) covalently bond to chitosan’s amine groups to create a measurable absorbance change.
The proposed detection scheme does not require the use of any
enzymes yet still remains selective to phenolic compounds vs. common reducing agents such as ascorbic acid. There is no evidence to
support that the deposited chitosan films degrade over time and
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Fig. 1. (a) Scheme demonstrating the ITO film on the facet of an SU-8 waveguide. (b) By applying a negative current bias, a solid, transparent film of chitosan (with shown
chemical structure) is electrodeposited onto the ITO electrode. (c) A blown up view of the chitosan–ITO interface demonstrates catechol diffusion through the chitosan matrix
and electrochemical oxidation by a positive current bias applied to the ITO electrode.

multiple sites can be patterned in the same channel allowing for
many uses from one chip [14].
We first quantified the measured absorbance due to catechol
oxidation using bench top instruments and compared these results
to the data collected with the MEMS sensor. We also demonstrated
the necessity for the chitosan film through absorbance experiments
without the film. Finally, we investigate the selectivity of the device
response for an easily oxidized chemical, ascorbic acid.

surfaces as demonstrated in this work. In addition, the possible
C2 nucleophilic amino groups (–NH2 ) of the glucosamine unit,
the repeating monosugar residue of chitosan, react with the carbonyl groups of the o-quinones formed from the oxidized catechol
molecules. This reaction alters the physicochemical properties of
the chitosan molecule and imparts physical changes to the film,
such as a change in the optical absorbance [22,23].
2.3. Optics

2. Materials and theory
2.1. Catechol
Catechol is a benzenediol, which is a subset of the phenol class
of organic compounds. The chemical structure of benzenediols contains a benzene ring with two attached hydroxyl (OH–) groups.
Specifically, the chemical formula of catechol is C6 H6 O2 . During oxidation, catechol loses its hydrogen atoms from the hydroxyl groups
and becomes an orthobenzoquinone, more commonly referred to
as an o-quinone. Phenols comprise numerous different compounds
most of which exhibit antioxidant qualities. While the antioxidant
properties of some phenols contribute to healthy cell respiration
[15–17], catechol can cause damage for several reasons. First, catechol has a non-polar structure which allows the molecules to be
easily taken up by the cells, but not easily expelled. This leads to an
accumulation of catechol in the cell. Secondly, the o-benzoquinones
generated upon catechol oxidation may react with vital cellular
components such as lipids, proteins and DNA and cause damage
to cells [18].
2.2. Chitosan
Chitosan is a unique material that is well suited for biological
micro-devices due to its ability to be selectivity deposited and its
high density of amine groups, which provide active bonding sites
[14,19]. The selective deposition is attributed to chitosan’s insolubility above a pH of 6.5. At low pH, chitosan is protonated and
soluble in water. As the pH rises above 6.5, the amino groups lose
their net positive charge and the chitosan becomes insoluble. By
taking advantage of this property, one can deposit a film of chitosan onto a cathode during an electrochemical reaction. The pH
rises with increasing proximity to the cathode due to the reduction
of the hydrogen ions. The chitosan forms as a thin film or hydrogel
over the cathode surface depending on the amplitude of the applied
current density and remains stable even after the current has been
removed.
Although other patterning techniques have been explored for
chitosan including nanoimprint lithography [20], and reactive ion
etching [21], electrodeposition has the advantage of not subjecting
the chitosan to any processing which can damage or contaminate
the surface amine groups, and it can be performed on non-planar

Understanding the operating principle of the device requires a
more detailed understanding of light propagation and absorption
through a medium. Absorbance can be related to the concentration
of absorbing species present as demonstrated by the Beer–Lambert
law:
A = −log10
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where ε is the molar absorptivity, l is the path length the light takes
as it propagates through the absorbing layer and c is the concentration. In our experiments, the path length, l, is defined as the
thickness of the deposited chitosan film. This assumption is made
since the absorbing analytes are only contained within the chitosan
film while there is no absorbance change over time occurring anywhere else on the path that the light takes through the device.
o-Quinones have been reported to show a strong absorbance in the
UV and near UV range of the electromagnetic spectrum [22]. For
this reason, a blue laser source at 472 nm was chosen for the optical
measurements taken with the MEMS sensor.
In our device, on-chip waveguides are patterned from the
polymer SU-8 as shown in the device schematic (Fig. 2). Blue
light is coupled in and out of the waveguides via multimode
fibers with a core diameter of 62.5 !m. The cross-sectional
area of the polymer waveguides are 100 !m × 150 !m. The light
propagates through a film of chitosan that has been deposited
onto a transparent, conductive film of indium tin oxide. The
cross-sectional area of the polymer waveguides is large compared to the wavelength of light (visible), therefore we can

Fig. 2. Layer-by-layer schematic of the packaged device.
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Fig. 3. (a) Photoresist patterned along the sidewall of the microfluidic channel demonstrating good coverage along the height of the wall. (b) Following the etching of the
exposed ITO, only a portion covering the waveguide facet remains. (c) Chitosan deposition at 4 A/m2 for 10 min covers the sidewall.

use geometrical optics assumptions to model the light propagation.
Since the absorbance measurement is dependent on the optical
power being received, it is important to understand the different
optical loss mechanisms through the device in order to achieve an
acceptable signal to noise ratio. The primary sources of loss are
caused by waveguiding losses which include material absorption
and scattering, divergence of the light crossing the channel, and
roughness associated with the waveguide facets.
Waveguide loss will occur due to the roughness of the waveguide
and any material absorption through the SU-8. This attenuation
was measured to be 21.15 dB/cm at 472 nm for waveguides with
our dimensions using image processing software (ImageJ). A digital photograph was taken of fabricated test waveguides coupled
to our blue laser source. The light intensity down the length of
the waveguide was analyzed in order to determine the attenuation coefficient. Absorption through SU-8 at visible wavelengths is
reported to be anywhere between 5 and 10 dB/cm at 472 nm [24,25],
thus it is assumed that the rest of the waveguide loss is due to the
roughness of the waveguide edges.
Divergence of the light is another possible source of loss as it
crosses the microfluidic channel from one waveguide to the next.
In such large core waveguides, it is very difficult to determine
what modes the energy exists in at any given time. The following equations used to calculate the loss due to divergence assume
the fundamental mode which can be approximated by a Gaussian
beam. The spreading of a Gaussian beam as it leaves the facet of the
waveguide can be calculated using:
w(z) = w0
with
zo =

#
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where w(z) is the spot size of the beam after traveling a distance z
in free space, w0 is the beam waist as it leaves the waveguide and #
is the wavelength of light. The spreading of the beam width can be
used to calculate the coupling efficiency of the light by using (4):
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where E(x, y) is the electromagnetic field strength in the x and y
directions as the beam propagates in the z direction. By expressing
the Gaussian beam formula in E(x, y), the efficiency is found to be
related to the spot size of the beam before and after traversing the
channel:
$=

2w(z) × w0
w(z)2 + w02

(5)

where w(z) and w0 are defined the same from (2) and (3). For the
dimensions used in our device, the coupling efficiency of the light

as it traverses the channel from one waveguide to another is near
unity ($ = 0.99). The high coupling efficiency is a result of using
waveguides with large cross-sectional areas.
With these considerations, the most significant factor that contributes to optical loss in the device is the roughness of the
waveguide facets and sides. This roughness contributes to over half
of the total optical loss through the device. The waveguides were
designed to have large cross-sectional areas to minimize the impact
of divergence as light traverses the channel and to allow for easier
coupling to the multimode optical fibers. The surface roughness of
the waveguides is an inherent limitation when using lithography
that cannot be completely avoided. Due to the loss already encountered using a single channel, a reference channel is not used for
the experiment as this would require beam splitting which further
increases the loss.
3. Device fabrication
3.1. Wafer level processes
The MEMS sensor was fabricated using conventional MEMS
patterning techniques. Four-inch silicon wafers (%1 0 0& orientation) begin with a 1-!m thick thermal SiO2 to act as a bottom
cladding layer for the waveguides. Layers of chrome (20 nm) and
gold (200 nm) are sputtered onto the oxide coated wafers and patterned using Shipley 1813 photoresist to create the electrodes inside
the microfluidic channels.
The lithography process for the SU-8 layer went through many
optimization iterations. The mismatch in the coefficient of thermal
expansion between the SU-8 and silicon coupled with the large
footprint size of the devices make the film prone to delaminating throughout the fabrication process. SU-8 does not adhere well
to oxide surfaces, therefore, an adhesion promoter, AP300 (Silicon
Resources, Chandler, AZ) was used. The AP300 was first spun on
the wafer at 5000 RPM and then baked on a hotplate at 150 ◦ C for
15 min to remove solvent residues which the chemical otherwise
left on the wafer. SU-8 was applied to the wafer and spun first at
600 RPM for 10 s followed by 1150 RPM for 30 s to achieve a final
thickness of 100 !m. The heating procedure is not the conventional
method for SU-8 and was developed in order to decrease the film
stress as the wafer heats and cools. The pre-bake was performed on
a hotplate at 55 ◦ C for 2 h with a temperature ramp of 5◦ /min.
The SU-8 was exposed to UV light at a dose of 2500 mJ/cm2
using a mask aligner system, and then placed back on the hotplate
to bake at 55 ◦ C for 90 min with a temperature ramp of 5◦ /min.
After post-baking, the SU-8 was developed for 10 min in developer.
The wafer was then immersed in a BOE 50:1 solution for 5 min to
remove any TiO2 particles left behind by the AP300 adhesion promoter as they were found to interfere with electrical contact. The
next step involved patterning the sidewall waveguide facet with
a transparent, conductive material to facilitate the chitosan deposition. Indium tin oxide (ITO) was deposited on the wafer using
RF magnetron sputtering. The sidewall patterning procedure of the
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extends from the sidewall using an optical microscope. Following
a thorough rinse with DI water, the chips are immersed in a 1 M
solution of NaOH for 5 min to neutralize the chitosan film.

Fig. 4. Photo of fully packaged device including fluidic and optical connections. Two
sensors are patterned in the same channel with only one currently being tested.

ITO using AZ9245 photoresist has been described elsewhere [26]
and the results are shown in Fig. 3. The wafers are cleaned using
acetone, methanol, isopropyl alcohol and DI water, then diced into
individual dies for testing.

3.2.2. Packaging
The fluidic channel was sealed using a thick (1 mm) flexible polymer, PDMS. PDMS is widely used for many microfluidic applications
[28–30]. PDMS can be permanently bonded to oxide surfaces using
a surface plasma treatment, but can also be reversibly bonded to
other materials. PDMS curing agent and polymer were purchased
from Sigma–Aldrich and mixed in a 1:10 ratio. The solution was
cured at 80 ◦ C for 25 min in a box furnace, and then cut into smaller
pieces to fit over the device. To position the PDMS layer, methanol is
applied to one side and the PDMS is slid into place over the device.
The methanol evaporates and the PDMS is bonded to the SU-8. This
bond was sufficient to hold the liquid pressures achieved during
normal operation of the device and no leakage was detected.
The final packaged device is shown in Fig. 4. Metal capillaries
with OD 400 !m and ID 200 !m were inserted through the PDMS
to create liquid inlet and outlet ports. The capillaries fit snuggly
within Tygon flexible tubing which was used to deliver the liquid
to and from the device. Multimode optical fibers were aligned to
the on-chip waveguides through the use of patterned grooves in
the SU-8 resist. Once aligned by hand under a stereomicroscope, an
adhesive was used to secure the fiber.
4. Testing and results

3.2. Die level processes
4.1. Macro-scale experiments
3.2.1. Chitosan deposition
Medium molecular weight (∼200 kDa) chitosan flakes were
purchased from Sigma–Aldrich and prepared using established
methods resulting in a solution with pH of 5.3 and w/v chitosan of
0.5% [14]. The chitosan solution was applied to the active electrode
area in the channel using a 100 !L syringe. It has been shown elsewhere that applying a current density of 4 A/m2 results in a thin film
deposition [27]. The surface area of the sidewall is not known and
difficult to calculate. The deposition conditions were found empirically by applying varying current densities and observing the extent
of chitosan sidewall coverage via SEM imaging. The currents were
applied for 10 min, after which the device was rinsed extensively
with DI water and blown dry with nitrogen. Applying a current of
0.35 !A results in complete chitosan coverage of the sidewall interface as seen in Fig. 2c. Applying currents higher than 1 !A causes
bubble formation due to the evolution of excessive hydrogen gas at
the cathode which disturbs the chitosan film formation.
After deposition, the moist chitosan films were measured to
be between 5 and 10 !m by measuring the distance the chitosan

Testing the absorbance changes in the chitosan film due to catechol oxidation was performed using two methods. The first was
to detect absorbance changes using a conventional UV–VIS spectrophotometer on chitosan films that had been dried onto glass
slides. The second was to use the fabricated MEMS biosensor with
an electrodeposited film of chitosan to detect the absorbance and
compare the results.
Chitosan was cast onto glass slides with thickness of about
10 !m. The chitosan used for these experiments was 1.6% w/v in
order to cast a thicker film. Following the casting, each slide was
placed in 1 M NaOH for 5 min to neutralize the film and then washed
extensively with DI water. Catechol flakes were purchased from
Sigma–Aldrich and dissolved in a 20 mM phosphate buffer at a
pH of 5.3 to create the catechol solutions. The slide experiments
were performed by placing the chitosan-coated slide in contact
with a gold electrode. A second gold electrode (cathode) along with
the slide/electrode pair (anode) were placed in a beaker containing a predetermined concentration of catechol in buffer solution.

Fig. 5. Absorbance spectra for varying oxidized catechol concentrations. A clear increase in absorbance at low wavelengths for increasing concentration is observed. Inset
graph displays the correlation between absorbance and concentration at the operating wavelength of 472 nm.
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Fig. 6. Percent decrease in optical intensity after oxidizing various catechol concentrations and control fluids for 10 min each.

A 4 A/m2 current density was applied to the anode for 10 min to
allow for sufficient attachment of the generated o-quinones to the
chitosan film.
The absorbance through the altered chitosan films with
reference to a blank slide was measured using a GENESYS2 Spectrophotometer (Thermo Scientific, Waltham, MA). A relationship
between the measured absorbance and the starting catechol concentration was observed as shown in Fig. 5. The inset graph shows
that the absorbance is almost linear with concentration at 472 nm,
the wavelength of light chosen to use for the MEMS device.
4.2. MEMS sensor experiments
Absorbance measurements from catechol oxidation were taken
using blue light (472 nm) coupled through the MEMS device. Light
was delivered from a free space blue laser (LaserMate, Pomona, CA)
operating in the continuous wave mode and focused into a multimode fiber using a manual alignment stage. Output light was
coupled via the optical fiber to a USB linked spectrophotometer
(Ocean Optics, Dunedin, FL) which facilitated automated data collection using software. Catechol in buffer solution was prepared for
each test using the same method as previously described. Liquid
was administered using a GENIE PLUS syringe pump (Kent Scientific, Torrington, CT) at a flow rate of 100 !L/h, which translates to
a linear flow velocity in the channel of about 1 mm/s.
Fig. 6 displays the decrease in measured light intensity for three
different catechol concentrations after being oxidized for 10 min
at a current density of 4 A/m2 . No increase in optical absorbance
(decrease in light intensity) was observed from the oxidation of
the buffer solution or the common reducing agent, ascorbic acid.
Measurement error was calculated based on the observed fluctuations in the intensity measurement due to either change in the laser
power or noise effects in the detector.
The increasing absorbance change over the 10 min period for
each sample is displayed in Fig. 7. The accumulation of the oquinones over time is diffusion limited as the catechol must traverse
through the chitosan film to reach the electrode. Once again, it can
be seen that ascorbic acid displays no absorbance increase throughout the duration of the reaction.
The use of the chitosan film is crucial in this application for
amplifying the measured absorbance signal due to trapping of the
o-quinones and for measuring low catechol concentrations. Fig. 8
displays the absorbance change over time without the chitosan
film at the electrode interface in the channel when the same oxidizing current is applied. For higher catechol concentrations, the
absorbance levels off after only two minutes, but is 69% and 82%
less than the absorbance measurements taken when using the chitosan film in the channel for 0.1 and 0.01 M catechol respectively.
No absorbance change is detected for the lower concentration of
0.001 M catechol. The absorbance level saturates as equilibrium is
reached in the liquid between the creation of the o-quinones at the

Fig. 7. Change in absorbance over 10 min reaction time for each sample.

electrode surface with the diffusion of the o-quinones away from
the sensing area. It should be noted that the tests without chitosan
require the liquid flow to be stopped in the channel. Any applied
flow rate will cause the o-quinones to be swept away from the
sensing area, disallowing any accumulation which would cause a
detectable change in absorbance.
5. Discussion
The measured absorbance clearly increases with increasing catechol concentration for both the experiments performed using
glass slides and those using the biosensor. Discrepancies between
the data trends, including a non-linear absorbance relationship
with concentration in the MEMS device, can most likely be
attributed to variations in the sizes of the electrodes in the channel
from device to device. The surface area variation can also be affected
by the roughness of the ITO-coated polymer sidewall. These variations can not only cause irregular thicknesses of chitosan during the
deposition, but can also slightly change the applied current density
used to oxidize the catechol molecules. Further optimization of the
fabrication procedure can help reduce this variability. Another possible source of error is the diffusion rate of the catechol through the
chitosan matrix as more and more of the polymer is crosslinked
by the o-quinones. The degree of crosslinking over a given time
may not be linear if the diffusion rate of the catechol through the
crosslinked region changes. The deviation from a linear relationship between concentration and absorbance can also be explained
by strong molecular interactions at high concentrations [31]. Still,
our biosensor data demonstrates general agreement with similar
absorbance experiments performed in literature utilizing chitosan
films where higher catechol concentrations (>10 mM) were also
shown to have non-linear absorbance effects [32]. Since our device

Fig. 8. Measured absorbance over reaction time without the chitosan film in
the channel. The absorbance level saturates after 2 min and lower concentrations
(<10 mM) are undetectable.
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uniquely allows for the collection of time resolved absorbance data,
calibration curves can be fit to different times in order to achieve
more accurate sensing of the concentration. The absorbance change
at lower catechol concentrations can be enhanced by increasing the
reaction time.
The lack of any measurable signal in the presence of only a high
concentration of ascorbic acid demonstrates the usefulness of an
optical detection device for catechol. Although the ascorbic acid
does become oxidized, its reduced form confers no absorbance
change in the visible spectrum. The detection capabilities of the
device may be affected by catechol in the presence of chemicals with low oxidation potentials and would vary based on the
concentrations of each compound. Antioxidants in high enough
concentrations relative to the catechol can also chemically reduce
the o-quinones back into catechol molecules before they can bind
to the amine groups of the chitosan film. One possible solution for
achieving better selectivity in a solution with various samples is to
apply different voltages to preferentially oxidize only those compounds with the desired oxidation potential as demonstrated in
[33]. This procedure could allow for more selective catechol detection from real world samples such as tap water or lake water and is
an area of future research with our biosensor.
This device represents the first step for using optical measurements in an on-chip sensor for catechol detection. The choice of
materials for the device allow for the future integration of onchip photodetectors. These photodetectors along with a small laser
diode could be used with the current sensor design to create a truly
portable system. Furthermore, many channels and waveguides can
be patterned on a single chip for high-throughput screening of
numerous samples.
6. Conclusion
We report the demonstration of on-chip catechol detection
using optical absorbance measurements. We began with qualitatively identifying the absorbance change through chitosan films
cast onto glass slides following exposure to varying concentrations
of electrochemically oxidized catechol. The data exhibited a nearly
linear relationship and provided a basis for comparison with the
MEMS sensor results. The data collected from the MEMS sensor displays a slightly different correlation between the absorbance and
the catechol concentration level than that from the experiments on
the glass slides. This discrepancy is most likely due to fabrication
variations between chips and can be improved. The device successfully demonstrates selective detection of phenolic (catechol) vs.
non-phenolic (ascorbic acid) reducing compounds without using
enzymes. This research provides the groundwork for detection of
catechol and other phenolic compounds using a MEMS device packaged in a low-cost, portable system.
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