JIAICIS

ARTICLES

Published on Web 01/29/2003

Layer-by-Layer Self-Assembled Chitosan/
Poly(thiophene-3-acetic acid) and Organophosphorus
Hydrolase Multilayers

Celeste A. Constantine,’ Sarita V. Mello,” Annie Dupont,’ Xihui Cao,"
David Santos, Jr.,¥ Osvaldo N. Oliveira, Jr.,¥ Francisco T. Strixino,$
Ernesto C. Pereira,® Tu-Chen Cheng," Joseph J. Defrank,' and Roger M. Leblanc**
Contribution from the Department of Chemistry, Waisity of Miami, 1301 Memorial Drie,
Coral Gables, Florida 33146, IFSC, Urersidade de Sao Paulo, C.P. 369, Sao Carlos,
Sao Paulo, Brazil, CMDMC, Department of Chemistry, UFSC, 13560-970 Sao Carlos,

Sao Paulo, Brazil, and Biotechnology Team, Research and Technology Directorate, U.S. Army
Edgewood Chemical and Biological Center, Aberdeenviig Ground, Maryland 21010-5423

Received September 25, 2002 ; E-mail: rml@miami.edu

Abstract: The aim of this study is to immobilize an enzyme, namely, organophosphorus hydrolase (OPH),
and to detect the presence of paraoxon, which is an organophosphorus compound, using the layer-by-
layer (LbL) deposition technique. To lift the OPH from the solid substrate, a pair of polyelectrolytes (positively
charged chitosan (CS) and negatively charged poly(thiophene-3-acetic acid) (PTAA)) were combined. These
species were made charged by altering the pH of the solutions. LbL involved alternate adsorption of the
oppositely charged polyions from dilute aqueous solutions onto a hydrophilic quartz slide. This polyion
cushion was held together by the electrostatic attraction between CS and PTAA. The growing process
was monitored by fluorescence spectroscopy. OPH was then adsorbed onto the five-bilayer CS/PTAA
system. This five-bilayer macromolecular structure compared to the solid substrate rendered stability to
the enzyme by giving functional integrity in addition to the ability to react with paraoxon solutions. The
ultimate goal is to use such a system to detect the presence of organophosphorus compounds with speed
and sensitivity using the absorption and fluorescence detection methodologies.

1. Introduction which the sulfur group is replaced by oxygemhis compound

is poisonous if ingested, inhaled, or absorbed through the skin.
Many analytical methods have been devised to detect the

Joresence of OP compounds, for example, gas chromatography

Organophosphorus (OP) derivatives are found in insecticides
and pesticides that are widely used around the wbi@P
compounds are structurally similar to nerve gases and act a 671 o
neurotoxins by inhibiting the enzyme acetylcholinesterase, which (GC).» hlgh_-performance liquid chrqghatography (HPE€and
is responsible for transmitting nerve impulses across synépses.Other electrical methqu of detecFl These method§ h?!"e
As a result of the acute toxicity of these OP neurotoxins, Proven to be sensitive and reliable but have significant
environmental monitoring of the presence of these compoundsdisadvantages. They are time-consuming and expensive and
in food and groundwater is important to keep these compoundsMust be done by skilled personnel. To overcome these dis-
below the harmiul level for humans and anima@ne such advantages, enzymatic biosensors have been designed for speed

OP compound is paraoxon, which is the product of oxidative of detectign, high efficiency, and sensitivi’t}/]'he biomaterials
desulfuration of another pesticide, parathfdihen parathion ~ currently in use for organophosphate detection are enzyes,
is exposed to the atmosphere, it is converted to paraoxon, inantibodies; and cells'*
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University of Miami. (6) Mendoza, C. E. Thin-layer chromatographyPlesticide AnalysisDumas,

zUnlverSIdade de Sao Paulo. K. G., Ed.; Marcel Dekker: New York; 1981, pp-%4.
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Organophosphorus hydrolase (OPH) is an enzyme thatcharges onto the solid substrate leads to a wide range of
exhibits the ability to hydrolyze a large variety of organophos- combinations of charged species, which can be used for self-
phorus compounds by producing less toxic products such asassembled ultrathin film%-42
p-nitrophenol and diethyl phosphafeOPH selectively catalyzes In the present work, several bilayers of chitosan (CS) and
a hydrolytic reaction in the PO, P-S, P-F, and P-CN bonds poly(thiophene-3-acetic acid) (PTAA) were prepared to produce
in organophosphorus neurotoxi¥shere are several advantages a stable supramolecular ultrathin film. CS is a high molecular
to using enzyme-based sensors, and some of these advantagegeight polyglucosamine of approximately 100 kDa. CS, due
are the following: rapid response times, sensitivity, and to strong electrostatic segmergegment repulsion, adopts an
reactivation of the enzyme for continuous monitoriidqueous extended conformatiof#:*4CS adsorbs strongly onto negatively
solutions of enzymes lose their catalytic activity relatively charged surfaces, and the adsorbed CS layer adopts a flat
quickly, and this activity cannot be regenerated. In lieu of this, conformation that provides a stable film on which the PTAA
enzymatic determination is optimized when the enzyme is can be adsorbet.PTAA has many important properties such
immobilized. There are several methods of immobilization. as conductivity in the doped statéthermochromism? photo-
Effective methods of immobilization include physical adsorption luminescencé® fluorescence, and absorption in the BVis
onto a solid suppof2° encapsulation into a hydrog&, 23 region?® The first five bilayers offer a cushion of support and
cross-linkingZ*25and covalent binding®—3° A key requirement increased stability, as a result of strong electrostatic attraction
of enzyme immobilization is attachment without the bioactivity between CS and PTAA due to the opposite charges. This allows
being sacrificed? for better adsorption of OPH on this cushioning support than

The layer-by-layer deposition technique is used to generateon a solid support such as a quartz sffi@he fluorescence
ultrathin films with molecular order and stability. This technique property of PTAA played a key role in this work as the ultrathin
overcomes some of the disadvantages of other methods offilm was monitored using emission spectroscopy. Our method-
ultrathin film assembly, vide supra. One major advantage of ology shows a novel way of immobilizing OPH using the
this technique is that it has great industrial application in the alternate layer-by-layer adsorption technique. The immobiliza-
field of biosensors. The layer-by-layer deposition method tion is done under mild conditions using pH 7.3 so that the
involves the alternate adsorption of oppositely charged macro- activity of OPH is not compromised. However, upon im-

molecules such as polymers and biomacromolecidie4 This
approach provides a simple method to develop film<$60
nm thick that possess a high strengti®wing to its simplicity

mobilization, the enzyme is stable and can be used under more
harsh conditions. Layer-by-layer adsorption allows OPH to be
combined with PTAA so that in the presence of paraoxon there

and versatility different enzymes and polyions may be assembledwould be a change in the optical properties of PTAA, and hence,
to fabricate an ultrathin film. These have potential applications the presence of paraoxon could be detected.

in areas such as separation or dialysis membréneptical

devices’” and biosensor® Electrostatic forces, covalent bond-
ing, to a lesser extent hydrogen bonding, and hydrophobic

2. Experimental Section

2.1. Materials and Methods CS was obtained from Biopolymer

interactions are responsible for the spontaneous assembly ofEngineering (Eagan, MN). A solution (1 mg/mL), pH 4.0, was prepared.

these ultrathin films. The sequential adsorption of opposite
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PTAA was synthesized according to the published proce§&®TAA
solution was prepared at a concentration of 1 mg/mL, using LD
NH,OH, and the pH was adjusted to 8.8. OPH{&80%) (E.C. 3.1.8.1)
was isolated, extracted, and purified by the U.S. Army Laboratory
(Edgewood Chemical and Biological Center, Maryland). A stock
solution of OPH (1.8 mg/mL) was prepared in 100 mM bis-tris
propane (BTP), pH 7.3, containing 1M Co?". The stock solution
was frozen at-4 °C. The stock solution was freshly thawed and diluted
to a concentration of 0.18 mg/mL before use. The ionic strength of the
above solutions was adjusted with NaCl. Buffers were used as washing
solutions to maintain the same pH as the dipping solutions: pH 4.0
(0.1 M GgHs04K and 0.1 M HCI), pH 8.8 (0.1 M ¢H1;NOz and 0.1

M HCI), pH 7.3 (0.1 M KHPQO, and 0.1 M NaOH). The water used
was purified by a Modulab 2020 water purification system (Continental
Water Systems Corp., San Antonio, TX). The pure water has a specific
resistance of 18 I®-cm and a surface tension of 72.6 mNhat 20

+ 1°C.
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A, M Figure 2. Fluorescence spectra of the growing OPH/PTAA bilayer system
) . that was added on top of the fifth CS/PTAA bilayer systé;480 nm):
Figure 1. Fluorescence spectra of the PTAA solution (0.1 mg/mL) and (1) fifth CS/PTAA bilayer before deposition of OPH/PTAA, (2) first OPH/

CS/PTAA binary system deposited onto the hydrophilic quartz slide used prap bilayer, (3) second OPH/PTAA bilayer, (4) top OPH layer.
to confirm the CS/PTAA bilayer growing processe{. 480 nm). The

numbers 5 correspond to the first through fifth CS/PTAA bilayers. . .
the quartz slide due to the formation of aggregéfeshe

The fluorescence spectra were recorded using a Spex Fluorolog 16gdluorescence intensity band &fax 600 nm was seen for each
spectrophotometer. A Perkin-Elmer U¥is—near-IR spectrometer,  fluorescence spectrum that was taken. This single bangl.at
Lambda 900, using a quartz cuvette of 1 cm path length, measured the600 nm corresponds to the presence of the PTAA layers. The
UV—vis absorption spectra of the solutions. An epifluorescence increasing intensity of the fluorescence spectra confirms the
microscope (Olympus IX-FLA) was used for acquiring the epifluores- growth of the bilayer system by the LbL deposition technique.
cence micrographs. A thermoelectrically cooled Optronics Magnafire The fluorescence intensity does not change dramatically between
TMCCD camera detected the emission of the adsorbed layers. the fourth and fifth bilayers, and at this point a homogeneous

2.1.1. Preparation of the Quartz Slide The quartz slides were film was noted.
rinsed in a detergent solution to remove any impurities from the surface.  after five bilayers of CS/PTAA were built, the stability of
This was followed by sonication in pure water for 30 min to remove ;¢ ovstam was tested by placing the quartz slide in pure water
detergent from the slide. The slide was then made hydrophilic using for 20 min. The fluorescence measurement showed no signifi-
the RCA method? The slides were then sonicated with pure water. T . . - ) .

2.1.2. Immobilization of Polyelectrolytes onto the Quartz Slide cant change in intensity. This verified that the five-bilayer

B yelectroly . . ultrathin film was sufficiently stable due to the strong electro-
The negatively charged quartz slide was alternately immersed in static forces between the oppositely charged layers, and further
aqueous solutions of oppositely charged CS (positive) and PTAA o . PP y 9 Yers,

(negative) polyions for 10 miff Each immersion was followed by deposition of CS/PTAA bilayers W_as unnecessary.

washing the slide in a buffered solution which had the same pH as the The OPH/PTAA b”a}/ers continued the QrOWth of the
dipping solution, as described in section 2.1. For each cycle, a bilayer multilayer system, and this was also followed using fluorescence
film of CS/PTAA was formed on both sides of the slide. The slide spectroscopy (Figure 2). Two bilayers of OPH/PTAA were
was dried with a cool stream of air. The fluorescence spectrum of the adsorbed onto the ultrathin film of CS/PTAA that provided an
quartz slide was recorded in air after each assembly cycle. This cycleindependent interface for the immobilization of OPH. A layer
procedure was repeated five times until a stable film was obtained. of OPH was adsorbed as the last layer of the system to be able
After the bilayer system of CS and PTAA (five bilayers) was built, 5 getect paraoxon. The fluorescence spectrum was recorded
the slide was immersed in a beaker of water for 20 min to determine after the last layer of OPH was added, and this was used as the

whether the film would be washed away. The fluorescence spectrum .
. : reference for further comparison of the substrate after exposure
of the slide was again recorded and compared to the recorded spectrum

of bilayer 5 to determine this. On top of this stable bilayer system, to paraoxon. ) o

two bilayers of OPH/PTAA were deposited by alternately immersing 1€ sensor was placed in a small beaker containing an
the slide in aqueous solutions of OPH and PTAA for 10 min. On top adueous paraoxon solution (¥f0oM) for 1 min, removed, and

of the OPH/PTAA bilayers one last layer of OPH was adsorbed. This dried with a cool stream of air, and the fluorescence spectrum
multilayer system of CS, PTAA, and OPH from now on referred to as of the sensor was recorded. This was repeated several times

asensorwas used for the detection of paraoxon. with increasing concentrations of paraoxon solution. The
_ _ fluorescence intensity of the sensor after exposure to paraoxon
3. Results and Discussion solution decreased with increasing concentrations of paraoxon

solution (Figure 3). This decrease in fluorescence intensity is

3.1. Fluorescence Emission Spectroscopic Studies of the
P P explained by the fact that the PTAA layer is sandwiched

LbL Adsorbed Films. The optical property fluorescence of
PTAA was .used as a reference to momtor the grOWth of the (51) Guilbault, G. InAnalytical Uses of Immobilized Enzymé&uilbault, G.,
CS/PTAA binary system. PTAA solution hasl@axat 575 nm Eds.; Marcel Dekker: New York, 1984. _ o
(Figure 1). The fluorescence spectra showed a shift toward the(52) McRae, E.; Kasha, M. IrPhysical Processes in Radiation Biology

X ! Augenstein, L., Mason, R., Rosenberg, B., Eds.; Academic Press: New
red region for the CS/PTAA bilayers that were adsorbed onto York, 1964.
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Figure 3. Fluorescence spectra of OPH in the presence of different rjg,re 5 Uv—vis absorption spectra of the hydrolysis product PNP at
concentrations of agueous paraox08n solutitn(480 g\m)- (1) top Iay7er different time intervals for the detection of paraoxon solution: (1) paraoxon
of OPH, (2) 1x 1079 M, (3) 1 x 107°M, (4) 4 x 107° M, (5) 8 x 10 solution (8 x 1077 M). Incubation time of the substrate in paraoxon

M, (6) 0.5 x 107 M, (7) recovery of enzyme after the sensor was left ¢ tion: (2) 30's, (3}(10) 1, 2, 3, 4, 5, 6, 8, 9, and 10 min.
overnight in KPQ/NaOH buffer. ' o

3.2. UV—Vis Absorption Studies for the Detection of
Paraoxon Using LbL Adsorbed Films One method used to
illustrate that the LbL adsorbed films successfully works for
251 the detection of paraoxon is the B\is absorption spectrum
of p-nitrophenol (PNP). OPH hydrolyzes the phosphotriester
2.0 4 bond of paraoxon, releasing the hydrolysis products, one of
which is PNP {max 400 nm). In this experiment, an aqueous
solution of paraoxon (8 1077 M) was placed in a quartz
cuvette and the UVVis spectrum was recorded. As seen in
Figure 5, paraoxon has/aax at 274 nm. After the absorption
spectrum of the paraoxon solution was recorded, the sensor
was placed in the quartz cuvette for different time in-
0.5 tervals. After the initial exposure of the sensor to the paraoxon
solution for 30 s, the sensor was removed and the-Wis

00 : i : i : i : absorption spectrum of the solution in the quartz cuvette was
550 600 650 700 recorded. Figure 5 shows that, after exposure of the paraoxon
A, nm solution in the cuvette to the immobilized OPH, the absorption
Figure 4. Fluorescence spectra of the CS/PTAA system in the absence of spectrum showed a neWmax at 400 nm (curve 2). This
OPH used to prove FhatOPH is responsible for the paraoxon detgﬁ:@i@n( corresponds to the hydrolysis product PNP. The sensor was
480 nm): (2) fifth bilayer of CS/PTAA, (b) 16 M paraoxon solution. again placed in the cuvette for another 30 s so that the solution
was exposed to the enzyme for 1 min. The sensor was again
between two layers of OPH, i.e., one layer of OPH on both removed, and the UVVis spectrum was recorded (curve 3).
sides of the PTAA layer. Any interaction of the OPH layer with The procedure of exposing the paraoxon solution to the sensor
paraoxon will cause a change of conformation of the enzymes was repeated several times until the total time that the paraoxon
forming the layer, which causes the PTAA molecules to solution was exposed to the sensor was 10 min. Figure 5 shows
aggregate. Recovery of the activity of the enzyme after the that theimaat 274 nm decreases with a corresponding increase
sensor is washed in K#POJ/NaOH buffer will favor the in the Amax at 400 nm as the exposure time increases. The
recovery of the enzyme conformation and as a consequence dsosbestic point at 292 nm at the beginning of the hydrolysis
partial disaggregation of the PTAA molecules, which explains (Figure 5, curves 27) confirms that there is a transition from
the increase of the intensity of fluorescence (Figure 3, spectrathe paraoxon to the hydrolyzed product. The initial increase in
6 and 7). The sensor could be recovered and can be reused fothe /.« at 400 nm is steep as compared to the absorption band
the detection of at least 10 samples of paraoxon. after 2 min (Figure 5, curve 4). The rapid activity of the enzyme

A reference quartz slide was prepared on which five bilayers system is shown by the presence of the absorption band for
of CS/PTAA were adsorbed. The results observed are shownPNP within as little as 30 s. U¥vis spectroscopy shows that
in Figure 4. The results indicate that in the absence of OPH paraoxon is successfully degraded by the immobilized OPH,
there is marginal change in the fluorescence intensity spectrareleasing less toxic products, one of which is PNP. Lower
from the fifth CS/PTAA bilayer to that in the presence of concentrations of paraoxon can also be detected, but they need
paraoxon. This proves that OPH is responsible for the hydrolysis a longer incubation time of the sensor in the paraoxon solution
of paraoxon. for a measurable quantity of PNP to be produced. This sensor

3.0 b

1.5

Intensity, a.u.

1.0 4
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Figure 6. Epifluorescence microscope images of the bilayer system: (a)
fifth bilayer of CS/PTAA, (b) multilayer from (a) plus two bilayers of OPH/
PTAA and one OPH layer, (c) substrate from (b) after exposure t8 0
paraoxon for 1 min. Image size 898n x 713 um.

is very sensitive because concentrations as low a¥ M
paraoxon can be detected.

3.3. Epifluorescence Microscopy Studies of the LbL
Adsorbed Films. The epifluorescence microscopy studies
applied to the adsorbed layers provide a versatile method to
visually observe the topography of these self-assembled layers
and are also used to confirm the formation of aggregates. An
epifluorescence microscope image taken after the fifth bilayer
of CS/PTAA showed some bright orange spots, which illustrate
the fluorescent CS/PTAA system (Figure 6a). This was com-
pared to the epifluorescence microscope image taken after the
PTAA/OPH bilayers were deposited, and there was a change
in the topography (Figure 6b) shown by the increase in size of
the fluorescent orange spots.

After exposure of the substrate to paraoxon solution for 1
min, the epifluorescence image was again taken, and there was
an additional change (Figure 6c). The intensity of the bright
orange spots dramatically decreases, and we attributed this
fading phenomenon to the nonfluorescent PNP molecules. These
results support what was illustrated from fluorescence spec-
troscopy. Exposure of the substrate to paraoxon causes a change
in conformation of the enzymes, leading to a corresponding
change in the PTAA aggregate state and hence fluorescent
quenching.

4. Conclusion

From these studies, we can conclude that the assembly of
CS/PTAA can be successfully prepared by alternate layer-by-
layer deposition on a quartz slide. This stable ultrathin film
provides a well-defined substrate-independent interface for
enzyme immobilization, in which the bioactivity of OPH is not
compromised. This leads to fast detection of paraoxon and quick
recovery times. The spectroscopic and microscopic methodolo-
gies used suggest that nonfluorescent aggregates are formed.
The multilayer system has the advantage of being simple, fast,
and reproducible.
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