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Abstract: The realization of a reliable receptor biosensor requires stable, long-lasting, reconstituted
biomembranes able to supply a suitable biomimetic environment where the receptor can properly work
after incorporation. To this end, we developed a new method for preparing stable biological membranes
that couple the biomimetic properties of BLMs (bilayer lipid membranes) with the high stability of HBMs
(hybrid bilayer membranes); this gives rise to an innovative assembly, named MHBLM (mixed hybrid bilayer
lipid membrane). The present work deals with the characterization of biosensors achieved by embedding
an ionotropic glutamate receptor (GIuR) on MHBLM. Thanks to signal (transmembrane current) amplification,
which is typical of natural receptors, the biosensor here produced detects glutamate at a level of nmol L2,
The transmembrane current changes linearly vs glutamate up to 100 nmol L™, while the limit of detection
is 1 nmol L™1. In addition, the biosensor response can be modulated both by receptor agonists (glycine)
and antagonists (Mg?") as well, and by exploiting the biosensor response, the distribution of different kinds
of ionotropic GIuR present in the purified sample, and embedded in MHBLM, was also evaluated. Finally,
one of the most important aspects of this investigation is represented by the high stability of the biomimetic
system, which allows the use of biosensor under flowing conditions, where the solutions flow on both
biomembrane faces.

Introduction on embedded receptors may be utilized in the study of real time

In biological systems, the cellular membranes play a key role receptor-ligand interactions.
in signal trasduction: this attracted the increasing interest of T gain molecular recognition, receptors must be incorporated
researchers working on biosensors technology; clearly, thein a reconstituted biomembrane able to mimic the natural
perspective of a successful utilization of cellular membranes €nvironment in which the selective interaction with substrate
and of proteins embedded therein as substitutes of traditionalProduces a membrane disruption that can be electrochemically
biological components used so far (enzymes, antibodies, wholetrasducted;**"*?as in the case of ion-channel-linked receptors,
cells, tissues, etc.) is highly attractiyet where the specific ligandreceptor interaction transiently opens
Biological receptors are important because they act as (i) Or closes the ion gate, thus changing the membrane ion
natural targets for toxins and (i) mediators in physiological permeability*3
processes.Therefore, they can be successfully employed for  In the last years, various natural receptors, including glutamate
identifying and quantifying several substances of biological, ionotropic receptot*~19 nicotinic acetylcholine receptor ion-
clinical, and environmental interest and applied in the develop-

ment of specific drugs as well. In addition, the biosensors based (6) Steinemm, C.; Janshoff, A.; Wegener, J.; Ulrich, W. P.; Willenbrink, W.;
Sieber, M.; Galla, H. JBiosens. Bioelectrorl997, 12, 787—808.
(7) Vagin, M. Y.; Karyakina, E. E.; Hianik, T.; Karyakin, A. ABiosens.

; Dipartimento i Chimica, Universiteli Roma 'La Sapienza- Bioelectron.2003 18, 1031-1037.
_ * Dipartimento di Scienze Biochimiche “A. Rossi Fanelli”, Universita (g Hanke, W.; Schiue, W. RPlanar Lipid Bilayers-Methods and Applica-
di Roma “La Sapienza”. ) tions Academic Press: San Diego, CA, 1993.
§ Consiglio Nazionale delle Ricerche. (9) Ashlet, R. H., Edlon Channels-A Practical ApproachOxford Univerity
(1) Umezawa, Y.; Ozawa, T.; Sato, Minal. Sci.2002 18, 503-516. Press: New York, 1995.
(2) Song, J.; Cheng, Q.; Zhu, S.; Stevens, RBiomed. Microde. 2002 4:3, (10) Nikolelis, D. P.; Siontorou, C. GAnal. Chem1995 67, 936-944.
213-221. (11) Hanahan, D. JA Guide to Phospholipid Chemistr{Dxford University
(3) Buehlmann, P.; Aoki, H.; Xiao, K. P.; Anemiya, S.; Tohda, K.; Umezawa, Press: New York, 1997.
Y. Electroanal.1998 10, 1149-1158. (12) Nishizuka, Y.Sciencel992 258 607—614.
(4) Kiefer, H.; Klee, B.; John, E.; Stierhof, Y.-D.;"Baig, F. Biosens. (13) Hirano, A.; Wakabayashi, M.; Matsuno, Y.; Sugawara, Blosens.
Bioelectron.1991, 6, 233—237. Bioelectron.2003 18, 973-983.
(5) Subrahmanyam, S.; Piletsky, S. A.; Turner, A. PARal. Chem.2002 (14) Uto, M.; Michaelis, E. K.; Hu, I. F.; Umezawa, Y.; Kuwana,Anal. Sci.
74, 3942-3951. 199Q 6, 221—-225.
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channek%2! Na*/p-glucose cotransportét lactose/H cotrans-
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porte_r, Na*,K ATPas_eZ, _a_nq DNAZ have been tested as glutamate receptor

sensing elements. Semiartificial receptors were also obtained |

by modifying well-known peptides such as ¥&and Gram[3’ I I |

GIuR

[widely used for testing reconstructed bilayer lipid membranes } ) )
(BLMs)] achieving biosensors for detecting DRor antibod- fonotropic metabotropic other
ies1329 Receptor-based biosensors were also obtained by |—|—|
embedding fully artificial receptors into BLMS.
. . . NMDA non-NMDA delta1 & 2
Studies on receptor-based biosensors are mainly focused on
practical aspects, including analytical applications, or shed |_I_|
deeper light on yet partially unknown working mechanisms. One -
example is the application of the receptor for ins@liand more AMPA | | Kainate

complex systems are based on the nicotinic receptor for
acetylcholine??33 However, at present the glutamate receptor
is surely one of the less known systems, even if highly
intriguing, being very important in the neurobiology field.
Glutamate is the main excitatory neurotransmitter of the
central nervous system of vertebratésyeing involved in
fundamental mechanisms of learning, memory, formation, and
plasticity of the synaptic endings and in the development of
the central nervous systethGlutamate and all its analogous
species, such as kainic acid;amino-3-hydroxy-5-methyl-4-
isoxazolpropionic acid (AMPA), and\-methylD-aspartate
(NMDA), are also powerful neurotoxirt$;*” and the disfunction The modulation of different substrates on the glutamate
of glutamate receptors (classified in Figure 1) is probably receptor (GluR) response is quite complex and not fully
implicated in serious neurological disorders, including epilepsy, understood so far. For example, the NMDA receptor is a
ischemic stroke, Parkinson’s and Alzheimer’s diseases, andcomplex and intriguing macromolecule: opening of the intrinsic

Glutamate NMDA AMPA

Kainate

Figure 1. Classification of different types of glutamate receptors based
on the most active ligand to which they are bound and the chemical
structures of the ligands.

Huntington’s chored®4!

(15) Minami, H.; Sugawara, M.; Odashima, K.; Umezawa, Y.; Uto, M
Michaelis, E. K.; Kuwana, TAnal. Chem1991, 63, 2787-2795.

(16) Minami, H.; Uto, M.; Sugawara, M.; Odashima, K.; Umezawa, Y.;
Michaelis, E. K.; Kuwana, TAnal. Sci.1991, 7, 1675-1676.

(17) Sugawara, M.; Hirano, A.; RekaM.; Nakanishi, J.; Kawali, K.; Sato, H.;
Umezawa, Y Biosens. Bioelectronl997 12, 425-439.

(18) Hirano, A.; Sugawara, M.; Umezawa, Y.; Uchino, S.; Nakajima-lijima, S.
Biosens. Bioelectror00Q 15, 173—-181.

(19) Hirano, A.; Wakabayashi, M.; Sugawara, M.; Uchino, S.; Nakajima-lijima,
S. Anal. Biochem200Q 283 258-265.

(20) Reiken, S. R.; van Wie, B. J.; Sutisna, H.; Moffett, D. F.; Koch, A. R;
Silber, M.; Davis, W. CBiosens. Bioelectrorl996 11, 91-102.

(21) Eray, M.; Dogan, N. S.; Reiken, S. R.; Sutisna, H.; Van Wie, B. J.; Koch,
A. R.; Moffett, D. F.; Silber, M.; Davis, W. CBioSystem4995 35, 183~
188.

(22) Sugao, N.; Sugawara, M.; Minami, H.; Uto, M.; UmezawaA¥ial. Chem.
1993 65, 363—-369.

(23) Gapel, W.; Heiduschka, PBiosens. Bioelectronl995 10, 853-883.

(24) Adachi, Y.; Sugawara, M.; Taniguchi, K.; Umezawa,Ahal. Chim. Acta
1993 281, 577-584.

(25) Siontorou, C. G.; Oliveira Brett, A.-M.; Nikolelis, D. Falanta1996 43,
1137-1144.

(26) Reh&, M.; Snejdakova, M.; Otto, M. Electroanal.1993 5, 691-694.

(27) Nikolelis, D. P.; Siontorou, C. G.; Krull, U. J.; Katrivanos, P. Anal.
Chem.1996 68, 1735-1741.

(28) Wright Lucas, S.; Harding, M. MAnal. Biochem200Q 282, 70—79.

(29) Cornell, B. A.; Braach-Makswytis, V. L. B.; King, L. G.; Osman, P. D. J.;
Raguse, B.; Wieczorek, L.; Pace, R.NRature 1997 387, 580-583.

(30) Nikolelis, D. P.; Petropoulou, S.-S. E.; Pergel, E.; Toth Bkectroanal.
2002 14, 783-789.

(31) Ozawa, T.; Sato, M.; Sugawara, M.; UmezawaA¥ial. Chem1998 70,
2345-2352,

(32) Mulchandani, A.; Chen, W.; Mulchandani, P.; Wang, J.; Rogers, K. R.
Biosens. Bioelectror2001, 16, 225-230.

(33) Sevin, L. A; Rigler, P.; Tzartos, S.; Hucho, Biophys. Chem200Q 85,
141-152.

(34) Frontiers in Neurobiology-Amino Acid Neurotransmissipistephenson,
F. A., Turner, A. J., Eds.; Portland Press Ltd.: London, 1998.

(35) Malenka, R. C.; Nicoll, R. ATrends Neuroscil993 16, 521-527.

(36) Greene, J. G.; Greenamyre, J.Pfog. Neurobiol 1996 48, 613-634.

(37) Choi, D.Mount Sinai J. Med1998 65, 133-138.

ion channel requires simultaneous binding of the coagonists
glutamate and glycine to unique recognition si®® The
NMDA receptor ion-channel is permeable to cations, primarily
to Na", KT, and C&", but the ions influx is blocked by
extracellular M@".*® The use of ion-channel receptors (par-
ticularly GIuR) as biological components of biosensors has been
pioneered by Umezawa and co-workers 15 years!agdn.
particular, they defined the first example of biosensor for
glutamate based on the glutamate ionotropic receptor embedded
in a reconstituted biomembrafthis system, working in batch,
displayed a remarkable amplification of the signal, allowing a
limit of detection for glutamate as low as>3 1078 mol L1
Despite the interest in developing such kinds of biosensors, only
a few research groups have been engaged till now on this matter,
and a lot of work still remains to be done, particularly on
practical applications.

The need to have long-lasting and biomimetic reconstituted
biological membranes, where receptors can be hosted in, is the
main drawback preventing the development of such kind of
biosensors. However, although several approdéiese been
attempted in biomembrane reconstitution, they can be grouped
essentially in two alternative approaches: unsupported BLMs
(highly biomimetic but low stability) or supported hybrid bilayer
membranes (HBMs) (highly stable but poorly biomimefit).

Different attempts have been made in order to stabilize
BLMs.46-49Worth of note are those ones based on microporous

(42) Kleckner, N. W.; Dingledine, RSciencel987, 238 355-358.
(43) Nowak, L.; Bregestovski, P.; Herbert, A.; ProchiantzNature1984 307,
462—-465.

(38) Brusa, R.; Zimmerman, F.; Koh, D. S.; Feldmeyere, D.; Gass, P.; Seeburg, (44) Sackmann, ESciencel996 271, 43—47.

P. H.; Sprengel, RSciencel995 270, 1677-1680.

(39) Friedman, L. K.; Veliskova, Mol. Brain Res.1998 61, 224-231.

(40) Akbarian, S.; Smith, M. A.; Jones, E. Brain Res 1995 6992), 297
304.

(41) Marino, M. J.; Valenti, O.; Conn, P. Drugs Aging2003 20(5), 377~
397.
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(45) Tien, H. T.; Ottova, A. LJ. Membr. Sci2001, 189 83—117.

(46) Nikolelis, D. P.; Siontorou, C. G.; Andreou, V. G.; Viras, K. G.; Krull, U.
J. Electroanal.1995 7, 1082-1089.

Siontorou, C. G.; Nikolelis, D. P.; Krull, U. Anal. Chem200Q 72, 180—
186.

)
)
(47)
(48) Nikolelis, D. P.; Pantoulias, $nal. Chem2001, 73, 5945-5952.
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Figure 2. MHBLM array obtained by coupling a HBM structure to several BLMs working in parallel: (a) SEM image (obtained in secondary electron with
an electron beam of 25.5 kV, magnification 39 8Q0f ODT-SAM on Au-covered polycarbonate membrane showing regular holeguof diameter; (b)
scheme of MHBLM incorporating GluR.

membrane8?5tlike polycarbonaté?>2glass fiberi®—48:52.53qr has been develop&dand improveéf over the past few years
other$*=56 sometime following rather different approaches. by using oligopeptides (such as Val and GramD, widely
Nikolelis et al46-48:52-56 g|so used such kinds of membranes described in the literatu?é®%69 as testing probes.

with an approach making it possible to adopt flowing conditions  In the present paper, we report the incorporation of a natural
for detection. In this approach, the authors essentially coupledreceptor in the MHBLM (Figure 2b), working as a glutamate
microporous membranes to a classical BLM assembled on areceptor-based electrochemical biosensor.

SaranWrap film hole. The solution was flowed only on the = The aim of the present work is (i) to obtain a GluR-based
microporous membrane side opposite to that one facing thebiosensor, (ii) to use it under flowing condition, (iii) to detect
BLM (motionlessly), so that the substrate reached the BLM by the receptor’s agonist at very low concentration (by exploiting
diffusing through the membrane pores. the typical signal amplification of natural receptors), and (jiii)

At the beginning, we tried to prepare stable and reliable to study the effect of receptor's coagonist and antagonist, in
reconstituted BLMs through classical approaches, such as BLM, the perspective of future applications of the device.
HBM, and salt-bridge HBM*55but no noteworthy result was

achieved with respect to the state-of-art. Materials. All reagents were of analytical grade unless differentl
. . ials. w i u i y
Hence, to couple the long-term stability of HBM with the indicated. Ethanol 95%n-hexane; isobutyl alcohol; and lithium,

biomimetic properties Of.BLM' we devised an innovative Syst.em ammonium, and sodium chloride were obtained from Carlo Erba (Milan,
based on the use a multiporous polycarbonate membrane (Figurgtaly). 1-Octadecanethiol (ODT, 95%) for GC and valinomycin were
2a) suitably covered with an ODT-SAM (octadecanethiol self- supplied by Fluka (Buchs, Switzerland)a-Phosphatidylcholine (PC,
assembled monolayer)-supporting Au layer. Such an assembly,99%) (also called lecithin) from fresh, frozen egg yolk, GramD, and
named MHBLM and depicted in Figure 2b, consists of many tri-hydroxymethylaminomethane (Tris) were purchased from Sigma (St.
(an array) BLMs (self-assembled in correspondence to mem- Louis, MO). Polycarbonate membranes characterized by regular holes

brane holes embedded in a HBM-type structure. Such a system(diameter 1um, hole density 10°10° pores cm? according to pore
size), were obtained from Whatman (Kent, England). Ultrapure

deionized water from a Millipore Milli-Q systemp(= 18 MQ cm)

Experimental Section

(49) Krysinski, P.; Zebrowska, A.; Michota, A.; Bukowska, J.; Becucci, L.;

Moncelli, M. R. Langmuir2001, 17, 3852-3857. was used throughout the experiments.
(50) Igg_rqasson, M.; Krull, U. J.; Worsfold, P. Anal. Chim. Actal98Q 117, Instruments. Reconstruction of MHBLM and experimental mea-
(51) Thompson, M.; Lennox, R. B.; McClelland, R. Anal. Chem1982 54, surements were performed by a custom-made apparatus called a
76—81.
(52) Nikolelis, D. P.; Siontorou, C. G.; Andreou, V. G.; Krull, U.Electroanal. (57) Favero, G.; D’Annibale, A.; Campanella, L.; Santucci, R.; FerriAial.
1995 7, 531-536. Chim. Acta2002 460, 23—34.
(53) Andreou, V. G.; Nikolelis, D. PAnal. Chem1998 70, 2366-2371. (58) Favero, G.; Campanella, L.; D’Annibale, A.; Santucci, R.; Ferri, T.
(54) Yuan, H.; Leitmannova-Ottova, A.; Tien, H. Mater. Sci. Eng., 996 Microchem. J.2003 74, 141-148.
4, 35-38. (59) Goodhall, M. CArch. Biochem. Biophy4971, 147, 129-135.
(55) Tien, H. T.; Ottova, A. LColloids Surf., A1999 149 217-233. (60) Sato, H.; Hakamada, H.; Yamazaki, Y.; Uto, M.; Sugawara, M.; Umezawa,
(56) Nikolelis, D. P.; Mitrokotsa, MBiosens. Bioelectror2002 17, 565-572. Y. Biosens. Bioelectrorl998 13, 1035-1046.
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Figure 3. Assembly of measurement apparatus (bicell). Different electrodes
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trans
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were employed for measurements: Au electrodes were used for continuous,

conductance measurements, while Ag,AgCl/€lectrodes were used for
step-by-step voltammetric measurements.

“bicell”, whose assembly was described in previous papéin this
research, the bicell was further improved (see Figure 3 for details) in
order to carry out both MHBLM reconstruction and experimental
measures, under flowing conditions.

Deposition of a gold layer onto one side of the polycarbonate
membranes was performed by a PS3 coating unit (Agar Aids).

For conductance measurement, two Au electrodes (2 mm diameter)
cleaned as previously describ®dwere plugged in the bicell and
connected to an Amel model 160 conductivity meter (Amel Instruments,
Milan, Italy). Data were continuously recorded on a personal computer
by custom-made connecting cable and software. Conversely, for
voltammetric measurements, the electrodes were replaced by two
custom-made Ag,AgCl/3 mol 1t CI~ electrodes in contact with cis
and trans solution through 3 morLNaCl salt bridges, and data were
recorded with a Princeton Applied Research potentiostat/galvanostat
model 273 (EG&G, Princeton NJ), driven by a PAR 270 electrochemi-
cal software.

All experiments were carried out inside a well-grounded Faraday
cage (40x 40 x 40 cm) to avoid electrical interference with the bicell
placed on an antivibrating support to avoid mechanical shocks. A Crison
pH-meter, model 2002 (Crison, Allela, Spain), was used for pH
measurements.

Procedures. Extraction and Purification of GIuR. GIuR was
extracted and purified from a natural source, according to a modified
procedure reported in the literatu®5* and it entailed the following
steps: homogenization of rat brains, ultracentrifugation, affinity chro-
matography, dialysis, and concentration. The GIuR so obtained, was
finally identified by SDS-PAGE (sodium dodecyl sulfate polyacrilamide
gel electrophoresis) and quantified by Bradford assay. Details of
different steps are here described.

Preparation of Homogenate.Eight brains from 36-45-day-old
male rats (SpragueDawley) were taken and homogenized (tissue
homogenizer GHL-OMNI-international) in sucrose (0.32 moi*).,.
CaCb (0.05 mmol 1), and HEPES (0.2 mmol 1) in the presence

The suspension was stratified on 10 mL of 1.2 mot kucrose in
1 mmol L™ HEPES (pH 7,4) and centrifuged at 302 §d6r 30 min.

The gradient interface, containing synaptic plasma membranes (SPMs)
and myelin, was taken, diluted to 10 mL, and layered on 0.9 mél L
sucrose in 1 mmol t* HEPES (pH 7,4). A further centrifugation at
302 00@ for 30 min allowed myelin to be discarded at the interface
while the pellet (SPMs) was dissolved in 30 mL of 10 mmot pH

7) phosphate buffer (PB}) sodium cholate 2% w/w in the presence of
proteases inhibitors.

Affinity Batch Chromatography . About 30 g of glass fibers was
ground, washed abundantly with hot concentrated HN@d rinsed
first with water and then with acetone and finally once again with water.
Glass fibers were mixed with 25 mL of 22% bovine albumin, 3.5 mL
of 25% glutaraldehyde solution, and 84 mL of 10 mmot I(pH 7)

PB and incubated at30 °C overnight®® The frozen cake was defrosted,
washed with PB, and incubated again with 150 mL of 0.05 mdl L
sodium glutamate- 3% glutaraldehyde at @C for 24 h. The obtained
stationary phase was then washed with 100 mL ofPB% cholate
and stored at OC until use.

The pellets previously obtained were resuspended in 30 mL of PB
+ 2% w/w sodium cholate solution, added to the affinity chro-
matographic support, and incubated at® for 24 h. The stationary
phase was then washed with 50 mL of PBsodium cholate 2%
in the presence of proteases inhibitors and dried by filtration
(at 4°C in a thermostated room). GIuR was recovered by treating the
stationary phase with 100 mL of PB 2% sodium cholate- 1 mol
L=t KCI (always in the presence of proteases inhibitors) atQ0
overnight.

The eluted solution was dialyzed at °“@ until the absence of
chlorides was detected and then concentrated to a volume of 3 mL by
ultrafiltration at 0°C (molecular weight cutoff= 20 kDa). The GIluR
solution was divided into 15QL (2.1 ug uL 1) aliquots and store at
—20°C.

Detection and Quantification of GIuR. GIuR was detected by gel
electrophoresis (SDS-PAGE, Laemmli metffpcdcomparing thés for
the obtained protein (7680 kDa) to that one of some selected standard
in the range 36120 kDa [phosphorylase B (112 kDa), BSA (84 kDa),
ovoalbumine (53.2 kDa), carbonic anhydrase (34.9 kDa), tripsine
inhibitors (28.7 kDa), lisozime (20.5 kDa)]. Acrylamide concentration
was 2.5% in the gel (or in the stacking gel) and 12% in the separation
gel, and the electrophoretic run was performed by a Mini-protean |l,
starting with 100 V. The applied potential was then raised to 180 V,
when the proteins entered the separation gel. After the proteins
separation, the gel was treated with 0.1% Coomassie Brilliant Blue R
(water:methanol:acetic aciek 5:5:2) for 30 min and then it was
destained by immersion in water:methanol:acetic ac11:1. In Figure
4 an example of the electrophoretic detection of isolated GluRs is
reported.

Quantification of GIuR was performed by the Bio-Rad Protein Assay
Kit (based on the Bradford as$dy Protein content in the examined
solution was calculated using a calibration curve obtained by plotting
the absorbance values (at= 595 nm) of differently concentrated
protein standard (bovine serum albumin) solutions.

MHBLM Formation. MHBLM spontaneously self-assembles over

of proteases inhibitors (Roche cat. #1697498). The homogenate wasy opT-SAM according to the “dilution procedure” described in detalil

centrifuged for 5 min at 10@Pand the supernatant was collected. The
pellet was washed once more in the same buffer to improve the
recovery, centrifuged as above, and finally discarded. The resulting
supernatants were combined and centrifuged at 3§ 8015 min,

and the pellet was lysed by osmosis in 10 mL of Tris/acetate (1 mmol
L%, pH 8).

(61) D’Annibale, A.; Regoli, R.; Sangiorgio, P.; Ferri, ElectroanalysisLl999
11, 505-510.

(62) Chen, J.-W.; Cunningham, M. D.; Galton, N.; Michaelis, E.JKBiol.
Chem.1988 263 417-426.

(63) Julliard, H. J.; Gautheron, IXEBS Lett.1973 37, 10-16.

(64) Monahan, J. B.; Michel, J. Neurochem1987, 48, 1699-1708.
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in previous paper3.%8in the present work, cholesterol was introduced
as a component of the membrane to be reconstituted; in particular, the
solution used to form MHBLM was 25% w/w in cholesterol and 75%
w/w in phosphatidyl choline (im-hexane/isobutyl alcohol 10:1). Thus,
after having spread 106L of MHBLM-forming solution onto ODT-
SAM, the bicell was closed and rapidly turned to the horizontal position.
Immediately, both compartments of the bicell were simultaneously filled
(the volume of each compartment is approximately 2 mL) with Tris

(65) Ly, A. M.; Michaelis, E. K.Biochemistry1991, 30, 4307-4316.
(66) Laemmli, U. K.Nature197Q 227, 680-685.
(67) Bradford, M. M.Anal. Biochem1976 72, 248—-254.
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Table 1. Conductance Values, Measured in Tris Buffer, after
MHBLM Formation and after Addition of Na* (Final Concentration
10 mmol L) and Average Lifetime for MHBLMs Containing
Different Percentages of Cholesterol

PClcholesterol conductance value (uS cm?) average lifetime
ratio initial after Na* addition (min)

PC only 1725 25-50 30-40
6:1 17-25 25-50 30-40
5:1 13-17 25-35 75-85
4:1 7-13 1721 200-220
31 1-6 4-8 >600
2:1 13-17 21-30 60-70

Results and Discussion

To be successful, our investigation requires reconstituted
biomembrane that must be characterized by (i) good biomimetic
properties, which provide a suitable environment for a correct
behavior of the embedded GIuR, and (ii) enhanced stability,

' SDS.PAGE ol " D) brai efore affin which enables the system to be used under flowing conditions.
Civomatography. (2) calbration Siandards, (3) GIuR afte puritcaton e Previously demonstrated that the MHBLM approdéh
procedure. Standards used: A, phosphorylase B (112 kDa); B, BSA (84 confers interesting features to biomembranes; nevertheless,
kDa); C, ovoalbumine (53.2 kDa); D, carbonic anhydrase (34.9 kDa); E, further improvement is possible if some experimental parameters
tripsine inhibitors (28.7 kDa); F, lisozime (20.5 kDa). are optimized; we cite here (i) the biomembrane composition,
which can be changed by varying the components used for

mL min-L After formation. the MHBLM was allowed fo stabilize for membrane assembly, (ii) the apparatus geometry, and (iii) the
- Alterformation, the Vi was aflowed 1o stabllize 1o experimental procedure followed for MHBLM assembling.
at least 30 min and then 50 mL of Tris was pumped (flow rat6.5 i - . .
mL min-3) in the bicell. It is known that cholesterol is an important constituent of
. . 9 " -
Incorporation of Gram and Val. GramD was incorporated simply natural biological membrané$?Its addition to the phospholipid

by diffusion in previously formed MHBLMs. GramD (28 of 2 mmol solution used for biomembrane reconstitution, it is expected to
L ethanolic solution) was added to Tris buffer solutier2(mL) used improve the membrane stability. To optimize the PC/cholesterol

for MHBLM. In particular both cis and trans bicell compartments were ratio, solutions with different PC/cholesterol ratios were used
filled with 25 umol L=t GramD in Tris buffer and left to stand for 30  for MHBLMs assembling, and the electrical insulating properties
min. This time is sufficient to get GramD incorporation into biomimetic  of the membranes were tested as evaluating criteria. To this
structures such as MHBLI?Z"¢8Conversely, incorporation of Val into issue, the conductance was first measured in Tris buffer (just
MHBLM was obtained simultaneously to the MHBLM self-assembling.  after MHBLM formation; initial conductance) and then after
The phospholipiet-cholesterol solution made 1 mg mLin valinomycin Na' (up to 10 mmol L2 as final concentration) was added to
was spread on the SAM, and after that, the dilution step was carried the solution. The lower the transmembrane conductance, the
out. better the MHBLM properties (i.e., higher blocking feature and
Incorporation of GluR. GIuR is incorporated in the dilution step longer lifetime)57:58
during MHBLM self-assembling. In particular, an aliquot of GIuUR was The results obtained at different PC/cholesterol ratios are

added to 3 mL of aqueous Tris buffer (final concentration of the purified A .
GIUR ~ 1004g mL-Y) that was flowed into the cis compartment; in reported in Table 1: they show that the best results are achieved

the meantime, into the trans compartment was flowed the same volume@t 3:1 PC/cholesterol ratio. It is noteworthy that, in this case,
of Tris buffer. Afterward the flow was stopped for approximately 0.5 the initial conductance value, measured just after MHBLM
h to let self-assembling of a stable MHBLM embedding GIuR occur. formation, is the lowest, so it remains even after Naldition,
Measurements All conductance measurements (by conductivimeter) @S expected for an efficient (highly blocking) membrane. The
were carried out under flowing conditions: solutions of different lifetime of different MHBLM was also simultaneously evalu-
concentrations of the same components were flowed in both compart- ated; it appears evident that the use of a solution with 3:1 PC/
ments at the same flow rate (0.5 mL miin such a way as to have  cholesterol guarantees a good stability of the MHBLMs for at
rigorously the same hydrostatic pressure in both compartments to avoidleast 600 min (as said, stability is a primary requirement for
membrane breaking. Although this approach could be less accurate duggligble applications). The membrane stability was tested within
to the presence of undesired contributions, we previously confirmed q day, so longer lifetimes could not be excluded a priori. Since
its reliability by voltammetry®’ _ longer lifetime was observed in experiments carried out on
Measurements on the GIeRMHBLM system were carried out step-  g)yR-MHBLMs (see below), the 3:1 (PC/cholesterol ratio) was
by-step by cyclic voltammetry (CV), scanning the potential at 2 mV adopted in our experiments.
st in the ranget50 mV, with respect to the equilibrium value. The . . . .
Besides the biomembrane composition, the experimental

solutions flowing in the cis compartment differed by those flowing in . . .
the trans compartment by the presence of the analyte/s to be studied aprocedure used for its assembly was determined. In previous

suitable concentration/s. The flow was stopped and the CV was WOrks (mainly operating in static solution), the membrane
recorded. reconstructiofY->®was carried out by manual addition of known

volumes of Tris buffer solution into both bicell compartments,

buffer by means of a peristaltic pump operating at a flow raté.5

(68) Burkhart, B. M.; Gassman, R. M.; Langs, D. A.; Pangborn, W. A.; Duax,
W. L.; Pletnev, V.Biopolymers1999 51, 129-144. (69) Fahrenholz, FBiochim. Biophys. Act2002 1564 384—392.
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Figure 5. Conductance (measured by conductivimeter) of GramD-MHBLM 0 2 40 60 80
as a function of different 4 mmol ! ions present in Tris buffer flowing Time (min)

into cis and trans bicell compartments. Experiment starts by flowing into
bicell compartments only Tris buffer [C(0)], and then flowing solution
composition was changed by adding different ions [GEINH4, C(2) =

Li*, C(3) = K*] to Tris buffer; between one ion and the next, the bicell
was washed by flowing Tris buffer alone.

Figure 6. Conductance (measured by conductivimeter) of\MAHBLM

as a function of the K concentration present in Tris buffer flowing into
cis and trans compartments. The experiment starts by flowing into bicell
compartments only Tris buffer [C(0)], and then Tris buffer flowing in two
compartments was made first 20 mmoil{C(1)] then 40 mmol L1 [C(2)]

paying attention to maintain the same hydrostatic pressure. In'" K- Atthe end, Tris buffer alone was once again flowed.

this work, the bicell was modified to make possible adopting change is detected when NHis added in the absence of
flowing conditions (see Figure 3); here, during membrane g amp, which indicates that the MHBLM preserves its blocking
reconstruction buffer solution was added by controlling the flow ¢+ \re \When the Tris buffer (without NI is once again
inside the bicell (as described in detail in the Experimental f0.aq the conductance comes back to the initial value
Section). With respect to previous work, this approach increasesindicating that MHBLM is not damaged by the flowing solution.
the percentage of success in MHBLMs reconstitution. It must 5 gimilar behavior is observed when eitherLor K+ (at the

be gonyderep] that' addition of aqueous buffer under (?ontrolled same concentration) is flowed; however, the conductance attains
flowing conditions is much more rella_ble and repr_odumble th_an a different value according to the selectivity coefficient of
the manual method adopted earlier. In particular, during GramD toward these ior€.

MHBLM formation the level of solution inside cis and trans The behavior of GramBMHBLM provides evidence that,
bicell Compartments is always the same, as We”_ as the in correspondence of polycarbonate membrane holes, true BLMs
hydrostatic pressure on both membrane faces; this favors(not extended or multilayer on® are formed. The length of

membrane self-assembling and avoids membrar']e breaking. Thiss.amD molecule is the same as that of phosphatidilcholine
accounts for a successful MHBLM reconstruction percentage jecyles forming the biomembrane layers; thus, an ion channel

close to 100% and appears of great importance, particularly crossing the bilayer, through which NH ions (or other

yvhen expensive and/or hard tq extract receptors are 1o bepermeating ions) can go through (transmembrane current), can

incorporated. Con.trary to_preV|ou§ reports, in the .present be formed only when two GramD molecules (present in two

approach, the'flowlng.solutlons are in direct contact with both layers and able to move laterally in it) are aligriédf double

sides of the biomimetic membrane. _bilayers or multibilayers would be formed, even assuming that
The behavior of reconstructed biomembranes under flowing 5.amp is present in every layer, the probability that(@ith

conditions was investigated by measuring the conductance of , - 2) GramD molecules inr2layers would align to form an

the solutions flowing in cis and trans bicell compartments, ;. channel would be extremely low, just like the transmem-

properly separated by MHBLM incorporating GramD or Val  p.oqa current

(two probes largely utilized to check reliability reconstructed Figure 6 shows the conductance of a VMHBLM vs the

b|omembrane337.v59_'6° concentrations of K. It can be observed that in the flowing
The resul_ts Obta'“‘?‘?' forGramD-MHBl__M a_nd Val-MHBLM g ution the conductance changes proportionally to the K
under flowing conditions are shown n Flgur.es 5 anq 6. concentration; moreover, the signal rapidly raises when the
Cpnductance measur.ements were car.rled out in a, COnt”"uou%otassium ion is introduced in the bicell, until the conductance
direct mode as described in the Experimental Section. reaches a stationary state. When the solution composition is
Figure 4 shows the conductance of GramD-MHBLM as a rgyerted to Tris buffer, the system shows itself as reversible

function of time when different solutions flow in the bicell 5 the conductance value goes back to its initial value, showing
compartments. Once GramD is incorporated, the signal is again that the MHBLM structure is conserved.

stabilized at low conductance values due to the base electrolyte "paogits shown in Figures 5 and 6 are just given to show that
(Tris buffer) flowing through the cell compartments. When the s to its very high stability, MHBLM preserves selectivity

flowing solution contains also Nt (NH,CI), the conductance ot Gramp and Val incorporated under flowing conditions. In
value raises as GramD ion-channels in the MHBLM can be

permeated by Nkt. Conversely, no significant conductance (70) Thompson, M.; Krull, U. J.; Bendell-Young, L. Talanta1983 30, 919.
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100

addition, as far as the selectivity is concerned, our findings are
practically identical to those obtained for the same peptides
under static condition¥:%8 The figures also show that some
time is needed to detect a change of the signal after the solution
is changed; this is the time needed for solution exchanging in
both tubing and in the cell compartments (approximately 2 mL
volume).

Flowing conditions give some advantages versus static (batch)
conditions. In fact, in the case of a biomembrane unable to
operate under flowing conditions, the reversibility of the signal
is usually checked upon dilution of the analyte in the cell.
This is mandatory, since it is hard (when operating in batch
conditions) to achieve in the cell a complete change of the
solution without destroying the reconstructed biomembrane.
Conversely, in our measurements the ion concentration can be
changed (and it is possible to revert to the initial conditions in _ ) -, .

. . Figure 7. Regression curves fitting CVs recorded on GluR-modified
the presence of the supporting electrolyte alone), preserving theMHBLM, without (dotted line) and in the presence (solid line) of 50 nmol
biomembrane functionality. In addition, satisfactory results are L1 glutamate into the solution flowing in the cis bicell compartment; Tris
obtained when the same biomembrane is used to check differentuffer +- 50 mmol L™ Na* (NaCl) was always present in solution flowing
analytes, the only limitation being given by the membrane ™ ¢iS and trans compartments.

stability. not accurate approach (due to the presence of undesired
The results above-reported demonstrate that MHBLMs (and contributions) but was used as an up-front method to check
modified MHBLMs reconstructed as described in this research) membrane stability and GIuR incorporation, under a variety of
are highly stable and reliable. Moreover, further experiments experimental conditions. Hence, the GKRIHBLM system
carried out by leaving the cell under flow during the time itis \y59 investigated by CV (as described in Experimental Sec-
working and stopping the flow overnight have shown that tion).” Figure 7 shows the signal recorded in the absence
MHBLM preserves its blocking features up to 6 days later. (broken line) or in the presence of 50 nmotliglutamate (solid
These features are very encouraging in view of further practical line), and the slope of the curves gives the transmembrane
applications based on embedded receptors. conductance. Reported in the figure are the regression curves
Incorporation of peptides/receptors inside biomembranes mayfitting three CV runs, which were recorded according to a proper
be achieved by different procedures. Concerning the insertionsetup (described in the Experimental Section) from which
into MHBLM of GramD and Val (see also Experimental conductance values were evaluated. It appears evident that in
Section), the former is easily incorporated in assembled the absence of glutamate, the system is blocked, despite the
biomembranes by diffusion, while the latter is added at the presence, in both cell CompartmentS, of 50 mmo! Nat+ (ab|e
beginning of the MHBLM assembling procedure. This means to permeate the ion-channel formed by “open” glutamate

buffer + Glutamate 50 nM
y=132x+214,r =0.9821

50

o
L

y=030x+ 190, r = 0.9983

Current (nA)

_50 -

20 40 60

Potential (mV)

that Val has to be present in the phospholigidcholesterol
solution spread onto the ODT-SAM. Another possibility is the
fusion between biomembranes and liposofhesen if in some
cases the process could be unwielti{zIn our research, purified
GluR, available as frozen aqueous solution aliquots (at the
concentration of 2.Jug uL 1), was incorporated during the
dilution step. In particular, one aliquot (130.) was added to
the Tris buffer (volume 3 mL) and then flowed into the cis

ionotropic receptor). This demonstrates that the MHBLM is
correctly formed, and glutamate receptors are “closely” posi-
tioned.

By contrast, at very low glutamate concentration (data of
Figure 7 refer to 50 nmol t* glutamate), the receptors turn to
the “open” condition, and Nais able to pass through the
membrane; an increased current is therefore detected. According
to ionotropic receptors properties, even a very low agonist

compartment during the membrane self-assembling procedure;concentration (glutamate in this case) it is able to open the

simultaneously the same volume of Tris buffer was flowed in

receptor ion channel and let a large number of ions to pass

the trans compartment. As the bicell compartments becomesthrough. This entails a signal amplification, of interest in view

full, the peristaltic pump was stopped and the system stabilized
for 1 h. During this period, the biomembrane self-assembles,
squeezing away organic solvent residtieand GIuR incor-
poration occurs. After that, stabilization was achieved, the
flow was restarted, and the Tris buffer flowed in bicell
compartments; after 20 min, GluRVIHBLM was ready to be
used. The GIluRMHBLM reconstruction is a highly successful
process ¥ 80%).

The GIuR insertion in MHBLM (see Experimental Section)
was investigated by then use of a conductivimeter: this is a

(71) Woodbury, D. JMethods Enzymoll999 294, 319-339.

(72) Cohen, F. S.; Niles, W. IMethods Enzymoll993 220 50—68.

(73) Tien, H. T.; Ottova-Leitmannova, A. IMembrane Biophysics asewed
from experimental bilayer lipid membraneSisevier: Amsterdam, The
Netherlands, 2000.

of possible analytical applications.

The reversible behavior toward glutamate of the MHBLM-
embedded GIluR further confirms that true bilayers are really
formed in correspondence of membrane holes, as already
evidenced by experiments with GramD. The transmembrane
current (proportional to the glutamate concentration) that is
detected when the glutamate is present in the cis compartment
indicates that Nacan cross the bilayer through the ion channel
of GIuR activated by the interaction with glutamate. No current
would be detected in the presence of double or multibilayers,
since both the size and structure of GIuR would not allow it to
make contact in two compartments.

(74) Gu, L.; Wang, L.; Xun, J.; Ottova-Leitmannova, A.; Tien, H.Bioelec-
trochem. Bioenergl996 39, 275-283.
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Figure 8. Successive conductance values, measured by CV, for GluR-
modified MHBLM on differently concentrated glutamate solutions flowing
into the cis bicell compartment in the presence and absence of glycine (50
nmol L~1) or Mg?* (50 nmol L™Y). Either Tris buffer [C(0)] or Tris buffer

plus Na [C(1)] was flowed in cis and trans compartments. C{0)ris
buffer only, C(1)= Tris buffer+ 50 mmol L1 Na*. Agonists (50 or 100 As shown in Figure 8, addition of 50 nmol L glycine to

nmol L™* glutamate and 50 nmol 1! glycine) and antagonist (50 nmol  glutamate (50 nmol £1) enhances the signal (more than twice),
L‘Il l_vlgz+) flowed in cis compartment were always dissolved in C(1) in agreement with the coagonist role played by glycine for
solution.

NMDA-type GIuR34437576The graph also shows that system

Figure 8 shows the conductance values at varying compositionreversibility is preserved against coagonist action. As above-
of the flowing solution into the bicell. As mentioned above, at mentioned, such a behavior is interpreted through the different
the beginning of the experiment [C(0)] the membrane conduc- action of glutamate and glycine toward the each kind of
tance is very low, even in the presence of 50 mmot Nat MHBLM-embedded GluR.

[composition C(1)], as expected for a blocking system. Then, We remind the reader that only GluRs able to interact with
when the ionotropic channels get “open” due to the addition of glutamate by affinity chromatography are isolated. Thus,
100 nmol L1 glutamate, and an increased conductance value although all MHBLM-embedded GIuR can interact with
is detected. Moreover, if the buffer solution [composition C(1)] glutamate, ion channel activation occurs (or not) according to
missing the glutamate is again pumped into the bicell, the systemthe GIUR properties.

displays a reversible behavior and the conductance comes back In particular, the interaction with glutamate is sufficient to
to the initial value, suggesting that the channels turn to the open the ion channel of non-NMDA GIuR type; by contrast,
“closed” position. Upon changing the flowing solution with the NMDA receptor requires also a simultaneous interaction
another containing 50 nmol 1 glutamate, the signal gets with glycine34437576 Really, this last issue is much more
stronger again. Withdrawal of glutamate reverts the system to complex: several additional processes may be involved, includ-
initial conditions. ing desensitizing phenomena, due to glutamate and gly€ine.

These results obtained indicate that (i) GikIRHBLM shows In particular, in the continuous presence of glutamate, the
a reversible behavior (the agonriseceptor reversible interaction ~ NMDA receptors response is diminished in a time-dependent
is driven by mass action), (ii) the system is suitable to detect fashion that reflects negative allosteric coupling between the
glutamate at a nmol t* concentration level (thanks to the glutamate and glycine binding sites. At high glutamate con-
amplifying capability of natural receptors), and (iii) response centration, desensitization is manifest as a decrease in glycine
is proportional to the analyte concentration, as shown by the affinity. Alternatively, at high glycine concentration (in dialyzed
calibration curve (see Figure 9, where each point is the averagecells or excised membrane patches), the NMDA receptor
value of at least three replicates and reported with its standardresponse is desensitized approximately-80%.8
deviation). These features are of relevance for reliable receptor- Since we operated at relatively low glutamate and glycine
based biosensors. concentration, it is our opinion that the above-mentioned model

The linearity range extends from 10 to 100 nmotl(which should fit the behavior of our GIURMHBLM system, in
represents the highest value checked), and the limit of detectionconsideration of its extreme simplicity in comparison with
(calculated as three times the noise) is 1 nmol, 11 order of cellular membranes (where additional processes may take place).
magnitude lower than that reported by Umezawa et*aPywho Our data allow us to evaluate the abundance of different kinds
utilized GIuR embedded in classical BLM and worked in batch. [NMDA (N) and non-NMDA (nN)] of MHBLM-embedded

Despite the exciting result of determining concentrations as
low as nmol L giuamate using a simple slecrochemical (75) S47.2, Ceop & teon Neushiidose s se 72
system, the main interest in such kind of biosensor is the study =~ 1999 51, 7-61. '
of those substrates modulating the receptorial activation (re- @) B‘f?yggh \l\//léané'tgar\r/Enj.t(ial\cfl\}\}igagegg'seDr%s}fti’z;/YigggétLAQbX,yig?ﬁg{eLén g
sponse) as toxins or drugs. To this end, the response of-GIuR NMDA receptors, InExcitatory Amino Acids and Synaptic Functj@nd
MHBLM toward Mgz+ (antagonist) and glycine (coagonist) was ed.; Wheal, H., Thomson, A., Eds.; Academic Press: New York, 1995.

X . A (78) Sather, W.; Johnson, J. W.; Henderson, G.; AshéXeBron1990Q 4, 725—
taken into consideration. 731.

Figure 9. Glutamate calibration graph recorded under flowing conditions
by CV of GluR-modified MHBLM. Other experimental conditions are the
same as reported in Figure 7.
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GluR. Indicating as Ry" the GluR—-MHBLM response when the system, for the first time, here the solutions flow on both
only glutamate is present in the solution of the cis compartment biomembrane faces.

and as Ry’ the conductance when glycine is also present at  (jii) MHBLM allows profitable incorporation of natural

the same glutamate concentration, we should be able to evaluatgyroteins, despite their size (“large” natural proteins require much
the contribution of different kinds of receptors to the response. space on both sides of the membrane), preserving their natural
In truth, R, should be ascribed to the nN only, whigg should functionality, in contrast to other stable systems (as HBM or
be attributed to all GluRs; therefore, thy — R, difference tethered BLM), which provide space only at one side, the other
should represent the current change due to N receptor activationacting as an interface to the supporting system.

By assuming the same output response factor for both receptors, (iv) GIuR, extracted from a natural source and properly

the following relationship can be written: purified, was incorporated in MHBLM and constitutes a
biosensor exploiting the features of a natural receptor (such as
izm high signal amplification, able to detect nmotLglutamate
Ry— Ry [N] concentration levels) and showing high reversibility (mass-action

) . ) . ) driven); to our knowledge this is the first example of a biosensor,
This relationship, applied to the data of Figure 8, allows one to \yorking under flowing conditions, based on a natural receptor
gain the distribution of NMDA and non-NMDA MHBLM- embedded in a reconstituted biomembrane.

embedded receptors: in particular, from the ratio determined
(0.43), we obtain=30% for non-NMDA vs=70% for the
NMDA type.

Finally, the inhibitory effect of Mg" (antagonist for GIuR)
was investigated. As said above, Mgan penetrate the open
NMDA channel but when inside it blocks the ion channel itself.
As shown in Figure 8, by flowing a 50 nmol& Mg2" solution
in cis compartment when all receptor channels are open, the

S . receptor.
conductance falls down to an initial value, thus showing that N o . .
channels are blocked. If Mg is removed, the conductance (vii) The simplified system here defined appears suitable for

change remains negligible. This last observation indicates that_evaluating_ the distribution of different kinds of GluRs pres_ent
Mg?" acts as an inhibitor for GIuR, but it cannot be rapidly n the purified sample. Our GluR sample SEems tc_) be gons’ututed
removed from the channel by simple mass actfoft present, mamly by NMDA t}/pe (a_lbout 79% of totgl); ,th's Is of interest
Mgz2* is considered a channel blocker only for the NMDA (but in view of a possible biochemical application of the system

not for non-NMDA) receptor; thus, the addition of Figto a (clearly, additional experiments with other substrates such as
fully activated NMDA and non-NMDA mixture (as assumed NDMA, AMPA, or kainic acid should be carried out for further

for our system) should lower the conductance to that value confirmation).

reached in the presence of the activated non-NMDA-type only ~ These results show as the system is very promising for
(being NMDA-blocked). Our findings are in disagreement with applications in analytical chemistry, neurobiology, health, and
this view, since we observe a complete blockage of the system.Medicine. In particular, the flowing approach should allow
At present, we cannot explain such behavior. Anyway, we are continuous measurements of important physiological parameters
aware that GIUR behavior is not fully understood due to the @nd flow injection analysis as well, even though further
extreme complexity of this matter. On the other hand, our data Improvements (reducing, for example, the volume of cell
may be of help to better elucidate these very complex biochemi- compartments) will be necessary. In addition, thanks to the

(v) This biosensor, being based on an array of micro-BLMs
embedding GluRs, allows the use of a quite common poten-
tiostat/galvanostat for measurements in place of much more
specialized instrumentation (e.g., patch-clamp amplifiers).

(vi) Analysis of the biosensor response vs agonist (glutamate),
coagonist (glycine), and blocker (Mg demonstrates that
embedded GIuR preserves the features typical of a natural

cal processes. possibility to flow solutions on both membrane sides, this system
_ makes it possible to mimic what occurs in cellular membranes
Conclusions embedding integral proteins. This is very important for basic

The work presented here is an end point of our previous biochemical studies, as for instance for clarification of working
investigation on biomembrane reconstruction; at the same time, mechanisms of membrane proteins.
it represents a starting point for future research both theoretical
studies and practical applications.

In particular, the following relevant results have been
achieved:

(i) The described experimental procedure allows assembling

of stable, reliable, and biomimetic reconstituted biological . . X S o
9 Medicina Sperimentale e Scienze Biochimiche, Univerdita

membrane practically without failures. The system is long lasting ) . . . .
(up to 6 days) and stable enough to make possible its use evenRoma Tor Vergata”) for critical reading and revision of the

under flowing conditions (both aspects are very important in manuscnﬁ‘)t. This qu.k was Cﬁ,med QUt thanlrys t_o flqgnC|a|
view of practical applications). support. of MIUR (Ministero dell'lstruzione, dell’Universita

(i) Conversely to previous approaches reported in the della Ricerca) of Italy.
literature, where the solution at the best flowed on one side of JA042904G
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