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Abstract

In this work enzyme-modi ed solution-gated AlGaN/GaN eld-e ect transis-
tors (EnFETS) were prepared using the enzymes penicillinagPenFETs) and
acetylcholinesterase (AcFETs). Covalent immobilizatioof the enzymes on the
gate surface was carried out via silanization with (3-amirgopyl)triethoxysi-
lane followed by crosslinking with glutaraldehyde. The swessful silanization
was proven by X-ray photoelectron spectroscopy.

Quantitative analysis of the PenFET response curves at vai measurement
conditions demonstrated the applicability of the used kirtec model for pH-
sensitive solution-gated EnFETs. The quantitative analyis allowed the de-
termination of the respective Michaelis constant as well athree normalized
rate constants which describe the transport of protons, bwer molecules and
substrate molecules through the EnFET/enzyme/electroly¢ interface.

By evaluation of those four model parameters the in uence abuer con-
centration and pH-value on the PenFET response curves coulie assessed.
Furthermore, the extracted model parameters made an invegation of the
stability of PenFETs and AcFETs possible. Here, PenFETs cdd be analyzed
with the kinetic model over the course of 252 days while analig of ACFETs
was only feasible over the course of 77 days. In addition, dysis with the
kinetic model allowed the guantitative comparison of the rgponse curves of
PenFETs and AcFETSs, as well as the conclusion that the methoalsed for the
enzyme immobilization is highly reproducible.

Based on those results, AcCFETs were successfully used foe tetection of
the neurotransmitter acetylcholine which was released byisulated neuronal
tissue cultivated on the gate surface. In the context of thisvork three types of
neuronal tissue were investigated: isolated myenteric neuns from (4 - 12) days
old Wistar rats as well as myenteric neurons still embedded ithe muscularis
propria and coeliac ganglia from adult Wistar rats. In all casees, theesponse
of an AcFET towards the release of acetylcholine could be kad to the activ-
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ity of the covalently immobilized acetylcholinesterase butilizing the reversible
acetylcholinesterase blocker donepezil. These resultsramstrate the realiza-
tion of a functional neuron/AcFET hybrid.

Vi



Zusammenfassung

In der vorliegenden Arbeit wurden Enzym-funktionalisiere AlGaN/GaN Feld-
e ekttransistoren (EnFETs) mit einem elektrolytischen Gae unter Verwen-
dung der Enzyme Penicillinase (PenFETS) und Acetylcholirsterase (ACFETS)
hergestellt. Die kovalente Anbindung der Enzyme an die Gabber ache er-
folgte dabei durch Silanisierung mit 3-Aminopropyltrietfoxysilan, gefolgt von
der Verwendung des Crosslinkers Glutaraldehyd. Die Chartgkisierung mit-
tels Rontgenphotoelektronenspektroskopie zeigte die ddeiche kovalente An-
bindung der Funktionalisierungsschicht.

Durch quantitative Analyse der PenFET Antwortkurven bei urterschiedlichen
Messbedingungen konnte nachgewiesen werden, dass das erdete kinetis-
che Model fur zur Modellierung von pH-sensitiven EnFETs mieinem elek-
trolytischen Gate ausgezeichnet geeignet ist. Anhand dersAnalyse war es
maoglich die Michaelis-Menten-Konstanten der Enzyme und dr normalisierte
Geschwindigkeitskonstanten zu bestimmen, die den Transpo/on Protonen,
Pu ermolektlen und Substratmolekilen durch die EnFET/Enz/m/Elektrolyt-
Grenz &che guantitativ beschreiben.

Mit Hilfe dieser vier Parameter wurde der Ein uss des pH-Wdes und der
Pu erkonzentration auf die Antwortkurven von PenFETs sowe die Langzeit-
stabilitat der AcCFETs und PenFETs untersucht. Hierbei zeige sich, dass
PenFETs Uber einen Zeitraum von 252 Tagen auswertbare Antwikurven
lieferten, wohingegen ACFETs nur Uber einen Zeitraum von 7¥agen mess-
bar waren. Des Weiteren erlaubte die Analyse mit dem kinetiteken Modell
einen direkten quantitativen Vergleich der Antwortkurvender beiden EnFETs
und liey die Schlussfolgerung zu, dass die zur Enzym-Funtialisierung ver-
wendete Methode in hohem Maye reproduzierbar ist.

Auf Grundlage dieser Ergebnisse konnten AcFETs erfolgreicdazu benutzt
werden, die Ausschittung des Neurotransmitters Acetylchia durch stim-
uliertes neuronales Gewebe, das auf der Gateober &che desFETs kultiviert
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Zusammenfassung

wurde, zu erfassen. Fur diese Arbeit wurden isolierte myesrische Neuronen
von acht bis zwolf Tage alten Wistar-Ratten, sowi€&anglia coeliacumund noch
iIm Gewebe eingebettete myenterische Neuronen von ausgdvweanen Wistar-
Ratten untersucht. In allen drei Fallen konnte durch die Vernendung des
reversiblen Acetylcholinesteraseblockers Donepezil dreaktion des AcFETs
auf die Ausschittung von Acetylcholin mit der Aktivitat der kovalent auf der
Gateober dche angebundenen Acetylcholinesterasen eimtig in Verbindung
gebracht werden. Die Realisierbarkeit einer funktionalen élron/AcFET-
Hybridstruktur konnte somit gezeigt werden.

Vil
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1 Introduction

Biosensors are combinations of biochemical recognitioreelents and trans-
ducers [1] as schematically shown in Figure 1.1. The biochieal recognition
element contributes its immanent speci city and selectity while the trans-
ducer is responsible for the transfer of the biological sighgenerated by the
biochemical recognition element into a readout. This readd can then be
guanti ed by standard measuring techniques mainly in the €ctric domain, id
est potentiometry, amperometry, conductometry and impedancmeasurement
techniques [1]. Examples for the biochemical recognitioteenent are enzymes
[2], deoxyribonucleic acid (DNA) strands [3] or antibodie$4] which will gen-
erate a biological signal if exposed to an appropriate anaéy

analyte biochemical

recognition transducer
element

>

biological

A sigr?al readout
enzymes, pH-sensitive

, DNA strands, AlGaN/GaN FETs,
antibodies... ion-selective

electrodes...

40 ®®

Figure 1.1 Schematic representation of a biosensor.

The commencements of biosensor research can be attributeml €lark and
Lyons who devised an electrode system to monitor blood oxygand carbon
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dioxide levels as well as the blood pH of a patient during caimascular surgery
in the 1960s [5]. Within the context of this work one nds as weélrst con-
siderations of the use of enzyme-containing membranes in @lectrode cell for
the detection of glucose in whole blood. Since controllindvé¢ blood glucose
level is as well crucial for diabetic patients, the high pralence of diabetes
was co-responsible for the emerging eld of biosensor res#da especially with
regard to glucose sensing by means of the enzyme glucose ased[6].

At present, the interest in development, fabrication and chracterization of
biosensors is increasing [7] while the application area abbensors has become
diverse, including drug development [8, 9, 10], diagnossi¢l1, 12] and protein
detection [4, 13].

Besides the detection of glucose with glucose oxidase-lh$gosensors, the
development of acetylcholinesterase (AChE)-based biosens has progressed
especially with regard to their applicability in toxicity monitoring [14]. As
the inhibition of AChE leads to an accumulation of the neuratansmitter
acetylcholine (ACh) and thus dysfunction in the cholinergi neurotransmission
[15, 16]; AChE-based biosensors can be used for the study @hk inhibitors
such as organophosphorus pesticides [17, 18, 19, 20] ancptteurotoxins [21].
Another application eld for AChE-based biosensors is theetection and quan-
ti cation of the neurotransmitter ACh itself. This application is particularly
important for geriatric medicine as a decreased level of breACh can be as-
sociated with memory disturbance [22]. In this context, theletermination of
ACh and the related choline acetyltransferase (ChAT) actiiy give insight into
the pathogenesis of diseases such as Parkinson's disea3ed@d Alzheimer's
disease [24, 25, 26].

Since ACh is not only produced by cholinergic neurons but asby non-
neuronal cells such as the urothelium [27], the colonic epélium [28] and
the airway epithelium [29], the detection of ACh also plays &ole in the study
of the non-neuronal cholinergic system [30].

At present, mainly methods sensitive in the (sub-)nmol-rage are used to prove
the cellular production and/or the release of ACh. Exampleare liquid chro-
matography combined with the electrochemical detection diydrogen peroxide
[31], matrix-assisted laser desorption ionization timefoight mass spectrome-
try [32] and liquid chromatography in combination with eletrospray ionization
mass spectrometry [33]. Although being highly sensitivehése methods only
o er a time resolution on the minute scale andn situ application is not pos-



sible. In contrast, AChE-based biosensors o er the advangge of possiblan
situ analysis with a time resolution on the (sub-)second scale43 The operat-
ing principles of AChE-based biosensors developed so fae aiverse. Among
those are uorometric [19, 35, 36], amperometric [21, 25, 338, 20] and po-
tentiometric [18, 39, 34, 40, 41] biosensors. However, nafedhese sensors has
been used for the actuain situ detection of ACh.

This in situ detection is demonstrated in the present work by utilizing a
AChE-modi ed AlGaN/GaN eld-e ect transistor (ACFET), id est a poten-
tiometric AChE-based biosensor, with an ACh detection lintiof 1 M for the
detection of ACh released by stimulated neurons. The thus tdned interface
which transfers the neuronal activity, represented by thealease of ACh, into an
electric readout - here a change in the conductance of the Ad@/GaN FET - is
termed a neuron/AcFET hybrid as schematically depicted in igure 1.2. One
should note that the here discussed concept for monitoringearonal activity is
distinguished from concepts that use FETSs for the detectioof the electric eld
created by neuronal activity as done in the work of Fromheret al. [42]. A
more detailed description of a neuron/AcFET hybrid is outlhed in section 2.3.

neuron

ACh-packed

vesicles

2

ACh «® o
[ ]

oo _ measurement
o, ) _ enzyMalc signal
() [ /\)
® yeaction 7‘
— H* L
R e—
\ -

—_—

AChE-modified pH-sensitive AIGaN/GaN FET

Figure 1.2 Schematic of a neuron/AcFET hybrid. The neurotransmitter ACh
released by the neuron is enzymatically degraded by the AChEs cova-
lently bound the gate surface of the AIGaN/GaN FET. This leads to
a change in pH which can be measured by the pH-sensitive ACFET.

The basis for the ACFET sensing ACh and thus for its applicabty in a neu-



1 Introduction

ron/AcFET hybrid is the pH-sensitivity of AlGaN/GaN FETs wh ich is dis-
cussed in section 2.1. Furthermore, AlIGaN/GaN FETs show bammpatibility
[43, 44, 45, 46] and chemical stability in agueous electradg [47, 48] which are
crucial requirements of the transducer for being suitablef a neuron/AcFET
hybrid.

Besides the immanent properties of AlGaN/GaN FETs, the AcFE charac-
teristics have to be investigated to ensure their functioridly for experiments
monitoring neuronal activity. Out of this reason, the ACFETs are quantita-
tively analyzed with regard to their stability and the reproducibility of the
preparation method in section 4.2 by means of a kinetic modwihich is out-
lined in section 2.2.

Before, the validity of this model is assessed for the exanepbf penicillinase-
modi ed AlGaN/GaN FETs (PenFETs) in section 4.1. Here, the analysis
based on the kinetic model allows quanti cation of their repoducibility and
stability, as well as a quantitative discussion of the in uace of pH and bu er
concentration on the properties of the enzyme layer in termsf the Michaelis
constant and three normalized rate constants which give iight into the ki-
netics of the FET/enzyme/electrolyte system.

In combination with the preparation method for ACFETs and P&FETs shown
in sections 3.1 and 3.2, the kinetic model by Glalet al. [49] can even be
used for the quantitative comparison of the response curve$ PenFETs and
AcFETs as shown in section 4.2. So far, quantitative compaan of di erent
EnFET devices and their characteristics could not be showrven if the FETs
used for enzyme-modi ed FETs (EnFETS) were prepared usingandard sili-
con processing technology [50, 51, 52, 53, 54, 55]. A possiiglason for this is
that di ering functionalization methods have been employd for enzyme immo-
bilization, such as physisorption [53], aggregation withdwine serum albumin
[50, 51, 55] and covalent binding with pyrroloquinoline guine [52] or with
glutaraldehyde on a hydrated SN, surface [54]. In contrast to the prepara-
tion method used in this work (cf. section 3.2) those methodgeld thick and
hardly reproducible enzyme layers. Hence, the response \@sg of the thus
prepared EnFETs are controlled by di usion processes and rdeling requires
mathematically complex calculations of the concentratiomro les within the
enzyme layer [56, 57, 58, 59]. This requires in turn a detail&knowledge of the
geometry of the enzyme layer, which is generally not known. o@sequently,
an application of di usion models for quantitative comparson is di cult.



Subsequent to the quantitative characterization of PenFE3 and AcFETs by
means of the kinetic model by Glaket al. in sections 4.1 and 4.2, experiments
for monitoring neuronal activity were conducted and analygd according to
the eligible measurement and evaluation routines stated section 3.4. Within
section 4.3, monitoring of neuronal activity could be showan the examples of
myenteric neurons still embedded in thenuscularis propria isolated myenteric
neurons and a coeliac ganglion while their respective prepton is described
in section 3.3. Further, it was possible to con rm the viabity of the biolog-
ical samples during and after the experiment by testing theasnples' vitality
according to the assays described in section 3.5.

In summary, the two main objectives of the presented work arie establish-
ment of the kinetic model by Glabet al. as a suitable tool for the quantitative
analysis of AlIGaN/GaN EnFETSs - even allowing the direct comarison of Pen-
FETs and AcFETs - and the realization of a neuron/AcFET hybrd by utilizing
an AlGaN/GaN AcFET with a ACh detection limit of 1 M.



2 Fundamentals

In this introductory chapter a brief overview of the fundametal concepts
needed to understand the content of this work is given.

The chapter starts with a compact introduction to the propeties of
AlGaN/GaN FETs, elucidating the formation of a two-dimenspbnal electron
gas (2DEG) in a GaN/Al,Ga; «N/GaN heterostructure and the pH-sensitivity
of solution-gated GaN/AlGaN/GaN eld-e ect transistors ( GaN/AlGaN/GaN
SGFETs). This pH-sensitivity is the basis for the applicatbn as EnFETs and
allows the utilization of the kinetic model for pH-sensitie EnFETs from Glab
et al. [49] that is outlined in the second section. Then, the chaptds con-
cluded by illustrating the concept of a neuron/AcFET hybrid used to monitor
neuronal activity by means of the released neurotransmittéACh.

2.1 Properties of AlGaN/GaN Field-E ect
Transistors

Group llI-nitrides exist in the wurtzite and in the zinc blende crystal structure
whereof the zinc blende crystal structure is the thermodymaically metastable
phase [60]. The wurtzite crystal structure can be describday the lattice pa-
rametersag and ¢y as well as the parameteuy which de nes the distance be-
tween a nitrogen atom and the respective group Ill-atom al@nthe c-direction
in terms of c as shown in Figure 2.1 on the example of GaN. If thedirection co-
incides with the growth direction ofexempli gratiaGaN the polarity of the crys-
tal is Ga-face whereas N-face polarity is obtained when grimg anti-parallel
to the c-direction.

In the wurtzite crystal structure each group lll-atom is surounded by four ni-
trogen atoms, andvice versa forming a tetrahedron as shown in Figure 2.1a)
for a gallium atom surrounded by four nitrogen atoms. As thelectronegativ-
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ity of nitrogen (  3:04[61]) is greater than the electronegativity of gallium
( 1:81 [61]) four microscopic dipoles arise within the tetrahedro which
point towards the more electronegative nitrogen atom.

Compared to an ideal mathematical tetrahedron the tetrahewns in wurtzite
group lll-nitrides are compressed along the-direction while elongated in the
c-plane. Hence, the microscopic dipoles do not compensatecleather. In
addition, the wurtzite crystal structure is non-centrosynmetric. Thus, the
microscopic dipoles of each tetrahedron cannot cancel eauther, resulting in
a macroscopic spontaneous polarizatioRsp antiparallel to the c-direction as
shown in Figure 2.1b).

b) 0

a)

o 2 I I

Figure 2.1 Schematic illustration of a) the tetrahedral coordination of Ga and
N atoms and b) the direction of the spontaneous polarization in
wurtzite GaN. The direction of thea-axis and thec-axis are given.

In case of GaN the spontaneous polarization is0.029 Cm? and thus about
2.8 times smaller than the spontaneous polarization of AIN6GR]. The reason
for this is the greater di erence in electronegativity of nirogen and aluminum
( 1:63[61]) compared to nitrogen and gallium ( 1:43) as well as the in-
crease in the parameteug from 0.376 to 0.380 (cf. Table 2.1). Concomitantly,
the ratio cy~ay9 decreases for AIN resulting in a higher microscopic dipolerf
each tetrahedron and thus an overall greater spontaneouslacnzation of AIN.
Consequently, the spontaneous polarization of the alloy fBa; xN, Psp™Xe, is
greater than the one of GaN. It can be calculated by assumingliaear depen-
dency on the aluminum contentx according to equation 2.1 based on Vegard's
law [63].

Psp™xe " 0:029 0:52+Cm ? (2.1)
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In addition to spontaneous polarization, wurtzite epitaxal (Al, Ga)N thin
Ims can exhibit piezoelectric polarization Ppg oriented along the c-direc-
tion when the crystal is strained as discussed on the examplef a
GaN/Al ,Ga; «N/GaN heterostructure as shown in Figure 2.2.

Table 2.1 Relevant band structure parameters for wurtzite GaN and AIN.

parameter GaN [reference] AIN [reference]
Egap (0K) [eV] 3.51 [64] 6.23 [64]
Egap (300K)  [eV] 3.42 [65] 6.13 [65]
ap (300K) [A] 3.189 [63] 3.112 [63]
Co (300K) [A] 5.185 [63] 4982 [63]
Co~ao 1.626 [63] 1.601 [63]
Uo 0.376 [62] 0.380 [62]
Psp [Cm ?] 0.029 [62] 0.081 [62]
€31 [Cm 2] 0.49 [62] 0.60 [62]
€33 [Cm 2] 0.73 [62] 1.46 [62]
Cis [GPa] | 106 [66] | 108 [67]
Cas [GPa] | 398 [66] | 373 [67]

Up to a layer thicknessd of (30 5)nm with a maximum aluminum content
X "0:38 0:03 the Al,Ga; «N layer grown on the subjacent GaN layer is
pseudomorph [68]. Hence, the AGa; 4N layer exhibits compressive strain
along the growth direction and tensile strain perpendicutato the growth di-
rection (cf. Figure2.2) ford @30nm and x @0:38. This results in a further
distortion of the tetrahedrons which leads to an additionapolarization, termed
piezoelectric polarizationPpe. The magnitude and orientation ofPpg can be
calculated by Eq. 2.2 [63].

Ostrained X® dg X "X €557 Xe Ciz™Xe, (2.2)

Ppe"xe 2
PE ay X Cas Xe

For solving Eq. 2.2, the piezoelectric constantss;"x* and es3"xe, the elastic
constants C;3"x* and C33"xe as well as the lattice parametera,”xs are ob-
tained by linear interpolation of the respective values gen for GaN x 0)
and AIN (x 1) in Table 2.1 following Vegard's law [68].

In case of tensile strain perpendicular to the growth direain, id est
Agtrained X®* Ay X* A0O, e31'X* €33 X* Ci3"X*~Ciz3"x* @O for all values
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of X. Hence,Ppe @0 and Ppg OPsp (cf. Figure?2.2). It follows that the

total polarization of the Al,Ga; xN layer, P"xe Psp'X* Ppg Xe, is sig-
ni cantly higher than the total polarization of each non-stained GaN layer
P"0» Psp"0e in the absence of external electric elds [62].

In analogy to the divergence of the electric polarization oucing a negative
charge density @Fﬂ, the abrupt change in the magnitude of polarization
at a GaN/Al ,Ga; «N heterojunction causes a sheet charge densityat this

interface. Its absolute value can be calculated by Eq. 2.33p

S™XS $xe P70-S
$pEAX' PSPAX‘ PSPA 0eS

a ag Xe . . Ci3 Xe
w — Xe Xe ‘
3 Xe des; €33 Cas X°

(2.3)

PSPAX' PSPA OeW

In case of the Ga-face GaN/A|lGa; «N/GaN heterostructure shown in Fig-
ure 2.2a), the lower GaN/ALGa; «N interface closer to the substrate carries
a positive sheet charge density while the second (upper) AlGa; «\N/GaN
interface carries a negative sheet charge density . For a N-face
GaN/Al ,Ga; «N/GaN heterostructure the sign of is inverted at all inter-
faces (cf. Figure 2.2b)).

a) Ga-face b) N-face
Pspd GaN Psp i 2DEG
°S +S
Al Ga;, N
P P x 2 A1 x P T P T
SPJ/ PEl +s tensile strain = o PE s
Psp J, 2DEG GaN Psp T

I s.bsvoc

Figure 2.2 Directions of spontaneous and piezoelectric polarizatioRsp and
Ppe, respectively, as well as the thus induced sheet charge density
of a pseudomorph GaN/AlGa; «N/GaN heterostructure at the
respective interfaces with a) Ga-face polarity and b) N-face polarity.
The position of the 2DEG as well as the direction of the tensile
strain in the Al,Ga; «N layer are indicated also.

As shown in Figure 2.3, the surface charges at the interfacethe Al,Ga; xN
layer generate an electric eld® which is in the order of 1MV cm? [63] and
thus 10 times stronger than in other group Il1-V semicondugirs [69]. Due
to this electric eld the conduction band and valence band a tilted. Free
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electrons within the Al,Ga; «N layer follow the electric eld and compensate
the positive sheet charge density at the respective GaN/AGa; «xN interface.

Thus, a 2DEG is formed if the triangular quantum well at the repective in-

terface drops below the Fermi leveEr [68].

growth direction

.......... —/l\ﬁEV
/]

pseudomorph
GaN Al,Ga; N GaN

Figure 2.3 Schematic representation of the band prole of a Ga-face
GaN/Al ,Ga; xN/GaN heterostructure with the direction of the elec-
tric eld B within the Al,Ga; «N layer indicated. The boundary
conditions for GaN in growth direction are not de ned as repre-
sented by the dotted lines.

Associated with the formation of a 2DEG is the sheet carrieromcentration
ns which depends on the aluminum contenx, the thickness of the A}Ga; N
layer d and the temperatureT as follows if all other parameters are xed:

" With decreasing T, rst ns decreases exponentially as carriers freeze
out while for T @LOOK ns remains una ected by changes i [70].

" With increasing d, ns increases [63].
~ With increasing X, ns increases [63, 70].

Typical values for ng at 300K are in the order of 18 cm 2 for x B 0:4
and d up to 30nm [63] with a corresponding mobility of electrons irthe
2DEG, s, of about 1cm?V 1s! [70]. Thus, transistors fabricated from
GaN/Al ,Ga; «N/GaN heterostructures are high electron mobility transisors
(HEMTS).

Figure 2.4 shows that s increases withT until it reaches constant values from
T B3 100K which are decreasing with increasingl. In case of the 3nm sample

10
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as well as in the case of the template, the decrease ig for T @100K is
assigned to the absence of a 2DEG [70].

T(K
100 ® 10

10*

T

A\

\

!

{

T‘> :
1l

T T TrT1TImm

10° E
PP s e

E/' -..“‘1“_
[# -eeee template . T

) ——3nm *.. T
10 =6 nm S..
—=— 10 nm ™
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Figure 2.4 Temperature-dependent electron mobility in Ab;Gag.7sN/GaN het-
erostructures with AlGaN barriers of di erent thickness. Reprinted
with permission from [70]. Copyright 1999, AIP Publishing LLC.

The increase in s is attributed to the vanishing in uence of optical phonon
scattering which limits g at room temperature [71]. ForT @100K, s is
governed by interface roughness scattering and alloy disler scattering [70].
The inuence of both scattering mechanisms increases withngreasingns.
Hence, their in uence depends as well od (cf. Figure2.4) and x as the
increase ofd and/or x leads to an increase ims [63]. As a result of the
increase in ng the electron wave function is located closer to the
Al,Ga; «N/GaN interface and thus penetrates deeper into the AlGa; «N layer
[70]. Hence, interface roughness scattering becomes damin[72]. However,
this scattering mechanism can be reduced by interfaces ofjhicrystal quality
[73] as well as the insertion of a thin AIN blocking layer at th Al,Ga; xN/GaN
interface [74]. Besides increasings, an increase inx also leads to an in-
creases of the alloy disorder and the interface roughnesshieh reduces s
further. In contrast, an increase inx reduces the penetration of the electron
wave function into the Al,Ga; «N layer by increasing the barrier height at the
GaN/Al ,Ga; «N interface and thus increasess. Id est, the in uence of alloy
disorder scattering on g is ambiguous [70].

11
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A limitation of s for T @LOOK by strong temperature-dependent ionized im-

purity scattering is not observed as this scattering mecham is screened for

ns A2 10%cm 2 [70, 73, 75].

This behavior is also illustrated by Figure 2.5: The initialincrease in s is due

to the improved screening of ionized impurities [70] whilef ng A2 10*?>cm 2
s Starts to decrease again due to the increasing in uence oftémface rough-

ness scattering and alloy disorder scattering.

46 ——————————r—r————
il K
al -
40 - .
.} i
36 | i
b i

32 B

Mobility (10° cm?/Vs)

30 L ] -

28 PP B P RS TP Rt |
2.0 2.5 30

Carrier Concentration (10" cm™)

Figure 2.5 Electron mobility in AlIGaN/GaN heterostructures as a function of
ns at T  OK. Reprinted with permission from [75]. Copyright
2000, AIP Publishing LLC.

Another way to increasens in GaN/Al ,Ga; yN/GaN heterostructures is illu-
mination. The electrons contributing to the increase img are attributed to
the photoionization of deep level defects within the AlGa; xN layer [76, 77]
which are already ionized for photon energies smaller thahe direct band gap
Egap Of GaN [76, 78],id est photon energies smaller than 3.42 eV at 300K [64].
Associated with the increase img is an increase in the conductivity which is
equal toens s [63]. Hence, the decay times of the photo-induced increase
In ns can be measured in terms of the photocurrent. As the photo-gerated
electrons are con ned at the GaN-side of the interface and tis spatially sep-
arated from the ionized defects, following the electric el in the Al,Ga; «N
layer (cf. Figure 2.3), the decay time of the photocurrent is in the order of
hours atT 300K (103s [76] to 1G's [78]) and in the order of days all 12K
(106s [79]). Thus, this e ect is termed persistent photocurrent

Besides exhibiting large sheet carrier concentrations afnigh electron mobili-

12
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ties GaN/Al,Ga, (\N/GaN heterostructures show a pH-sensitivity of
(53-56)mVpH ! [2, 80], close to the Nernstian limit of 59.16 mV pH. The
pH-sensitivity of GaN/Al ,Ga; «N/GaN heterostructures is due to hydroxyl
groups which are introduced at the GaN surface by oxidatior2[ 80, 81] and
can be described by the site-binding model by Yatest al. [82].

The hydroxyl groups OH are amphoteric and can protonate (O4j or depro-
tonate (O ) in dependence of the proton concentration at the surface tie
GaN/Al ,Ga; xN/GaN heterostructure [H] according to the dissociation-gso-
ciation processes in Eq. 2.4 and Eq. 2.5.

OH, OH H (2.4)

OH O H (2.5)

The dissociation constantX , resulting from Eq. 2.4, andK , resulting from
Eq. 2.5, are given in Eq.2.6 and Eq.2.7.

OH H

K —— 2.
oH, (2.6)
O H
K —— :
o (2.7)

Thereby, [OH,], [O ] and [OH] represent the density of protonated, depro-
tonated and neutral hydroxyl groups at the surface of the hetostructure in
equilibrium .

Under the assumption that only protons binding to the surfae via hydroxyl
groups contribute to the pH-sensitivity, the pH-dependensurface charge oy
as well as the total density of available surface sitagq, can be de ned by
Eq. 2.8 and Eq. 2.9, respectively.

o € OH, O = (2.8)

Nioar OH, O OH (2.9

For correlation of [H] with the concentration of protons in tie bulk electrolyte,
H E, the Boltzmann statistics is applied:

Se (2.10)

e
H HFe
XPCAT

13
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Taking into account Eq. 2.6 to Eq. 2.10, it is possible to reta the mean elec-
trostatic potential at the surface plane of charged sites laive to the bulk
electrolyte, s, to the pH of the bulk electrolyte, pH Ig~ H Ee, as well as
the ratios of OH, ~Nyy and O ~Nigia -

In%H 5Z  2:30HE

N (2.11)
€s " KKe &2 mef.

KT Niotal Niotal

At the point of zero charge OH, O and s 0. Hence, the pH at the
point of zero charge, pl,c, is de ned by Eq.2.12

»

PHy,e 197 K K e (2.12)

Under the assumption that OH, ~Ny O ~Nyier P 1, id est the density of
charged surface sites is considerably smaller than the tbi@density of surface
sites, Eq.2.13 reduces to
o e s »
IN%H EZ —= In® K K (2.13)
KT

which is synonymous to Eq. 2.14 at 298K yielding a Nernstian pH-sensitivity
of 59.16 mVpH?,

pH pH® pH,,
€ s

2:30KT
1

59.16mV

(2.14)

S

Considering Eqg. 2.8 the site-binding model allows as well ¢hcalculation of
on In dependence of pH. To illustrate the e ect of o4 on the band pro-
le of a GaN/Al ,Ga; xN/GaN heterostructure with layer thicknesses of 1 nm,
18 nm and 800 nm, respectively, and an aluminum content of 27%s used in
this work, calculations in nexhano?® (nextnano, Garching, Germany) were
carried out. The results of this calculations were used to pduce Figure 2.6
which re ects the trends obtain by the calculation in nexhano? but not the
absolute values. This alteration of the calculation resultis necessary to dis-
play the e ect of oy and thus pH on the conduction band in the region of

14
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the 2DEG properly.

At a pH of 6.8 the point of zero charge at the GaN surface is reaed [83].
Hence, the band pro le depicted in Figure 2.6b) is solely gewned by the po-
larization of the heterostructure as discussed above.

a)pH<6.8 b) pH = 6.8 c) pH > 6.8

o_
------------------ - ——-E;
L,
I/O— O-
/_EV /_EV /_EV
T
\+
/O_ z © z z
T % = P
S [0 _ Zm"o _ Z«?‘o -
9><“DJ < m%% I 'csgquJ IS
< BN O 10 <l O 10 <N O

Figure 2.6 Schematic representation of the band prole in a Ga-face
GaN/AlGaN/GaN FET in dependence of pH as calculated by
nextano 3.

a) pH @6.8: oy A0, mainly protonated hydroxyl groups present
on the gate surface result in an increase of the 2DEG sheet carrier
concentration.

b) pH = 6.8: point of zero charge [83], o4 0, deprotonated and
protonated hydroxyl groups on the gate surface cancel each other, id
est the 2DEG sheet carrier density is solely due to the polarization
of the heterostructure.

c) pH A6.8: on @O, mainly deprotonated hydroxyl groups present
on the gate surface result in a decrease of the 2DEG sheet carrier
concentration.

At acidic pH @6:8, oy is positive diminishing the negative, polarization
induced sheet charge density located towards the surface @a-face
GaN/Al ,Ga; «\N/GaN heterostructures (cf. Figure2.6a)). Hence, the elec
tric eld within the Al ,Ga; N layer is decreased. As a result the inclination
of the band pro le is less pronounced and a further dip of theriangular quan-
tum well at the Al,Ga; N/GaN interface beneath Eg is observed as shown
in Figure2.6a). Thus, the 2DEG sheet carrier concentratioms is increased
yielding a higher conductivity between the ohmic drain andaurce contacts.
For basic pHA 6:8, oy IS negative having the opposite e ect as shown in

15
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Figure 2.6¢): The electric eld in the AlLGa; «N layer is increased and the
guantum well dips less belovEg, decreasingns.

Besides being responsible for the pH-sensitivity of GaN/aGa, xN/GaN het-
erostructures, the hydroxyl groups on the GaN surface of the
GaN/Al ,Ga; \N/GaN heterostructure are the basis for the long-term stala
covalent immobilization of receptors such as enzymes [2,,856] and peptides
[86] which de ne the speci city of the respective biosensdabricated from the
heterostructure.

In summary, GaN/Al,Ga; «N/GaN heterostructures exhibit outstanding elec-
tric properties and an almost Nernstian pH-sensitivity. Incombination with
available functionalization techniques, as well as theiribcompatibility [43,
44, 45, 46] and high chemical stability [47, 48], these prapies make SGFETs
fabricated from GaN/Al,Ga; xN/GaN heterostructures highly suitable for the
application as transducers in biosensors [43].

2.2 Kinetic Model for pH-Sensitive
Enzyme-Modi ed Field-E ect Transistors

The possibility to model the response curves of EnFETs is esdial for quan-
titative analysis of the EnFET response characteristics ahof the covalently
immobilized enzyme layer, which opens the route for undeestding and opti-
mization of such devices. One model suitable for the analgspf pH-sensitive
SGFETs with a (sub-)monolayer of covalently immobilized pka ecting en-
zymes is the kinetic model introduced by Glalket al. in 1991 [49]. This model
is based on a model for enzyme electrodes by Morf [87]. The massumption
of Morf's model is that the transport rates are proportionalto the concentra-
tion of a species inside and outside of the enzyme layer whishin contrast to
di usion models suitable for sensors with thick enzyme lays where the trans-
port rate is proportional to the concentration gradient ove the enzyme layer.
This assumption does not only make the model by Glabt al. applicable to
SGFETs with thin enzyme layers but also allows to disregarche geometry of
the enzyme layer,id est the density of enzymes within. Thus, the calculation
of the concentration pro les of, exempli gratig substrate and product of the

16
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enzymatic reaction within the enzyme layer, which involvedi cult solving of
hyperbolic functions in case of di usion models [56, 57, 589], can be omitted.
Furthermore, the kinetic model by Glabet al. allows di erences between the
transport rate constants of all involved species and can ammt for stirring
e ects by modifying those constants.

The foundation of the kinetic model by Glabet al. is the Michaelis-Menten
kinetics [88, 89] which is used to describe the reaction rateof a pH-a ecting
enzyme. This enzymatic reaction is schematically expressen Eq.2.15 for
an enzyme (E) which converts a substrate (S) into acid (HA), &se (B) and a
non-protolytic product (N) with rate constant k, after the reversible formation
of the enzyme-substrate complex (ES) with the rate constask; andk ;. The
stoichiometric coe cients are denotedna, ng and ny, respectively.

E sé@Eséz E naHA ngB nyN (2.15)
1

In case of the two enzymes discussed in the context of this Wpmpenicilli-
nase and AChE, the stoichiometric coe cients areny 1, ng ny 0 and
na Ny 1;ng O, respectively, as can be seen from Figure 2.7. Hence, both

m j;r\)< penicillinase m_\ HN\)<

0]
+H O+ 'OF
benzylpen|C|II|n penicilloic acid
b) o | acetylcholinesterase Q |
N* > + N*
S/\// ~ 7 )kou HS/\// ~
+H,O*
acetylthiocholine acetic acid thiocholine

Figure 2.7 Enzymatic reaction of a) penicillinase and b) acetylcholinesterase.

enzymatic reactions lead to a decrease of pH due to the dissdion of the
acidic product which can be monitored by a change in the gassurce poten-
tial Ugs of a pH-sensitive SGFET.

Besides the enzymatic conversion of substrate into prod;tthe transport into
and out of the enzyme layer of all species that contribute tche EnFET signal
and the acid dissociation constant& 5 of all pH-a ecting species have to be
considered. As it is depicted in Figure 2.8 for the case of amid-producing
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enzyme covalently immobilized on the gate area of an EnFEThis means
that the transport of substrate (S), product (HP), deprotorated product (P),

bu er (HBF), deprotonated bu er (BF) and protons (H) with th e respective
transport rate constantk; has to be taken into account.

Dk
1
K
+ e
0 — ?
+ Lk
I'TV +— > +
+ ‘ : Ker 0
AN ke
! Khgr N
+ <
1 kS
Cv ; >
pH- enzyme 1 bulk
sensor layer : electrolyte

* deprotonated product - P ‘ product - HP

K4 deprotonated buffer - BF buffer - HBF
@® enzyme V¥ substrate - S
<+ proton - H

Figure 2.8 Schematic representation of a pH-sensitive EnFET with the cova-
lently immobilized enzyme producing an acid. The variabl&s and
K ai, with corresponding subscripts, are transport rate constants and
acid dissociation constants, respectively, for species indicated It
subscripts;v is the reaction rate of the enzymatic reaction.

Furthermore, the enzymatic reaction ratev in dependence of the substrate
concentration at the EnFET gate surface [S] as given by the khaelis-Menten
kinetics in the following equation has to be considered.

S

kK1 ke S
ki 2.16
s (2.16)

Vmax —K " S

V' Vmax
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Here, the Michaelis constan , is the substrate concentration at whichv is
half of the maximum rate of the enzymatic reactiornvy,ax. With those con-
ditions, one can establish the following set of rate equatis that couple the
change in total concentration of each species in the enzynayér:

dd_tS ks SE ks S Vmaxmﬂ%
d BF — HBF * (s BFE Ky HBFE
kee BF kuge HBF
dP HP-. S (2.17)
g Vg ke P ke HP
d" H H; HBF » VmaXKMLs 6 HE ke HBEE

Kup HP ky H Kuge HBF

Here, |] represents the concentration of a species in the enzymedaywhile
[i E indicates the concentration in the bulk electrolyte.

Under steady state conditions the concentration of all spa&ss inside the enzyme
layer is constant. Hence, all the derivatives in Eq.2.17 arequal to zero.
With the thus obtained equations and the assumption that the iansport rate
constant of a species is independent of the protonatiorg est ki ki, the
following rate equation can be derived.

Kigpe po Kee gpe_ = i
. o 1 SE 1S
L] 3/4 2 “
1o ge Vma o gE Vma % oogE L
211 kS kS .1 H
Kap
(2.18)

Eq.2.18 can be solved for the proton concentration on the dace of the
EnFET gate area, [H], as a function of the substrate concemttion in the
bulk electrolyte [SF. As changes in [H] on the gate area are measured by
the pH-sensitive SGFET in terms of Ugs, EQ.2.18 allows a mathematical
description of the EnFET response Ugs as a function of [S} depending on
the model parameter v, Vmax, Kn, Kgr @and ks. To reduce the model param-
eters from ve to four, normalized rate constantsky VmaxKs in M (moll 1),
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ky  kpKks and kee  kgr~Ks, both dimensionless quantities, are introduced.
Those four model parametersK v, kv, ky and kgg, can be extracted when the
EnFET response characteristics Ugs([SF) are tted using the kinetic model
[90]. Except forKy,, which is purely determined by the interaction of enzyme
and substrate, all parameters depend on at least one transpoate constant
and thus are sensitive to variations in the respective perrability of the en-
zyme layer. Henceky, ky and kg represent the SGFET/enzyme/electrolyte
system. The parameterky is as well proportional tovyhax ko E o [88, 89]
and thus a measure for the density of enzymes on the gate ar@al,.

To illustrate the dependence of the EnFET response curves @ach of the
four model parameters, di erent sets of simulations are skm in Figure 2.9.
In those simulation, one of the model parameters is varied v the others are
settoky 0:5mM, Ky 100 M, ky 100and kgr 2, respectively.

In all simulations shown in Figure 2.9 one can distinguish tee di erent regions
depending on the substrate concentrationS E:

SER1000 M

X Ugs changes almost linearly with [$], id est v increases with
each addition of substrate. This region is called theensitive region
in which the quantitative determination of administered sibstrate
concentration is possible.

SEa1ioo0 M

X Ugs is almost independent of [$] and viax is reached,id est all
enzymes are permanently occupied. This region is called thatu-
ration region.

SE 1000 M

X Transition region between the sensitive region and the satation
region.

Figure 2.9a) shows the variation of the model parametdq, over two orders
of magnitude from 1 mM to 0.01 mM. First, the decrease ik, mainly a ects
the saturation region of the EnFET response curve while theagnal vanishes
completely whenky, is reduced to 0.01 mM. Aky k, E (~Ksthis means that
with constant enzyme activity (k, const) a decrease iRy re ects an increase
in Ks, id est higher permeability of the enzyme layer for substrate molates,
and/or a decrease in [E], id est a loss of active enzyme from the SGFET
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surface. Hence, if [E]is too low and/or the permeability for the substrate is
too high, no signal can be recorded with an EnFET.

Figure 2.9 Simulated EnFET response curves after the model of Glab et al.
[49, 90]. Varied parameters: a)ky, b) Ky, ¢) ky, d) ke, while
all other parameters have been xed tky, 0:5mM, Ky, 100 M,
ky 100 and kgg 2. Variation of the individual parameters:
a)ky mM =1, 0.5, 0.3, 0.2, 0.1, 0.05, 0.01; bKyy, M =300,
200, 150, 100, 80, 60, 45, 30; dyy = 1000, 500, 250, 100, 50, 25,
10, 1; d) kgr = 3, 2, 1, 0.5, 0.05, 0.001.

From Figure 2.9b) it is evident that the e ect of the variation of the Michaelis
constant Ky, on the response curves is most pronounced in the transitioa-r
gion. The increase inKy from 30 M to 300 M leads to a attening of the
EnFET response curve in the transition region. AKXy, is de ned by the ratio
of the reaction constants of the dissociation and formatiof the enzyme-
substrate complex (cf. Eq.2.16)Ky is an inverse measure for the substrate's
a nity to the enzyme [88, 89]. Hence, an increase irK,, representing a de-
creased substrate a nity, can indicate a denaturation proess of the covalently
immobilized enzyme layer.

An increase inky by three orders of magnitude from 1 to 1000 mainly a ects
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the saturation region as displayed in Figure 2.9c). Wittky being de ned by
the ratio of ky to ks this increase inky re ects an increasing permeability of
the enzyme layer for protons in comparison to substrate maleles. As a con-
sequence, the height of the saturation signal, which is cefated to the highest
proton concentration measurable in terms of Ugs at the gate, is diminished
whenky is increased.

Finally, the in uence of the variation of kgr on the EnFET response curves
was evaluated. As shown in Figure 2.9d) the increase kgr a ects the En-
FET response curves as a whole: the slope in the sensitiveioegas well as
the height of the saturation region are reduced. However, ghould be noted
that kg has to increase from 0.01 to 0.05 before any change in the EAFE
response curve is clearly evident. The amount of bu er presein the enzyme
layer directly in uences the proton concentration achievale by the enzymatic
reaction in the enzyme layer, as a bu er is used to attenuatehanges in the
proton concentration. Hence, as long as bu er molecules an@nsported into
and out of the enzyme layer at a smaller rate than the substratmolecules
(ker P 1) the bu er's e ect on the EnFET response is negligible. But & kgr
reaches or exceeds unity the in uence of the bu er on the EnFE response
curves becomes more pronounced. Thereby, the whole respoissdiminished.
Nevertheless, it should be noted that the change of only oneowtel parame-
ter is an unlikely event when analyzing EnFET response cursaunder varying
experimental conditions. In those cases, the development the model pa-
rameters in dependence of each other and their consistentarpretation is
important to allow understanding of the EnFET system.

2.3 Concept of a Neuron/AcFET Hybrid

The in situ detection of the neurotransmitter ACh on a (sub-)second timescale
[34] is one advantage of AChE-based potentiometric biosems compared to
current standard methods such as liquid chromatography cdsmed with the
electrochemical detection of hydrogen peroxide [31], matrassisted laser des-
orption ionization time-of- ight mass spectrometry [32] ad liquid chromatog-
raphy in combination with electrospray ionization mass sprometry [33]. Al-
though those methods exhibit a high sensitivity in the (suhnM-range which
Is superior to the ACh detection limit of 1 M of AChE-based potentiometric
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biosensors [34, 39, 85], themodus operandimakesin situ application impossi-
ble. A further disadvantage of the aforementioned methods the unavoidable
destruction of the biological sample under investigationsapart of the required
sample preparation. In contrast, a biological sampleexempli gratia a tissue
sample, placed on the gate area of an AChE-based potentiometbiosensor
can be easily removed from the biosensor after the experimemonitoring the
release of ACh in response to a stimulus. This makes furthewestigations of
the biological sample, such as testing for the sample's viitg, feasible.

One possible proof-of-principle experiment to show that AGE-based potentio-
metric biosensors can be used far situ detection of ACh is the measurement
of ACh released by stimulated neurons cultured on the gate ea of those de-
vices. Here, one can argue that the ACh detection limit of an GhE-based
potentiometric biosensor of 1 M could be reached [34] as ACh concentrations
in the sub-mM-range have been reported in the synaptic cleff1] and the
space between neurons and the gate is limited [42]. The fuiwst principle
of such a so-called neuron/AcFET hybrid will be outlined in his section and
analogies to a chemical synapse between two cholinergic rans are drawn.
In general, a synapse is a contact point between two excit&btells at which
information is transferred either chemically by a transmiter or electronically
from the presynaptic cell to the postsynaptic cell [92]. Inhe case of two
cholinergic neurons the classical transmitter is ACh. In tb axon terminal of
the presynaptic neuron ACh molecules are packed in vesiclghich are either
located in the reserve pool or the readily releasable poolesicles belonging to
the readily releasable pool are already docked to the pregptic membrane at
so-called active zones and have been primed. Priming inighcontext refers
to the formation of the synaptosomal-associated protein ceptor (SNARE)
complex consisting of two proteins of the presynaptic meméne, syntaxin and
synaptosomal-associated protein 25 (SNAP-25), and one fgm of the vesicle
membrane, synaptobrevin, which holds the vesicle in a pffesion state [92].
The arrival of an action potential and the associated depalaation of the
presynaptic membrane opens voltage-gated calcium charséCa, channels).
As a result C& -ions advect into the presynaptic neuron where they bind to
the protein synaptotagmin located at the vesicle membranelhe interaction
of Ca& with synaptotagmin results in an immediate fusion of the pr&ynaptic
membrane with the vesicle and exocytosis of the neurotrangter ACh [93].

In case of a synapse as depicted in Figure2.10a) the transtart di uses
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through the synaptic cleft and binds to nicotinic acetylchbne receptors
(nAChR) which are ionotrop, id est ligand-gated, ion channels. When two
ACh molecules have bound to the nAChR a con rmation change oars, lead-
ing to the opening of the channel, allowing Naions and C& -ions to advect
into the postsynaptic neuron following their electrochengial gradient [93]. This

axon terminal of
presynaptic neuron
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L3P uptake
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°
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caz+ Na* — —
postsynaptic neuron pH-sensitive AlGaN/GaN FET

Figure 2.10 Schematic representation of a) a synapse and b) an neu-
ron/AcFET hybrid. ACh-packed vesicles are either located in the
vesicle reserve pool or at active sites close to the presynaptic mem-
brane. The arrival of an action potential opens Gachannels and
leads to an inux of C& -ions which trigger the release of ACh
into the synaptic cleft. At the postsynaptic membrane ACh binds
to ionotrop receptors resulting in a depolarization of the postsynap-
tic neuron (a)), while the enzymatic degradation of ACh by AChE
bound to the gate area of a pH-sensitive AIGaN/GaN FET results
in a lowered pH which can be measured by the FET (b)). The
degradation product of the enzymatic reaction of AChE with ACh,
Ch, is transported back into the presynaptic neuron for synthesis
of ACh via the enzyme ChAT.
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2.3 Concept of a Neuron/AcFET Hybrid

in ux of cations results in an excitatory postsynaptic potetial, meaning a de-
polarization of the postsynaptic membrane which can evokersew action po-
tential, if a threshold value of the transmembrane potentieof about 50mV is
exceeded [92]. To avoid desensitization of the nAChRs and pege the synapse
for a new incoming action potential, ACh is enzymatically siig by AChE into
acetic acid and choline (Ch) within the synaptic cleft.

In case of a neuron/AcFET hybrid depicted in Figure 2.10b) tke postsynaptic
neuron is replaced by an AChE-based potentiometric biosenms here a pH-
sensitive AlGaN/GaN FET with the enzyme AChE covalently imnobilized
on its gate surface. When the transmitter ACh, released by thpresynaptic
neuron, reaches the gate area and thus the AChEs bound to thatg surface,
ACh is enzymatically degraded into acetic acid and Ch. The gsociation of
acetic acid leads to a decrease of pH in the vicinity of the gatwvhich can be
measured by the AlGaN/GaN FET in terms of an increase in the din-source
current (cf. section 2.1) as soon as the detection limit is guassed.

The degradation product of the enzymatic reaction of AChE wih ACh, Ch,
which is accumulated in case of a synapse as well as in case néaron/tran-
sistor hybrid, is transported back into the presynaptic neton by Na /Ch
symporters [94] for ade novaesynthesis of ACh, accomplished by the enzyme
ChAT using Ch and acetyl coenzyme A (acetyl-CoA) [95]. TherACh is trans-
ferred into vesicles obtained by endocytosis from the prasptic membrane
via secondary active transport,id est the ACh transport is driven by a pro-
ton concentration gradient generated by an adenosine tripisphate consuming
proton pump which acidi es the vesicles' interior [96]. Ths, the vesicle cycle
is completed.
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3 Methods

In this chapter the fundamental techniques utilized to obtan the results are
illustrated. Additionally, it discusses properties of theAlGaN/GaN SGFETs
as prepared by the procedure described in section 3.1 and thgccess of the
silanization with (3-aminopropyl)triethoxysilane (APTES) (cf. subsection A)
by means of X-ray photoelectron spectroscopy (XPS). Furtihgsection 3.2 cov-
ers the immobilization routine for the enzymes penicillinee and AChE. In the
third section, the preparation of myenteric neurons from tB myenteric plexus
still embedded in themuscularis propriaand coeliac ganglia from adult Wistar
rats, as well as isolated myenteric neurons from (4 - 12) dagkl Wistar rats, for
experiments monitoring neuronal activity with an AcFET, is explained. The
subsequent section describes the experimental procedurel @he evaluation of
the resulting data.

The chapter is completed by a description of immunocytocheastry and uo-
rometric calcium imaging, utilized to assess the vitality bisolated myenteric
neurons and tissue samples of thmuscularis propria respectively.

3.1 Preparation of AlIGaN/GaN Solution-Gated
Field-E ect Transistors

In the course of this work pH-sensitive SGFETs prepared froma
GaN/Al g.7Gag.73N/GaN (800 nm/18 nm/1nm) high electron mobility
transistor structure, schematically shown in Figure 3.1, are used. The
GaN/Al o..7Gag.73N/GaN heterostructure was grown by metal organic chem-
ical vapor deposition on silicon (111) substrates and a 1806 GaN bu er
(DOWA, Tokyo, Japan).

For the preparation of 15 transistors a (12mm 14 mm) piece of the het-
erostructure was used which is represented by a single traster in Figure 3.2.
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3.1 Preparation of AIGaN/GaN Solution-Gated Field-E ect Transistors

First, the sample was washed for 1 min each in aceton€99.5%; Carl Roth,
Karlsruhe, Germany) and isopropyl alcohol ©9.5%; Carl Roth, Karlsruhe,
Germany) in the ultrasonic bath DK152 (Bandelin, Berlin, Gemany) at 820 W.
Subsequently, the clean sample (cf. Figure 3.2A) was driet! 880 °C on a hot-
plate for at least 5 min before deposition of a 100 drop of positive photoresist
ma-P1215 (micro resist technology, Berlin, Germany) at 30Gpm for 60 s with
spin coater Delta 6RC (SUSS MicroTec, Garching, Germany). flerwards, the

a) b)
GaN 1nm ] .
Aly 57Gag 73N 18 nm] drain
2-dimensional electron gas cource
800 nm SS
GaN 3 [
GaN buffer 1800 nm /77/77 o/

silicon substrate

Figure 3.1 a) Schematic side view and b) realistic top view of a processed Al-
GaN/GaN FET with dimensions.

photoresist was baked out at 90 °C on a hotplate for 90s. Theh5 transistors
with xed gate length were patterned on the photoresist coad heterostruc-
ture using the customized photomask MS_ 20100921 020 set anKarl Suss
MA56 Mask Aligner Exposure System (SUSS MicroTec, GarchinGermany)

and an illumination time of 12s. The photoresist was develagl in ma-D331
(micro resist technology, Berlin, Germany) for 40s folloveeby a bidestilled

water stop bath for 30s. The obtained structure in the photasist de ned the

layout of the source and drain contacts of the FET and is scheatically shown

in Figure 3.2B.

Next, Ti/Au ohmic contacts for source and drain were deposéd by thermal

evaporation (E12E4; Edwards, Munich, Germany). Followinghis, the pho-

toresist was removed in acetone and isopropyl alcohol andetlmeterostructure
blow-dried with nitrogen. The structure (cf. Figure 3.2C) vas then annealed
for 30s at 820°C in vacuumgB1 10 °>mbar).

For patterning of the FET mesa-structure a second photolitbgraphy was car-
ried out according to the procedure described above. Herdjet etch mask
de ned the gate dimensions of (1.2 mm 0.5mm) and covered the Ti/Au con-
tacts as shown in Figure 3.2D. The photoresist was cured in aven (T5042E;
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Heraeus, Hanau, Germany) for 3h at 100 °C. Patterning of theEH mesa-
structure was achieved by argon ion-beam etching using a MB)B system
(Veeco Instruments, Plainview, USA). After removing the pbtoresist in ace-
tone and isopropyl alcohol, the samples was separated int6 ihdividual tran-
sistors with dimensions of (4 mm 2.5 mm) by sawing, yielding a nished FET
as schematically shown in Figure 3.2E.

e

C —
deposition of Ti/Au via _
thermal evaporW 2. photolithography
— N

argon ion beam
etching

- -

{

1. photolithography

((

Figure 3.2 Schematic representation of the manufacturing process of an Al-
GaN/GaN FET. (A) Clean piece of heterostructure; (B) het-
erostructure covered with developed photoresist de ning the layout
of the source and drain contacts; (C) heterostructure with Ti/Au
ohmic contacts for source and drain; (D) heterostructure covered
with developed photoresist de ning the FET mesa-structure; (E)
nished FET.

Properties of Prepared AlGaN/GaN SGFETs

The sheet carrier density and the carrier mobility at room tenperature were
determined to (2.0 0.2)10cm 2 and (744 62)cn?V 's ! from Hall-e ect

measurements.

The transistor characteristics and the pH-sensitivity of he prepared
AlGaN/GaN SGFETs were determined using the measurement sep dis-
cussed in section 3.4 in 0.5mM phosphate bu ered saline (PBSolution (for

preparation see appendix C.1).
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3.1 Preparation of AIGaN/GaN Solution-Gated Field-E ect Transistors

The representative transfer characteristics and transcductance shown in Fig-
ure 3.3a) and b), respectively, illustrate the functionaty of the AlGaN/GaN
SGFETs. The AlGaN/GaN SGFETs are normally-on transistors wth a thresh-
old voltage of 2.8 V and the maximum of the transconductance a gate-source
potential Ugs of 1.65V as it is indicated by the dashed line in Figure 3.3.

4 p O nm

Figure 3.3 a) Transfer characteristics and b) transconductance of a solution-
gated AlGaN/GaN FET.

The pH-sensitivity of AlGaN/GaN SGFETSs correlates the chage in the gate
source potential Ugs, measured in current-clamping mode (cf. section 3.4),
with the change in pH. In the representative case depicted iRigure 3.4, the
pH-sensitivity was determined between pH 5 and pH 8 - the relent pH-range
for the here discussed experiments - after di erent steps thfe functionalization
process described in section 3.2. During those measurenseipiH was adjusted
by pipetting with a 10 mM hydrochloric acid solution (from 326 hydrochloric
acid; Carl Roth, Karlsruhe, Germany) starting from pH 8. Linar ts of those
measurements revealed an average pH-sensitivity of (53.6L..5)mV pH ! for
all stages of the immobilization process. This is in reasdola agreement with
earlier reports [43, 80].
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Figure 3.4 Calibration curves for the pH-sensitivity of AIiGaN/GaN FETs after
di erent steps of the functionalization process. The slope of the solid
lines represents a pH-sensitivity of 53 mV pH.

3.2 Functionalization

The functionalization of AlIGaN/GaN SGFETs with APTES is the basis for
the covalent immobilization of enzymes. Hence, the qualityf the silanization
with APTES is essential for the successful ENFET preparatio Due to this
reason the success of the silanization routine is con rmeq IXPS.
Furthermore, this section discusses the routine for covaeimmobilization of
the enzymes penicillinase and AChE on APTES-functionalideAlGaN/GaN
SGFETs.

3.2.1 Silanization with APTES

The silanization routine of AlIGaN/GaN SGFETs with APTES was developed
following the procedure in reference [81] and is schematigadepicted in Fig-
ure3.5. First, the samples were cleaned with acetone and psopyl in an
ultrasonic bath (DK102; Bandelin, Berlin, Germany) at 384 Wfor 2 min each.
Subsequently, the samples were oxidized for 20 min in a mix& of sulfuric
acid (98%; Carl Roth, Karlsruhe, Germany) and hydrogen peraxe (C30%;
Fluka, Taufkirchen, Germany) in a ratio of 3:1. The oxidatimm was stopped

30



3.2 Functionalization

by rinsing the samples with bidestilled water (18 M ; Merck Millipore, Darm-
stadt, Germany). After blow-drying with nitrogen the samplkes were stored in
a desiccator for a minimum of 2.5h followed by silanization ithh APTES on
the same day directly after the samples' removal from the desator.

For silanization the samples were put in a Te on sieve and saferged in 20 mM
APTES solution prepared in a reactor with 120 ml anhydrous toene and
562 | APTES (CgH23NO3Si; C98%; Sigma-Aldrich, Taufkirchen, Germany).
After the reactor had been sealed with a glass lid and Para It was placed
in the ultrasonic bath DK102 for 90 min at 432 W at a temperatue of 50 °C
stabilized by a continuous- ow water heater/chiller. The reactor was then
cooled down to approximately 20 °C over a time period of 60 mio stop the
reaction.

CI)H (I)H
gHZ gHZ
wet-chemical APTEK —Si—0-Si—
oxidation +CgH,3NO,Si IO (l)
J— [r— 13C 2H50H _— [

1. fixation on sample holder
2. bonding with gold wire

copper

encapsulation Interconnect
with gold wire

silicone rubber

Figure 3.5 Schematic representation of the functionalization with APTES and
the encapsulation of an AlGaN/GaN SGFET.

Next, the samples were cleaned in anhydrous toluene and isgpyl alcohol
for 15min each in the ultrasonic bath DK102 at 288 W and 384 W, spec-
tively. A third cleaning step in diluted acetic acid (from 4%(v/v); Alfa Aesar,

Karlsruhe, Germany) at pH 4 was conducted for 30 min in the ulasonic bath
DK102 at 48 W to ensure a (sub-)monolayer coverage with APTE& the Al-

GaN/GaN SGFETs. Finally, the samples were rinsed with bide#led water,

blow-dried with nitrogen and stored light-protected in a dsiccator for at least
12 h.
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After a maximum of 18 h each silanized AlGaN/GaN SGFET was maed
on a sample holder and electrically connected to the copperterconnects via
bonding with gold wire (wire bonder 4124; Kullicke and So aHorsham, Israel)
as schematically shown in Figure 3.5. Subsequently, the ¢aats were checked
by measuring theUl characteristics. Next, the samples were encapsulated
with silicone rubber (Scrintec 901; Carl Roth, Karlsruhe, Genany) to passi-
vate the electric contacts for measurements in aqueous éftetytes. The gate
area remained uncovered as also shown in Figure 3.5. Afterds, the samples
were put in the refrigerator overnight at 5 °C to cure the sitone rubber.

XPS Analysis

For analysis of the silanization by XPS Si-doped GaN layersavn on sapphire
substrate were silanized with APTES according to the procedle described in
this subsection. As the AlGaN/GaN heterostructure used fothe production
of SGFETs is capped with a GaN layer (cf. Figure3.1) the APTE3ayer on
GaN samples and AlGaN/GaN SGFETs should be comparable.

XPS analysis was carried out on a system from OMICRON elecixs
(Klaus, Austria) at the Zentrum fur Mikro- und Nanotechnologie of the
Technische Universitat IImenau The measurements were performed using Mg
K radiation (h 12536€eV) produced by a DAR 400 X-ray source from
OMICRON and monochromated Al K radiation (h 14867¢eV) produced
by a PHI 10-610 X-ray source in combination with an OMICRON XMO0OO
monochromator. All spectra were recorded in grazing emissi(  53%) with
an OMICRON 7 channel EA 125 hemispherical electron analyzeperating
in constant pass energy mode with pass energies of 15eV and&\lGor the
monochromated Al K radiation and the Mg K radiation, respectively. Cal-
ibration of the system was achieved by measuring the signal the Ag3ds-»
core level of clean polycrystalline silver. The energy rdation of the XPS
measurements conducted with the monochromated Al Kradiation and the
Mg K radiation were 0.6 eV and 0.85eV, respectively.

For analysis of the silanization with APTES, XPS spectra of @3s, Si2s, C1s,
N1s, Ols and Ga2p, core levels from an oxidized GaN reference sample and
an APTES-silanized GaN sample, which were freshly prepardédr XPS mea-
surements following the functionalization method outlind in subsection 3.2.1,
were recorded. XPS spectra of the Ga3s, Si2s, C1s, Ols and@axore levels
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3.2 Functionalization

were recorded with Al K radiation while the XPS spectrum of the N1s core
level was recorded with Mg K radiation to avoid its superposition with the
Ga L,M4s5Mys Auger line [97]. All spectra were tted using Voigt functiors
after background subtraction following the method by Shidy [98] and after
accounting for charging e ects by referencing all spectraotthe peak position
of the C C bond in the C1s spectrum at 285.0eV [99].

In Figure 3.6a) the XPS spectra of the Ga3s, Si2s, C1s, N1s,dnd Gaz2p-,
core levels of the oxidized sample shown in black and of the ABS-silanized
sample shown in red are compared. The observed signals of tha3s, N1s
and Gaz2p-, core levels are smaller for the silanized sample if compartedthe
oxidized sample while the signals of the Cls and O1ls core lsvare larger.
The signal of the Si2s core level is only observable afterasilzation with
APTES. These changes in the XPS spectra can be explained byetintro-
duction of Si O, C Si, C C,C Nand N H bonds on the GaN surface due to
the silanization with APTES (cf. Figure 3.5). Accordingly, the deconvoluted
XPS spectra of the oxidized sample and of the silanized sarapre shown in
Figure 3.6b) and in Figure 3.6¢), respectively.

The occurrence of the XPS spectrum of the Si2s core level dwedilanization
IS a strong indication for the successful silanization wittsilicon-containing
APTES. The peak position at 153.9 eV is attributed to the SiO bond [100] in
agreement with the introduction of Si O bonds by silanization with APTES.
The C1s spectrum of the oxidized sample was deconvoluted ngitwo com-
ponents at 285.0eV (gray line) and 289.4 eV (green line) whiare attributed
to C C and C=0 bonds, respectively, and arise from surface contamation
[101]. During silanization with APTES, C N and C Si bonds are introduced
resulting in an asymmetry in the C1s spectrum. Thus, a third @amponent at
286.3 eV (orange line) had to be used for the deconvolution igh accounts for
the APTES-related C N and C Si bonds [99]. Additional C C bonds were
also introduced by silanization, increasing the contribubn of the C C com-
ponent to the C1s spectrum. Hence, the increase in the Clsraadjis the sum
of the signals arising from the introduction of CSi, C C and C N bonds.
The Ols spectra of the oxidized and the silanized sample weteconvoluted
using two components at 531.0eV and 532.6eV. The component531.0 eV
(gray line) remains unchanged during silanization and is #tbuted to the
O Ga bond [102]. In case of the oxidized sample the component582.6 eV
(green line) is attributed to hydroxyl groups introduced by the wet-chemical
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Figure 3.6 XPS spectra of the Ga3s, Si2s, Cls, N1s, Ols and Ga2pcore
levels. a) Comparison of the XPS spectra of an oxidized reference
sample (black) and an APTES-silanized sample (red) showing the
data as dots and the respective ts as lines. b) XPS spectra of the
oxidized reference sample. c¢) XPS spectra of the APTES-silanized
sample. In b) and c) dots represent the respective data as shown in
a) while lines represent deconvolutions.
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oxidation [103]. As the silanization with APTES consumes tgroxyl groups
(cf. Figure 3.5) the increase of this component with silanéion cannot be
explained by an increasing amount of hydroxyl groups but r&er by the in-
troduction of O Si bonds which have the same binding energy [99]. Due to
this concurrence a possible contribution of the hydroxyl gups to the O Si
component cannot be resolved.

The N1s spectrum of the oxidized sample was deconvoluted ngitwo com-
ponents at 397.3 eV (gray line) and 399.7 eV (green line) whiare attributed
to N Ga bonds [97] and NO bonds [99], respectively. Both components are
also present in the silanized sample although the peak pasit of the N O
component is shifted to 400.2 eV. This shift might be due to # introduction
of protonated amino groups situated at 401.1 eV [104] whiclugerimposes the
N O component. The attempts to resolve those two componentsradabuting
to the peak at 400.2eV were not successful as tting with twoamponents
always resulted in the area of one t component approachingero. A third
component at 398.9eV (orange line) used for deconvolutior the N1s spec-
trum of the silanized sample is attributed to neutral amino goups [104]. The
attenuation of the N Ga component with silanization is due to shielding of
the GaN substrate by the covalently immobilized APTES layer This e ect
is as well seen in case of the Ga3s spectrum and the Gazppectrum. The
decrease is less pronounced in case of the Ga3s signal as stlbaver surface
sensitivity than the Ga2p;-, signal due to a di erence in the electron inelastic
mean free path . According to the model by Tanumaet al.  of the Ga3s
signal is 2.374nm and of the Ga2p,_, signal is 0.945nm [105].

The Ga3s and the Ga2p, spectra were not deconvoluted with regard to the
respective contributions of the GaO bond and the Ga N bond as they rep-
resent the oxidized GaN substrate before and after silanizan.

The XPS measurements allow an estimation of the surface coage#sc of the
APTES layer by calculating the surface density of Si atoms Wi regard to the
surface density of Ga atoms. The model used for this purposasvdeveloped
by Dr. Marcel Himmerlich et al. from the Technische Universitat lIlmenau
who also carried out the calculations.

The model describes the attenuation of the Ga signal from th@aN substrate
as a result of its traversing through the oxide layer and the RTES layer taking
into account the layer thicknesseslige and daptes as well as g, of the GaN
bulk material. The result of this calculation is a surface orage#sc of 0.5 to
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0.6 Si atoms per Ga atom (Dr. Marcel Himmerlich, personal camunication,
March 3, 2016).

To estimate the surface coverage that corresponds to one notayer, the area
occupied by one APTES molecule and thus by one Si atom has to dgsessed.
Taking into account the length of the APTES molecule (8.5 A [@4]) and the
Si O bond length (1.623 A [106]) while assuming that all OSi O bonds and
the O Si C bond have bond angles of 109’5 id est tetrahedral coordination
of the Si atom - the occupied area per Si atom is13.0 2. For a Ga atom this
area is calculated to 8.807 Aby utilizing the lattice parameter ag in Table 2.1.
Hence,#sc is expected to be 0:68for a complete APTES monolayer. As the
determined values fortsc have been 0.5 to 0.6, it follows that 73.5% to 88.2%
of the GaN surface are covered with APTES.

In summary, the conducted XPS measurements show that theailization with
APTES was successful yielding a sub-monolayer with the sila layer covering
up to 88.2% of the GaN surface.

3.2.2 Immobilization of Enzymes

For the preparation of enzyme-modi ed AlGaN/GaN SGFETs peircillinase
(bacillus cereusC 3.5.2.6, P0389; Sigma-Aldrich, Taufkirchen, Germanygnd
AChE (electrophorus electricuseC 3.1.1.7, C3389; Sigma-Aldrich, Taufkirchen,
Germany) were covalently immobilized on the APTES-silaned gate area of
the pH-sensitive AlIGaN/GaN SGFETs adapting the procedureseported in
references [2, 84] and [2, 85, 107], respectively.

As depicted in Figure 3.7 the silanized and encapsulated splas were initially
treated in 20 MM aqueous glutaraldehyde solution prepareditiv 20 ml bides-
tilled water and 72.7 | glutaraldehyde (50% in HO; Sigma-Aldrich, Tauf-
kirchen, Germany) for 1h at room temperature. Afterwards, he samples
were rinsed with bidestilled water to remove unattached gtaraldehyde, which
would agglomerate the enzymes, and gently dried under nigjen ow.

Then, the glutaraldehyde-treated APTES layer was crossliked with the re-
spective enzyme by formation of a secondary amine via a Sclbase in the
presence of cyanoborohydride. Simultaneously, the iminerfined by the amino
group of APTES and one of the aldehyde groups of glutaraldetig in the rst
step of the enzyme immobilization was reduced to an amine. U§, the an-
chor attaching the enzyme to the gate surface is carbon-nitgen double bond
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3.3 Preparation of Biological Samples

free (cf. Figure 3.7) which ensures its stability against tdrolytic degradation
in aqueous environments [84].

In case of crosslinking penicillinase to the gate surface,1®0 | droplet of
800 nM penicillinase solution was placed on the FET gate ar@amd incubated
for 1 h at room temperature. In case of AChE the enzyme conceation was
400 nM and the samples were incubated in a humid controlled\@ronment at
5°C for 20 h.
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Figure 3.7 Schematic representation of the procedure to covalently immobilize
enzymes on encapsulated AlGaN/GaN FETs. The silicone encap-
sulation is depicted in red.

The resulting EnFETs (schematically shown in the right illstration in Fig-

ure 3.7) were cleaned with 20 mM PBS solution (for preparatiosee appendix
C.1) in the ultrasonic bath DK102 at 192 W for 10 min with the catinuous-

ow water heater/chiller set to 5°C. The pH of the 10mM PBS saltion was

adjusted to 7 for PenFETs and to 7.5 for AcCFETs. The EnFETs we¥ stored
light-protected at 5°C in the respective 10 mM PBS solution ntil they were

used for experiments.

3.3 Preparation of Biological Samples

For experiments monitoring neuronal activity the myentert plexus and coeliac
ganglia from female and male Wistar rats with a body mass of (04 160) g and
(160-200) g, respectively, and isolated myenteric neurofrem (4 - 12) days old
Wistar rats were used in the present work. The animals were lte@and housed
at the Institut fir Veterinar-Physiologie und -Biochemie of the Justus-Liebig-
Universitat Gieyen at an ambient temperature of 22.5°C and air humidity of
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(50-55)% on a 12 h:12 h light:dark cycle with free access totwaand food un-
til the time of the experiment. Then, animals were killed by sinning followed
by exsanguination. The abdominal cavity was opened folloag the linea alba
The experiments were approved bRegierungsprasidium GieyenGieyen, Ger-
many and performed according to the German and European ananwelfare
law.

The myenteric plexus embedded in thenuscularis propria id est the longi-
tudinal muscle in Figure 3.8, was obtained from adult rats. & this purpose,
the colon was removed and placed on a small plastic rod with aatheter of

myenteric plexus
circular muscle
deep muscular plexus

inner SMP
outer SMP
longitudinal
muscle
[
mucosa
muscularis submucosal

mucosae artery

Figure 3.8 Diagram showing the arrangement of the enteric plexuses on a seg-
ment of intestine which has been partly separated into layers. Ab-
breviations: ENS, enteric nervous system; SMP, submucosal plexus.
Adapted by permission from Macmillan Publishers Ltd: Nature Re-
views Gastroenterology and Hepatology [108], copyright 2012.

5mm. A circular incision was made near the anal end with a blarscalpel.
Then, the serosa id est the outmost layer of the intestinal wall (not shown

in Figure 3.8), and muscularis propria embedding the myenteric plexus, were
gently removed in the proximal direction and transferred t@n ice-cooled glass
plate. The distal end of this tissue was then dissected intavall pieces of
about (1mm 2mm) ready for use. One piece was placed on each gate of an
AcFET as shown in Figure 3.9A using ne forceps, covered by pester gauze
(pore size 70 m) and xed with a plastic clip. The thus prepared samples
were then placed into 37 °C warm Tyrode's solution (for prepation see ap-
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3.3 Preparation of Biological Samples

pendix C.2) and immediately transported to thel. Physikalisches Institut for

measurement.

Myenteric neuron isolation and culture was carried out aceding to the pro-

cedure described in [109]: The small intestine of (4-12)dayld rats was
collected under a binocular microscope and placed into €a and Mg -free

Hanks' balanced salt solution (HBSS) supplemented with 1%vAs) PenStrep

(Life Technologies, Darmstadt, Germany). Themuscularis propria was
stripped o using two ne forceps and then incubated in a colhigenase type I
solution (0.5 mg ml!; Biochrom, Berlin, Germany) at 37 °C for 80 min. Under

Figure 3.9 lllustration of the placement of (A) myenteric neurons from the
myenteric plexus still embedded in the muscularis propria, (B) iso-
lated myenteric neurons and (C) coeliac ganglion on the gate area
of an AcFET.

optical control the myenteric ganglia forming net-like stuctures were collected
using a micropipette and placed into warm Neurobasal mediurfLife Tech-
nologies, Darmstadt, Germany) supplemented with 0.25% (v) L-glutamine
(Sigma-Aldrich, Taufkirchen, Germany), 1% (v/v) PenStrepand 10% (v/v)
foetal calf serum (FCS, Biochrom, Berlin, Germany). A cellispension was
obtained by mechanical trituration, passing the ganglia trough a 23G hypo-
dermic needle (0.60 mm 60 mm) three to ve times. Afterwards, 20 | of the
cell suspension were transferred to the gate of the ACFET wdfi was incuba-
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a)

coeliac artery

nervus
«~ splanchnicus
major

aorticorenal
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Figure 3.10a) Diagram showing the position of the coeliac ganglia within the
coeliac plexus. Adapted by permission from Radiological Society
of North America: RadioGraphics [110], copyright 2011. b) Pho-
tograph of a section of the abdomen of a Wistar rat revealing a
coeliac ganglion. Courtesy of Ervice Pouokam, Ph.D..
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3.4 Potentiometric Measurements

ted overnight at 37 °C in an atmosphere of 5% (v/v) C@in 95% (v/v) air.
The result is a self-adhering layer of isolated neurons thaloes not cover the
gate area completely as it is schematically illustrated inigure 3.9B. For trans-
port to the I. Physikalisches Institut the samples were placed in 37 °C warm
Tyrode's solution.

The coeliac ganglia were collected from adult Wistar rats. Téy are situ-
ated at the branching point of the coeliac artery and the ao# as depicted in
Figure 3.10. To get access to the ganglia, colon, stomachdheys, liver and
spleen were moved cranialwards after the abdominal cavityas opened. After
freeing the aorta from fatty tissue with ne forceps, the cokac ganglion was
cut o using a scalpel and cleaned in isotonic 10mM PBS solatn (P4417;
Sigma, Taufkirchen, Germany). Then, the coeliac ganglionas placed on the
gate of an AcFET as schematically shown in Figure 3.9C. To hibthe ganglion
in place it was covered with polyester gauze which was xed thi a plastic
clip. For transport the sample was placed in 37 °C warm Tyrodg solution.
The measurement monitoring neuronal activity took place imediately after
samples arrival at thel. Physikalisches Institut

3.4 Potentiometric Measurements

3.4.1 Measurement Set-Up

All measurements were conducted in the measurement set-ugpicted in Fig-
ure 3.11. The three-electrode measurement set-up consisté# a Ag/AgCl ref-
erence electrode (6.0726.117; Metrohm, Essen, Germanyplatinum counter
electrode (6.0343.000; Metrohm, Essen, Germany) and the@dN/GaN FET
as working electrode. The position of the electrodes rela#i to each other was
given by the layout of the chamber lid resulting in a distancef 27 mm between
reference electrode and the gate of the AIGaN/GaN FET.

The measurement chamber contained a uid volume of 100 ml witthe temper-
ature of the electrolyte being controlled with a continuousow water
heater/chiller that pumped heated or cooled water throughhe double-walled
measurement chamber. Additionally, the electrolyte was sted with a DC
motor (114886; Maxon Motor, Munich, Germany) controlled bya potentiome-
ter.
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3 Methods

The three-electrode measurement set-up was placed in a Fdag cage through-
out the experiments which itself was placed into a walk-in Faday cage which
contained the measurement electronicdd est the potenstionstat (LPGO3;
Bank Elektronik, Garbenteich, Germany), the source-metef2636A; Keithley,
Germering, Germany) and the pH-electrode containing a tengpature sensor
(51343054; Mettler-Toledo, Gieyen, Germany). The computéor data acqui-
sition, excluding the monitor, mouse and keyboard, as welkahe continuous-
ow water heater/chiller were placed outside the walk-in Faaday cage.

reference
electrode
counter
electrode
stirrer
- working electrode

connection to
continuous-flow

double-walled water heater/chiller

measurement
chamber

Figure 3.11Detailed drawing of the three-electrode measurement set-up with
the distances between the electrodes given in the detail view. Cour-
tesy of Dipl.-Ing. Thomas Wasem.
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3.4 Potentiometric Measurements

3.4.2 Measurement Routines

All measurements were carried out in darkness and the samplerere handled
under darkroom conditions from at least 12 h before the resgteve experi-
ments to exclude artifacts caused by persistent photocume(cf. section 2.1).
For experiments the EnFETs were operated at a constant draisource voltage
(Ups) of 200 mV applied by the source-meter. The constant anodi@atg-source
potential (Ugs) of 1.65V was applied via the Ag/AgCI reference electrode by
a potenstionstat resulting in a transconductance of about® S during opera-
tion (indicated by the dashed line in Figure 3.3).

Before data acquisition, the EnFETs had to equilibrate withthe surrounding
electrolyte. Thelps transient was recorded prior to each measurement until a
linear drift was obtained which indicates an equilibrated BFET.

Calibration measurements and stability tests were perfored in current-clam-
ping mode wherdJgs was adjusted with a computer-controlled potentiostat in
order to compensate the changes ips caused by a change in pH due to the
formation of acid in the enzymatic reaction of the enzymes AE and penicil-
linase (cf. Figure 2.7). The recorded data is the transientf éhe needed change
in Ugs ( Ugs) to keeplps constant. This measurement mode is schematically
depicted in Figure 3.12. If not stated otherwise, the usedestrolyte for those
measurements was a stirred PBS solution with a bu er concertion BF E
of 0.5mM.

For analysis of the PenFET response, the pH was set to 7 whileg temperature
of the electrolyte was set to 25°C, controlled with the pH-ettrode contain-
ing a temperature sensor. The concentration of the substmtenzylpenicillin
(1658 units/mg solid; Sigma, Taufkirchen, Germany) was vagd by pipetting
from a 100 mM stock solution at intervals of 100s. The stock kmion was
freshly prepared with the same PBS solution ([BF 0:5mM) used in the
measurement chamber.

In case of AChE, the temperature of the electrolyte throughd the calibration
measurements and the stability tests was 35 °C. The electyt¢'s pH was 7.7
for the calibration measurements while the stability testsvere performed at
pH 7.5, mimicking physiological conditions for measuringital tissue and cells.
The substrate used to obtain the ACFET response curves wasetglthiocholine
(ATCh; 9%; Sigma, Taufkirchen, Germany), an analog of the neurains-
mitter ACh which is equally processed by AChE as ACh [111]. ThATCh
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3 Methods

concentration ([ATCh]) was changed by pipetting from a 100 M stock solu-
tion at intervals of 150s. The stock solution was freshly ppared prior to each
experiment with the same PBS solution ([BF 0:5mM) used in the measure-
ment chamber during the experiment.

%

counter I |
reference
electrode

electrode

I potentiostat |

FDUGS
gate
computer
Sb}fe, Working electrode
|

controller
Ips = const
\'j UDS =200 mV / P
00 F

Figure 3.12 Schematic representation of the measurement set-up in current-
clamping mode.

For neuronal activity measurements of myenteric neuronsdm the myenteric

plexus embedded in thenuscularis proprig isolated myenteric neurons, and
coeliac ganglia, as well as the corresponding reference suwaments only
AcFETs were used. HereUgs was clamped and thelps transients were
recorded to avoid interference of the PID controller used icurrent clamp-

ing mode. All measurements concerning monitoring of neurahactivity have

been carried out in a stirred modi ed Tyrode's solution witha phosphate bu er

concentration of 1 mM (for preparation see appendix C.3). Teperature and

pH of the modi ed Tyrode's solution were set to 35°C and 7.5,espectively.
To stimulate the neurons, the membrane was depolarized bysmg the ex-
tracellular K -concentration by 30 mM, using a 3M KCI stock solution (Carl
Roth, Karlsruhe, Germany). The reversible AChE blocker dorgezil (C98%;

Sigma-Aldrich, Taufkirchen, Germany) as well as ATCh were ipetted from

stock solutions with a concentration of 100 mM each, which weprepared with

the same modi ed Tyrode's solution used for the experimentEach addition

of KCI, donepezil and ATCh was recorded with regard to its vaime and the
time at which it was added.
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3.4 Potentiometric Measurements

3.4.3 Evaluation Routines

Even after eugqilibrating with the surrounding electrolyte the EnFETs ex-
hibit a linear drift in the transients recorded either in curent-clamping or in
voltage-clamping mode. This behavior is attributed to the lsw chemical mod-
I cation of the oxide on the gate area in reference [112]. Oudf this reason,
the drift of the transients was individually determined ove a period of 300s,
via a linear t, before any chemical was added, and then suldcted from the
recorded transients. The values obtained from those ts werwithin the range
of 0.1 Vs 1to50 Vs !and 10pAs?to 3000pAs? for the measured Ugs
transients and the measuredps transients, respectively.
For the analysis with the kinetic model discussed in sectio& 2, the drift cor-
rected Ugs transients were transformed into response curves which celate
Ugs to the administered substrate concentration.
Thereby the administered substrate concentration was calated from the
concentration of the substrate stock solution (100 mM), thevolume of the
measurement electrolyte (100 ml) and the total volume of thetock solution
added so far, taking into account the increase in total measement volume.
The obtained values are exemplary given in red script in Figa 3.13. The cor-
responding value of Ugs (orange annotations in Figure 3.13) was calculated
by averaging over the 50 s period directly before the next adithn of substrate
(orange-highlighted section of the Ugs transient in Figure 3.13). The relative
standard deviation of this average was taken as the error di¢ obtained Ugs
value. As it is evident from the right hand side of Figure 3.1&e error of each
Uss value was small. This is a representative nding for all EnFE response
curves discussed here. Thus, the error bars are only showremwplary in Fig-
ure 3.13 in this subsection and are omitted in the followingpf better legibility
of the presented data.
The obtained EnFET response curves were then tted accordinto the kinetic
model of Glabet al. [49] which is referred to as thdinetic modelin the follow-
ing. Fitting facilitates the determination of the model paametersK y, ky, ky
and kgr (cf. section 2.2) directly related to the covalently immobized enzyme
layer.
The method employed in the tting routine was developed withMathematica
9.0 (Wolfram, Long Hanborough, United Kingdom) accordingd reference [90]
which minimizes Eq. 3.1 fom pH values (pH) measured by Ugs at a given
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/L
nn

Figure 3.13Exemplary illustration of the generation of an EnFET response

curve on the right hand side by means of an excerpt of dJgs
transient on the left hand side. On the left hand side the an-
notations in black indicate the volume and the time at which the
100 mM substrate solution was added as marked by the black dashed
line. From the 50 s period highlighted in orange in the Ugs tran-
sient the average signal evoked by the preceding addition of sub-
strate was calculated. Those values are represented by the orange
dashed lines and stated in orange script above. The obtained values
for Ugs with their relative standard deviation taken as error bars
are then plotted in black against the corresponding total substrate
concentration given by the dashed red lines and the corresponding
annotation in red yielding the EnFET response curve. The green
line represents the t according to the kinetic model outlined in
section 2.2.

substrate concentration [S] while pH;([SF) denotes theit" corresponding pH
value as calculated by the&inetic model by means of Eg. 2.18 with the variable
parametersK v, ky, ky and kgg.

The minimization of Eq.3.1 was realized by utilizing the fuantion "NMini-
mize" with the method option "NelderMead" and the model paraneters being
restricted to values greater zero. The result of Eq. 3.1, thearameter , is as
well a measure for the t quality. It was smaller than 0.01 forall ts presented
in this work.

n
Q pH, pH %SEZ’ (3.1)
i1l
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3.5 Viability Assays

3.5 Viability Assays

3.5.1 Fluorometric Calcium Imaging

The vitality of the myenteric neurons from the myenteric pleus embedded
in the muscularis propria after experiments monitoring neuronal activity was
tested pharmacologically. The investigation consisted itesting the ability
of the tissue sample to respond to calcium mobilizing drugsich as nicotine
(Sigma-Aldrich, Taufkirchen, Germany) or cyclopiazonic eid (CPA; Alexis,
Grinberg, Germany) in concentrations of 100M and 50 M, respectively.
For this purpose, calcium imaging experiments were run ugnfura-2 ace-
toxymethylester (Life Technologies, Darmstadt, Germany)a C& -sensitive
uorescent dye [113]. The pieces omuscularis propria collected from the
gate were attached to cover slips (diameter: 13 mm) coatedttvipoly-L-lysine
(molecular weight A 300,000 g mol*; Biochrom, Berlin, Germany) and incu-
bated in standard Tyrode's solution with 2.5 M fura-2 acetoxymethylester and
0.05g!? pluronic acid (Life Technologies, Darmstadt, Germany) at 3°C for
40 min. For experiments, the cover slip was put into an expenental chamber
which held the cover slip in place and allowed covering of tteample with so-
lution. The experimental chamber was then placed on an inviexd microscope
(Olympus IX-50; Olympus, Hamburg, Germany), equipped witlan epi uores-
cence set-up as well as an image analysis system (Till Phoiws) Martinsried,
Germany), and covered with 1 ml Tyrode's solution.

Several regions of interest containing neurons, each withd size of about one
cell, were selected. The emission was measured from the oegi of interest
with a sample rate of 0.2 Hz for wavelengths above 420 nm. Thheanges in
cytosolic C& -concentration were expressed as changes in the fura-2 oati
id est the emission value at an excitation wavelength of 340 nm doed by
the emission value at an excitation wavelength of 380 nm. Mitne and CPA
were pipetted from stock solutions with concentrations of®mM and 10 mM,
respectively (for preparation see appendix E.1).
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3.5.2 Immunocytochemistry and Propidium lodide
Staining

The vitality of isolated myenteric neurons cultured on gate of capsule-free
AcFETs was tested by means of immunocytochemistry and staig with pro-
pidium iodide.

Prior to the vitality test, the samples were submitted to thesame conditions as
during routinely performed potentiometric measurements pnitoring neuronal
activity (cf. section 3.4). Thereafter, they were exposedotaqueous propid-
ium iodide solution (300 M; from 4.0%; Sigma, Taufkirchen, Germany) for
5min at 37 °C. The free gates carrying the myenteric cells veerinsed with pre-
warmed isotonic 10 mM PBS solution. Then, the cells were xeith a solution of
4% (w/v) paraformaldehyde (95%; Sigma-Aldrich, Taufkirclen, Germany) and
2% (w/v) sucrose (99.0%; Sigma-Aldrich, Taufkirchen, Germany) for 5min at
37 °C. The xation was stopped by rinsing the cells three timg 5 min each with
warm isotonic 10 mM PBS solution. The cells were then incubad for 30 min in
warm isotonic 10 mM PBS solution containing 0.05% (w/v) Twer 20 (Sigma-
Aldrich, Taufkirchen, Germany) for permeabilization and 46 (w/v) bovine
serum albumin (BSA; ®8%; Sigma-Aldrich, Taufkirchen, Germany) in order
to block unspeci c bindings. The neurons were then incubatkeovernight at
4 °C with the primary antibody mouse monoclonal anti-micraibule-associated
protein 2 (anti-MAP2; Sigma-Aldrich, Taufkirchen, Germary), used as neu-
ronal marker [114] ( nal dilution 1:400). The latter was disolved in isotonic
10mM PBS solution containing 1% (w/v) BSA, 0.05% (v/v) Tween20 and
1% (v/v) donkey serum (Merck Millipore, Darmstadt, Germany).

After removing unbound primary antibody by rinsing three times for 5min
with isotonic 10 mM PBS solution, the cells were incubated atoom temper-
ature in the dark for 1 h with the uorescent secondary antibdy Alexa-488-
donkey anti-mouse 1gG ( nal dilution 1:400; Invitrogen, Kalsruhe, Germany)
dissolved in isotonic 10 mM PBS solution containing 1% (w/vBSA and 0.05%
(viv) Tween 20. The cells were examined with a uorescence groscope
(80i; Nikon, Dusseldorf, Germany). Digital images were tan with a black
and white camera (DS-2M B/Wc) using NIS Elements 2.30 softwa (all from
Nikon, Dusseldorf, Germany) to adjust the color.
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4 Results and Discussion

4.1 Penicillinase-Modi ed Field-E ect
Transistors

The basis for optimizing the EnFET performance is a profoundnderstanding
of its response characteristics and the properties of the mobilized enzyme
layer. In case of ENFETs based on pH-sensitive potentiomatrsensors such as
AlGaN/GaN SGFETs investigated here, this understanding ca be gained by
gquantitative analysis with the kinetic model as discussed in section 2.2. One
requirement of thiskinetic model is an enzyme layer which is not limited by
di usive processesjd est a fast exchange of substrate molecules and reaction
products across the enzyme layer/electrolyte interface sarranted. Further-
more, the stability and reproducibility of the immobilization process has to
be ensured. Both requirements can be met if the EnFET preparan method
described in section 3.2 is used [2] as will be shown in theldaling.

The applicability and strength of their kinetic model was already investigated
by Glab et al. for the example of the enzyme urease [115] immobilized on
a pH-sensitive glass electrode. Throughout their studieh¢y analyzed the
e ect of bu er concentration, pH and stirring rate on the regonse curves of
this device for the detection of urea. However, the only two adel parameters
systematically investigated were&K, and ky, which are directly related to the
enzymatic activity. The other two model parametersky and kgg, were kept
at a constant value of 1.

In the work presented in this section the enzyme penicillis® from bacillus
cereus covalently immobilized on a pH-sensitive AlGaN/GaN FET acording
to the procedure described in subsection 3.2.2 is quantite¢ly investigated by
application of the kinetic model Furthermore, in contrast to the work by Glab
et al., all four model parametersK v, ky, ky and kgr are determined by a t
of the experimental data.
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4 Results and Discussion

The applicability of the kinetic model for analyzing response curves of Pen-
FETs is generally shown for the case of varying bu er concemtions BF E.
In view of the results obtained through this analysis, the stbility and repro-
ducibility of PenFETs as well as the in uence of pH on the PenET response
curves have been quantitatively investigated.

4.1.1 Variation of Phosphate Bu er Concentration

In a rst experiment response curves of one PenFET measured iest solu-
tions with BF E equal to 0.5mM, 1 mM, 2mM and 5mM were analyzed with
the kinetic model In all response curves shown in Figure 4.1 a sensitive ragio
de ning the sensitivity of the PenFET, and a saturation regon can be distin-
guished. The onset of the saturation signal de nes the higee[SF and thus
the highest [H] measurable by a change ofUgs at the gate area. The position
of this onset is not in uenced by BF E. With increasing BF E the experi-
mental results depicted by symbols in Figure 4.1 show a dease of sensitivity

Figure 4.1In uence of BF E on the response curves of PenFETs. Response
curves (symbols) obtained in test solutions with di erentBF E as
indicated. Solid lines represent ts according to kinetic model.

in the sensitive region as well as a decrease of the saturatsignal in the sat-

uration region. Furthermore, for all four response curveshe ts according to
the kinetic model (solid lines) show excellent agreement with the experimeait
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4.1 Penicillinase-Modi ed Field-E ect Transistors

results. The quality of the ts is also evident from the t quality parameter

(cf. Eq.3.1) listed in Table 4.1 being always smaller than 01 (cf. subsection
3.4.3).

From the tting results summarized in Table4.1 one can dedwe that Ky,
(85 6) M) and ky ((1.03 0.08) mM) are constant within the measure-
ment accuracy and not systematically a ected by the changeni BF E. On
the contrary, ky increases by two orders of magnitude whilkzsr decreases by
three orders of magnitude with increasingBF E. Hence, only the two param-
eters directly related to the bu er system react to changesni BF E, while
those that characterize the immobilized enzyme layer renraalmost constant.

Table 4.1 Extracted model parameters for the variation ofBF E.

BF E [m M] Kwum [ M] kV [m M] kH kBF
0.5 86 1.11 97 | 1.79 | 0.002
1.0 87 1.11 1531 1.02 | 0.004
2.0 73 1.01 5112| 0.02 | 0.001
5.0 95 0.90 10744| 0.001| 0.001

As Ky is almost constant it is a reasonable assumption that,.x ko E g
is also constant for varying BF E (cf. Eqg.2.15). Asky does not vary with
BF E and equalsviaxKs it follows that ks is constant as well. Consequently,
the increase inky is equivalent to an increase irky and the decrease irkgr is
equivalent to a decrease ikgg.
The increase inky is tantamount to a faster proton transport from the en-
zyme layer to the electrolyte. As a result the proton concerdtion at the
pH-sensitive gate surface is smaller, leading to a decreagisaturation signal.
In contrast, the observed decrease ikge with increasing [BF] should lead to
an increase of the saturation signal (cf. Figure 2.9d)). Haver, the e ect kgg
has on the response curves by decreasing from 1.79 to 0.0G1 {eble4.1) is
considerably smaller than the increase d&f; from 97 to 10744 (cf. Figure 2.9)
explaining the decrease of the saturation signal with incasing [BF].

4.1.2 Reproducibility and Stability

The results in the proceeding paragraph demonstrate that ehkinetic model
is applicable for the quantitative analysis of PenFET respuse curves. Based
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4 Results and Discussion

on these results, the reproducibility and stability of AIGaN/GaN PenFETs are
guantitatively investigated in this subsection.

The reproducibility of the PenFET preparation was analyzedoy comparing
PenFET response curves after di erent numbers of measurentecycles from
di erent production dates. In Figure4.2 four di erent PenFETs from four
di erent production dates are analyzed, demonstrating a Igh level of repro-
ducibility. The inset in Figure 4.2 illustrates separatelythat the sensitivity of

Figure 4.2 Comparison of the response curves of four di erent PenFETs at
pH 7.0. The inset shows the sensitive regions for benzylpenicillin
concentrations below 500M. Solid lines represent ts.

PenFETs in the sensitive region is reproducible as well. Themall deviation
of the saturation signal by about 8% can be attributed to a diering amount
of enzyme present on the gate surface. This e ect will be disssed in greater
detail in subsection 4.2.2.

The comparison of the parameterKy,, ky, ky and kgg obtained from the
kinetic model (cf. Table 4.2) indicates as well a high reproducibility aslafour
parameters can be regarded as constant within a small rangé deviation.
Thereby, the Michaelis constant with its average value of @ 11) M is in
good agreement with the reported value of 60M for free penicillinase [116].
Based on the proven reproducibility of the PenFET preparatn, the stability
of PenFETs is now exemplary discussed for a single PenFET.rRhis pur-
pose, a PenFET was repeatedly measured and quantitativelynalyzed over
the course of 252 days counting from the production date. Be¢en measure-
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ments the PenFET was stored in 10 mM PBS solution at a temperate of
5%C.

Table 4.2 Extracted model parameters for the PenFETs shown in Figure 4.2.

PenFET | Ku [ M] kv [m M] kH kBF
| 72 157 |143]1.84
X 86 1.11 | 97|1.79
E 74 1.12 | 134|1.82
S 49 1.37 98 | 1.89

During the rst four measurements on day 0, 2, 5 and 9 the redsl dis-
played in Figure 4.3 a), show a decrease in the saturation sa by about 25%
while the slope in the sensitive region remains almost unamged. From day 9
(4™ measurement) on no further changes in the response curves abserved
until day 56 (9" measurement). As depicted in Figure 4.3b), starting from t&
9 measurement the saturation signal as well as the slope of thensitive region
decrease until stable response curves are obtained from d&al82
(13" measurement) on. This development of the PenFET charactstics can
also be comprehended in terms of the extracted model parareetK y;, ky, ky
and kge shown in Figure 4.4.

Throughout the rst period from day 0 (1t measurement) to day 42 (8 mea-
surement) highlighted in Figure 4.3a) the values obtainedof K, are fairly
constant, resulting in a mean value of (67 10) M when averaging from the
1t to the 8" measurement; in good agreement with the value obtained for
the analysis of the reproducibility (70 11) M). Hence,K), is also in good
agreement with the published value oKy, 60 M for free penicillinase [116].
This nding indicates that the covalent immobilization process applied here
does not lead to a sizable deterioration of the enzymatic awcity.

Taking Eq.2.16 into account, it follows thatk, can be assumed as constant,
id est the catalytic activity of penicillinase is not changed overtime. As
kv ko E oKs in the saturation region, the decrease ik, from the 1t mea-
surement on can be attributed to a decrease in the density ohizymes on the
gate area [E] or/and an increase of the substrate transport rate constarks.
As kg with an average value of (1.8 0.1) is almost constant throughout the
rst period ks can only increase similar tokgr. Furthermore, ky increases
from 85 (day 0) to an average value 0i25 19 (day 9 to day 42) suggest-
ing an increasing permeability of the penicillinase layerHence, the decrease
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4 Results and Discussion

in ky is attributed to a decrease in [E], id est a detachment of physisorbed
penicillinase, during the rst nine days of storage.

v

el y

R bid

Figure 4.3 Chronological development of PenFET response curves over the
course of 252 days (symbols) and ts according to the kinetic model
(solid lines). In a) day O to day 42 (rst period), in b) day 56 to
day 252 (second period) are highlighted.

In the course of the second period from day 56 to day 252 higitited in Fig-
ure 4.3b) Ky, increases from (67 10) M to (107 29) M (average of the
values from days 182, 217 and 252). A§y equals"k ; kye~ky, the ratio of
the reaction constants of the dissociationk ; ky* and formation (k;) of the
enzyme-substrate complex, this increase could be due to acreased dissoci-
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ation rate or a decreased formation rate of the enzyme-substie complex. As
an increase ok, id est a faster enzymatic conversion of benzylpenicillin, due
to storage is unlikely, a decrease iR, or an increase ink 1, occurring when
storage exceeds 42 days, is more plausible.
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Figure 4.4 Evolution of the extracted model parameters of the PenFET re-
sponse curves shown in Figure4.3. The rst period from day O to
day 42 corresponds to the highlighted response curves in Figure 4.3a)
while the second period from day 56 to day 252 (highlighted in gray)
corresponds to the highlighted response curves in Figure 4.3b). The
dashed lines indicate the mean value of the respective model param-
eter as discussed in the text.

As it is evident from Figure4.4,ky, kg and kgg increase as well through-
out the second period highlighted in gray until they reach awstant values of
(1.1 0.1)mM, (761 61) and (21 0:1) from day 182 (13' measurement)
on. This increase can be explained by a decrease in the tranggrate constant

ks which equally a ects all three parameters. Aks depends on the di erence
in concentration of the substrate between the bulk electrgle and the enzyme
layer, a decrease irks is related to a smaller concentration di ernce which
can be either explained by a lower amount of active peniciliase on the gate
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surface and/or a partial denaturation of penicillinase asidcussed above.
Because the decrease iky throughout the rst period was attributed to a
detachment of physisorbed penicillinase a renewed occurce of enzyme de-
tachment from day 56 on can be ruled out. Hence, a detachmeritghysisorbed
penicillinase cannot be responsible for the decreasekig If instead the cleav-
age of the covalent bond anchoring penicillinase to the gaseirface should be
the reason for a detachment of penicillinase one would expec continuous
deterioration of the PenFET characteristics. However, tis behavior could not
be observed as stable response curves are received from &% dn. Hence,
only a partial denaturation of penicillinase can explain te decrease itks and
thus the increase oky, ky and kgr over the course of the second period.

In summary, the results in this subsection show that the empyed PenFET
preparation method is reproducible and that the changes obs/ed in PenFET
response curves over the course of 252 days can be attributech detachment
of physisorbed penicillinase throughout the rst nine dayf storage as well
as the denaturation of the penicillinase occurring betweethay 56 to day 182.

4.1.3 Variation of pH

In this subsection the in uence of the pH of the bulk electrgite, Ig~ H Ee,
on the PenFET response curves is investigated for pH-value§6, 7, and 8.
As shown in Figure 4.5 a change from pH 8 to pH 7 reduces the mégde of
the saturation signal by about 20%, while the sensitive regm is only slightly
a ected. According to reference [117] the enzymatic actiyi of penicillinase is
not pH-dependent in the investigated pH-range and thuk,, and v« can be
regarded as constant between pH 7 and pH 8. The transport rat®nstants
ks and kge should neither be in uenced by a change in [H] Hence, the only
model parameter that might be a ected by changing pH iky which depends
on the proton transport rate constantky.

The values determined forKy, at pH 8 and pH 7 listed in Table4.3 are in
the range of theK, values obtained for PenFETs in the rst period of their
chronological development ((67 10) M). The model parameterkge can be
regarded as constant, while the model parameteks, and ky di er by about
a factor of 2. This deviation might be explained by the fact tht benyzlpeni-
cillin can be degraded by nucleophilic attackexempli gratia hydroxide ions
[118]. As this degradation path plays a minor role at a weak k& pH of 8, the
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4.1 Penicillinase-Modi ed Field-E ect Transistors

kinetic model is still considered applicable at pH 8. However, the deviatn of

the valuesky and ky is neglected.

On this account, the decrease in saturation signal from pH &tpH 7 is not

explainable by the extracted model parameters. Rather, theegrease in sat-
uration signal can be attributed to the attenuated dissociton of penicilloic

acid, re ected by the dissociation constantk ;o. As the decadic logarithm

Figure 4.5 In uence of bulk electrolyte pH on the response curves of PenFETSs.
The measured response curves obtained in test solutions with dif-
ferent pH values are shown as symbols. Solid lines represent ts,
dashed lines represent simulations with kinetic model.

of Kop equals 5.2 [119] the PenFET signal describable by thénetic model
should decrease with decreasing pH until it vanishes for pk®5.2.

If comparing the response curves at pH 6 (green triangles) éupH 7 (black
open squares) as well as their respective ts (solid linesp the simulation at
pH 6 (dashed line, model parametersKy, 70 M, ky 1mM, ky 100
kgr  1:8), a discrepancy to thekinetic model is evident. Compared to the
simulation at pH 6 the measured response curve displays a egpper slope in
the sensitive region and an elevated saturation signal. Tee ndings suggest
that penicillinase is a faster working enzyme with a highereaction rate at
pH 6. However, according to reference [117] the enzymatidiaity of penicil-
linase is not enhanced at pH 6 when compared to pH 7 and pH 8. Theason
for the higher substrate turnover measured is rather the ptolytic degrada-
tion of benzylpenicillin in acidic solutions. As this acidnduced degradation
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of benzylpenicillin yields the same products as the enzymatreaction [118],
the resulting response curve at pH 6 cannot be explained byelkinetic model
alone. Out of this reason, the extracted model parametersrfthe variation of
pH are only shown for pH 8 and pH 7 in Table 4.3.

Table 4.3 Extracted model parameters for the variation of pH.

pH Km [ M] ky [m M] Ky =
8 52 0.92 73 | 1.72
7 72 1.57 143| 1.84
6

Hence, the applicability of the kinetic model is limited if the substrate can
be also degraded by an alternative reaction introduced by ghmeasurement
conditions that leads to the same products as the enzymatieaction.

4.2 Acetylcholinesterase-Modi ed Field-E ect
Transistors

The previous section 4.1 has shown that thkinetic model is an adequate tool
to quantitatively analyze EnFET response curves with penittinase covalently
immobilized on an AlGaN/GaN EnFET as the pH-a ecting enzyme Those
results are used in this section to assess the reproducilyiland stability of the
employed immobilization procedure for AChE fronelectrophorus electricusas
described in subsection 3.2.2.

Further, the results obtained from the quantitative analyss of the ACFET
characteristics are used for a direct and quantitative congsison of the response
curves of PenFETs and AcFETSs.

4.2.1 Reproducibility and Stability

The reproducibility of the routine utilized to prepare AcFETs is shown by the
comparison of four response curves of freshly prepared AcFErom di ering
production dates in Figure 4.6. The large overlap of the respse curves espe-
cially in the sensitive region displayed in the inset of Fige 4.6, demonstrates
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the high reproducibility of the ACFET preparation. Thereby, the AcFETs

exhibit an ATCh detection Ilimit of 1 M equivalent to
Uss ~0:81 0:27o mV. As the volume of the sensing layer can be estimated

from the thickness of the AChE layer (15nm [104, 120]) and theansistor's

gate area (1.2mm 0.5mm) to be about 1011l, a ATCh detection limit of

1 M corresponds to a total number of approximatell(’ substrate molecules

( 10amoal) in the sensing layer.

Figure 4.6 Comparison of the response curves of four di erent ACFETs at pH
7.7. The inset shows the sensitive regions for substrate concentra-
tions below 100 M. Solid lines represent ts according to the kinetic
model discussed in section 2.2.

Further analysis of the response curves in Figure 4.6 with ¢hkinetic model
yielded an average Michealis constari{, of (122 4) M which lies within

the range of 67 M [20] to 900 M [107] reported for AChE fromelectrophorus
electricus The other three extracted model parameter&y, ky and kgr are

given in Table4.4. It should be noted that all these paramets are consider-
ably smaller than 1,id est Vimax, Ku, ks are much smaller thanks. This is in

contrast to the ndings for penicillinase in section 4.1. Tlere, ky as well as
kgr were larger thanks while the model parameteik,, was about three orders
of magnitude larger than in the case of AChE presented here.

It is known that AChE is a highly e cient enzyme [121] and eachsubstrate

molecule reaching the covalently immobilized AChE at the da surface is im-
mediately converted resulting in [ATCh] being close to zerat the gate surface.
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Consequently, the large concentration di erence betweermé¢ gate surface and
the surrounding electrolyte with a constant [ATCh] causes &igher transport
rate constantks than in case of penicillinase (cf. 2.2).

Table 4.4 Extracted model parameters for the ACFETs shown in Figure 4.6.

ACFET | Ky [ M] kv [ M] kH kBF 102
| 113 3.5 [0.001 2.0
X 128 1.0 |0.003] 05
E 123 0.4 |0.021 0.2
S 123 2.2 | 0.003 1.1

The AcFET stability was evaluated over the course of 77 dayswahe example
of one single ACFET whereby storage was only interrupted faneasurements.
Throughout this period a total of ten measurements was takeon day O, 2,
4, 7,14, 21, 35, 49, 67 and 77 after preparation. However, ingkre 4.7 only
eight measurements are displayed as the measurements takenthe 7" and
67" day after production underwent a drastic baseline altern@n during the
measurement which made it impossible to evaluate them. Theason for this
was probably a change of the electrolyte temperature throbgut the experi-
ment caused by a malfunction of the continuous- ow water hdar/chiller.

The results in Figure 4.7 show that the response curves chan the sensitive
region as well as in the saturation region within the rst twoweeks of storage
while from day 14 (4" measurement) on stable response curves were obtained.
In this period the device sensitivitys as deduced from a linear t of the sen-
sitive region up to [ATCh] = 100 M decreases by about a factor of 2.9 from
(186 21) V M ! on day 0 to an average value of (65 9) V M ! from
day 14 on. In the same period the saturation signal is contiously lowered to
approximately 50% of its original value on day O.

The Michealis constant deduced by analysis with th&inetic model shows a
continuous increase from 134M to a constant value of (316 20) M obtained
by averaging all values from day 14 (8 measurement) on (cf. Figure4.8).
As Ky is de ned as the ratio of the reaction constants of the diss@tion
"k 1 kye and formation (k;) of the enzyme-substrate complex (cf. Eq.2.16),
the increase inK,, can be either associated with an increased dissociation
rate or a decreased formation rate of the enzyme-substrateraplex. However,
in case of AChE a faster conversion of its substrate ATCh intthe products
acetic acid and thiocholine,exempli gratiaan increase ink,, due to storage is
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improbable as AChE is already one of the most e cient enzymelsnown [121].
Consequently, a partial denaturation of AChE during storag, which results in
a slower formation of the enzyme-substrate complex - a dease ink; - and/or
its faster dissociation into substrate and enzyme - an inase ink ; - is a more
persuasive explanation.

Figure 4.7 Chronological development of the AlGaN/GaN AcFET response
curves over the course of 77 days and their respective ts, according
to the kinetic model.

The increase inK\, by a factor of 2.4 can as well explain the decrease in sen-
sitivity by a factor of about 2.9 as the observed sensitivitydepends on the
velocity of the enzymatic reaction which is inversely proptional to Ky, for
[S] 088, 89].

Besides the evolution oKy and the sensitivity s, Figure 4.8 also depicts the
evolution of the other three model parameterky, ky and kge. All three
parameters,ky, ky and kgg, show an increase during the rst four measure-
ments until they saturate at values of .8 0:7) M, "0:584 0:257% and
"1:4 0:6+ 10 2, respectively. This can be attributed to a decrease iks.
As discussed aboveks depends on the di erences in [ATCh] between the bulk
electrolyte and the enzyme layer. Hence, a decreasekigindicates a smaller
concentration di erence which can be either explained by paal denaturation
of AChE and/or a lower amount of AChE on the gate surface whiclkeould be
due to a detachment of AChE.

Considering the conclusions drawn above, the denaturatioof AChE is the
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only mutual explanation that accounts for the increase of hfour model pa-
rameters within the rst two weeks after preparation.
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Figure 4.8 Evolution of the sensitivity s with its standard deviation derived
by the linear t of the sensitive region and the extracted model pa-
rameters for the ACFET response curves shown in Figure4.7. The
dashed lines indicate the mean value of the respective model param-
eter as discussed in the text.

On the basis of the results in this subsection one can draw tleenclusion that
the employed AcCFET preparation is reproducible. Further, he analysis of the
AcCFET stability revealed that ACFETs partially denaturate within the rst
two weeks after preparation while from day 14 on stable respge curves are
obtained over the course of 63 days.
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4.2.2 Comparison to the Case of Penicillinase

The utilization of the kinetic model allows a direct comparison of PenFETs
and AcFETs on a quantitative basis. For that purpose the respnse curve of
a freshly prepared ACFET and an aged AcCFET (response curvefiex day 0
and day 14 in Figure 4.7) are exemplarily compared to the respse curve of
a PenFET (response curve at a pH of 7 in Figure 4.5). As it is edent from
Figure 4.9 all three response curves can be clearly distingied.

Figure 4.9 Comparison of PenFET from Figure4.5 with a freshly prepared
ACFET and an aged AcFET (14 days old) from Figure4.7. Solid
lines represent ts.

The sensitivities of the AcFETs and the PenFET were determied
up to [SF = 100 M and [SF = 500 M, respectively. With a value of
s 7186 21) V M 1, the freshly prepared ACFET has the highest sen-
sitivity of all three response curves, followed by the seisity of the Pen-
FET ((104 1) V M 1). The aged AcFET exhibits the lowest sensitivity of
(69 5) V M 1. As the sensitivity of the device is directly related to the
velocity of the enzymatic reactionv kK, (for [S] 0) [88, 89], the ratio
of k, to Ky is a good measure for estimating the relative sensitivitiesNith
a value of2:00 1M *s 1 [121]k,~K y is an order of magnitude higher for
AChE than for penicillinase 0:28 1M 's 1[122]). Thus, it is expected that
the sensitivity of an ACFET should be higher than that of a PeRET. For the
aged AcCFET this statement does not hold indicating that parial denaturation
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of AChE could be responsible for the decrease in sensitivitgon rming the
conclusion in subsection 4.2.1.

The di erence between the ACFET and the PenFET response cueg is even
more pronounced when the height of the saturation signal iwauated: With
a value of about 85 mV the saturation signal of the PenFET is gpoximately
2.5 times and 4 times higher than the saturation signal of thizeshly prepared
AcFET and the aged AcFET, respectively.

Out of the four model parameters, onlyky, ky and kg are a ecting the satu-
ration signal. An increase irky and kgr as well as a decrease Ky results in a
decrease of the saturation signal (cf. Figure 2.9). Sin&g, ky and kgr are all
smaller for an AcFET than for a PenFET (cf. Table 4.5),ky and kge cannot
be responsible for the observed di erence in the saturatiosignal. Hence, the
di erence in the saturation signals is mainly caused by thegrameterk, . As
ky kz E ¢~Ks, the smallerky of an ACFET in comparison to a PenFET can
be attributed to a lower density of enzymes on the gate area]fzor/and in k;
as well as to an increase of the substrate molecule transpogte constantks.
The value k;, for penicillinase and fresh AChE can be estimated using tha+
tio k,~Ky for AChE and penicillinase as stated above and the values f&ry
as deduced with thekinetic model (cf. Table4.5). Consequentlyk, can be

Table 4.5 Extracted model parameters for the comparison of a PenFET, a
freshly prepared ACFET and an aged ACFET shown in Figure 4.9.

Kw [ M] | ky [ M] Kn Ker

PenFET 72 1565 143 1.84
fresh ACFET 134 0.6 0.029| 0.003
aged ACFET 302 1.0 0.205| 0.007

estimated to be2:0 13®s ! for the discussed PenFET an®6:8 1(®s ! for the
freshly prepared AcFET. Accordingly, the valuek, cannot be responsible for
the small ky, of an ACFET in comparison to a PenFET.

With the geometrical dimensions of the AChE being
(42nm 26 nm 39nm) [120] and of the penicillinase dimer being
(8nm 9nm 8nm) [123], a single AChE molecule occupies approximately
37 times more space than a penicillinase molecule. Hence,aomansistor with

a constant gate area, as it is the case here, it is expected tlaa(sub-)monolayer
of enzyme contains signi cantly less enzymes in case of AChiHence, the en-
zyme density [E} for an AcFET is smaller than for a PenFET if the same

tetramer
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transistor geometry is used.

The substrate transport rate constantks is a ected by the di erence in the

substrate concentrations between the gate surface and therunding elec-
trolyte. Due to the high conversion e ciency of AChE the di erence in sub-
strate concentration for an ACFET is greater than for a PenFHE, leading also
to a higher ks. Hence, the comparatively smalky, value of an AcFET is due
to the lower density of the enzyme layer as well as a larger d@rence in the
substrate concentrations.

Overall the comparison of the AcCFET and PenFET response cueg¢ showed
that the decreased sensitivity of aged AcCFETs compared todshly prepared
AcFETs is due to partial denaturation of AChE and that the lower saturation

signal of ACFETs is a result of the lower AChE density on the ga area.

4.3 Monitoring of Neuronal Activity

In this chapter experiments which monitor neuronal activiy in situ by means
of detecting the release of the neurotransmitter ACh are disssed. For those
experiments a reliable and thoroughly characterized ACh ssing devices, whose
detection limit can be exceeded by the amount of ACh releaség stimulated
neurons, is needed.

As ATCh is equivalently processed by AChE as the neurotranstter ACh
[111], the quantitative analysis conducted on AcFETs in thg@revious section
4.2 with regard to their reproducibility and stability indi cates that ACFETs
based on GaN-capped AlGaN/GaN SGFETs are suitable for thispplica-
tion. Furthermore, these measurements have shown that AIGHGaN-based
AcFETs have a detection limit of 1 M which is su cient to detect ACh re-
leased by stimulated neurons (cf. section 2.3).

In addition to the analysis in section 4.2, reference measments have to be
carried out to exclude that the AcFETs show any interfering esponse with
the chemicals used for the experiments discussed in this ts&e. Following
the reference measurements in subsection 4.3.1, experitsenonitoring neu-
ronal activity are discussed on three di erent biological amples: myenteric
neurons still embedded in themuscularis propria isolated myenteric neurons
and coeliac ganglia.
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4.3.1 Reference Measurements

The reference measurements covered in this subsection aoaducted to de-
termine whether the used chemicals ful ll their expected foction without
compromising the ACFET response to ACh released by the stifaied neu-
rons. The used chemicals are KCI (stimulant used for neurohenembrane
depolarization), donepezil (reversible AChE blocker) andTCh (analog of the
neurotransmitter ACh).

The rst reference measurement shown in Figure4.10 is a camtration re-

Figure 4.10 Concentration response curve of donepezil. The inset shows an
enlargement of the region up to a donepezil concentrationaBnM.

sponse curve of an ACFET to the reversible AChE blocker donepil. By
means of this measurement one can determine whether the devdly immo-
bilized AChE can be blocked by donepezil in an equal fashiors & vitro.
The concentration response curve was obtained by plottidgs([donepezil]/l 3¢
against the administered donepezil concentration. Therghl 35 represents the
increase inlps due to the addition of 200 M ATCh while |ps([donepezil]
represents thel ps value obtained after the addition of a given donepezil con-
centration. To deduce the half maximal inhibitory concentation (ICsg) the
data points were tted by a double exponential decay t with the formula
f"xe 055 exp x~0:.02 044 exp x~0:2% 0:02to obtain a guide to the
eye. Thus, an IGg value of 40 nM could be determined as shown in the inset in
Figure 4.10. This value is comparable to 1§ 45nM determinedin vitro for
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donepezil on the example of AChE fronelectrophorus electricusin reference
[124]. Hence, donepezil is an appropriate reversible AChHEobker for AChE
covalently immobilized on AlGaN/GaN SGFETSs.

In the following, the e ect of the addition of KCI, ATCh and donepezil on
the I ps transient of an ACFET was investigated (cf. Figure4.11). Th addi-
tion of the stimulant KCI causes an immediate spike iflps attributed to an
inhomogeneity in the ionic concentrations. However, thismhomogeneity does
not in uence | ps permanently as is evident from the solid line in Figure 4.11.
Subsequently, ATCh, the analog of the neurotransmitter AChwas added in a

[

Figure 4.11Response of an AcFET to the addition of KCI, ATCh and
donepezil.

concentration of 200 M. The enzymatic conversion of ATCh into acetic acid
and thiocholine lowers the pH and thus increasdss until a steady state is
reached which corresponds here to an increase of about 400 fAe following

addition of donepezil in a concentration of 1 M results in a decrease ofps

as the acid production is immediately reduced. Neverthelesdonepezil is a
reversible AChE blocker,id est acetic acid is still produced in small quanti-
ties. This leads to a continuous increase ihps illustrated by the gray line in

Figure 4.11 which represents a slope of tHgs transient of 133 pAs?.

Finally, ATCh is added a second time resulting in an evidentnicrease in the
slope of thelps transient by about a factor of two indicated by the red line
in Figure4.11. The reason for this behavior is a re-enhancedoduction of
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acetic acid which is due to the increased concentration of &Ah, simultane-
ously demonstrating that the ACFET is still functional.

A third reference measurement was performed to investigatee device selec-
tivity. Therefore, isolated myenteric neurons from (4 - 120lays old Wistar rats
were cultivated on oxidized GaN-capped AlGaN/GaN FETs witlout AChE
attached. As the solid line in Figure 4.12 demonstrates thdisulation of the
neurons with KCI does not a ect thel ps transient apart from the initial spike
in Ips due to a temporary inhomogeneity in the ionic concentration The

Figure 4.12 Response of an oxidized FET without AChE covered with isolated
myenteric neurons from (4-12)days old Wistar rats to the addi-
tion of KCI, ATCh and donepezil plotted on the sambkys scale as
Figure4.11 for better comparison.

following addition of ATCh (JATCh] 200 M) resulted in a steplike increase
in Ips by 40 nA which is attributed to AChEs expressed by the neuroneov-
ering the ACFET's gate. As this step height is an order of magiude smaller
than the step height of 400 nA in Figure 4.11, one can conclutleat covalently
immobilized AChE is essential to obtain a signi cant respose of the ACFET
proving the selectivity of the device.

Subsequent addition of donepezil in a concentration of M leads to no obvi-
ous change in thd ps transient although one would have expected a blockade
of the increase inlps due to the addition of ATCh as occurring in Figure 4.11.
A possible explanation might be the expression of butyrylciinesterase which
Is not a ected by donepezil as AChE. Thus, ACh would be furtheenzymati-
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cally processed.

In summary, the reference measurements have shown that dpeeil blocks
covalently immobilized AChE in an equal fashion asn vitro while neither
donepezil and KCI nor the stimulated myenteric neurons cultated on the
gate area lead to a permanent ACFET response.

4.3.2 Myenteric Plexus

The rst measurement of neuronal activity was conducted on giece ofmus-
cularis propria embedding myenteric neurons from the myenteric plexus whic
covered an ACFET gate area as it is shown in the inset of Figudel3. For this
purpose, the tissue sample was obtained from adult Wistar rataccording to
the procedure described in section 3.3.

As it is possible to deduce from the orange line in Figure4.1%he AcFET
response to the addition of the stimulant KCI di ers from the reference mea-
surements displayed in Figures4.11 and 4.12. In Figure 4,18imulation of
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Figure 4.13Monitoring of neuronal activity of myenteric neurons from the
myenteric plexus still embedded in the muscularis propria from
adult Wistar rats covering the gate area of an AcFET. The in-
set illustrates the placement of the muscularis propria on the gate
area.

neurons leads to an increase ilps over time that ensues approximately 300 s
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after the addition of KCI and exhibits a slope of 124 pA <. The delayed onset
of the increase inlps is due to the fact that ACh has to reach the covalently
immobilized AChE on the gate surface and then has to exceedetlAcFET's
detection limit to evoke a signal. The increase inps itself results from a
continuous decrease in pH that is attributed to acetic acid @duced by the
enzymatic conversion of ACh.

Furthermore, it should be noted that the initial spike inlps after the addition
of KCI which could be observed in both reference measuremeim Figures 4.11
and 4.12 is not visible here. This observation can be explaith by the fact that
the tissue sample of thanuscularis propria covers the entire gate area, thus
building a di usion barrier. Hence, the transient inhomogeeity in the ionic
concentrations, being responsible for the temporary spike | ps, has dissipated
before it can be registered on the gate surface.

In response to the addition of donepezil in a concentrationf& M the slope
of the I s transient decreases to 39 pAs? (cf. gray line in Figure 4.13), sim-
ilar to the value before stimulation. This observation is cmparable to the
behavior observed in the reference measurement in Figur&¥.after addition
of donepezil.ld est, the decrease of the slope of thgs transient is due to the
fact that ACh released by the stimulated neurons is no longeznzymatically
split and thus the pH not lowered further due to the lack of ad& acid being
produced. Hence, the increase ihps observed after KCI addition has to be
due to the ACFET sensing ACh.

The subsequent addition of ATCh and its correlated increas@ the slope of
the | ps transient represented by the red line in Figure 4.13 (183 pAY con rm
the AcFET functionality throughout the experiment.

After the experiment the vitality of the tissue sample was tsted pharmacolog-
ically. To achieve this goal, the piece ainuscularis propria was removed from
the AcFET and prepared for uorometric calcium imaging utiizing fura-2 ace-
toxymethylester as described in subsection 3.5.1. Then,dhissue sample was
placed in the experimental chamber on an inverted microscepand covered
with Tyrode's solution. The fura-2 ratio of several regionsf interest with an
area comparable to the size of one cell was measured contusly while nico-
tine and CPA were added in concentrations of 100M and 50 M, respectively
(for details see subsection 3.5.1). As it is evident from theesult shown in
Figure 4.14a) the addition of nicotine and CPA both lead to anncrease in the
fura-2 ratio, id est an increase in the cytosolic Ca-concentration.
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Nicotine activates NnAChRs and leads to a depolarization of thcell membrane
that opens Ca, channels enabling a Ca-in ux [93]. As the longitudinal mus-
cle layer of the intestine is made up of smooth muscle cell28] which are
deprived of nAChRs [126], the increase in the fura-2 ratio du® nicotine
should be referring to a neuronal response.

Figure 4.14 Transients of the fura-2 ratio signal with a) additions of nicotine
in a concentration of 100 M as well as CPA in a concentration of
50 M and b) single addition of CPA in a concentration of 50 M
for assessing the vitality of the tissue sample. The tissue sample
tested is in each case a piece of muscularis propria after it had
been measured following the protocol utilized to obtain Figure 4.13.
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4 Results and Discussion

In contrast, the addition of CPA does not allow di erentiation between neurons
and myocytes as CPA blocks the enzyme €aATPase inhibiting Ca? -storage
in the endoplasmatic reticulum. Thus the cytosolic Ca-concentration rises
in both cell types and so does the fura-2 ratio [127].

Both e ects can only be observed in vital cells. Hence, the salts shown
in Figure 4.14a) prove that the myenteric neurons (by meansf micotine and
CPA) as well as the myocytes (by means of CPA) embedded in tmeuscularis
propria were vital while the myenteric neuronal activity was monitoed with
an AcFET.

The vitality of the tissue sample can as well be assessed ifistonly treated
with CPA as shown in Figure 4.14b). Here, the addition of CPAdads to
a distinct decrease in the fura-2 ratio as a result of a shiftfdhe region of
interest, due to a sudden contraction of the cells as the caattion trigger Ca?
accumulates within the cytosol [125]. As the muscle contraon indicates vital
myocytes it is reasonable to assume that the myenteric neur® embedded in
this muscle layer have been vital as well throughout the expenent monitoring
their activity with an ACFET. All those results lead to the conclusion that it
was possible to realize a neuron/AcFET hybrid.

4.3.3 Isolated Myenteric Neurons

After the successful monitoring of myenteric neuronal actity of neurons em-
bedded in themuscularis propria the method was tested for isolated myenteric
neurons, from (4 -12)days old Wistar rats (cf. Figure 3.9B),dtured on the
gate area according to the method described in section 3.3hd result is de-
picted in Figure 4.15.

Similarly to the case of myenteric neurons embedded in thauscularis pro-
pria, the Ips transient starts to increase over time after the addition oKClI.
However, the responses di er with regard to the magnitude ahe resulting
slope (618 pAst compared to 124 pAs!), its onset (about 100s earlier) and
the immediate response to the addition of KCI (spike obserdg

As the isolated neurons do not completely cover the gate arepart of the
gate is in direct contact with the electrolyte. Hence, the AEET records the
transient inhomogeneity in the ionic concentrations explaing the spike ob-
served inlps after the addition of KCI. Additionally, the isolated neurons are
no longer embedded in thenuscularis propria which all analytes would have
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4.3 Monitoring of Neuronal Activity

to permeate before they can reach the gate surface. Thus,ea&$ed ACh can
reach the AcFET surface more easily as re ected by the highelope of the
| ps transient.

The di erence of about 100s in the onset of the slopes can bepéined in
terms of a detection limit that has to be reached before a sighis evoked.
By comparing the sensitivities of a fresh AcCFET and an aged &ET as dis-
cussed in subsection 4.2.1 it is reasonable to assume thae ttletection limit
of an aged AcFET with a sensitivity of (69 5) V M 'is 5 M. Taking
the device's transconductance of 60S into account, it follows that | ps has to
increase by 20 nA over its baseline value before a slope beesndetectable.
Thus, for a slope of 618 pAs as in case of isolated myenteric neurons the
onset is expected after 32s, while the onset of the slope shibensue after
161 s for neurons embedded in thmuscularis propria (slope of 124 pAst). In
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Figure 4.15Monitoring of neuronal activity of isolated myenteric neurons,
from (4 -12)days old Wistar rats, cultured on the gate area of an
AcFET. The placement of the isolated myenteric neurons on the
gate is shown in the inset.

addition, the released ACh needs time to di use from the biolgical sample to
the ACFET's gate surface. As this time span should be similan both cases
the expected time di erence is in good agreement with the egpimental result.
The subsequent addition of donepezil in a concentration of M does not re-
sult in a decrease of the slope of thig)s transient. Only a second addition of
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4 Results and Discussion

donepezil, resulting in a total concentration of 2 M, yields a reduction of the
slope by about a factor of 2, from 618 pA$ (cf. orange line in Figure 4.15)
to 296 pAs? (cf. gray line in Figure 4.15), indicating that the enzymatc pro-
duction of acetic acid is diminished. Hence, the blockade &ChE is not
complete. Taking into account that the concentration respase curve of an
ACFET to donepezil in Figure4.10 yielded I1G 40nM, this nding illus-
trates that the donepezil concentration needed to bisect h@AChE activity on
an AcCFET covered with myenteric neurons is about 44 times higr than that
of a bare ACFET. This can be explained if AChE is expressed bye isolated
neurons and has to be considered in addition to AChE covaléptimmobilized
on the gate area, augmenting the total amount of AChE to be blkked by at
least a factor of 44.

Similar to the results in subsections 4.3.1 and 4.3.2, the at addition of ATCh
results in a re-increase of the slope of thie,s transient (compare gray line
and red line in Figure4.15). Hence, the utilized ACFET has ke functional
throughout the experiment.

A pharmacological vitality test according to the proceduraused in subsection
4.3.2 could not be performed on the isolated myenteric neur® cultured on
the gate area as the AcFET packaging does not allow sharp fasing of the
gate area under the uorescent microscope. Neither was it psible to remove
the isolated neurons non-invasively from the gate area.

For the above mentioned reasons, the vitality of isolated neyteric neurons
was tested representatively on capsule-free AcFETs whiclkave been other-
wise prepared identically to the method outlined in sectio.2. Consequently,
isolated myenteric neurons were cultured on nude AcFETSs ifté same fashion
as on encapsulated AcFETs. However, the missing passivatiavith silicone
rubber did not allow the recording of a measurement similarotthe one shown
in Figure 4.15. For this reason, the capsule-free ACFET witisolated neurons
cultured on the gate area was only submerged in modi ed Tyra}s solution
while KCI, donepezil and ATCh were added in a similar fashionsed to obtain
Figure4.15. Afterwards, the sample was treated with propidm iodide and
immunostained with the microtubule-associated protein 2MAP2) antibody -
mouse monoclonal anti-MAP2 - according to the protocol desbed in subsec-
tion 3.5.2.

The primary antibody mouse monoclonal anti-MAP2 serves as aeuronal
marker as it speci cally labels MAP2 which is highly concemated in dendrites
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4.3 Monitoring of Neuronal Activity

of neurons [114]. Subsequent treatment with the secondarptdbody Alexa-
488-donkey anti-mouse IgG, which binds to the primary antibdy mouse mon-
oclonal anti-MAP2, yields a green uorescence marking neoms especially in
the edge area as can be seen in Figure 4.16a). In contrast, redrescent pro-
pidium iodide stains the nucleus of dead cells [128]. As Figu4.16b) does not
show any distinct circular areas that are uorescing red, @ecially within the
areas immunostained with mouse monoclonal anti-MAP2 (cf. i§ure 4.16c¢)),
it follows that the myenteric neurons pictured have been vél.

As the isolated myenteric neurons used for the vitality teswvere treated simi-
larly to the ones used for experiments monitoring neuronalctivity, it is rea-
sonable to assume that the isolated neurons used to obtaingkre 4.15 have
been vital throughout the experiment. Another indication or the validity of
this statement is the similarity of the measurement resultén Figure 4.13 and
Figure 4.15 as the vitality of the myenteric neurons embeddein muscularis
propria was shown on the actual tissue sample measured.

Figure 4.16 Digital images of the uorescence of isolated myenteric neurons
immunostained with primary antibody mouse monoclonal anti-
MAP2 in combination with green uorescent secondary antibody
Alexa-488-donkey anti-mouse IgG (green, a)) and stained with pro-
pidium iodide (red, b)). c) shows the superposition of both images.
The scale bar is equivalent to 100m. The uorescent (immuno-
)staining of isolated myenteric neurons was carried out after they
had been subjected to conditions mimicking the protocol used to
obtain Figure 4.15 to assess their vitality.

Compared to the case of myenteric neurons embedded in thruscularis pro-

pria (cf. subsection 4.3.2) the results in this subsection allotte conclusion

that a neuron/transistor hybrid could be realized as well vith isolated myen-

teric neurons. The observed steeper slope of thgs as well as its earlier onset
could be attributed to the fact, that the isolated myenteric neurons are no
longer embeddednuscularis propria which builds a di usion barrier.
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4 Results and Discussion

4.3.4 Coeliac Ganglia

A third experiment monitoring neuronal activity was condud¢ed on coeliac
ganglia from adult Wistar rats according to the procedure desibe in section
3.3. One of the coeliac ganglia was then placed on the gatead an ACFET
as shown in Figure 3.9C.

The subsequent measurement depicted in Figure 4.17 quatitely shows the
same results as discussed in the two previous subsectiongdifion of the stim-
ulant KCI does not lead to a detectable spike in théps transient but induces
an increase inlps over time represented by a slope of 395 pAlsindicated by
the orange line. A subsequent addition of donepezil leads #&odecrease in the
slope by about a factor of 2.3 while the addition of ATCh and th ensuing re-
increase of the slope demonstrates the incessant functitityaof the AcFET.
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Figure 4.17 Monitoring of neuronal activity of a coeliac ganglion from adult
Wistar rats placed on the gate area of an ACFET. The inset shows
the placement of the coeliac ganglion the gate area of the ACFET.

As a coeliac ganglion is an irregularly shaped mass of nervsstie with a di-
ameter of about 1 mm they form a di usion barrier in front of the gate similar
to the case of neurons embedded in thauscularis propria Hence, transient
inhomogeneities in the ionic concentrations cannot be reggred by the ACFET
and no spike inlps is observed in response to KCI addition. Another reason
for the spike inlps not being detectable might be the increased noise level of
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4.3 Monitoring of Neuronal Activity

the | ps transient after the addition of KCIl. The cause for the increaed noise
level is unknown but might be related to disturbances in thelectric eld close
to the gate surface due to the stimulated neurons. That an imeased noise
level was not observed in the experiments discussed in theepious subsec-
tions might be caused by the lower density of neurons on thetgaarea in case
of isolated myenteric neurons and neurons still embedded the muscularis
propria.

The KCl induced increase in ps over time which is diminished by the addition
of donepezil proves that the measured increase in thgs transient is correlated
to ACFET's detection of ACh released by the KCl-stimulated oeliac ganglion.
However, the addition of donepezil in a concentration of 3V does not result
in a complete blockade of AChE. The observed slope of thgs transient (cf.
gray line in Figure4.17) resembles the feature of thigys transient after the
second addition of donepezil in Figure4.15 attributed to th sum of AChE
expressed by the neurons and AChE immobilized on the gate areBased on
the reasonable assumption that neurons within a coeliac gglion express more
AChE than myenteric neurons to control possible neurotramsitter spillover,
this would explain the remaining slope of thd ps transient even if donepezil
is added in a concentration of 5 M.

The nature of the coeliac ganglia does not allow to perform wrof the vitality
test used in subsections 4.3.2 and 4.3.3. However, all me@snents monitor-
ing neuronal activity discussed in section 4.3 show qualiigely comparable
results. Thus, the vitality of the coeliac ganglion during he measurement has
been assumed without any vitality tests conducted.

In summary, the results presented in this subsection demdreste the success-
ful realization of a neuron/AcFET hybrid on a third a example - the coeliac
ganglion.
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5 Summary and Conclusion

In the present work, AlGaN/GaN PenFETs and AcFETs were sucasfully pre-
pared by covalent immobilization of a (sub-)monolayer of th respective en-
zyme, penicillinase or acetylcholinesterase, via silanion with APTES and
crosslinking with glutaraldehyde. The success of the sileation was investi-
gated in detail on the basis of XPS measurements showing a smonolayer
coverage of up to 88.2%.

The kinetic model by Glab et al. [49] was proven to be a suitable tool for the
gquantitative analysis of EnFET response curves, even allavg a quanti cation
of the di erences in the response curves of ACFETs and PenFETFurther, the
prepared ACFETs were successfully used to monitor neuroretivity via the
detection of the neurotransmitter ACh on three di erent bidogical samples.
The applicability of the kinetic model was proven on the example of a Pen-
FET measured in electrolytes with bu er concentrations vaied over one order
of magnitude from 0.5 mM to 5 mM. Here, the PenFET response otes showed
excellent agreement with the ts according to thekinetic model as it was ev-
ident from the t quality parameter  @0:01 Further, the change in bu er
concentration did only a ect the model parametersky and kgr related to the
bu er system as one would expect when solely changing the ber concentra-
tion.

In the following, the kinetic model was used to assess the reproducibility and
stability of the PenFETs. The preparation method used for tle covalent im-
mobilization of penicillinase was demonstrated to be repdocible as it was
evident from the comparable model parameters ;, ky, ky and kgg.

Analysis of the PenFET stability at pH 7 revealed that PenFET response
curves could be measured over the course of 252 days. Withiretlist 9 days
(rst four measurements) the saturation signal decreasedybapproximately
25% while the sensitive region remained almost unchanged.hd simultane-
ous decrease irky and increase inky while kgg and Ky, remained constant
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leads to the conclusion that this behavior can be attributedo the detach-
ment of physisorbed penicillinase. From day 9 % measurement) to day 42
(8" measurement) stable response curves were obtained with arem@geK y
of (67 10) M while from day 56 (9" measurement) the slope of the sensitive
region and the height of the saturation signal were diminigd over the course
of the next 126 days. Then, from day 182 (33 measurement) stable response
curves were obtained. Associated with this change in the PEBT response
curves from day 56 to day 182 was an increase of all four moderameters
Kwm, kv, ky and kgg which could be attributed to the partial denaturation of
the enzyme penicillinase.

Measuring the PenFET response curves in dependence of pHwéd that
the saturation signal decreased while the sensitive regioemained una ected
when the pH was changed from 8 to 7. As the model parameters werot sig-
ni cantly a ected by this pH-change, the observed decreasm the saturation
signal could be attributed to an attenuated dissociation gpenicilloic acid, the
product of the enzymatic degradation of benzylpenicillinHowever, thekinetic
model could not be applied to response curves at pH 6 as the subsedben-
zylpenicillin is not only enzymatically but as well protolytically degraded at
this pH.

In case of AcFETSs, analysis with thekinetic model showed that the utilized
preparation method yields reproducible response curvestiva detection limit
of 1 M. Further, the evaluation of ACFET response curves at pH 7.Bsould
be conducted over the course of 77 days. Within the rst two wées ( rst four
measurements), the height of the saturation signal and théape of the sensi-
tive region, id est the sensitivity s, were decreased by approximately 50% and
35%, respectively, while from day 14 (# measurement) on stable response
curves were obtained. This development was accompanied hy iacrease in
all four model parametersexempli gratiaK y, increased from134 M on day O
(1%t measurement) to'316 20 M from day 14 (4" measurement) on. Those
ndings allowed the conclusion that the enzyme AChE is partlly denaturated
within the rst two weeks of storage.

The subsequent comparison of the response curves of a PenFETfreshly
prepared ACFET and a 14 days old AcFET showed that the freshlprepared
AcFET exhibited the highest sensitivitys ~186 21+ V M ! compared to
the PenFET ((104 1) V M 1) and the aged ACFET (69 5) V M 1).
Furthermore, the PenFET exhibited a saturation signal of abut 85 mV which
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5 Summary and Conclusion

was approximately 2.5 times and 4 times higher than the satation signal of
the freshly prepared ACFET and the aged AcFET, respectivelyThe extracted
model parametersky, ky and kgr were all smaller than 1 and generally three
orders of magnitude smaller in case of the ACFETs. In contrashe values
for Ky, 72 M for the PenFET, 134 M for the freshly prepared ACFET and
302 M for the aged AcFET, only di ered by a maximum factor of 4.2. n-
templating as well the size of the enzymes and their respaaik,~K, ratio,
one could conclude that the enzyme layer on AcFETSs is thinnghan on Pen-
FETs and that the di erence in the substrate concentrationsetween the gate
surface and the surrounding electrolyte is larger for AcFEST Further, the
comparison of a freshly prepared ACFET and an aged AcFET with PenFET
could verify the conclusion that the change of the AcFET regmse curves
within the rst two weeks of storage is due to partial denatuation.

Despite the observed partial denaturation of ACFETSs, they auld be used
successfully for monitoring neuronal activityin situ, thus realizing a neu-
ron/AcFET hybrid. The three biological samples investigaéd were: myen-
teric neurons still embedded in themuscularis propria and a coeliac ganglion
from adult Wistar rats as well as isolated myenteric neurongdm (4 - 12) days
old Wistar rats. Thereby, the measured increase in the slopé the | ps tran-
sient in response to a KCI stimulus could be attributed to theAcFET sensing
ACh released by the stimulated neurons by using the revers#bAChE blocker
donepezil. However, the donepezil concentrations needea ltlock the sig-
nal evoked by the KCI stimulus were more than ve times highethan the
concentration of1 M expected from its concentration response curve. As the
concentration response curve of donepezil yielded anshalue of 45nM for an
AcFET which is comparable to values obtained for AChE fronelectrophorus
electricus in vitro, this result is attributed to AChE expressed by the neurons
which have to be blocked in addition to AChE covalently immoblized on the
ACFET gate area.

Moreover, it was shown that the onset of the slope of theys transient in
response to a KCI stimulus is correlated to the ACh detectiolimit of an aged
ACFET (5 M). Id est, the more ACh reaches the gate surface per second,
synonymous with a steeper slope of thigys transient, the faster the detection
limit is surpassed resulting in an earlier onset of the slope

Vitality of the biological samples throughout the experimats was shown phar-
macologically with uorometric calcium imaging in case oftte myenteric plexus
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and by immunostaining with the neuronal marker anti-MAP2 incase of the
isolated myenteric neurons. The vitality of the coeliac gaglion was deduced
from the qualitative comparability of all experiments monioring neuronal ac-
tivity.

In conclusion, thekinetic model by Glab et al. [49] was proven to be an excel-
lent tool for the quantitative analysis of EnFETs with regad to reproducibility,
stability and changing measurement conditions. Howevert was also shown
that the applicability of this kinetic model reaches its limits if a second degra-
dation pathway besides the enzymatic one is introduced by ¢hmeasurement
conditions. Further, the successful application of th&inetic modelto response
curves of AcFETs and PenFETs indicates that AIGaN/GaN SGFET in con-
junction with the preparation method used in this work preset a promising
platform for methodic quantitative analysis of covalentlyimmobilized enzyme
layers. The only requirements being that the enzymatic reéion of the immo-
bilized enzyme does a ect the pH and that the enzyme layer ihiin enough to
not be limited by di usion processes.

The use of thus characterized ACFETs for monitoring neurohactivity of three
di erent biological samples demonstrates expansively theuccessful realization
of a neuron/AcFET hybrid as well as the ability of ACFETs to daect ACh in
situ. As the AcFETs detection limit of 1 M corresponds to approximately
10amol in the enzyme layer, those experiments display thairther developed
AcFETs with an improved sensitivity, id est a lower detection limit, might be
used complementary to established ACh detection methodsnsdive in the
(sub-)nmol-range.

Further developed AcFETs might as well be used for detectinthe release
of ACh by non-neuronal tissue, thus being of value for studyg the non-
cholinergic system. Within this context one can also envigiomicroarrays con-
sisting of multiple, individually controllable AcCFETs which enable the localized
detection of the release of the neurotransmitter ACh. The mia advantages
of ACFETs being their applicability in situ and their time resolution on the
sub-second scale.
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6 Outlook

A possible starting point for the improvement of EnFETs basgon AIGaN/GaN
SGFETs is the replacement of the wet-chemical oxidation byhe deposition of
a uniform oxide layer which should improve the homogeneityf dhe APTES
layer and thus increase the density of covalently immobiked enzymes.

As the transconductance of a SGFET decreases with increagithickness of
the oxide layer,id est the 2DEG is buried deeper underneath the gate surface,
one requirement for the deposition method is the ability to antrol the thick-
ness of the oxide layer. In addition, the deposition methodas to introduce a
density of active hydroxyl groups on the oxide surface thatnsures a high and
reproducible pH-sensitivity (cf. section 2.1). A depositin method that meets
those requirements is atomic layer deposition (ALD).

For the preliminary experiments shown in this chapter the u=d oxide was
Al,O3 which was chosen for its known pH-sensitivity [129] and stdity in
aqueous environments. The deposition of the 2 nm thick AD; layer was per-
formed with a R-200 ALD system from Picosun (Espoo, Finlandni20 ALD
cycles at a temperature of 258C. Water and trimethylaluminum were used as
precursors with pulse times of 0.1s and purge times of 15s ahds, respec-
tively. Besides this alteration the preparation of those soalled ALD-PenFETs
was carried out according to the procedure described in sixt 3.2.
Comparison of the transconductance and the pH-sensitivitgf ALD-PenFETs
and PenFETs showed no measurable di erence, while the driif ALD-PenFETs
(0.1 Vs 'to3 Vs 1)islower and varies over a smaller range than the drift
of wet-chemically oxidized PenFETs (0.1Vs 1 to 50 Vs 1). The lower drift
of ALD-PenFETs is illustrated in Figure 6.1 by means of the Ugs transients.
The ALD-PenFET exhibits a drift of 0.5 Vs ! while the PenFET exhibits a
drift of 5.2 Vs ! as represented by the dotted lines in the inset of Figure 6.1.
For the illustration of the di erences in the response curve of ALD-PenFETs
and PenFETs, the response curves of a freshly prepared PerF&nd a freshly
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prepared ALD-PenFET (day O after production) as well as of aine days old
PenFET and a nine days old ALD-PenFET are shown in Figure 6.2Day 9

after the production was chosen as from this day on reprodide response
curves are obtained (cf. section 4.1).

Figure 6.1 Comparison of the transient behavior of a PenFET (black line) and
an ALD-PenFET (green line). The inset shows the rst 500 s with
the drift indicated by the dotted lines.

On day 0, the response curves of the ALD-PenFET and the PenFEdi er in
the sensitive region, in the transition region and in the satration region (cf.
Figure 2.9): The sensitivity of the freshly prepared ALD-PeFET determined
upto [SE =500 Mis~135 1) V M ! and thus 15% higher than the sen-
sitivity of the freshly prepared PenFET (117 1) V M 1). The transition
region and the saturation region of the ALD-PenFET are bothlsifted towards
higher values of [§] and the saturation of the ALD-PenFET response cannot
be observed using the standard measurement protocol.

This shift of the transition region and the saturation regim can also be ob-
served after nine days although the sensitivity of the ALD-BnFET
("102 3) V M1) is then lower than the PenFET's sensitivity of
110 1) V M 1 The height of the saturation signal is decreased by 25%
for the ALD-PenFET and by 15% for the PenFETs.

Taking into account that the height of the saturation signalis associated with
the density of immobilized enzyme [E](cf. subsections 4.1.2 and 4.2.2), those
results indicate that [E], decrease for both PenFETs during the rst nine days
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6 Outlook

of storage due to the detachment of physisorbed penicillise, although [E] is
always higher for ALD-PenFETs than for PenFETs.

For a better understanding of the changes observed in the ALPBenFET re-
sponse curves a quantitative analysis with th&inetic model would be needed.
However, this was not possible as the transition region as Mas the saturation
region were shifted to higher values of [S] and saturation was not reached.
Thus, the utilized standard measurement protocol could ngbrovide su cient
data points in those regions which is crucial for obtainingts with a t quality
parameters smaller than 0.01.

Figure 6.2 Comparison of the response curves of a PenFET (closed symbols)
and an ALD-PenFET (open symbols) measured at day O and at
day 9 after production. The response curves of the PenFET are
taken from Figure 4.3 depicting the chronological development of
the PenFET response curves.

Nevertheless, the preliminary results discussed in this &pter illustrate that
the replacement of the wet-chemical oxidation by ALD depason of a 2nm
thick Al O3 layer is a promising approach for the improvement of EnFETs
based on AlGaN/GaN SGFETSs.
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A Silanization with APTES

Cleaning step in acetone and isopropy! alcohol for 2 min elaat 80% (384 W)
in an ultrasonic bath
X Dry under nitrogen ow
Mix sulfuric acid (98%) and hydrogen peroxide (30%) in a rab 3:1
X Use 5ml of sulfuric acid and 1.6 ml of hydrogen peroxide peraimsistor
X Use 10ml of sulfuric acid and 3.3 ml of hydrogen peroxide pera®
sample
X Add hydrogen peroxide last and ensure good mixing by stirrgn
X Oxidize samples for 20 min
Wash samples extensively in bidestilled water
X Dry under nitrogen ow
X Dry in a desiccator for at least 2h 30 min

X Put samples into Te on sieve
X Set temperature of ultrasonic bath to 49.5 °C (via continucg+ ow water
heater/chiller)

Prepare 20 mM APTES solution with 120 ml anhydrous toluene ad 562 |
APTES (C98%) in a reactor
Give samples in reactor and close with glass lid

X Seal thoroughly with Para Im

X Silanize in an ultrasonic bath for 90 min at 90% (432 W)

X Temperature should not rise above 50 °C; control regularly
Leave samples in the reactor in the ultrasonic bath for 60 miafter silaniza-
tion

X Continuous- ow water heater/chiller at 5°C
Take samples out of the reactor but leave them in the Te on &ve and
pre-rinse them with anhydrous toluene
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A Silanization with APTES

Cleaning step in anhydrous toluene for 15min at 60% (288 W) ian ultra-
sonic bath

Pre-rinse samples with isopropyl alcohol

Cleaning step in isopropyl alcohol for 15 min at 80% (384 W) ian ultrasonic
bath

Pre-rinse samples with diluted acetic acid (pH = 4)
X 50 | acetic acid (4 %vol.) in 50 ml bidestilled water

Cleaning step in diluted acetic acid for 30 min at 10% (48 W) iran ultrasonic
bath

Rinse samples extensively with bidestilled water
X Dry samples under nitrogen ow
X Store samples light protected in a desiccator
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B Immobilization of Enzymes

B.1 Penicillinase

Use transistors silanized with APTES dried in a desiccatofor at least 12 h
Prepare 20 mM gultaraldehyde solution with 20 ml bidestikd water and
72.7 | glutaraldehyde (50%) in 50 ml beaker to treat four transigirs

X Incubate transistors for 1 h at room temperature
Rinse transistors extensively with bidestilled water

X Dry transistors under nitrogen ow

X Do not blow dry the gate directly

Prepare 800 nM penicillinase solution with 224 g penicillinase frombacillus
cereusand 1 ml cyanoborohydride coupling bu er

X Vortex solution for homogeneity
Place one 100 | droplet of the 800 nM penicillinase solution on each tran-
sistor gate

X Incubate transistors for 1 h at room temperature

Pre-rinse transistors with 10 mM phosphate bu ered salingPBS) solution

(PH 7)
Cleaning step in 10 mM PBS solution (pH 7) for 10 min at 40% (1®W) in
an ultrasonic bath

X Continuous- ow water heater/chiller at 5°C

Store transistors light protected in 10mM PBS solution (pH7) in 50 ml
beakers at 5°C
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B Immobilization of Enzymes

B.2 Acetylcholinesterase

Use transistors silanized with APTES dried in a desiccatofor at least 12 h
Prepare 20 mM gultaraldehyde solution with 20 ml bidestikd water and
72.7 | glutaraldehyde (50%) in 50 ml beaker to treat four transigirs

X Incubate transistors for 1 h at room temperature
Rinse transistors extensively with bidestilled water

X Dry transistors under nitrogen ow

X Do not blow dry the gate directly

Prepare 400 nM AChE solution with 187 g AChE from electrophorus elec-
tricus and 1 ml cyanoborohydride coupling bu er

X Vortex solution for homogeneity
Place AcFETs in a Petri dish with bidestilled water coverirg the bottom
Place one 100 | droplet of the 400nM AChE solution on each transistor
gate
Seal the Petri dish with Para Im

X Incubate transistors for 20 h at 5°C in a humid controlled enkonment

Pre-rinse transistors with 10 mM PBS solution (pH 7.5)
" Cleaning step in 10mM PBS solution (pH 7.5) for 10 min at 40%192 W)
in an ultrasonic bath

X Continuous- ow water heater/chiller at 5°C
Store transistors light protected in 10mM PBS solution (pH7.5) in 50 ml
beakers at 5°C
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C Bu er Solutions

C.1 Phosphate Bu ered Saline Solution

Weigh out the following salt quantities:
4.09g NacCl (A99.8%; Carl Roth, Karlsruhe, Germany)

0.72g NaHPO, ((9.5%; Carl Roth, Karlsruhe, Germany)

0.12g KH,PO, (C98%; Carl Roth, Karlsruhe, Germany)

0.10g KCI (C99%; Carl Roth, Karlsruhe, Germany)
Add the weighed out salts to a 500 ml graduated ask and Il to he mark with
bidestilled water to obtain a 10 mM PBS solution with a NaCl cacentration of
137 mM and a KCI concentration of 2.7 mM. Adjust pH with sodiumhydroxide
and hydrochloric acid.
For a 0.5mM PBS solution with a NaCl concentration of 25 mM anda KCI
concentration of 0.1 mM add 50 ml 10 mM PBS solution and 1.06 ga€l to a
1000 ml graduated ask and Il to the mark with bidestilled water. Adjust pH
with sodium hydroxide and hydrochloric acid.

C.2 Tyrode's Solution

Weigh out the following quantities:

4.09g NacCl (A99.8%; Carl Roth, Karlsruhe, Germany)
1.92g HEPES (399.5%; Carl Roth, Karlsruhe, Germany)
0.20g KCI (@9%; Carl Roth, Karlsruhe, Germany)

1.10g glucose @9.5%; Carl Roth, Karlsruhe, Germany)
Add the weighed out substances as well as 0.5ml of 1.25M CaGblution
(from CaCl,*2H,0; C9%; Merck Millipore, Darmstadt, Germany) and 0.5ml
of 1.00M MgCl solution (from MgCl,*6H,0; C99%; Merck Millipore, Darm-
stadt, Germany) to a 500 ml graduated ask and Il to the mark with bides-
tilled water to obtain Tyrode's solution. The concentratios of the respective
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C Bu er Solutions

ingredients are: 140mM (NacCl), 10mM (HEPES), 5,4 mM (KCl), 2.2mM
(glucose), 1.25mM (CaGl) and 1.00mM (MgCh). Adjust pH with sodium
hydroxide and hydrochloric acid.

C.3 Modied Tyrode's Solution

Weigh out the following quantities:

8.18 g NaCl (A99.8%; Carl Roth, Karlsruhe, Germany)
0.29g NgHPO, ((99.5%; Carl Roth, Karlsruhe, Germany)
0.03g NaHPO,; ((8%; Carl Roth, Karlsruhe, Germany)
0.40g KCI (C99%; Carl Roth, Karlsruhe, Germany)
2.209g glucose @9.5%; Carl Roth, Karlsruhe, Germany)

Add the weighed out substances as well as 1 ml of 1.25M CaGlolution
(from CaCl,*2H,0; C9%; Merck Millipore, Darmstadt, Germany) and 1 ml
of 1.00 M MgCh solution (from MgCl,*6H,0; C99%; Merck Millipore, Darm-
stadt, Germany) to a 1000 ml graduated ask and Il to the markwith bides-
tiled water. The solution is called modi ed Tyrode's soluton. The concen-
trations of the respective ingredients are: 140 mM (NacCl), 1M (phosphate
buer), 5.4mM (KCI), 12.2mM (glucose), 1.25mM (CaC}) and 1.00 mM
(MgCl,). Adjust pH to 7.5 with sodium hydroxide and hydrochloric ad.

C.4 Parsons' Solution

Weigh out the following quantities:

6.259g NaCl (A99.8%; Carl Roth, Karlsruhe, Germany)
2.10g NaHCQ (©9.5%; Merck Millipore, Darmstadt, Germany)
0.65g NaHPO,4*12H,0((98.5%; Merck Millipore, Darmstadt, Germany)
0.03g NaHPO4*H,0 (C98%; Merck Millipore, Darmstadt, Germany)
0.34g KClI (@9%,; Carl Roth, Karlsruhe, Germany)

2.20g glucose @9.5%; Carl Roth, Karlsruhe, Germany)

Add the weighed out substances as well as 1ml of 1.00M Mg§S6olution
(from MgSO4*7H,0; 99.5%; Merck Millipore, Darmstadt, Germany) to a
1000 ml graduated ask and Il with bidestilled water. Purge solution with
a gas mixture of 5Vol.-% CQ and 95Vol.-% Q. When pH is below 7.8
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C.4 Parsons' Solution

add 1 ml of 1.25M CacC} solution (from CaCkL*2H,0; C99%; Merck Millipore,
Darmstadt, Germany) and Il the graduated ask to the mark. T he solution is
called Parsons' solution. The concentrations of the respe® ingredients are:
107 mM (NaCl), 25 mM (NaHCG;), 2mM (phosphate bu er), 4.5 mM (KCI),

12.2 mM (glucose), 1.25mM (CaG) and 1.00mM (MgSQ). Adjust pH to 7.4

with sodium bicarbonate and hydrochloric acid.
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D Preparation of Biological
Samples

All experiments stated in the following chapter were apprad by Regierungspra-
sidium Gieyen Gieyen, Germany and performed according to the German and
European animal welfare law.

D.1 Myenteric Plexus

Female and male Wistar rats with a body mass of (140 - 160) g akdlled by

stunning followed by exanguination

Open abdominal cavity along thelinea alba

Remove the colon by severing it at the proximal and distal end

Rinse the colon with Parson's solution

Place colon on a plastic rod with a diameter of 5mm

Make a circular incision near the anal end with a blunt scalpl

Remove the serosaand muscularis propria embedding the myenteric plexus

in proximal direction

Place tissue on a cooled glass plate

Dissect the distal end of the tissue into small pieces of (Imm 2 mm)

Using ne forceps transfer one piece of tissue onto the gatd an ACFET
X Cover with polyester gauze (pore size 70m) and x with plastic clip

Transfer ACFETs into a 50 ml beaker with 37 °C warm Tyrode's glution for

transport
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D.2 Isolated Myenteric Neurons

D.2 Isolated Myenteric Neurons

(4-12)days old Wistar rats are killed by stunning followed lg exanguination
Open abdominal cavity along thelinea alba

Sever the intestine at the distal end using a binocular miascope

Extract intestine up to the cardia minding the mesentery

Place intestine into Ca&? - and M@? -free Hanks' balanced salt solution (HBSS)
supplemented with 1% (v/v) PenStrep

Cut o and remove colon as well as appendix

Strip o the muscularis propria from the distal end using two ne forceps
Incubate muscularis propriain a 0.5 mgml'collagenase type Il solution at
37°C for 80 min

" Vortex for (10-15)s
Dilute 1 ml of the tissue-collagenase solution with 1 ml of & - and Mg -
free HBSS supplemented with 1% (v/v) PenStrep
Distribute this dilution in small Petri dishes in aliquots of 0.5ml
X Add 1.5ml of C& - and Mg -free HBSS supplemented with 1% (v/v)
PenStrep to each Petri dish
Collect the myenteric ganglia forming net-like structures from those dilutions
using a binocular microscope and place them into warm Neurakal medium
supplemented with 0.25% (v/v) L-glutamine, 1% (v/v) PenStrep and 10%
(v/v) foetal calf serum
X Repeat this routine until a convenient amount of myenteric gaglia is
reached

To obtain a cell suspension pass the ganglia through a 23G pnydermic
needle (0.60 mm 60 mm) three to ve times
Transfer 20 | of the cell suspension to the gate of an ACFET
Place AcFETs in a Petri dish with bidestilled water coverirg the bottom
X Cap with another Petri dish

Incubated AcFETs overnight at 37 °C in an atmosphere of 5% (v) CO , in
95% (v/v) air

Transfer ACFETs into a 50 ml beaker with 37 °C warm Tyrode's slution for
transport
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D Preparation of Biological Samples

D.3 Coeliac Ganglia

Female and male Wistar rats with a body mass of (160 -220) g akdlled by
stunning followed by exanguination
Open abdominal cavity along thelinea alba
Make lateral relief incisions
Move colon, stomach, kidneys, liver and spleen cranialwds to expose the
aorta (cf. Figure 3.10)
Remove fatty tissue around the aorta using ne forceps

X Remove uids carefully from tissue and/or organs with delicee task

wipes

Hold coeliac ganglion gingerly with ne forceps and disséavith a sharp
scalpel
Clean coeliac ganglion in Petri dish lled with isotonic 10mM PBS solution
Transfer coeliac ganglion onto the gate of an ACFET

X Cover with polyester gauze (pore size 70m) and x with plastic clip
Transfer ACFETs into a 50 ml beaker with 37 °C warm Tyrode's glution for
transport
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E Viability Assays

E.1 Myenteric Plexus

This viability test was performed on pieces of themuscularis propria after

measurements for monitoring of neuronal activity had takermplace (cf. sec-
tion 3.4). After the measurements the pieces ahuscularis propria covering
AcFETs were transported in warm Tyrode's solution from thel. Physikalis-

ches Institut to the Institut fur Veterinar-Physiologie und -Biochemie where
the tissue pieces were removed from the ACFETs. Directly &ft arriving at

the Institut fur Veterinar-Physiologie und -Biochemiethe tissue's viability was
pharmacologically tested as follows:

" Collect a piece of muscularis propria from the gate of an AcFET
and place it onto a cover slip § = 13mm) coated with poly-L-lysine
(M A300000g mol 1)

" Incubate in (30-50) | Tyrode's solution with 2.5 moll ! fura-2 acetoxyme-
thylester and 0.05gI* pluronic acid at 37 °C for 40 min

~ Place the cover slip in an experimental chamber on an invexti microscope
equipped with an epi uorescence set-up and an image analysystem

" Top cover slip with 1 ml of Tyrode's solution

" Select several regions of interest each with the size of aali one cell

X Sample the change in the fura-2 ratio with a rate of 0.2 Hz
Fura-2 ratio is de ned by dividing the emission value at an ecita-
tion wavelength of 340 nm by the emission value at an excitafn
wavelength of 380 nm
X Emission is measured with a sample rate of 0.2 Hz for waveléimgiabove
420 nm
" Add 2 | of 50 mM nicotine solution to yield a nal concentration of DO M
X 50mM nicotine solution is obtained by dissolving 23.12 mg cotine
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E Viability Assays

hydrogen tartrate salt in 1 ml bidestilled water
" After 180s add 5 | of 10mM CPA solution to yield a nal concentration of
50 M
X 10mM CPA solution is obtained by dissolving 0.34 mg CPA in 100
DMSO
X CPA addition might be repeated or being the only addition mad

E.2 Isolated Myenteric Neurons

Throughout this viability test capsule-free transistors vith AChE immobilized
on the gate area were used. The isolated neurons were cultlios the gate area
of those AcFETSs according to appendix D.2. Then they were suofitted to the
same conditions as during routinely performed measuremenfor monitoring
neuronal activity (cf. section 3.4). Directly thereafter e immunocytochem-
istry and propidium iodide staining were carried out as fotiws:

A

Rinse the transistors with pre-warmed isotonic 10 mM PBS sation
" Cover the transistors with 300 M propidium iodide solution for 5min at
37°C

X 300 M propidium iodide solution is obtained by dissolving 0.21 g

propidium iodide in 1 ml bidestilled water

Rinse the transistors with pre-warmed isotonic 10 mM PBS sation
Fix the cells by covering the transistor with a solution of 46 (w/v) para-
formaldehyde and 2% (w/v) saccharose for 5min at 37 °C
Stop the xation by rinsing the transistors covered with cdls three times,
5min each in pre-warmed isotonic 10 mM PBS solution
Incubate the transistors for 30 min in warm isotonic 10mM PES solution
containing 0.05% (w/v) Tween 20 for permeabilization and 49BSA in order
to block unspeci c bindings
Siphon the PBS solution
Incubate the transistors overnight at 4 °C with the primary antibody mouse
monoclonal anti-MAP2 (nal dilution 1:400) dissolved in igtonic 10 mM
PBS solution containing 1% (w/v) BSA, 0.05% (v/v) Tween 20 ad 1%
(v/v) donkey serum
To remove unbound primary antibody, rinse the transistorsthree times,
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E.2 Isolated Myenteric Neurons

5min each in pre-warmed isotonic 10 mM PBS solution

Incubate the transistors for 1 h at room temperature in the @rk with the
secondary antibody Alexa-488-donkey anti-mouse 1gG ( nailution 1:400)
dissolved in isotonic 10mM PBS solution containing 1% (w/vBSA and
0.05% (v/v) Tween 20

Siphon the PBS solution
Place the transistors on glass slide
Examine the transistors with a uorescence microscope ugj the FITC lter
system for Alexa-488 and the CY3 lIter system for propidiumadide
X Neurons uoresce green
X Nuclei of dead cells uoresce red

Take digital images with a black and white camera using NIS Ements 2.30
software to adjust the color
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