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} (\ I. GENERAL OBJECTIVES
‘;?Le objectives of our research on the d.c. conductivity of
proteins was to investigate and demonstrate that appropriate
electrical properties of macromolecular substates of biological
origin can be exploited for analytical purposes using macroscopic
techniques. More concretely, we wanted to show that the
specificity and selectivity of specific antibodies in molecular
(target) recognition and Blhiing, ccmbined with monitoring
binding-induced changes in their d.c. electric conductivity may
represent such properties. If so, at least these biomolecular
systems can be considered as potential sensory elements in
designing chemically highly selective and very sensitive chemical
microsensors. Such chemically sensitive gate elements of
appropriate biomolecules in F(ield) E(ffect) T{(ransistor) - type
devices could then be used for the real-time evaluation of
vanishingly small quantities of diverse molecular species present

in the vapor (gas) or liquid form._

II. DTIME PERIOD

Qur previous reports described the progress achieved during
the various phases of this wcr ., until June 30, 1985. The first
report covering the period September 1, 198Z-June 10, 1983 dealt
with the various aspects of sample preparation using bovine serum

albumin and derivatized bovine serum albumin powder samples. These
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experiments provided background infcrmation required 4o define an A3

appropriate reference systexr. The work during Sctcber and DA

c
[
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November, 13=3 was supported via the Jet Prop Laboratory o

s

(Pasadena, CA} and & Final Repcrt was submitted to them. These "
results were alsy incorporated in the Progress Report prepared for
the pericd June 10, 1883-June 30, 19B84. These results formed the
basis ¢of sample miniaturizaticn which turned out to be a
prerequisite of the successful work with monoclonal antibodies.
The various aspects arnd problems of miniaturizaticn as well as the

experimental reasons fcory chococsiang thin proteia film samples cast

o]

over a hairline were presented in the Progress Repeort for July 01

-

- December 31, 1724 arnd, in gar%, in The Frogress Repcrt covering S

-

the first half «January <1l-Tine 20+ of vear 1985, 1In this latter

repcrt rreliminary Za%ta for manccional .antibodies were alsc given

and scme specisal problems which we encountered while using

mn

immunocprcteine were noted.

It became clear during February 1386 that a further no-cost

extension of the program will not be made beyond February 28,

13%c. Thue, *“ne Frogress Regor* whizh was due in Tanuary was nos
B -5 4
prerarel and submitted serarately. it was decided that it would
be inczrgo._ .=l 1oLtz tnz Floal Repsvht, trey are comtined ani
Frese~tei here. The pfrezent Final Report therefore covers the

. - oy - T e - Y - i) - - = -

whole pexricd re-ween July 31, 192% and Februaryy 2&, 1926 and -
.

irclules the final ccnzlisicns of cur efforte. S
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A

’




III, MEASUREMENTS ON MINIATURE (ULTRATHIN) FROTEIN SAMPLES

In our previous measurements /1/ on compacted powder samples
of protein it has beeen found that the covalent Ti.:_... I =
single molecule of a low-molecular-weight organic compound (in our
case 2,4-dinitro phenol, Z,4-DNP; m.w. 287) to a medium sized
protein molecule (bovine serum albumin, BSA; m.w. 68,000) can be
detected using relatively simple electric measurements. Notably,
the d.c. electric conductivity of the chemically modified protein
(derivatized BSA) and that of the unmodified BSA differ

significantly in the pressure range of 0-650 MPa, if the samples

are eguilibrated with controllied humidity atmosphere of less than

e "r v

23% relative moisture content. In measurements on powdered

protein samples, hcwever, relatively large quantities (up to 200

1

mg) are rneeded of the prctein and, the thecretically expected high

specific surface (surface-tz-volume ratic: is "lost" due %o

zimpaction anl cample geometyy (sandwich) reguired by
technique. These circumstances make the otherwise attractive and

promising pcesibility impractical if immunoproteins are intended

to be used. Even, the least eupensive, specific monoclonal

antibody which is purcha

Hi

able in sufficient purity and large
enough guantities, the Moncclonal Mouse Anti-DNF IgE Antibody
(from Miles Zcientifiz, Tivisicn of Miles Labcocratories, Inc.) is '5:
available at a price of %:.0/mg. Therefore various technigues for

sample miniaturation have fteen tecsted /2,3/.

Our results cn the conductivity properties cf hydrated

protein powders /1/ revealed that the cveralil conductiviey zof
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unmodified protei. samples in powder form can be attributed to two Y

well distinguishable phenomenoclogical processes: an interfacial

.'l
o

[

one which occurs near the macroscopic electrode - protein pellet

.
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interface and, a bulk one which is due to the charge carrier
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motion within the macroscopic bulk of the sample. These
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interfacial and tulk prcoperties are different from those of either
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the individual protein grains or the protein molecules themselves.

Both ©of these conductivity components increase by several orders !E
of magnitude upon hydration. However, while the interfacial fb
conductivity was found practically independent of, the bulk one 51

showed a rather rapid, expcnential decrease with, external

pressure aprplied in an cne-sided way, up tc 500 MPa. These

observaticns have at least <hree immediate implications pertinent

to our original research ohiectives:

(1) Apparentlvy roth +the interfacial and the bulk conductivity

respcnd very sensitively to adecrption of polar molecules
twater, alz-ohols, etc.i) and therefore either of these
features could bte used tc monitor the effectz of binding
zf small molecules cn the electric charge transport in
Froteins.

vz» FPerfcrming measurements :-n thin-layer protein samples
whzse coniuctivity is (predceminantly) interfacial in
nature, the uancer+tainties connected with the influence
cf, and inherent to, the granular structure of powder

sampl.e: 2zulld e zreatly reduced Cecause the contribution

U¥]

zf pressure-Zepernient grain-toundary, zcmpaction, etc.
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r' - - - N 3 . - .5.
; Keeping these in mind, conductivity measurements were carried o
- out on varicus thin film prctein samples cast over two silver Ty
oy ) ¢
electrodes on guarvz substrate, separated by a hairline typically
of about 47 u in width. EGSA, BEa-Z,4-DNP, Moncclonal Mouse
: Anti-DNP IgZ MM anti-DNP IgEd) antibodv and its respective
. immunocomplexes with 2,4-0ONF-lysine, and picric acid,
b
F respecvively, were used at hyiraticns acquired at ambient
F atmospheres with lower than ZS% relative humidity. Measurements
L - - -
' on thin fiims of BZA zni BZA derivatives confirmed our earlier
}" findings with pellete2 szamples: Z.4i-DNP-lsaded BSA exhibited
A significan%ly lower conduzshivity even at protein (BSAY - Z,4-
. DNP stoichiometyy as low as 1:Z. These experiments which formed
- the basis of the wcykx on thin laversz of MM anti~DNP IQE antibcdy,
- ware perfoons. = oL o
! EXPERIMENTAL &ZFelTE
" E3& «Frazoico ¢ Zigma Therizal Tz, waz derivatized inm C.19
r"
s . - : . . : . s
4 M aguecus K_CZ. scluticas, :ncubating with various caiculated
- ra 2
.amounts of recrvetallizel z,:-dinltvrctenzenesu.icnic acid
. (2,3-ONBE-32V in +he darx fror IZ4 Scurs at room temperature and
i under continuous stirvinc /3,5/. T2 remcve icnic and other
"
e T S O T P
. K. L 2 A A Al v . 2. Z A = ..‘ ‘e -L b ‘2 A oo 'h‘\_k A.l -t .P A-A.l iy .2 I DR PN s ‘h’ h‘l;h\ ‘s 'A.J‘." ..";.:.>_:-;'.‘__'-'r‘-...\‘.’l-..

(W9

[

~e minimum.

renomens wou
(3) Thin protein layers cn insulating substrate equipped with

clicsely-lying surface electrodes (with electrode gap of

the order -f 20-100 u) may cffer a feasible way towards

sample csize reduction.
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contaminations the reaction products were dialyzed against large
volumes of deionized water for three days at 4°C in the dark. The
purified complex was then lyophilized. Fully substituted BSA-DNP
which was obtained in the presence of high excess of 2,4-DNB-SA
was first acidified (pH Z) to precipitate the dinitrophenylated
protein which was then washed in cold KCl - HCl buffer (pH 1.7)
until the washing solution became colorless. To free and remove
unreacted Z,4-DNB-BSA encapsulated in the protein matrix the
rrecipitate was dissolved in 1 M NaOH and moderately heated. Then
the BSA-DNF fraction was again precipitated, washed, redissolved
and passed through a Sephadex G50 column using phosphate buffer
(gH 7.9). The fully derivatized BSA-DNF product was then
erxtensively dialyzed against large volumes of deionized water and
the zalt-free protein was lyophilized. For reference
underivatized BSA samples were subjected to identical treatment in
Z2,3-DNP-SA-free buffer soluticn and "purification"” (desalting)
procedures. Dinitrophenyl-conjugated MM anti-DNF IgE antibody was
prepared from commercially available MM anti-DNP IgE antibody 3
iMiles Scientific, [ivision of Miles Laboratories, Inc.) employing éfi

ejuilibrium dialysise technique. The dialysis experiments using

- . . . . -6 .
107 41l dialysic cells were performed against 10 M solution of the

hapten (2,4-DNP, Z,6-DNF-Lysine, picric acid) at pH € in phosphate i;J
buffer, at 3°C and for 48 hours in the dark. The dialysis
solution was at least 3 times changed and the system about 6-83
times gently shaken to avoid hapten depletion and protein

dernaturation during the 48-h incubation period. 1 mg/ml protein
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Ll% samples were placed on a Tellon stage in esvacuablie
12 chambere (desiccators) in which the humidity could be
contyoliled by concentratved solutions of recrystallized LiICHL,
Prozably due to preferential vapor condencsation in the narrow
s.ectrcde gap, above £I% relative humidity the clean quart
substrates always displayed a very rapidly increasing c:ornduction
with increasing vapor pressure of water. Therefore, the
measurements with protein films were restricted to 17.%, 20.0 and
23.0% relative humidities which were provided by LiCl =clutions ot
e, 15 and 14 M, respectively /&/. Euxploratory coanduct:vity

xperiments showed that 24 hour incubation was in all czses

m

th
c

fficient to reach steady state in the hydration - induced
conductivity of the thin protein film samples. Small gcld spirals
0.1 mm wire diameter) provided the electrical connecticns to the
carefully shieided and isolated instrument cables. Sample

chambers were kept in a grounded Faraday cage to avoid slectric

]
ot
W)
]
tr
n
o
9]
m
U

due to scattered external electromagnetvic fields. Th=
conductivivy of dry samples was measured at 200 - 400 Fai pressure.
Current was measured using Keithley Type <02 Electrometers.
Jurrent measurements were carried cut up to 70 V Lias voltar:
at room temperature. To asure that a steady state in cirrent wa

reached data were recorded in 1C¢ minutes after imposinz & giver

o

zias volitage. Due to the geometric cecnditions exact rezistance
vaiues could not be calculated. If not otherwise notel zurrent
ralues obtained at 70 V will be consid: i as the measzure of

conductivity and used for comparative . ;oses. The cverall
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reproducibility of measurements was limited by the film casting
technigue and can be conservatively estimated as 30%.
RESULTS
BSA-DNP complexes with known stoichiometry provided the scaling
and calibration for the thin film measurements with MM anti-DNP
IgE antibody complexes. Therefore, first the results obtained
with BSA-DNP complexes will be described.
Reference Data

The absorption spectra of the purified BSA-DNP complexes
displayed two rrominent absecrption bands, the one centered between
270 - 280 nm and the other at v 360 nm, with a small shoulder
above 400 nm. The latter iz very similar to that reported for

-DNP-lysine and dinitrophenylated bovine gamma globulin. The

significantly lower shoulder may be due to the different

participation of nitro groups in secondary interactions (very
likely hydrogen bonding). The lack of any feature at 255 nm
(typizal of 2,4-DNE~SA) and of the strong choulds

(characteristic of 2,4-DNF in polar environment) indicate that
neither free ¢,4-DNB-SA nor free 2,4-DNP was present in
spectrophotometrically detectable amounts in the purified BSA-DNP
products. There was cnly a minor spectroscopically observable
heterogeneity in the micrcenvironments of, and practically no
interaction between, the chromophores even in the fully
derivatized complex which contains at least 80 Z,4-dinitrophenyl

roups substituted in primarv amine moieties. This suggests
1% .

NN N A

specvral additivity and permits the spectroscopizcal verification
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of the extent of average substitution in complexes with different
stcichiometry. The 360 nm band exhibits a monotonic progression
with increasing substitutions as it is shown by the spectra

normalized at 275 nm in Fig. 2. Provided thatv :pectral additivity

4

P
2

in

whe 3ov nm peak heights of the normalized spectra relate to

-1

"

:

the average number of substitution per BSA molecule, n, according

to the following expression:

~I
al BSA BSA-DNP
ss0| _ | Sars Sors
al T . BSA-DNP BSA -DNP
S oS e?ﬁo =280

where e;(\ is the extinction coefficient of species x at
wavelength A . The experimental verification of this
relatvionship is given in a linearized form in Fig. 3. The
intercept is close tc the value of the corresponding ratio
cbtained from direct measurements (0.75). All these provide a

favorable support for the BSA-DNP stoichiometries assumed on the

basis of the reaction conditions.

Dry protein films, (both BSA and MM anti-DNP IgE antibody, no
matter w-ether cr not they had been derivatized and/or
conjugated), always exhibited an extremely low conductivity
permitting sample currents close to or well below the leakage

(typically 10 fA). Therefore, to directly determine the

conductivity of dry samples was impossible. When the samples were
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780 320 360 400 440
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Figure 2. Near UV absorptvion spectra
dinitrorchenvlated bovine serum albumin
samples derivatized at different BSA: 2,
4-DNP stoichiometric ratios: 1-1:1; Z2-1:2:
3-1:4; 4-1:8 and 5-1: B0 (fully
derivatized). The spectra were taken in
water, at p and, normalized at the 275 nm
maximum.

e 1 4, 1

+ o)

Figure 3. Spectrophotometric verification of the
stoichiometeric compositions of
dinitrophenylated bovine serum albumin
samples.
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equilibrated with low humidity atmosphere the conductivity
increased to well measurable levels. The higher the ambient
humidity was the more pronounced increase in the conductivity was
observed. This is in a complete gqualitative agreement with
previous findings on powder samples /7-11/. No attempt was made
Y0 quantitatively compare these two system regarding their
response of their conductivity to moisture adsorxption in the
Fresent studies. At low relative humidities (below 25%), when any
interference of the quartz substrate was certainly absent, the
current - voltage characteristics were found linear for all
hydrated BSA and BSA-DNP films (Fig. 4). Moreover, it was very
Osas-onr 1:2

] OBSA-DNP 1:8
i [JBSA-DNP SAT

log steady-state sample current (A)

13k
L [l L.l L>
"‘o 10 100
d.c. hlas voltage (V)
Figure 4. Current - Voltage characteristics of

ultrathin films of bovine serum albumin and
dinitrophenylated bovine serum albumin
derivatized at stoichiometries 1:2, 1:8 and
l: 80 (fully derivatized), respectively,
equilibrated with and measured in, ambient
atmosphere of 17.5% relabvive humidity.

cons.svently observed that BSA-DNP films possessed definitely
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lower conductivity than the reference BSA samples, at the same
hydration, as it is also seen in Fig. 4. The more extensive the
substitution the greater (but not proporticnal) the change in
conductivity. Water clearly behaves like a developer in making
hidden (unmeasurable) changes in dry-state conductivity observable
and measurable. An interesting pattern beccmes visible if one
plotvs the ratio of the conductivities of BSA and BSA-DNP samples
as a function of humidity for complexes with different BSA:
Z2,4-DNP stoichiometry. Such a representation of data is given in

Fig. 5 in a three—-dimensional plot for complexes with

I(BSA)
N(BSA-DNR,)

-t -
QN
T T

N s O @
T

2 4 6810 20 40 100 200
n, number of covalently hound 2,4—DNP molecules

Figure 5. Dependence of the conductivity ratio
I(BSA)/I(BSA-DNP) = &(BSA)/ © (BSA-DNP) upon
the relative humidity of the ambient
atmosphere (RH) and, stoichiometric
composition (n) of the complexes.

stoichiomebtries 1:2, 1:8, and 1:~BO (fully derivatized),
respectively. I% is strikingly apparent that the conductivity b
ratios are grouped in such a way that they form three lines

parallel to the humidity axis, i.e. they seem to be independent of .ﬂ
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humidity in each case. The numerical values for the average of
the respecitive ratios are 2.8 = 5.4 for the 1:2 complex, 4.8 + C.4&
for the 1:8 complex and 9.1 + 0.8 for the fully derivatized

sample.

MM Anti-DNP IgE Antibody Studies

Due %5 unforsesn difficulties in cbtaining reliable and
regular supply of antibedy as well as the lack of expected
cooperation of <he supplier /1Z/ we had more limited opportunities
to perform systematic conductivity eiperiments with MM anti-DKFP

IgE antibodies. The fundamental prcocblems stem from the early

observations that conductivity data obtained with this monoclonal
immunoprotein (unconjugated and conjugated) displayed a much wider
scatter than those for BSA-based camples. Especially, large and
apparently unz: . 2iable deviations were observed for
immunoprcotein samples purchased and deiivered at different times.
Furthermore, systematic deviations were found in the case of
samples from the same batch when they were delivered at different
times. These latter observations are true for the majority of
experiments performed prior to LDecember 15, 1985. Then it turned
out thaé the immunoprotein samples were stored and shipped by the
company (Miles Laboratories) under improper conditions. This
happened although we repeatedly zcked “hem to make sure that the
samples would be kept frczen and on dry ice from sealing the vials
at the production site until arrival in ocur laboratory.
Furthermore, it seems also plausible that the significantly larger

molecular weight (190,000 and the more sensitive native structure

-, I, -.. 4.‘ s).‘-...... b~‘ '..-'- .
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of the antibody could also contribute to the larger scatter in
conductivity data. Due to these circumstances the conductivity
measurements on MM anti-DNP IgE antibody films could not be
evaluated in such a relatively simple and straightforward manner
as in the previously described BSA work. It was concluded that
for the immunoprotein the evaluation of measurements data would be
more appropriate using Poisson distribution rathexy than the
traditional normal distribution. 8Similarly to the BSA case the
conductivity (current) ratios 6 (unconj.)/ 6 (coni) were formed
at each humidity and they were subjected to statistical evaluation
based upon Poisson statistics. If so, the probability for
observing a conductivity ratio Eﬂk=nx;)which is defined as

(2%s) —A DKX -

. _ ' _ ;K il _
£x) = L) = T =%

where A is a parameter equal to the mean of x(=nxo) and X, an
arbitrary chcosen unit. If f(x) the relative freguency of CXXL

which is determined from experiments then the representation
i {§00 X1} = x laX —A

of measurements data should result in a straight line in a
ln{f(nxo)x(nxo){}vs. (nxo) plot, which has a slope of ln A

and an intercept with the vertical axis av -A . Thus A can be
determined (either from the slope or the intercept) and is
considered as the mean value of the conductivity ratios. Any

significant deviation of the mean values from unity indicates that
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Poisson evaluation of experimental
conductivity (current) ratios for monoclonal
moucse anti-DNP IqE antibody - TNP (picric
acid) coniugatve at 20% relative humidity.
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Table 1

Conductivity (Current) ratios &(conj)/O(unconi) for Moroclonal
Mouse anti-DNP IgE Antibody complexed with 2,4-DNP-Lysine and/or

TNP (picric acid) ligands. The regression coefficients are given

in parentheses.

Humidity
Ligand 17.5% 20% 23%
2,4-DNP-Lys 1.5 1.5 1.9
(0.99) (0.89) (0.96)
Picric Acid -- 2.1 2.2
(0.96) (0.92)

In the case of 2,4-DNP no specific binding was detected in

conductivity measurements.
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the binding of hapten changes the conductivity of the
immunoprotein. Such a presentation of two sets of conduc+ivity

: ratios for MM anti-DNP IQE antibody conjugated with TNF . -%en at
20 and 23% relative humidities is given in Figs. 6 and 7.

It is clear from these lots that the experimental data ars well

arranged along straight lines, as accepted on the basis o©of the

preceeding considerations. This behavior was typical of rn:st sets

o conductivity ratios obtained from independent experime:+s at
all humidities applied. The straight lines were fitted by
parabolic least sgquare metod (Gauss—-Jordan) and the slopes and éh‘
intercepts were computed. The values obtained from the slspes and
the intercept, respectively, were identical within experimental ;::
error indicating the appropriateness of the procedure. The tfﬂ
results of such evaluations are summarized in Table 1. These A
figures strongly suggest that the binding of various 2Z,4-DNP-based

haptens to MM anti-DNP IgE antibody brings about a change in ;i7

conductivity similar in magnitude to the change observed with

O

derivatized BSA model systems.
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DISCUSSION
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Despite the extensive experimental and theoretical efforts
the nature and the propagation mechanisms of mobile charge

carriers in proteins are still obscure in both solid and their

native states. Dry crystalline proteins have been found %o

pi:.235 oonicraticons not appreciably different from those in 2;»

o

aqueous solutions /13-14/. Several enzymes not only preserve }gq

g their native conformations and biological activities but are also G
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capable of exercising their highly specific catalytic functions in
crystalline state /16-19/. These findings certainly Jjustify the
solid state physical approach to gain insight into the fundamental
properties of charge carrier transport in proteins. However, it
is not straight-forward to form an opinion about the possible
relevance of any of such findings to bioleogical functions, as yet.
Preliminary studies on powder samples /20/ suggested that the
substitution may result in marked alteraticons in the conduction
properties. Detailed experiments ,/./ showed that chargs transport
processes at the electrode - sample interfaces L=n exerd
significant influence on the data obtained in d.c. conductivity
measurements on powder samples. Although the origins, the nature
and the mechanism of these interfacial processes are not known as
yet, it is plausible to assume that similar (if not basically
identical) events occur at metal - protein thin film intexfaces.
The extents and the possible involvement of interfacial processes
in the derivatization-induced change in conductivity is not known
either. Therefore, d.c. measurements were performed on thin solid
films of BSA and BSA-DNP, in which interfacial phenomena, if there
are any, would certainly dominate the results. These films in
slightly hydrated state exhibit a remarkable reproducibility in
their d.c. conductivity properties with linear current - voltage
characteristics up to at least 70 V bias potential (about 10 kV/cm
effective field in the electrode gap). The linearity (Fig. &)

suggests that high-field effects were certainly absent under the

present conditions.
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Similarly to the results of the pilot studies i% was found
that a rather moderate chemical modification of BSA, substitution
of a ¢,4-dinitrophenylate group into cone or two primary amines
brings about marked chances in the conductivity of thin prctein
films. This change, a decrease, in conductivity is normally
unobservale in/on dry films, the sample resistance being extremely
high. However, this latent change can be developed by
equilibrating the samples with, and performing the measurements
in, ambient atmosphere with less than 25% relative humidity. Such
hydration experiments reveal that gradually proceeding
derivatization of BSA results in an apparently gradual decrease in
the overall conductivity, which is of ==z._ra~i_.-. .“her than
linear. The film conductivity increases monotonically with rising
moisture content as it was expected on the basis of previous
experiments on protein power /1,7,8,11/. Provided that, as in
powder samples, the conductivity of hydrated protein films, E&,
also obeys the Spivey relationship /2Z/ and that, the amount of
water adsorbed intc the film is proportional to the ambient
humidity in the range of relative humidity applied, then

6H = GDE::pIO(w) '

where GTD is the dry state corndactivity, X a constant and w the
relative humidity. Then “%e =cnductivity ratios plotted in Fig. 4
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ndernt zf hviration cnly if the respective
expcnential terms iand thus, the euponents) are identical ani in

this case

6u (B3A) - 6(BSA)
654 (BSA-DNP) G (BSA-DNP)
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for all stoichiometries. Thus, the averages determined from, and

indicated in, Fig. 4 measure the extent of the substitution -
induced decrease of protein conductivity fcr the given
stoichiometric complex (in the dry and slightly hydrated states),.
The most important practical outcome cf these studies in
obviously the fact that the covalent binding of two small

molecules to, i.e. the local modification cf the protein at two

primary amine groups in, BSA molecule brinzs about a well

measurable change in the d.c. conductivity >f protein thin films.

Several types of charge carrier transyort processes have been
proposed to operate in proteins hydrated tc different extents.
These include a great variety of semiconduction mechanisms and
proton transfer processes involving both polypeptide backbone and
slide groups /21/. Furthermore, recent exrerimental and
theoretical studies /11/ provided a great c=zal of support in favor
of a hopping rather than coherent wave pacxet type motion of
charge carriers in proteins. Whatever the nature and propagation
mechanism of charge carriers in the dry and slightly hydrated BSA
and BSA-DNP complexes are, the conduction j;henomena observed and
reported in this communication are very likely dominated by the
interfacial charge transfer step between the Ag electrode and
protein film /1/. Therefore, they may not reflect any peculiarity
of the bulk conduction but rather those of the charge carrier
injection process. The extremely high sensitivity (two =mall
molecule per one BSA molecule), the stepwise response and the

apparently saturation-like characteristics of the
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derivatizaticn-induced dreop in 4.c. conductivity strongly suggest

that /22/:
1) ©Only 2 finite numier of sites may exist on the surface of

protein molecules through which charge carriers can be

b s o o o

preferentially injected (ejected) from (into) the electrode
into (from) the protein. Similar consideraticns may be true
for the interprotein charge transfer as well.

Z2) The number of these charge carrier transfer sites must be
relatively small, the (partialf blocking of one cr two of them
per protein being detecteble.

3) The preferential charge carrier transfer sites may not be
completly eguivalent %5 each cther due 4o either possible
minor differences in their actual compesition and structure,
or the differences in their positions with respect to the
injecting electrode and/ocr to neighboring proteins arnd their
corresponding charge carrier btransfer sites.

4) Primary amine grocups are probally essential components in the
formation cof the preferential charge carrier transfer sites oxn

prcteins.

ct
s

The change in ccnductivity of MM-anti-DNF IQE antibody due to
haplen binding appears to be very reminiscen® of that produced by

the derivatizaticn cf BEA. The extent of the change is close to
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accounted for the larger scatter. Let wus pretend that the charge
injection into (and transport in) MM anti-DNP IgE is similar to
that in BSA, which was discussed above. Since the immuno-protein
is about 3 times larger (heavier) than BSA it can be imagined that
the binding sites may be effectively masked or even deeply burried
in the protein and therefore they participate in the charge
injection and transfer process less probably than in BSA. This
leads to a less visible alteration of conductivity on the one hand
and a naturally wider scatter in measurements data on the other.
Morxeover, the adsorption properties of the globular BSA and the
delicate MM anti-DNP IqE on the substrate can be significantly
different /23/ and the absorption-induced changes miy affect the
conductivity measurements to different extents. Further
investigaticns into this problem are needed to understand the role
and conseguences <f adsorption induced structural changes on

conductivity results. lrrespective of this unknown factor it is

believed that hapten binding itself do change the conductivity of
MM anti-DNP IgE thin films. This means that moncclonal antibodies
could form, in principles at least, “he selective sensory element
(receptor) in chemical microsensors. Besides the technical

difficulties which are rather seriocus, further problems which are

apparently of academic interest shculd be solved in order to

utilize the potentials of such systems.
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CONCLUSIONS & SUGGESTIONS

V.
Lo

~Our investigations)performed during the grant period between

tober 1st, 1982 and February z8th, 1986 have basically

0

~
\¥

1

emonstrated that the utility of d.c. conductivity measurements on
thin immunoprotein films as a probe of antigen/haplen binding by
monoclonal move anti-DNP IqQE antibody. Upon binding to the
antibody, appropriate nitropenyl ligands (Z2,4-DNP-Lysine, TNP)
bring about typical changes in the d.c. conductivity: it
decreases by about a factor of two. Model compounds (BSA and its
derivatized forms) were used to provide information about the
possible mechanism of resistance lowering by DNP-based haptens.
Convincing support if net evidence was obtained for a discrete
site assisted rather than a band-type (semiconductor like) charge
carrier tvransport mechanism in proteins films. It is very likely
that primary amine groups are invelved in forming preferential
charge transfer sites in proteins. The similarities in the
binding (derivatization and/or conjugation)-induced che..ges in
conductivity indicate that interactions between primar:y amine
groups (at the recognition site) and DNP is a dominant :=2ature in
this immune complex system. The relatively large scatter in
measurements data, besides the inherent sensibility of ‘he protein
structure, can be related to the partial masking of the bLinding
site by the bulky protein. Further studies inte this « .estion are

certainly desired and suggested. Experiments with sep...ated and

recombined heavy and light chains in conjugated and un¢ :njugated
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forms as well as on partially digested immunoprotein are suggested

to perform in order to clarify the possible role of the bulk of
the protein in the conduction process and in ivs response to
hapten binding. Investigations on other hapten - monoclonal
antilkody systems are also suggested to reveal further aspects of
hapten (antigen)-induced conductivity changes in immunoproteins. A
deeper understanding of charge transport mechanism in proteins, in
general, is also desirable especlally if practical applications
are planned,

Finally we would like to call the attention to the
unyeliability of commercial mcornoclonal immunoprotein sources.
Therefore, in any further work sufficient financial, technical and
scientvific capacity shculd be planned to produce monoclonal

antibodies in decsired purity, guality apd quantity.
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