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Abstract: A model of elastic bounded diffusion is presented for the quantitative analysis of the dynamics of
redox probes borne by the loose ends of linear and flexible polymeric chains terminally grafted to building
blocks of a self-assembled construction. Experimentally, poly(ethylene glycol) chains bearing a ferrocene probe
were terminally attached at the last one of a series of immunoglobulins monolayers successively self-assembled
on top of a glassy carbon electrode. In cyclic voltammetry, the creation of a concentration gradient provoked
a diffusion-like displacement of the ferrocene probe counterbalanced by the springlike elasticity of the terminally
attached polymeric chain. The morphology and the intensity of the signal depend markedly on the distance
separating the terminal attachment from the electrode surface and on the potential scan rate. The observed
changes are qualitatively and quantitatively justified by the model. Both the diffusion and the elasticity can be
quantitatively characterized.

Introduction made of self-assembled and adequately chosen IgG’s. That

New heterobifunctional poly(ethylene glycol) (PEG) deriva- enabled us to control the distance separating the anchoring points

tives have been synthesized recedtlparticularly, a linear of the polymer _chalns from the eIectrer surface.. .
NHS—PEG-Fc molecule is obtained when akhydroxysuc- The ordered immunological construction was built according
cinimide (NHS) activated ester and a ferrocene (Fc) redox label 10 @ procedure that has been well documented in the past few
are introduced at each end of the PEG cHaifihe activated years? It consists of a step-by-step immobilization of successive
NHS can be used for terminal attachment of the PEG chain to Molecular monolayers of IgG'’s on top of an initial monolayer
NH, bearing supports such as modified glassy carbon sufaces WhICh is adsorbed at lthe electrode surfage. Mor_e preusely, a
or proteins? The loose end of the linear chain bears the ferrocene first monolayer of antigen (an 19G of a given animal species
redox label, which is small and only slightly solvent sensifive. /) iS irreversibly adsorbed at the electrode surface. Taking
It can be used as an electrochemical probe in a transientddvantage of the remarkable efficiency of antigentibody
technique such as cyclic voltammetry. When the electrode molecular_recognmon, the antigen is subse_quently recognized
potential is positive enough to oxidize ferrocene, an electric Py an antibody to IgG’s of A raised specifically in another
current flows. Such a current results from the flux of ferrocene @nimal species B. The following monolayer is immobilized by
redox heads toward the electrode surface, and its intensity is a'€cognition of the antibody produced in B by an anti-B antibody
measure of this flux, which depends on the PEG chain dynamic Produced in A. The resulting outermost monolayer has therefore
flexibility. Therefore cyclic voltammetry of attached NHS  the same antigenic nature as the first immobilized (adsorbed)
PEG-Fc provides a new approach for the quantitative analysis monolaye_r since it consists qf |mmunoglobullr_15 generatgd in
of the dynamics of terminally attached linear polymer chains. A- Then, it can react anew with the anti-A antibody solution.
In a recent work. NHSPEG-Fc molecules of different  1he whole process is repeated until the desired number of
molar weights were terminally attached to the surface of a g|(.;lssysuccesswely |mmob|I|zed_monoIay_e_rs is reached, routinely more
carbon electrode and the flexibility of the PEG chains was than 10% The outstanding stability of the structures thus
characterized quantitatively. The present report deals with ~obtained has been well establistfd: They can be easily
another configuration. The redox labeled PEG chains were endowed with a catalytic activity that is triggered and measured
attached to a given immunoglobulin G (IgG). The latter was electrochemically provided that one of the antibodies involved
immobilized at the electrode surface in an ordered structure IN the construction is labeled with a redox enzyhidoreover
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the enzyme spatial distribution can be controlled at will simply
by choosing the proper sequence of building blocks in the step-
by-step immunological immobilizatiot?—d Similarly, in the
study described hereafter, we aim at precisely anchoring the
PEG-Fc chains within the self-assembled structure by making

use of an IgG labeled with PEG-c chains as one of the mouse anti- anti-goat anti-  anti-goat
A IgG  mouse mouse IgG mouse mouse IgG
building blocks. goat IgG goat IgG

It has been also shown that the high efficiency of the antigen
antibody reaction allows attaining the saturation of each
monolayer under easily fulfilled practical conditions, the time
of reaction and the amounts of reagents required being quite
reasonable. At saturation, the surface concentration of antibodyare oriented within the assembly in such a way that their
molecules immobilized in each monolayer corresponds to the substructures, which are capable of molecular recognition,
maximum lateral compactness attainable. All the monolayers namely, their Fab subunits, are necessarily oriented toward the
are therefore structurally identical. electrode. Gelatin was adsorbed at the glassy carbon surface to

The average molar weight of the PEG chains used in all prevent nonspecific binding.
experiments is 3400; it corresponds to a degree of polymeri- NHS—PEG-Fc chains were covalently grafted to an anti-
zation of 77 (see the Chart 1). goat IgG produced in mouse and to an anti-mouse 1gG produced

In a preliminary study, PEGFc chains, with no NHS in goat through the reaction of the NHS activated ester with
activated end, were introduced in the surrounding aqueousaccessible amino groups of the immunoglobufin€P-MS
solution and cyclic voltammetry was used to characterize assays of iron in samples of derivatizedHREG-IgG’s showed
quantitatively their free diffusion across the assembled protein that the degree of PEGFc labeling was reproducible. It was
structure® When the PEGFc chains were terminally attached found to be 7 and 17 for the anti-mouse goat I1gG and for the
at various distances from the electrode surface, the observedanti-goat mouse IgG, respectively.
electrochemical behavior could longer be accounted for by free  When a glassy carbon disk electrode bearing an adsorbed
diffusion. A type of bounded diffusion must be considefed. layer of goat (or mouse) IgG is immersed in a solution
We develop an approach of the dynamics of the ferrocene headsontaining PEG-Fc-labeled anti-goat (or anti-mouse) IgG’s and
of the terminally attached PEG chains, making allowance for transferred in the buffered solution after thorough washing, a
both a diffusion contribution and an elastic penalty. The latter cyclic voltammogram like the one reproduced in Figure 2a is
results from the effect of a springlike force which expresses recorded.
that the further a ferrocene head moves away from its equilib-  Such a cyclic voltammogram is typical of the behavior of
rium position in the structure the slower the motion; the elasticity the P/Q redox couple when both P and Q are confined near the
of the terminally attached PEG chain is thus involved. The fact electrode surfacéThe corresponding structure is sketched in
that we were able to control the distance from the electrode Figure 3b.
surface at which the PEGFc chains were attached enabled us  As expected for a P/Q surface-confined redox system exhibit-
to elaborate and test a model of elastic bounded diffusion for ing a Nernstian behavior, the peak heights are proportional to
the redox heads. Simulated cyclic voltammograms were derivedthe potential scan rate) as long asv < 1 V/s, the peak-to-
from the model. They fit remarkably well the experimentally peak separation is less than 5 mV, and the width of each peak
observed behavior and show that we are able to analyzeat midpeak height is-95 mV8 Whatever the electrode coverage
quantitatively the dynamics of the terminally attached PEG or the degree of PEGFc IgG labeling, the apparent standard
chains quite satisfactorily. potential E°po) then measured is 155 3 mV, a value in good
agreement with thé=°pq value of 149+ 3 mV determined
earlier with soluble PEGFc chaing The amount of confined

Terminal Attachment of the PEG—Fc Chains to the 1gG Fc is given by the area under one peak of the cyclic voltam-
Self-Assembly The 1gG self-assemblies were constructed onto mogram. We found that it increased with the time of immersion
glassy carbon electrodes by successive immobilization of in the Fc-PEG-IgG solution until a saturating value, which
monolayers of polyclonal anti-goat mouse antibodies and anti- was reached after 48 h. Related to the geometric area of the
mouse goat antibodies, as described in the Experimental Sectiondisk electrode, the PEGFc surface concentration at saturation
A sketch of the resulting structure is given in Figure 1. It is wasI'® = (2.8 4 0.3) x 10~ ** mol/cn for the anti-mouse Fe
worth emphasizing that the binding of each new monolayer PEG-IgG andI™ = (1.4 + 0.1) x 10~ mol/cn? for the anti-
relies on the molecular recognition of the outermosth) goat Fe-PEG-IgG. When the PEGFc coverage was con-
monolayer of the already assembled structure by antibodiesverted into labeled FEPEG-IgG coverage,we found # 10712
which are introduced in solution. Eventually that will produce mol/cn? for the anti-mouse IgG bearing 7 PEGc chains and
the (1 + 1)th immobilized monolayer. Therefore, the antibodies 0.82 x 1072 mol/cn¥ for the anti-goat IgG bearing 17 PEG

(6) Demaille, C.; Moiroux, JJ. Phys. Chem(in press). (8) Laviron, E. Voltammetric Methods for the Study of Adsorbed Species.
(7) Blauch, D. N.; Salant, J.-M.J. Am. Chem. S0d992 114, 3323~ In Electroanalytical ChemistpyBard, A. J., Ed.; Marcel Dekker: New York,
3332. 1982; Vol. 12, pp 53-157.

Figure 1. Sketch of the step-by-step immobilization of + 1
successive monolayers of immunoglobulins.

Results and Discussion
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Figure 2. Cyclic voltammogram obtained with an electrode at which
a monolayer of PEGFc-labeled polyclonal anti-mouse goat antibody
is attached on top of an adsorbed monolayer of mouse IgG+HEG

04

3-mm-diameter glassy carbon disk electrode, pH 8.0 phosphate buffer

(0.1 M ionic strength). In (a), surface concentratigh= 2.8 x 101!
mol/cn? and potential scan rate= 0.1 V/s. In (b), surface concentra-
tion I'° = 2.4 x 107 mol/cn? and potential scan rate = 200 V/s
with ohmic drop compensation.

Fc chains. Considering the respective sizes of an lgG(nhm}

and of a PEGFc chain (end-to-end distance of the PEG caoill
= Flory radius= Rr = 5 nm)° the lesser coverage obtained
with the 19G bearing 17 PEGFc chains is a consequence of

J. Am. Chem. Soc., Vol. 121, No. 44, 190881

Figure 3. Sketch of the self-assemblies of immunoglobulin monolayers
used for terminal attachment of PEGc chains at various distances
from the electrode surface. Dotted and hatched blobs indicate immu-
noglobulins produced in goat (anti-mouse) and mouse (anti-goat),
respectively. A whole IgG is made of a regular triangle of three jointed
blobs. Isolated dotted blobs represent Fab fragments of the polyclonal
anti-mouse goat antibody. In (a), the Fab fragment is initially adsorbed
at the glassy carbon electrode surface and is recognized by aPEG
Fc-derivatized anti-goat mouse whole antibody. In (b), the mouse whole
IgG is adsorbed and recognized by a PH&&-derivatized anti-mouse
goat whole antibody. In c, the mouse whole 1gG is adsorbed and
recognized by the Fab fragment itself recognized by a PEG
derivatized anti-goat mouse whole antibody. In (d), only whole IgG’s
are self-assembled.

simply by changing the thickness of the IgG assembly onto
which the Fe-PEG-1gG monolayer is finally immobilized. This
thickness can be controlled either by varying the number of
underlying IgG monolayers or by using smaller building blocks
made of Fab fragments. Such fragments of IgG’s are endowed
with the same specific affinity, concerning molecular recogni-

its greater bulkiness since the saturation is reached at full lateralfion. as the whole IgG molecule but are2 times smallef.
compactness. The preceding results also show that despiteTherefore, constructions have been assembled according to the

PEG-Fc labeling, the specific avidity of the F®EG-IgG

antibody toward the antigen is maintained. The irreversibility

scheme described in Figure 3, each one positioning the Fc
PEG-1gG monolayer at a different distance away from the

of the binding is ascertained by the outstanding persistence ofélectrode surface. The distance is proportional to the number
the electrochemically assayed ferrocene coverage of the modi-Of protein monolayers intercalated between the electrode and

fied electrodes; less than 10% is lost in four weeks.
Effect of the Distance Separating the Terminal Attach-
ment of the PEG—Fc Chains from the Electrode Surface.

At high potential scan rates, the cyclic voltammogram of an

electrode bearing one FEG-IgG monolayer ceases giving

the Fe-PEG-IgG layer, a monolayer of whole IgG counting
for 1 and a Fab monolayer counting for 0.5 in the sum giving
n;.

At low enough potential scan rates, when the ferrocene head
motion is not rate limiting, cyclic voltammograms similar to

rise to symmetrical signals. In Figure 2b, the potentials of the the one reproduced in Figure 2 were always recorded whatever
anodic and cathodic peaks are no longer identical and both peakdi = 2. Forni > 2, the distance separating the terminal
are broad because the redox probes need a time, which becomedttachment of the PE&Fc chain from the electrode surface

a limiting factor, to diffuse toward the electrode surface. A

probably exceeds the length of the fully extended chain of 77

diffusion layer having a size similar to the IgG coating thickness monomer units, which is~25 nm. The symmetrical cyclic
develops within the film. The voltammetric signals then depend Voltammograms enable us to determine the total PEG

on the dynamics of the PEG-c chains.

coverage. Moreover, all the voltammograms are centered around

A fundamental parameter is the distance separating the the same standard potential, a result indicating that the Fc probes
terminal attachment of the chains from the electrode surface. d0 not interact and have the same environment as in solution.

The step-by-step technique used for the construction of the

At eachn;, the morphological change observed in the presence

ordered 1gG structure allows us to modulate this parameter Of only one intercalating IgG monolayen;(= 1, see Figure

(9) Lamy, J.; Lamy J.; Billiald, P.; Sizaret, P. Y.; Cav®.; Frank, J.;
Motta, G.Biochemistryl985 24, 5532-5542.

(10) Vincent, B.; Luckham, P.; Waite, F. Al. Colloid Interface Sci.
198Q 73, 508-521.

2b) always occurs when the potential scan rate is raised.
However, thev region in which it takes place may differ by

several orders of magnitude dependingmrf0.5 < n; < 2).
The greater then; the earlier the transition. The anodic and
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a ‘e *a = ‘\ In the absence of external force, the ferrocene heads borne
E -E.%/mV NI BN by the elastic PEG chains would lie at rest at an average distance
B ke —————— from the electrode surface which would practically coincide with
-1 0 1 2 3 the average distance of the anchoring points of the terminally

logy attached PEG chains, i.e., the distance at which thePEG—

Figure 4. Cyclic voltammetry of the ferrocene heads of PER: I9G monola_lyer is immobilized. . .
chains terminally attached at various distances from the electrode 1h€ chains can extend toward the electrode until their

surface. Experimenta| data. Potential scan ra):ajependence of (a) ferrocene heads reach the electrode surface and toward the
the anodic peak current, and (b) the anodic and cathodic peak Solution up to a limit corresponding to the length of the fully
potentials Ep, and E, respectively, the latter in black symbols). The stretched chaihs. We are interested only in the motion of the
greater then, the higher the distance from the electrode surface (see ferrocene heads perpendicularly to the electrode surface. We
text),n=0.5(v), 1), 1.25 @), 1.5 (), 2 (©). In (a), the continuous  assume that the elasticity of the PEG chain can be mimicked
curves are computed taking (4 = x(ksp/2RT)*? see text)= 1.26, by an harmonic oscillator, and then the springlike foFeg:
100,210,252 o et 05 1 128,15 a2 espectiel. it ends o bing b h ferocene nea o s festng posion
60 m\‘/. IS Fspr =- KspiX, ksp.r being a spring constaqt andnggsurlng
the spring elongation away from the resting position of the
ferrocene head as indicated in Figure 5. The existence of a
cathodic peak potentials,, andEy, respectively, and the anodic  concentration gradient gives rise to an osmotic fdfge= —
peak currentifg) functionip/T°»Y/2 are plotted versus log)in (ksT/C)(3C/0X), with kg the Boltzmann constant an@ the
Figure 4 for electrodes bearing 19G assemblies with different ferrocene volume concentration at amynd timet. When the
n’s. To make the comparison more explicit, the current is Fc head moves a drag forée, = —kgV must be overcome,
normalized vis avis the surface concentratidrf of attached with kg the corresponding drag coefficient akicthe velocity
PEG-Fc. Figure 4a shows tha/T°v*2increases linearly with  of the Fc head. At the time scale of molecular motion, the
log(v) until it reaches a plateau whose height depends markedly ferrocene head reaches a stationary velodjtgnd
on n. Figure 4b shows that, above a critical scan rateEpa
and Ep shift linearly away fromE°q with a slope of 60 mV ksT 5C
per v decade. Increasing or decreasing only results in C X + ksp.X+ KyV1 =0
displacing the region of linear variation toward lower or higher

potential scan rates, respectively. The dramatic changes in peakrhe flux J, ; of Fc at timet through the plane located at distance

characteristics caused by changes in the anchoring distance of is given byJ,; = CV, and the above equation leads to the
the PEG-Fc chains cannot be accounted for by free diffusion  fo|lowing expression for the flux under conditions of elastic

of the Fc probes. A model allowing for quantitative analysis of hounded diffusion:

the dynamics of terminally attached PEGc chains must be

elaborated. keToc ke ac ks
Model of Elastic Bounded Diffusion. A model of bounded J = Ky X E‘”Cx= —D|Z= + ==Cx

diffusion was elaborated previously to describe electron percola- r r

tion in redox polymers.In that model, each redox site was

attached to its own anchoring point in the structure by an

imaginary spring. The conduction of electrons throughout the keor being then defined as a molar quantity.

film did not result from the bounded diffusion of the redox . _ ; .
centers alone; it involved necessarily electron hopping between _The sgcond F'C.k Iawa@/_at = — 0J/0X) gives the foII_owmg
differential equation, which expresses the dynamics of the

the redox sites of the successive layers. Charge transportf heads in t f their time- and d dent
resulting from the sole physical displacement of the redox sites errocene neads in e.rms of their ime- and space-dependen
through bounded diffusion was not permitted. In the present volume concentration:

case, we need a model that describes the transient dynamics of {

the diffusion coefficienD being related to the drag coefficient
by the Einstein relation¥ = kgT/ky), and the spring constant

a single layer of redox centers, the extent of their physical aC _
displacement being sufficient to reach the electrode surface. ot

&Js_@} "

o2  RT X
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A similar equation was previously established for the study of spring-related length @Tksp)*/?. Similarly the dimensionless
transient kinetics in chemical reactions implying bounded length s = Lis(ksp/2RT)Y2 compares the chain length at full

diffusion perpendicular to the reaction coordinkte. extension to the spring-related length. The requirement that the
At equilibrium, Jx; = 0 and dC/ot = 0 whateverx and t. redox heads can reach the electrode surface impliesithat
Taking into account that at = 0, Jo;y = —D(dC/dX)o;, and A
introducingC* = Cy = ¢, integration then leads to The initial and boundary conditions are
C=C* exp(—kspl)(Z/ZRT) (2) 7=0,1> y = —u p= exp(—ﬂyZ/Z), q= 0
y=—u,7t=0:
Equation 2 shows that, according to the present theoretical ylerf(d) + erf(d)] = (8p/8y)_ﬂ - ﬁyp_#
approach, the concentration profile of the ferrocene heads is = —(3g/dy)_, + fuq.
given, at equilibrium, by a Gaussian distribution reproduced in “ “
Figure 5b. y=1,7=0: (9p/dy), + Bup, = (39/dy), + pugq, =0

The measured surface concentratitnis related toC by I'g
= fE;; C dx, X being the average distance at which the chains The dynamics of a chain does not depend on whether it bears

are terminally attached as shown in Figure 5a. Thus: a P or a Q head; thup + q = exp(-py42) whatevery.
Particularly aty = —u that implies
0
cr = 2/ RT o —expid PO
erf(Ligy kep/2RT) + erf(xey/ ks, /2RT) o 1+ exp(=§)
exp(-=4%)

In cyclic voltammetry, the initial potentidE; is chosen to —u ZWD(—E)
ensure that all the ferrocene heads exist in their reduced form
P; therefore, the initial concentration profile of P is the Gaussian- and only one in the set of two differential equations (3) need
shaped equilibrium concentration profile described above and pe solved.

Cp = Cp* exp(—kspx¥2RT). When the potential is scanned and  Analytical solutions can be derived for several limiting
becomes positive enough to contvarP head that reaches the sjtuations described below.

electrode surface into its oxidized form Q, a curreistrecorded B — . The potential scan rate is slow enough, or equivalently
in consequence. Surely the electron transfer is rapid comparedhe chain motion fast enough, to allow the PEG chains to be
to the chain mOblllty. The ratl(f:P,fxe/Cnyxe of the volume ermanenﬂy at equi]ibrium ann = p-u exp[w/Z)(uz — 2)]
concentrations of P and Q at the electrode surface is then relatedrhe current does not contain any information relative to the
to the electrode potentil by the Nersnt law:Cp,x/Cq,—xe = chain dynamics; it simply reflects the change in the overall
exp[ —(F/RT)(E — E°Q)]. surface coverage of P molecules that takes place as they are
The following changes in variables and parameters lead to agxidized.
dimensionless formulation of the problem. At 7 = 0, the dimensionless surface coveragef ferrocene
molecules is
= (FulRTt, y=xFu/RTDY? u=x(Fu/RTD?
_ _ B
| = Ly(FUIRTD"; p=CJC* q=CyC* 70T f_,u Pe—o dy = f—ﬂ ex‘{_ 2 yz) dy
T
and = \/;—ﬁ[erf(/l) + erf(d)]
§=(FIRT(E—-FE%) At each potential, the dimensionless surfageoverage of
ferrocene molecules in their P form is given by
The Nernst equation becomgs, = g-, exp(— §&). The exp(—&)
dimensionless current iy = i/((FS'%RT)y/2FDkg,v/7), S Vo= fl pdy = yop_, exp(’) = yop—
being the electrode surface geometric area. “ 1+ exp(-§)
The set of partial differential equations describing the The dimensionless current is
dynamics of the ferrocene heads is
: ot 2T [z _ewcd
g_s _ 272 + B 3(8{/9) vo V28 95~ N 2B (1 + expg))?
aq _ @ P ayq) @) and the corresponding anodic current is

ot 8y2 + 8y 2 — — B
. Fxrey  exp[—(F/RT)(E — Epg]

~ RT {1+ exp-(FRT(E — E2J]}?

The dimensionless paramet@r = kspD/Fv compares the

eXperimental observation tini€T/Fv to the characteristic chain This expression is identical to the one Corresponding to the

motion time RTkspD. It is also convenient to introduce the  Nernstian behavior of a redox species such as P adsorbed at

dimensionless length = Xe(ksp/2RT)*2 which compares the  the electrode surface, as already mentiched.

distance separating the resting plane from the electrode to a S — 0. In that case, the time window of the experimental
(11) Agmon, N.; Hopfield, J. 1. Phys. Chem1983 78, 6947—6959. observation is so narrow that only the Fc heads located very

(erratum) Agmon, N.; Hopfield, J. J. Phys. Cheml1984 80, 592. close to the electrode surface are given time to move toward
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the surface. The set of differential equations (3) then reduces v
to the Fick second law for simple diffusion. This peculiar T10° Taxi0”
situation means that, no matter the spring strength or the position
of the resting plane, the ferrocene heads dynamics can, at high

enough scan rate, be described in terms of simple diffusion. A a b
typical reversible and diffusion-controlled cyclic voltammogram v v
is therefore predicted. However, as the initial concentration to Tsx10™ Ti0*

consider then is the concentratipa= exp(—42) at the immediate
vicinity of the electrode, the dimensionless peak curygytends

toward c d
v v
- = 0.446 exp1?) Tsx10” Tax10”
P erfd) + erf(dy)
and the anodic peak current will tend toward € f
1 I I I T 1 I i

. 5 0,5 10 50 .5 10
ipa= 3 3

=) re./2k, /aRT Figure 6. Cyclic voltammetry of the ferrocene heads of PER:

0.446FS , / v P X chains terminally attached at a given distance from the electrode surface
RT erf(Xq /k$p|/2RT) + erf(L /kSPI/ZR'l) (A = x(ksp/2RT)¥2 = 2.75). Influence of the dimensionless parameter

(see text) s = kspD/Fv compares the experimental observation time

RT/Fuv to the characteristic chain motion tinRel7ks,D (see text) =

5000, 100, 10, 0.5, 0.1, and 0.0001 in- respectively.

The above expression shows that the peak current is then

proportional to the square root of Most of all, it also predicts

that increasing the distanggof attachment will cause a marked In the general case, the set of differential equations (3) can

decrease in the diffusion-controlled peak current recorded atbe solved numerically as described in Supporting Information.

sufficiently high potential scan rate in cyclic voltammetry fora Simulations allow the computation of cyclic voltammograms

Nernstian redox couple. for any values of the parametgisA, and/s. They lead to the
J— 0. Formally the system behaves as if the resting plane of limiting cases described above. They also indicate that the

ferrocene heads was located at the electrode surface. At low Voltammograms do not depend appreciablyi@iprovided that

an adsorption-like cyclic voltammogram such as the one 4 > 2.5, a condition that is always fulfilletf. Then only

described above fg# — w is predicted. At highy, a reversible and A are required for the computation of the dimensionless

diffusion voltammogram is expected, as described abovg for Vvoltammograms. That means that the Fc heads’ concentration

K, $ on the computed dimensionless cyclic voltammogrgmyersusé

— 0, the anodic peak current being then profile is controlled by the PEG chain elasticity rather than by
the length of the fully stretched chain.
. FDo T°J/2k /aRT Cyclic voltammogram§ ca.lculated far= 2.75 and various
i = 0.446S values offs are gathered in Figure 6. They illustrate clearly the
pa RT i :
erf(Lisy/Ksp/2RT) morphological changes the signals should underg@ ake-

creases. At higlf (i.e., low ), the cyclic voltammogram has
which is identical to the expression obtained for a Nernstian the symmetrical shape corresponding to the limiting ¢gase
peak current resulting from the diffusion-controlled oxidation . That corresponds to a location in zone A of the zone diagram
of a redox species present initially in the whole coating structure drawn in Figure 7.

at an apparent and homogeneous concentr&igpgiven by The peak separation increases with decreagingtil the
voltammogram resembles a diffusion-controlled voltammogram
/2k$p|/ﬂRT (Figure 6b and general case in Figure 7). However, the peaks
app— L~ ——— are broad and the cathodic peak is broader than the anodic one.
erf(Lisy/ksp/2RT) As f3 decreases further, the peaks disappear and the voltammo-

o gram becomes almost plateau shaped (Figure 6c¢), with little or
Thus, at both extremes of therange, the behavior is similar o hysteresis between the forward and backward scan (Figure
to that of a film coating the electrode and containing freely d and zone K in Figure 7). Further decreasg ffirst results
diffusing redox molecule%.The concentration of redox sites i hysteresis reappearance (Figure 6e back to the general case

within the film would beI°/e, with ¢ the thickness of this in Figure 7) and, at very |O\ﬁ (h|gh U). the Cyc”c voltammo-
eqUiValent homogeneous film. That shows that the voltammetric gram is fu”y reversible and diffusion controlled as expected

behavior of redox species submitted to elastic bounded diffusion, for 5 — 0 (zone D in Figure 7).
with a resting plane located at the electrode surface, is  The signal is plateau shaped when eitkenr ksyis so large
lndlstlngwshable from the behavior of free'y dlf‘fUSIng molecules that most of the redox heads stay gathered in the resting p|ane

trapped within a film having an equivalent thicknesef during the potential scan. Then the concentration at the resting
plane, which is the center of the Gaussian distribution at
€ = JaRT 2k, erf(Liy/Ksp/2RT) equilibrium, remains roughly constarg{o = 1). Only a low,

stationary, flux of redox heads leaves the resting plane toward

In the thin-film model, cyclic voltammetry gives access to (12) (a) Pincus, PMacromoleculed976 9, 386-388. (b) de Gennes,

the global parametet/([?)llz = (JTR-WZklsprD)l/2 erf[Les(ksp/ P. G.Scaling Concepts in Polymer Physi@ornell University Press: Ithaca,
2RT)2] as already mentioned in a previous paffer. NY, 1991; pp 29-53.
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Figure 7. Cyclic voltammetry of the ferrocene heads of PER: L N B ?\

chains terminally attached at a various distances from the electrode ) . N - ,7
X i ) = N o

surface. Zone diagram showing the dependence of the computed cyclic AN . \ L

voltammograms on the dimensionless parameiersks,D/Fv and i g — \ <

= Xo(ksp/2RT)¥2, i.e., On the actual parametddsksp, X, andv defined -4 “PC \ L -logP

in the text. Zone A: adsorption-like behavior. Zone D: diffusion- - T‘ el [2 YL (1) Ll g .

controlled behavior. Zone K: plateau-shaped voltammogram with no Figure 8. Cyclic voltammetry of the ferrocene heads of PER:

hysteresis between the forward and reverse potential sweeps. InSidechains terminally attached at a various distances from the electrode
the dashed frontiers of the A, D, and K zones, the anodic peak (or y

plateau) current differs by less than 3% from the value corresponding Zl;ggii:e. ga?(n:;ﬁl}l:gg ut)p:r?gegif(:otzﬁ%?éﬁgge %g‘tﬁgz:gliss
to the limiting situation that characterizes the zone. P peakp Far P

current is proportional ta2 and decreases markedly with
increasingl. Between the two limiting situations, at ea¢h

the dimensionless peak current exhibits a maximum which is
never observed when simple diffusion takes place within thin

the electrode. At any, the corresponding dimensionless flux
is —(dp/dy) — Pyp. Integration between the resting plarye

0, p = 1) and the electrode surfacg€ —u, p = p-,) leads to

a dimensionless current

films (A = 0).
1 5 With decreasing, the forward and backward peak potentials
_ A -1 initially shift away fromE®q in opposite directions (Figure 8b).
= 1 + erf(A ex initially y Q pp (Fig )
Vss= 1y exp(£) \[5{[ ( )]fo PY) dy) For A high enough, the slope &t log(8)) of this initial shift

reaches a constant value of 2.3. That implies a linear shift of
and an actual current 60 mV/decade of for the actual peak potentials. An increase
in A causes a shift of the linear shift toward regions of higher
FSCk,,D 1 B, i.e., lowerv. The value of., which depends only oA and
F— P! -1 ) ’ Cs
1= RV {1+ expa)]ﬁ) expl’) dy} " x is defined as indicated in Figure 8b, characterizes the position
T of the linear peak potential shift on the I@y&cale. Simulations
1
show that, at small, the shifts of the anodic and cathodic peak
14+ _F E— E° potentials are symmetrical. However, amcreases, the exact
ex ( pQ) . :
RT value of the cathodic (reverse) peak potential starts to depend
o ) L on the inversion potentidy. Whateveri, at low enoughp the
which isv independent. Besides, the half-wave potenti&gs peaks shift back toward one another, and wifen- 0, the
Figure 6 also shows that a marked decrease in the dimensionimensionless anodic and cathodic peak potentials are 1.1 and
less current accompanies the morphological changes. Itis worth_1 1 respectively, as expected for a diffusion-controlled
emphasizing that the cyclic voltammograms that may be reyversible cyclic voltammograas.
controlled _by elastic boundeql diffL_Jsion go through all t_he Quantitative Analysis of the Dynamics of Terminally
morphological changes described in Figure 6 only for high Attached PEG—Fc Chains. It can be assumed that the resting
enough values of. The zone diagram in Figure 7 shows that pjane of Fc heads is at the level of the outermost IgG monolayer,
the voltammograms will remain peak shaped throughout the which is made of FePEG-1gG'’s. To take into account the
whole  range at smalll. The calculated variations of the  fact that the chains are probably grafted all around the ferrocene-

dimensionless peak currents and potentials itare plotted  |abeled IgG's, we assume that the resting plane is located in
in Figure 8 for variousi. The peak potentials can only be the middle of the FePEG-IgG monolayer. The distance
measured when the signals are not plateau shaped. between this imaginary resting plane and the electrode surface

Increasing, i.e., decreasing, the dimensionless peak current  for 3 construction made ofy IgG (or Fab) monolayers
is initially proportional to 15%2, a result implying that the actual  intercalated between the FPEG-IgG layer and the electrode
anodic peak current is proportional to the potential scan rate. gyrface is thus taken as= (0.5+ n)l in the following,| being

The cyclic voltammogram is then typically adsorption-like

- i (13) Andrieux, C. P.; Sawamt, J.-M., Electrochemical reactions. In
% ) and does not depend cn At low § (high v), the Investigations of Rates and Mechanisms of Reactidrechniques in

limiting situation corresponding t@(— 0) is reached smoothly. Chemistry Bernasconi, C., Ed.; Wiley: New York, 1986; Vol. 6, 4/E, Part
The voltammogram does not depend any longef;athe peak 2, pp 305-390.
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= os@J e~ b It would require the knowledge of the global parametepd

. ‘\‘ and| ko2 The use of logarithmic plots in Figure 9a helps to

- . circumvent the difficulty since the log{nay) vs log@) and log-

. \ (ipdT°vY?)max Vs logfe) curves have similar slopes. Both are

2 loaCh \o almost linear at higil (or x¢) and take a characteristic turn as
I S 0g(| ) O3\ A (or xe) decreases. These common features must superpose and

Figure 9. Cyclic voltammetry of the ferrocene heads of PER: only narrow ranges dispD andl ksp’? values are available for
chains terminally attached at various distances from the electrode the adjustment of the computed curve to the experimental data.
surface. Starting from the left, the experimental data points (black The best fit, shown in Figure 9a, is obtained kgsD = 2.2 x
circles) correspond to; = 0.5, 1, 1.25, 1.5, and 2. (a) Adjustment of ~ 10° W/mol andlks,? = 89 (J/mol}/2
the computed 10gfmay) Vs log@) curve to the 10gg/ T ?)max VS log- The other striking feature is the very characteristic shift of
(%) plot of experimental data (see text). The best fit is obtained for the peak potentials with log) plotted in Figure 4b. Quantita-
kpD = 2.2 x 10° W/mol andl ksp?? = 89 (J/mol}? (b) Adjustment  tjyely, the critical potential scan rate definedzasn Figure 4b
of the computed logi;) vs log(d) curve to the logf:) vs logf) plot is expected to correspond to the equivalent dimensionless
O_f experlmogntal data (see ‘5}‘} The best f,'zt is then obtainedf@ parametep; (Figure 8b). The variation af; with xe is therefore
= 1.7 10° Wimol andlks,’™* = 97 (J/mol}"™ expected to resemble the variation&fwith A. Adjusting the
theoretical and experimental variations unequivocally would
the average distance separating the midplanes of two succes!€duire again the knowledge kD and| ks,2. For tche/same
sively immobilized IgG monolayers. reasons as described above for the fitting of ilg(°v* Z)m.aX .
Qualitatively the conclusions that can be drawn from the vs loge), the common che_lracten;tlc feat_ures of the Ioga1_r|thm|c
plots can be used to obtain a satisfactorily accurate adjustment

model of elastic bounded diffusion we elaborated are in very :
good agreement with the essential features of the experimentalOf the computed logf) vs log@) curve to the experimental

investigation. Particularly, the model justifies the sharp decreasedata’ logte) vs logee), as shown in Figure 9b. The values of

: : . ; . ) kspD = 1.7 x 10® W/mol and| ksp2 = 97 (J/mol}2 thus
in theip/T°vY2 ratio which can be caused by an increase in the ;. . b .
distance separating the FBEG-IgG monolayer and the obtained are in very good agreement with those of the same

; arameters derived independently from the measurement of peak
electrode surface. It also accounts for the linear dependence of P y P

: . currents.
the_ peak potentlal§ on (60 mVi decade. ob) and its charac- Adsorption of whole IgG’s or Fab fragments at glassy carbon
teristic shift to regions of lower potential scan rates that was

. electrodes gives in both cases a surface concentratiol @f!?
ObserVEd when the FcP'EG—IgG monolayer/electrqde distance mol/cn?; thus, the lateral distance separating two adsorbed
was increased (see Figures 4b and 8b). Experimentally such

kable ch t b issed and th | entities is larger in the case of adsorbed Fab fragments. Another
remarkable changes cannot be missed an ey were as%ajor difference is that each adsorbed IgG can be recognized
quantitatively analyzed.

by more than one antibody (or Fab) molecule whereas each
The first type of fit between the computed and experimental 54sorbed Fab can be recognized by only one antifbdg. a
data that we carried out concerned the dependenggBfv'?  regylt, the average distance at which the whole antibodies of
on v (Figure 4a), which should accompany morphological the second monolayer are located is expected to be smaller in
changes in the signals; peaks should give way to plateau shapeghe case of a construction starting with adsorbed Fab fragments.
currents and peaks again with increasinghe upper limit of  That is why the value 0.5 is ascribedripin Figure 3a. In that
potential scan rate at which a peak current can be measurec:ase, the exact value of does not actually matter since the
reliably results from the interference of the background current. point ascribed ta; = 0.5 lies in the horizontal part of the fitting
The latter is mostly capacitive and proportionaktavhile the curves in Figure 9. However, when the self-assembly consisted
faradaic current we are interested in increases, at best, proporyf the adsorbed goat Fab/anti-goat IgG/Fc-labeled anti-goat IgG
tionally to »*2 in the high scan rate region and the signal-to- sequence of successively immobilized monolayers, we observed
noise ratio may become very poor. This experimental limitation gt (pdT° ) max Was higher than in the case of construction
impedes the exploration of th&— 0 limiting case for which 3¢, indicating that the distanog was lower. Thus the value of
theipd[°»M2ratio is predicted to be independent and the signal 1, = 1.25 was ascribed to the corresponding construction.
a peak anew. A decrease QiIv? with increasingy was The combination of the two global paramet&gsD = (2 +
observed only in a few cases (Figure 4a). However, the 0.5) x 108 W/mol andl ko2 = (93 + 5) (J/mol)2 yields|/D12
maximum of ip/T°vY? was always observed, a plateaulike — (0.7+ 0.2) x 102 s~12in remarkably good agreement with
current being recorded then. It corresponds to the theoretically the value of the equivalent parameter determined forFEG

predicted maximum value of the dimensionless currgi, chains diffusing freely through the 1gG self-assembly assimilated
which depends only oh. The log(/max vs log{l) plot is given to a membrané(Dm)Y2 = (1 + 0.2) x 102 126 The distance
in Figure 9a. | lies between 0.5 and 1 times the IgG size of 15%mhen

Adjustment of the experimental 1ag{T°v"?)max Vs log(ke) 108 < D =< 4.6 x 108 cn?/s and 0.4x 10" < Kgpr < 1.5 x
plot to the theoretical one could be performed unequivocally 10* pN/molnm. That leads to 0.0% k°spr < 0.25 pN/nm for
only if xe and (pa[F°u1’2)max were convertible intol and 1max the spring constark’sp, of a single-chain molecule. The chain
respectively according to spring constant of a polymer in a good solvent is estimated as
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k°spr = 3ke T/Re2.22 The Flory radius of the PEGFc chain we
attached bein@r = 5 nm, that would giveék®s,r = 0.5 pN/nm.
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mL affinity purified 1IgG were allowed to react fo4 h in 145uL of
pH 8 phosphate buffer (0.1 M ionic strength) in the dark at room

The reasonable agreement between the latter value and the valugmperature. It corresponds roughly to afREG-NHS/IgG ratio of
we derive from our measurements is rather comforting. How- 140. The 1gG’s were separated from unattachee:PEG chains by
ever, it should be kept in mind that the step-by-step construction ultrafiltration through a Centricon 30 YM cellulose membrane. The

) ntlv described d not prod n ideal arr f chain membrane is permeable to the PEG chains (MWW000), and it retains
presently described does not produce an deal array of chainsy,, IgG molecules which are thus concentrated in the residual sotfition.
all located at the same distance from the electrode surface. |

‘ g Uafter five concentration/dilution cycles, corresponding to a total dilution
rather consists of numerous chains grafted all around the bulky factor of 16 for the unattached PEG chains, PBS buffer containing
Fc—PEG-IgG’s which were self-assembled at the top of the 0.01% sodium azide was added to the residual solution to reach a total
IgG structure. Only the average behavior of the chains distribu- volume of 0.5 mL. The solution thus obtained, containin@.7 mg/

tion is experimentally observed. Nevertheless, a detailed mL labeled IgG, was stored in a refrigerator for further use. The iron
quantitative analysis of the voltammetric transient response content, i.e., the Fc content of the solution, was assayed by ICP-MS.
provides clear evidence that the experimentally observed Adsorption of the First Monolayer of Sacrificial Antigen. The
behavior can be justified and predicted according to the model 3-mm-diameter glassy carbon disk electrodes were prepared as
of elastic bounded diffusion we elaborated. In that context, the described previoushf. They were successively polished with sand paper

: : i tes of 3- anquin particle size. The electrodes were
values ofD or ke derived above appear quite reasonable. ~ 2nd diamond past ee
Spr pp q ultrasonicated in dichloromethane between each polishing step. Adsorp-

Itis also worth underlining that the experimentally observed 5, of goat or mouse IgG was obtained by wetting the electrode surface
behavior can be very satisfactorily described without taking into yith a drop of 1 mg/mL IgG solution in PBS buffer. The electrode
account the rate of heterogeneous electron transfer and/or th&yas then thoroughly rinsed, washed with the buffer, dipped into a 0.1
rate of electron hopping between the ferrocene heads. Themg/mL solution of gelatin in PBS for 10 min, and rinsed again. The
absence of control by the former of these two phenomena resultsgelatin treatment was used to prevent the occurrence of nonspecific
from the fact that bounded diffusion causes the mass transferbinding. The electrode was then ready for the antigemtibody
to be always slower than the heterogeneous electron transferréaction-driven immobilization of the next IgG monolayers.

That electron hopping does not interfere is ascertained experi- Step-by-Step Construction of the 1gG Multilayer Assembly.
mentally by the independence of the characteristics of the cyclic 'mmobilization of a new monolayer of antibody on top of an already
voltammograms on the Fc head coverage. The Fc head coveraggnn:&%t:gzzg é?r%r&gl?r{g tc;]feag:]'gsg d")‘/’isomgfd Azugl?g;g;/”;igg‘r? the
was altered in _tWO different ways eltl:]er by simultaneous ,Self' immersion time 6 h in a 20ug/mL IgG solution or an overnight
assembly of mixtures of FEPEG-IgG’s and unlabeled 19G’s  mersion in a 10ug/mL IgG solution is sufficient to ensure the
within the same monolaygr or by immobilization Of‘FEE(_;_ attachment of a saturated monolayer of antibody. The regular step-by-
IgG’s bearing markedly different numbers of PEEc chains.  step growth of the multimonolayer assembly was ascertained as follows.
Moreover, the Fc volume concentration is typically located in Successful immobilization of the new monolayer was checked in blank
the 5-10 mM range. That corresponds to an extremely low experiments by letting the corresponding electrode stand in a solution
fractional coverage as defined in ref 7, and no significant kinetic containing a glucose oxidase-labeled antibody to the 1gG whose
control by electron hopping is expected. presence was expected in the outermost monolayer. The resulting
enzyme coverage was then derived from the measure of its catalytic
activity as described previoustyWhen the antigenic nature of the
outermost monolayer is such that it can be recognized by the glucose

Chemicals. The goat and mouse IgG's (affinity-purified whole ~ Oxidase antibody conjugate, a saturating coverage of the enzyme is
molecules) used as sacrificial antigens and the polyclonal anti-goat detected lenzsa= 2.9 x 1072 mol/cn?). When the antigenic nature
mouse IgG (affinity-purified whole molecules) were from Jackson Of the outermost monolayer is not the expected one, a much weaker
laboratories. The polyclonal anti-mouse goat IgG (affinity-purified €nzyme coverage resulting solely from nonspecific binding is detected
whole molecules) was a Rockland product. All the IgG molar weights (I'enzmarkedly below 10' mol/cn?). Immobilization of the Fe PEG—
were ~150 000. The Fab fragment of polyclonal anti-mouse goat |9G layerwas carried out by immersing the electrode covered with the
antibody was from Biosys (Compgee, France). The ferrocene, appropriate assembly into a 1g/mL solution of Fe-PEG-IgG for
N-hydroxysuccinimide activated ester, heterodisubstituted poly(ethylene 48 h. The modified electrodes were stored in the dark, at room
glycol) linear chain of 3400 average molar weight (NHEEG—Fc) temperature in PBS plus sodium azide buffer.
was synthesized and characterized as previously descfiBdicother
chemicals were purchased from Aldrich. They were used as received. Conclusion

The PBS buffer was made of 0.01 M KPIO, and 0.15 M NacCl, pH ) o
being adjusted to 7.4 wita 1 M NaOH solution; 0.1% sodium azide The model of elastic bounded diffusion we elaborated for

was added when the buffer was used for storage. Unless otherwisethe quantitative analysis of the dynamics of probes borne by
specified, all the protein-containing solutions were prepared in PBS the loose ends of linear and flexible polymeric chains terminally
buffer. Centricon-30 was purchased from Amicon. grafted to building blocks of a self-assembled construction
Cyclic Voltammetry. The instrumental setup was the same as describes very satisfactorily the experimentally observed be-
previously describetf. The temperature in all experiments was®25 havior. The creation of an oriented concentration gradient
All solutions were purged from dioxygen before each voltammetric provokes a diffusion-like displacement of the probes which is
run. Provided that prolonged overcompensation was avoided, the 1gG counterbalanced by a springlike elastic penalty. The transient
assemblies did not suffer from the use of the ohmic drop compensation excitation and measurement technique used in the present study
feedback loop. Thus, reliable ohmic-drop-free cyclic voltammograms . . . . .
could be recorded even at the highest potential scan rates. All potentialsIS cyclic voltammetry. The _constructlon, |mm0_b|I|zed ataglassy
are referred to the KCl-saturated calomel electrode (SCE). carbon electrode surface, is mf':\de of successively self-asseml_aled
Attachment of PEG—Fc Chains to Mouse Anti-Goat and Goat monolayers of immunoglobulins. A ferrocene redox probe is
Anti-Mouse IgG’s. The reaction of the NHS activated ester with amino  attached at the loose end of a flexible poly(ethylene glycol)
groups of the IgG species was adapted from the literaand carried ~ chain. Depending on the distanggat which the PEG chains
out as follows: 2.3 mM NHSPEG-Fc (MW = 3400) and 2.5 mg/ are grafted and/or on the potential scan rate, the cyclic

Experimental Section

(14) Bourdillon, C.; Demaille, C.; Moiroux, J.; Saamt, J.-M.J. Am.
Chem. Soc1993 115 2-10.

(15) Karr, L. J.; Donnelly, D. L.; Kozlowski, A.; Harris, J. MMethods
Enzymol.1994 228 377.
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voltammograms exhibit quite characteristic features. Particularly predicted in the literature for the PEG chain in its random coil
the morphology and the intensity of the signal may change conformation.

dramatically. The observed changes are qualitatively and ) )
quantitatively justified by the model. That gives access to the Acknowledgment. We are indebted to Prof. J. L. Colin for
two parameters characterizing diffusion of the ferrocene headsthe ICP-MS iron assays.

within the self-assembled 1gG structure on the one hand and Supporting Information Available: Elastic bounded dif-

the elasticity of the PEG chains on the other. The diffusion fusion: solution of set (3) of differential equations. This material

coefficient is the same as the one found for free diffusion of is available free of charge via the Internet at http:/oubs.acs.ora.”
unattached PEG chains through the structure. The apparenf 9 p-/pubs.acs.org.

spring constant is in satisfactory agreement with the one JA991780I



